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Highlights

o Latent heat storage based on FracTherm®-plates using D-mannitol as PCM

o Development of simplified RC-model including free convection during PCM melting
e Comparison of simplified RC-model to numerical FEM-model

e Validation of FEM-model with experimental data

e Deviation of outlet fluid temperature of RC-model and FEM-model of 0.62 K

Abstract

Latent heat storage is one option to increase the efficiency and reduce CO-emissions of process
heat applications in the temperature range between 100 °C and 250 °C. In the present study a
latent heat storage system based on flown through heat exchanger plates according to the Frac-
Therm®-design is examined. The sugar alcohol D-mannitol is used as PCM. A simplified capacity
resistor (RC) simulation model is developed. In contrast to common RC-models, this model can
simulate free convection of the storage material in liquid phase during charging. Additionally, a
detailed physical simulation model based on the Finite-Element-Method is developed and vali-
dated with measured data. A verification of the new RC-model and the FEM-model is carried out.
The mean deviation of the outlet fluid temperature between both models is 0.62 K. The mean de-
viation of the PCM-temperature is 0.85 K. Due to the 20 to 30 times shorter simulation time, the
RC-model is well suited for dimensioning and optimizing plate type heat exchangers for latent
heat storages.
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Nomenclature
Symbols
0 w Heat flow
Cp ]/ (kg K) Specific heat capacity
m kg/s Mass flow
q W/m? Heat flux
q W/m?3 Volumetric heat flux
h ]/kg Specific Enthalpy
A m? Area
A 1 Aspect ratio
c J/K Heat capacity
D K Mean deviation
F N, N/m3 Force
H m Height
R K/W, Q Resistance
Ra 1 Rayleigh-Number
T K Temperature
/4 m? Volume
b m width
d m Thickness
f 1 Fraction
g m/s? Gravitational constant
l m Length
m kg Mass
n 1 Number
14 Pa Pressure
t S Time

ii



v m/s Velocity

a W/(m?K) Heat transfer coefficient

B 1/m Volumetric expansion coefficient

n Pas Dynamic Viscosity

A W/(m K) Heat Conductivity

p kg/m?3 Density

€ 1 convective enhancement factor
Abbreviations

1D one-dimensional

2D two-dimensional

3D three-dimensional

CFD Computational Fluid Dynamics

DSC Differential Scanning Calorimeter

FEM Finite-Element-Method

KNO3 Potassium nitrate

NaNOs3 Sodium nitrate

PCM Phase Change Material

PTFE Polytetrafluoroethylene

RC Resistance Capacity
Subscripts

Cond Conduction

Conv Convection

crit critical

FEM Finite-Element-Method

in Inlet

1 Liquid

m Melt

meas Measurement

out outlet

PCM Phase Change Material

S Solid

sim Simulation

tot Total
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1 Introduction

One of the major challenges nowadays is the reduction of worldwide greenhouse gas emissions,
thereby faciliatating the protection of the climate. One measure to reach this goal is to reduce and
make full use of waste heat. In industrial processes, the utilization of thermal storage can, for ex-
ample, contribute to the peak-load shifting [1, S. 4], and consequently reduce the generation of
waste heat.

In process heat applications, defined in the temperature range between 100 °C and 250 °C [2, S.
536], water can only be used as pressurised heat storage medium. These storages are expensive
because the vessels are required to tolerate high pressure [3, S. 48]. Alternative pressureless heat
storages use, for example, thermal oil, rocks, concrete or ceramics as storage material. However,
these materials have a low specific heat capacity, and thus big storage volumes are needed, given
a small temperature application range.

For applications which require high heat capacity and small temperature application ranges, la-
tent heat storage is an attractive alternative. The latent heat storage tends to be achieved using
the so-called Phase Change Materials (PCM) as storage media, due to their high thermal energy
storage density within an almost constant temperature.

Process heat storages are usually short term storages (i.e. storages that lasts for between hours
and days) and tend to deliver higher power [2, S. 536]. In addition, process heat applications fea-
ture the requirements of different temperatures and thermal power for individual processes,
when applying heat storage. Therefore, a simple storage concept needs to be adapted to satisfy
the various storage requirements under different processes.

Research on many different heat exchanger concepts for latent heat storages in the temperature
range between 100 °Cand 250 °C have already been extensively investigated: Johnson et al. [4],[5]
developed a plate heat exchanger using an eutectic mixture of KNO3; and NaNOs as PCM. The au-
thors examined different heat transfer structures to adapt the storage power to different applica-
tions. Saeed et al. [6] used parallel aluminium plates as heat exchanger and carried out experi-
ments with different plate distances. Agyenim et al. [7] examined fin-and-tubes heat exchangers
with the sugar alcohol erythritol as PCM. Gil et al. [8],[9] present a fin-and-tubes latent heat stor-
age using hydrochinon as PCM. Peir¢ et al. [10] investigated the use of hydrochinon and D-manni-
tol as PCM in a fin-and-tubes heat exchanger. Steinmann et al. [11] studied a fin-and-tubes heat
exchanger with graphite or aluminium fins and NaNOs or eutectic mixtures as PCM. Bayo6n et al.
[12] further tested one of these heat exchangers in a test platform for solar thermal power plants.
Zauner et al. [13] described a fin-and-tubes heat exchanger using HDPE as PCM. Shon et al. [14]
presented a fin-and-tubes heat exchanger with the sugar alcohol xylitol as PCM. Wang et al. [15]
investigated two shell-and-tubes heat exchangers using A 153 as PCM (melting temperature be-
tween 151 and 155 °C). They examined the heat transfer-enhancement techniques by adding ho-
mogenous and gradient metal foams. Anish et al. [16] experimentally examined a horizontal shell-
and-multi-finned tube latent heat storage using erythritol as PCM and analyzed the effect of free
convection during melting. Further storage concepts in the temperature range suitable for process
heat applications use microcapsules and composite materials [17] or 3D-wire structures in com-
bination with salts and their eutectic mixtures [18]. Zipf et al. [19] reported an active latent heat
storage concept based on a screw heat exchanger using an eutectic mixture of NaNO3z and KNO3 as
PCM. Pointner atal. [20],[21] also described an active storage concept by transporting the storage
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material across the heat transfer surface. Kaizawa et al. [22] studied a direct-contact latent heat
storage using the sugar alcohol erythritol as PCM. Mosleh et al. [23] tested the influence of a latent
heat storage using H250, NaNo3z, KNO3 and KOH as PCM in a solar power plant.

Based on the above literature review, many different heat exchanger types have been investigated,
however, using of Fractherm® heat exchanger plates for latent heat storage has not been reported.
As one of the novelties, this study developed and tested the heat storage using this type of heat
exchanger plates. These plates have a characteristic fluid-channel design, which enables a uniform
volume flow distribution and a low pressure-drop due to the flow optimization in branched fluid
distribution, in comparison to standard manifold design with parallel fluid distribution [24]. The
bionic FracTherm®-design was developed at Fraunhofer ISE [24] and it is the first time that it was
utilized and applied to developed heat exchanger plates in PCM-storages. Due to the fabrication
by roll bonding, the channels and the aluminium sheet form a union and thus lead to a good heat
transfer [24]. For different storage requirements in process heat applications, different parame-
ters such as the plate distance, the plate size and the number of channels, etc. can be adjusted,
thereby providing high flexibility for the design process.

Different from the phase change temperatures higher than 200 °C where molten salts can be used,
many PCMs with phase change temperatures in the range between 100 °C and 250 °C are still un-
der research, and there is a strong demand for more materials available for this temperature
range. Due to their melting ranges and high storage densities, sugar alcohols are of interest for
this temperature range. Unfortunately, these materials show poor thermal stability. Thus, the
studies in public domain in this sector mainly focus on the stabilization and stability enhancement
of these materials [25]-[27]. For instance, some researchers tried to improve the relilablity by
microencapsulation [28]. Some other materials for this temperature range are also under re-
search, however, they present disadvantages from various aspects [29]. Accordingly, on one hand
there are only a few materials available for the desired temperature range while many of them
show disadvantages such as poor stability which rises a necessity of further research; on the other
hand, a powerful and cost-effective heat exchanger system is also necessary to enable the efficient
heat extraction or storage for industrial process applications.

FEM-simulation is a very useful and powerful tool for heat exchanger development and optimiza-
tion. The influential factors which affect the heat transfer between the heat transfer fluid and the
storage material on a small scale, e.g. different heat exchanger surface structures, can be well in-
vestigated using this tool. However, for larger scale simulations, e.g. optimization of heat ex-
changer systems or thermal energy storage systems, it has the drawback of high computation cost
or long simulation durations. Therefore, a more suitable tool with high simplicity and less compu-
tation cost is of high necessity.

Descriptions and summeries on many different simplified simulation models for PCM storages can
be easily found in literature [30],[31]. For instance, Pointner et al. [32] employed four different
models to simulate a PCM plate storage, whose modelling results were further compared and nat-
ural convection of the PCM was considered in these numerical models. Arena et al. [33] modelled
a storage using D-mannitol as PCM under three different geometrical configurations. A FEM-model
was utilized in which both heat conduction and free convection were considered.

Simplified models for PCM storages were usually develooped based on resistances and capacities
(RC). Mirzaei et al. [34], for instance, described a one-dimensional analytical RC-network model
for PCM-storages in building applications. The model featured phase-status-dependent capacities
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and resistors. Several other models for various applications can be found in literature [35] [36]
[37] [38] [39]. All these publications developed RC-models, however, did not consider the de-
creasing of the thermal resistance due to free convection of the liquid PCM during the melting
process. For applications where this effect influences the heat transfer significantly, free convec-
tion is of great importance and should be properly modelled for the sake of appropriate system
sizing and design. In this study, a simplified RC-model was developed with considering free con-
vection during the melting process in rectangular PCM gaps, based on correlations proposed by
Vogel et al. [41].

Farid et al. [42] simulated a storage made of PCM-plates and using air as heat transfer fluid. In this
numerical study, free convection was modelled by introducing an effective heat conductivity that
depended on the Rayleigh-number and empirical constants related to the storage dimensions. In
contrast, the RC-model developed in this study does not require any adaption of empirical con-
stants depending on the storage dimensions.

In addition to the RC-model, a detailed physical simulation model based on the finite element
method (FEM) was developed for the sake of model comparison and examination. A plate type
heat exchanger with considering free convection of the liquid PCM during melting was modelled
using the RC-model, which was then further verified using the FEM-model. Compared to real 3D
computation, the FEM-model was significantly simplified by coupling a 2D simulation of the PCM
gap between two plates with a 1D simulation for one fluid channel of the heat exchanger plate.
The model was developed based on an approach proposed and validated for a fin-and- tubes heat
exchanger modelling [43],[44].

Finally, the accuracy of the RC-model compared to that of the FEM-model was assessed and dis-
cussed. Both simulation models, the validation using experimental measured data, and the com-
parison between them are presented in the present paper.

2 Description of the system

To provide data for model validation, an experimental characterisation of the storage was carried
out. The storage and the experimental setup are described in this section.

2.1 Description of the FracTherm®-plate storage

The left picture of Figure 1 shows a FracTherm®-plate used in the storage. It was made of alumin-
ium sheet with a based thickess of 1.2 mm, and had a plane dimension of 400 mm x 150.5 mm. A
series of channels were embedded within the aluminium sheet, leading to bulges with an overall
thickness of 3 mm. The inlet and outlet connections to these channels were made of aluminium
tubes with an outer diameter of 6 mm. Thermal oil Therminol 66® [45] was used as the heat trans-
fer fluid, and can be drawn through the channels via the two connections.
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Figure 1: left: FracTherm®-plate with connection tubes; right: top view of the storage envelope including five
FracTherm®-plates

The right part of Figure 1 presents a top view of the storage vessel. It consisted of a container
made of stainless steel, and five FracTherm®-plates installed in parallel. These plates were in-
stalled with a distance of 25 mm by placing PTFE spacers between them at the right and the left
sides. It is worthwhile to mention that the distance between the lateral plates and the container
wall was a half of the distance between plates (12.5 mm). This storage vessel was able to contain
the PCM with a total volume of 10.76 I, while providing a total heat transfer area of 0.6 m?.

The connection tubes of the plates were connected in parallel using a distributor and a collector.
The whole vessel was thermally insulated using rock wool with a thickness of 12 cm [46].

2.2 PCM

The sugar alcohol D-mannitol with a purity of 99.2 % was used as PCM. The relevant material
properties are summarised in Table 1. 13.0 kg of D-mannitol were filled into the storage vessel in
liquid state.

Table 1: Material properties of b-mannitol

Property Value Remark Source
Melting tempera- | 164.1 Onset [47]

ture / °C

Melting enthalpy | 300.2 [47]

/ KI/kg

Density / kg/m3 1380 (solid) /1270 (liquid) [25]
Specific heat ca- 1.79 120 °C own meas-
pacity / k] /kgK 2.75 180 °C urement
Heat conductivity | 0.88 130°C own meas-
/ W/mK 0.43 190 °C urement
Dynamic viscosity | 0.046 170 °C own meas-
/Pas urement
Volumetric coeffi- | 1.2 10+ liquid based on
cient of expansion [25]

/K?

D-mannitol was selected in this study mainly due to its proper melting temperature within the
temperature range of interest, even though there is a risk of degradation when heated above its
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melting point [48]-[50]. Also, its high latent heat in initial state together with its high density (see
Table 1) offers a high storage density. In addition, the material is non-flammable, nontoxic, non-
corrosive and cost-effective [25]. Before and after the experiments, samples of the PCM were
taken from the storage and the melting enthalpy was measured in DSC Q200 (from TA instruments
[51]) with a heating rate of 1 K/min and a sample mass of approximately 10 mg.

Figure 2 shows a picture of the fresh D-mannitol in the storage (left) and that after the experiments
(right). A clear colour change can be observed after the experiments, in which the material was
remained above its melting temperature for 18 h.

-

* -

Figure 2: p-mannitol in the plate heat exchanger before the measurements (left) and after the measurements
(right)

Figure 3 compares the DSC-results in terms of the specific enthalpy and the specific heat capacity
of the fresh D-mannitol and the post-test D-mannitol after the experiments. It can be found that
the melting enthalpy decreased, and the correspoding peak became wider while merging towards
a lower temperature. The melting enthalpy was 286.3 kJ/kg for the fresh D-mannitol and
237.2 k] /kg for the post-test samples taken after experiments, resulting in a relative reduction of
17.1 %.

600 - L . 160 ]
—— Untreated —— Untreated
) 140 4{ e
500 4| e After experiments |- --ioooooobooiiiiid < wnes After experiments
2 T e e e e B M
2400
T e e [ Y A I
2 :
B e S s w11 B L B B SRCREES|
5
g 200
)

100 A

140 145 150 155 160 165 170 175 1t 140 145 150 155 160 165 170 175 1t
Temperature / °C Temperature / °C

Figure 3: Comparison of the specific enthalpy (left) and the specific heat capacity (right) of untreated p-man-
nitol as well as the sample taken after the experiments

As a significant indicator for latent heat storage characteristation, the Stefan number Ste was used

to quantify the ratio of sensible to latent heat capacity, which can be calculated by the following
equation [41]:

cp AT €Y
b
For the fresh D-mannitol and an exemplary temperature difference AT of 20 K, Ste reached a value

Ste =

of 0.19. Accordingly, the latent storage capacity was more than 5 times higher than the sensible
capacity over this temperature range.



164

165
166
167
168
169

170
171
172
173
174

175
176
177

178
179

180

181
182

183
184
185
186
187
188
189
190
191
192
193

2.3 Measurement instrumentation

The storage was characterised in a test rig at Fraunhofer ISE described in [44]. The mass flow of
the heat transfer fluid was measured using a Coriolis mass flow meter with an accuracy of 0.11 %
at nominal flow of 0.8 kg/s [52]. The temperature sensors were calibrated Pt100-sensors with an
overall accuracy of AT = + 0.11 K considering the uncertainty of the reference sensor during cal-
ibration, the uncertainty of the data acquisition system and the calibration results.

The left part of Figure 4 illustrates the locations of the inlet and outlet temperature sensors and
that of the mass flow sensor. The right part of Figure 4 illustrates a cross-sectional view of the
plates. There were six sensors installed to measure the temperatures of PCM. Three of them were
placed in the PCM at the height of 20, 75 and 130 mm between plates 2 and 3, respectively. Sym-
metrically, the other three temperature sensors were placed between plates 3 and 4.

Inlet fluid Plate 1 Plate 3 Plate 5
___________.—-——-""" Tocm_top_2/3
o< o T
PCM_top_3/4
Tin1 Tour1 Platel
Tin2 " Touro Plate2 1T Tocm_middle_2/3
Tina - Tours Plate3 ¢ ° Tocm_middle_3/a
Tina Touts Plated
Tins Tours Plate5
@_ 1 Tecm_bottom_2/3
e SensorPCM X Y ° *—’“TZ::_.___ - -
. z TPCM_boﬂUm_MS
® Sensor oil Outlet fluid
m Plate 2 Plate 4

Figure 4: left: top view of the plates with positions of the temperature sensors in the thermal oil, right: cut
through the plate storage in the middle of the plates in flow direction with positions of the PCM-temperature
sensors

Further temperature sensors were installed at the exterior surface of the storage vessel and at the
exterior surface of the thermal insulation, respectively.

2.4 Examination of free convection

The Rayleigh-number Ra is a commonly used measure for free convection characterisation. In
terms of vertical enclosures, it can be calculated using equation (2) [53].

_ 9Bp?*b*(Ty — Tpem) (2)
= > Pr
n
The length b is the distance between the plate and the solid PCM-layer. Thus, half of the distance
between two plates (i.e. 12.5 mm) is considered as this is the theoretical maximum distance be-

Ra

tween a plate and the corresponding solid PCM-layer. The left part of Figure 5 shows the Rayleigh-
number as a function of the temperature difference for the maxium distance between solid PCM-
layer and its corresponding heat exchanger plates. According to [53], free convection in liquids
starts when Ra is higher than 2000. It corresponds to the temperature difference between the
heat exchanger surface and the PCM exceeding 4 K. When the temperature difference increases
over 10 K, Ra is higher than 5000. It is reported that Ra of 5000 can be regarded as a threshold,
below which free convection during the melting process can be neglected in simulation models
[54, S. 307]. Figure 5 right shows the Rayleigh-number over the distance b between solid PCM-
layer and heat exchanger plate at a temperature difference of 10 K. Ra is higher than 2000 starting
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from a distance b of 9 mm or more. At a distance of 12.5 mm or more, a value of Ra higher than
5000 can be reached. Accordingly, it indicates that the free convection can occur and should be
modelled. It is expected that free convection is only developed weakly because Ra is close to the
boundary values given in literature.
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10.000 4 i | 10.000 g---=-=--=s=pemsmmemmcmmmemmeee oo oy B RRREEEEEEE Rl
e . o
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Figure 5: left: Rayleigh-number over AT (between plate and solid PCM-layer) at a distance of 12.5 mm, right:
Rayleigh-number over the distance between plate and solid PCM-layer at a temperature difference of 10 K

3 Model description

In this section the FEM-model and the RC-models are presented and validated respectively verifi-
cated.

3.1 FEM-model

The FEM-model was developed using the software COMSOL Multiphysics® Version 5.3a [55]. Fig-
ure 6 illustrates a cross section of the plate storage, in which the small grey rectangulars represent
the channels for heat transfer fluid. Due to the fact of symmetry, only the red dashed section high-
lighted in Figure 6 was modelled, while the total hight of the storage was considered for free con-
vection simulation.

PCM

z
plate

X

?‘.= = = = = =

\ channel

e S —— ] —— D —— MO —— S —— S —— . —— |

o~ oo - ow- - — S - - O — W

Figure 6: Cut through the plate storage in the middle of the plates in flow direction including modelling

section marked in dashed red

The left picture of Figure 7 shows a 3D-drawing of a FracTherm®-plate with adjacent PCM gap
(beige coloured). For the sake of simplification, the channels of the FracTherm®-plates were con-
sidered to be in parallel and the branching of the fluid channels was neglected (right side of Figure

10
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7). The heat transfer from the plate to the PCM gap was modelled in 2D, indicated by the yellow

plain in the right picture. The fluid flow in the channels in y-direction was modelled in 1D. The

aforementioned two models were coupled to each other based on an approach by Wittstadt [43].

Figure 7: Left: 3D-drawing of the FracTherm®-plate with adjacent PCM gap (beige), right: alternative plate
with parallel channels incl. cut (yellow) for the 2D-model

The assumptions and simplification adopted in this study were summarized as follows:

1.

8.
9.

3.1.1

The heat transfer from the plate to the PCM was modelled in 2D (yellow 2D-section in
Figure 7 right). Half a plate and half a PCM gap were modelled in x-direction (Figure 6).
The fluid channels were assumed to be stretched and in parallel (Figure 7 right). Their
cross section was assumed to be rectangular [24, S. 13].
The temperature gradient of the fluid in radial direction of the channels was negligible.
Thus, the heat transfer fluid was modelled in 1D.
The flow in the channels was fully developed.
Free convection in the liquid PCM was modelled.

a. The flow due to free convection was regarded as laminar.

b. The solid phase does not move, thus no sinking of the solid phase during free con-

vection was modelled and thus no contact melting occured.

Avolume change of the PCM during the phase change was neglected. Thus, the density was
independent from the temperature. The mean value between the density in solid and lig-
uid state was taken as simulation input parameter.
The other material properties of the PCM which are different in solid and liquid states
were regarded as constants in solid state and in liquid state, individually.
The material properties of the heat transfer fluid were independent of the temperature.
The material properties of the heat exchanger were independent of the temperature.

One-dimensional model of the fluid in the rectangular channels

Figure 8 shows a sketch of the 1D-model of the fluid flow along the channels in y-direction.
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Figure 8: 1D-model of the fluid flow in the plate storage in y-direction

Only one of the eight parallel channels was modelled. This simplification is possible because the
FracTherm®-channel design leads to a very even distribution of the fluid. This was also confirmed
by previous infrared camera measurements which showed that the eight channels had approxi-
mately the same temperature profile. The aim of the model was to calculate the volumetric heat
flux g panner between the heat transfer fluid and the channel wall, as well as the outlet fluid tem-
perature. Therefore, the temperature of the fluid in the channel can be calculated using equation
(3) in COMSOL [56].

oT 3)
pcpa+pcpvl7T+ V(-AVT)=0

The following boundary conditions were implemented:

o vy =0:T;, Venanner: The temperature and the velocity of the heat transfer fluid were im-
plemented either as constant or as time dependent parameters at the channel inlet (Di-
richlet boundary condition);

dr .
o y=1 oy = 0: The temperature gradient at the channel outlet was zero (Neumann bound-

ary condition); and

o v:q(V) = Qcnanner: At the whole length of the channel, a convective volumetric heat flux
based on the temperature difference between the fluid and the channel wall was imple-
mented corresponding to each node of the channel (Neumann boundary condition)

The volumetric heat flux q.panne; Petween the fluid and the inner channel wall was calculated
for each node according to equation (4) with the mean wall temperature Ty, (explanation see
chapter 3.1.3) and the local fluid temperature Tz (y).

A
Genanne ) = @ 7 (Ty = T () )

The heat transfer coefficient @ was calculated by a Nusselt-correlation according to [57, S.
151]. The heat transfer area A was determined using equation (5).

A= Uchannel ! (5)
The volume V was calculated using equation (6).

V' = benannet denannetl (6)
The temperature of the inner channel wall T}y, in equation (4) was calculated in the 2D-model of

the plate for every time step and it was used as input value in the 1D-model.

12
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3.1.2 Two-dimensional model with PCM and plate

Figure 9 shows a schematic drawing of the 2D-model for PCM and plate, in which the total height
of the PCM gap and the plate, a half of the PCM gap, and a half of the plate are detailed. The inner
channel wall is projected onto the plate area. Thus, a red line segment at y = 0 correspond to half
the channel circumference. Figure 9 also details the locations of three PCM-temperatures meas-
ured corresponding to that in the experiments (TPCwa, TpcMomigarer TPCMpoerom)» Which were used

for data evaluation in the following sections of this study.
The model developed was used to calculate the temperature distribution in the PCM and the plate.
The simulation was carried out based on equation (3).

0.5 bpiare 0.5 bpcy
SDe—>

t Trcmy,,

G=0 — | halfplate

inner b Toc
iddl
channel wall —s micate

Gwail
v &+— half PCM-gap

T TPCMbottom

Z‘ v

X

Figure 9: 2D-model of half a plate and adjacent half PCM gap with boundary conditions

If free convection of the PCM was taken into account, the flow pattern of the melted PCM was
regarded as laminar flow. It was calculated according to the momentum equation (equation (7))
and the continuity equation (equation (8)) of the Navier-Stokes-equations for incompressible fluids
[56].

dv (7)
p E-l_ pwVWv=-Vp+nAv+F,

pVv=0 (8)
The dynamic viscosity n and the volume force F;; in equation (7) can be determined using the
method of the modified viscosity according to [58]. In this method the whole PCM is always re-
garded as liquid even if the temperature is below the melting temperature. In this case a modified
viscosity forces the liquid to act as a solid by applying an extremely high viscosity. This viscosity is
defined by a step function with the following properties:

T = {106,T < T, + AT/2 9)
M= > 1, + AT/2
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The buoyancy force leading to free convection can be defined by the volume force Fy,. The bous-
sinesq-approximation is applied. Thus, the volume force was calculated according to equation (10):

Fp=9p BT —Tn) (10)
The thermal volumetric expansion coefficient § can be calculated using a step function as de-
scribed in equation (11). Accordingly, the volume force is set to 0 when the PCM is in solid state.

B_{O,T< T, + AT/2 (11)

BT = T, + AT/2

The thermal volumetric expansion coefficient §; in liquid state of the PCM was calculated by equa-
tion (12) [59, S. 448]. Thus, a change of the density depending on the temperature in liquid state
of the PCM can be considered.

/31=—; 3T

The heat capacity of the PCM was implemented using the capacity method [60, S. 282]. Linearly

1,0 (12)
(57,

interpolated data based on DSC-measurements were used.

The temperature dependent thermal conductivity was calculated according to equation (13) [58],
in which B(T) is a smoothed heaviside function available in COMSOL.

AT) = A5 + (4 — 45) B(T) (13)
The material properties of the aluminium heat exchanger plates were considered as constants (i.e.

heat capacity ¢, = 900 k;—K, thermal conductivity A = 238 %, density p = 2700 % [55]).

The following boundary conditions were implemented at the outer edges of the model shown in
Figure 9:

e x=0:
red line segments (i.e. inner channel walls): ¢ = §,,4;;, calculated by the coupling
of the 2D and the 1D-model;
0 Black lines (midline of the plate): adiabatic boundary condition (¢ = 0) due to
symmetry reasons;
e x= %(bplate + bPCM): q = 0, due to the fact of symmetry; and

e z=0andz = H:q = 0, neglecting heat losses.

If free convection was considered a no-slip boundary condition, the fluid flow velocity v at the
edges of the PCM gap was set as zero:

e v=0

3.1.3 Coupling of the 2D- and the 1D-model

The 2D- and the 1D-models were coupled to each other by the heat flux at the inner channel wall.
This means:

e The volumetric heat flux §.,anne; Was calculated as an input for the 1D-model of the fluid
in each time step, according to equation (4) in section 3.1.1. The mean temperature of the
inner channel wall Ty, the mean temperature of the red borders in Figure 9, was calcu-
lated in the 2D-modell.

e The heatflux g,,,; was calculated in the 2D-model as an input for each inner channel wall.
It was calculated by taking a mean value over the complete channel length of the

14
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volumetric heat flux q.panner achieved from the 1D-model, followed by converting it into
a surface specific heat flux. As only a half of the plate was modelled, a factor if 0.5 needed
to be multiplied:

. 1Vt (14)
Qwan = ZZLQchannel(Y)dy

3.1.4 Examination of mesh dependency

A study to determine mesh dependency was carried out. Ideally, results of a solution should be
independent from the chosen number of mesh elements and time steps. In this study the afore-
mentioned models were simulated individually to investigate the mesh dependency.

3.1.4.1 1D-model

To study the influence of the mesh for the 1D-model, a step temperature function (7}, ) was applied
at the inlet of the channel. A constant temperature (the starting temperature of the step function)
was assumed at the inner channel wall T};,. Then, the simulated heat flow at the channel wall at
the end of the simulation was compared to a reference case. Figure 10 shows the deviation of the
heat flow in relation to the reference case with 103 degrees of freedom. The result revealed that
a deviation lower than 10-3 can be achieved for more than 70 degrees of freedom. Thus, a mesh
with 70 degrees of freedom was selected.
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Figure 10: Deviation of the heat flow calculated in the 1D-channel compared to the reference case

3.1.4.2 2D-model

The mesh dependency of the 2D-model mainly focused on the accuracy of free convection simula-
tion. Different from that of the 1D-model, a step temperature function was applied as the bound-
ary condition at the channel wall. The duration of the phase change process at Tpcp,,,; 4, Was in-
vestigated as the key indicator to quantify the influence of mesh. Figure 11 presents the deviations
between the phase change durations under different degrees of freedom compared to that of a
reference case. It can be seen that neglectable phase change duration deviation can be achieved
when the number of degrees of freedom reached 2.4 x 105 (see left part of Figure 11).
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Figure 11: left: deviation of the duration of the phase change from the reference case, right: temperature for
the lowest and the highest number of degrees of freedom

The start and end temperatures of the phase change are determined according to DSC-measure-
ments. Results of the mesh dependency analysis showed that the deviations of the phase change
duration were below 0.025 % in all cases. Increasing the time steps from 5s to 10 s can be ne-
glected. The right part of Figure 11 further shows the temperature at the position Tpcp, .., fOr
the reference simulation and the simulation with the lowest number of degrees of freedom. Basi-
cally, no clear difference can be found between the two cases. Accordingly, it is believed that a
number of degrees of freedom of 13520 was enough to gain a sufficient accuracy at the location
corresponding to Tpep, 0410

3.1.5 Examination of free convection

The melting process of a PCM is usually dominated by thermal conduction at the beginning while
by free convection at the end. Due to the fluid flow caused by free convection, the PCM on top
melts faster than the PCM at the bottom. This leads to a melting front in the shape of a S-curve.
[61]. This effect on the thermal behaviour of the plate storage described in section 2 was examined
with the assistance of the FEM-model. Therefore, a simulative comparison with and without free
convection was carried out for charging and discharging the storage. Table 1 summaries the ma-
terial properties of D-mannitol used in the simulation. It is worthwhile to mention that supercool-
ing and hysteresis between melting and solidification were neglected, and the outlet fluid temper-
ature and the PCM-temperatures shown in Figure 9 were considered in the results.

Figure 12 shows the results for charging (left) and discharging (right). In each graph the temper-
ature profiles for the case “with free convection” (named “conv”) are marked in black, whereas
the temperature profiles of the case “without free convection” and thus based on conduction only
(named “cond”) are marked in red. In both cases free convection of the PCM did not influence the
outlet fluid temperature T,,,; and thus the power of the storage. During the charging process, the
free convection resulted in a faster melting (around 22 min faster) of the PCM on the top of the
storage, compared to that at the bottom. The temperature profile of the PCM with free convection
is steeper than without free convection when leaving the phase change temperature after ca. 2.5 h.
The movement of the liquid PCM in case of free convection leads to a faster rising of the tempera-
ture. The PCM on top crystallizes ca. 8 min slower than at the bottom during discharging. Addi-
tionally the phase change starts 8 min later. Accordingly, the differences among the temperatures
at the three different heights are higher during the charging process than that during the discharg-
ing process, due to the different phase fronts during charging and discharging [41]. It further
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verified that during discharging, natural convection can be neglected because the temperature
difference was quite small, however, it must be considered during charging.
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Figure 12: Simulative comparison (FEM-model) with and without free convection for the plate storage ata
plate distance of 25 mm, left: charging, right: discharging

3.1.6 Model validation

Considering PCM degradation during the measurement, the c¢,,-curve of the post-test D-mannitol

was used in the validation, as shown in Figure 3. The other material properties of D-mannitol were
documented in Table 1. The Stefan number for this case was 0.23.

The mean value of the five measured inlet fluid temperatures (see Figure 4 left) was employed as
inlet fluid temperature in the simulation. The outlet fluid temperature of the measurement was
gained by averaging the five measured outlet fluid temperatures. The standard deviations were
1.13 K for the inlet fluid temperature and 0.69 K for the outlet fluid temperature, respectively.

During the measurement, a step increase temperature profile from 145 °C to 190 °C was con-
trolled and implemented as the inlet temperature. The same step increase temperature profile
was adopted in the numerical simulation as T;;,,. The mass flow rate of the whole storage was
1.5 kg/min and controlled constantly during the measurement, while in the simulation the corre-
sponding constant mass flow rate was adopted. The measured and simulated oil outlet tempera-
ture as well as the measured and simulated PCM-temperatures at the three differentlocations (see
Figure 9) were compared for the sake of model validation.

Heat losses of the storage were determined based on the measurements at static states before and
after the step increasing of the inlet fluid temperature. The heatloss is calculated by equation (15).

Q = Moy Cp,y (Tin = Tour) (15)
The total mass flow of 1.5 kg/min and the mean value of the five measured inlet and outlet fluid
temperatures were utilised in the calculation of heatloss. [t resulted in a heatloss of 66 W + 64 W
at a temperature difference between the average exterior insulation surface and the ambient of
148 K. The high measurement uncertainty, which was calculated based on the Gaussian error
propagation, was caused by the low temperature difference between the inlet and outlet oil tem-
perature of less than 1 K in the static states.

In the model the full heat losses are considered to take place at the top and bottom edge of the
model at z = 0 and z = h (Figure 9).

Free convection in the liquid PCM was considered as stated in section 3.1.4.
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In order to evaluate the accuracy of the simulation model, a mean deviation D between the meas-
ured and simulated temperatures was calculated according to Pointner et al. [32] using the fol-
lowing equation (16):

_ Zgzngsim(ti) - Tmeas(ti)l (16)
n+1
where n is the number of measured points.

D

On the left side of Figure 13, a comparison of the temperatures between measurement and simu-
lation is shown. Deviations between the measured and simulated outlet temperature can be ob-
served, even though they shared a similar trend. The simulated outlet temperature strongly de-
pended on the heat losses assumed in the model and had a relatively high measurement uncer-
tainty. As a concequence, the simulated outlet temperature may be outside the range of the meas-
urement uncertainty. The mean deviation between measured and simulated outlet temperature
(i.e. Dyy¢) until 5 hours was 1.15 K. Furthermore, the measured and simulated PCM-temperatures
at the three positions given in Figure 9 were 5.65 K for DPCMmp, 4.01 K for Dpcy,,,; 40,0 @0d 418 K
for Dpcmy,,,0me TESPECtIVElY. To further assess these deviations, the consideration of the tempera-
ture profiles was also of necessity. It can be seen that the PCM-temperatures in measurement and
simulation were in parallel until 2 hours. In both measurement and simulation, the PCM at the
upper part melted faster than that at the lower part due to the fact of free convection (see section
3.1.4). There were sharp variations in the PCM-temperatures at the three measuring points from
2 hours to 3 hours, indicating the completion of phase transition at the corresponding locations.
A similarly phase change process can be seen in the simulation, however, the phase transition at
the three locations completed with a shorter time difference from 2.5 hours to 3 hours but the
total duration of the phase change is similar.

A further sensitivity analysis showed that the heat transfer coefficient @ and the locations of the
temperature sensors in the PCM can influence the phase change duration by approximately * 6 %.
A measurement uncertainty of the PCM-density of + 10 % influenced the duration of the phase
change at a similar level. Measurement uncertainty of the storage losses affected the duration of
the phase change up to ca. 8 %. The uncertainty of the PCM’s heat capacity and melting tempera-
ture due to its degradation additionally affected the model validation. These factors led to a high
uncertainty and thus the validation via the PCM-temperatures could not be carried out more ac-
curate.
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Figure 13: Validation of the FEM-model of the plate storage during charging, left: temperature profiles, right:
power profile

On the right side in Figure 13, the profiles of the heat flow in measurement and simulation are
shown. For both cases the heat flow was calculated according to equation (15).

The heat flow in the measurement was approximately 0.1 - 0.2 kW higher than in the simulation
until 5 hours. Thus, heat release in the measurement was higher than that in the simulation. This
can be explained by the described uncertainties introduced from the calculation of heat losses
aforementioned. From 5.5 hours on, the heat flows in measurement and simulation were identical.
Starting from this point of time the heat flow Q was only influenced by the thermal losses.

3.2 Capacitance-Resistor-Models

The RC-models were developed in the programming language Modelica® based on the Modelica®
standard library version 3.2.2 [62]. Dymola Version 2017 [63] was used as modelling laboratory.

3.2.1 Modelling of the PCM

To start, an element model for the PCM gap was established. Heat transfer in the PCM is based on
heat conduction or free convection, which was modelled by a thermal resistance. The storage be-
haviour was defined by the temperature dependent capacity of the PCM.

The PCM gap was regarded as a box-shaped element. The heat transfer was modelled in direction
of the gap width. The thermal resistance in direction of the width was divided into two thermal
resistances, between which the thermal capacitance was located. This symmetric element model
is presented in Figure 14.

ATy — ¢ ATpcm

(= O
Figure 14: RC-network of the PCM gap

The temperature dependent heat capacity C(T) was described by the enthalpy method [60] ac-
cording to the following equation:
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The thermal resistance of the PCM was modelled in two different ways: based on heat conduction
and based on free convection (and heat conduction). These models are presented as follows:

3.2.1.1 Modelling based on heat conduction
The thermal resistance R based on heat conduction across a plane wall with the width of b, height
of H and thickness of d was determined according to equation (18) [64, S. 359]

Re—l (18)
AT Hd
The temperature dependent heat conductivity of D-mannitol is shown in Figure 15, considering
constant values for the liquid and the solid state, individually.

1.0 1

0.8

0.6

Heat conductivity / W/(mK)

150 160 170 180
Temperature / °C

Figure 15: Temperature dependent heat conductivity of bD-mannitol in the simulation

3.2.1.2 Modelling based on free convection

If free convection during the melting process of a PCM is present, a faster melting compared to a
hypothetical case only based on heat conduction tends to take place. Thus, the thermal resistance
of the PCM is lowered. Modelling of this lowered thermal resistance was done based on correla-
tions developed by Vogel et al. [41]. The authors introduced a so-called mean convective enhance-
ment factor €. This factor was defined by the quotient of the heat flow in a case with free convec-
tion and an identical case without free convection for the same liquid fractions. Here, it was as-
sumed that € for the proposed RC-model was not only valid for the quotient of the heat flows, but
also for the quotient of the thermal resistances in the same cases.

According to Vogel et al. [41] free convection during the melting process starts at a critical liquid
fraction f; 4+, which depends on the Rayleigh-number Ra,, calculated using the width of the gap

b and the ratio of its height and its width A = %, as described in equation (19)

+[1504 (19)
fl,crit = Ra,

The liquid fraction in the model developed in this study was calculated according to equation (20),
which is the ratio of the liquid mass m; and the total PCM-mass m;,;:

=M (20)
i Mot
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If the liquid fraction f; was lower than the critical liquid fraction f; .,;+ the heat transfer in the RC-
model was defined by heat conduction and the thermal resistance was calculated according to
equation (18). Otherwise, the thermal resistance was reduced by the factor € and was calculated
according to equation (21):

_ Rcona 2D

R =—
conv €

€ was calculated based on the correlation given in [41]:

1 1
1 fiir RaysA™T < 2.73 (22)

€= 11 11
0.57 (Rab6A 4) —0.38 fiir Ra,6A7% > 2.73

3.2.1.3 Verification of the RC-models for PCM

The results obtained using the RC-models were compared to results obtained using the FEM-
model described in 3.1. Only the 2D-model of a PCM gap was considered for the verification. The
modelled PCM gap is shown in Figure 16.

b
 —
g
TpcMeqp
T; .
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X

Figure 16: Sketch of the PCM gap for comparison of the RC-model to the FEM-model

A step increase temperature profile was applied to the FEM-model as input at x = 0. At the other
three edges, the boundary condition ¢ = 0 was implemented. At the position AT}, of the RC-model
(Figure 14) the same temperature step as in the FEM-model is implemented. At the position ATp
the boundary condition § = 0 was applied. Identical dimension parameters and boundary condi-
tions were applied in the RC-models as that utilized in the FEM-models.

In the following graphs the PCM-temperatures of the FEM-models are given at the three different
heights indicated in Figure 16. However, as the RC-model cannot detail the temperature distribu-
tion over the height of the PCM, a temperature representative for a mean temperature over the
height of the PCM gap is presented using the temperature Tp.), in the RC-model.
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In all models the c,- respectively enthalpy curve of untreated D-mannitol shown in Figure 3 and

the temperature dependent heat conductivity shown in Figure 15 are adopted.

In the case based on heat conduction, the PCM-temperature over the height was constant and the
melting front was vertical, thus the temperatures at the different heights have the same profile. In
this case, the verification was carried out by setting the gap with both width and height of 1 cm.

The RC-model was discretised in different numbers of the elements shown in Figure 14. They were
arranged in series in the direction of the gap width b. In the left picture of Figure 17, a comparison
between the PCM-temperatures of the RC-model and the FEM-model is shown. It is visible that a
finer discretization enabled the modelling result of the RC-model to gain a better agreement with
that of the FEM-model. The mean deviations of the PCM-temperatures between the RC and the
FEM-model based on equation (16) were 1.00 K for one element, 0.34 K for two elements and
0.21 K for three elements. The higher accuracy for a finer discretisation was reached because of
the temperature dependent capacity and resistance. However, a discretization of more than three
elements did notlead to a further relevant change of the PCM-temperature obviously. On the right
side of Figure 17, the thermal resistance over time in the RC-model is shown for three elements
and for one element. The thermal resistance increased with time due to the increase in tempera-
ture and the temperature dependency of the heat conductivity. When all the PCM was melted, the
thermal resistance reached a maximum, because the PCM in completely liquid state had the lowest
heat conductivity. If only one element was considered, the thermal resistance incresed faster, be-
cause of the absence of temperature gradient in the PCM modelling. This led to a slower melting
process and a less accurate simulation.

The RC-model for the PCM based on heat conduction was regarded as verificated when at least 2
RC elements are simulated for the given gap. It is valid for other parameters, like other gap dimen-
sions, other PCMs and other temperature steps. However, the discretisation in the direction of the
gap width must be adapted depending on the dimensions and the required accuracy of the simu-
lation model.
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Figure 17: Comparison of the FEM-model with the RC-model of the PCM gap based on heat conduction having
different element numbers: left: PCM-temperatures, right: thermal resistances

In case of the verification for the model with free convection the PCM gap in Figure 16, a width of
25 mm and a height of 150 mm were set.

Figure 18 shows a comparison between the FEM- and the RC-model based on free convection. The
RC-model was divided into 20 RC-elements in x-direction because a higher number of elements
does not lead to more accurate results.
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Free convection in the FEM-model was considered based on the equations described in chapter

3.1.2.
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Figure 18: Comparison of the RC-network for the PCM gap based on free convection with the FEM-model hav-

ing a gap width of 25 mm

In the top left figure of Figure 18, the PCM-temperatures of both models are compared to each

other. In case of the FEM-model the temperature profiles at the three different heights TPCwa,

TocMopmigae @0 Trcmy ey INdicated in Figure 16 are shown. The PCM-temperature increased after

the phase change was completed, which was faster when using the FEM-model . This is due to the

approach used for free convection modelling in the FEM-model (compare chapter 3.1.5). In case

of the RC-model, the faster melting on top of the gap was not observed, which extended the dura-

tion of the phase transition. The mean deviation of the PCM-temperature in the RC-model to the
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PCM-temperature Tpcp,,; 4., i0 the FEM-model (Dpcy,,,;,4,.) calculated according to equation (16)
reached 1.02 K.

In the top right graph of Figure 18, the liquid fraction as a function of time as well as the critical
liquid fraction of the RC-model is shown. At the time t = 0.6 h the liquid fraction was higher than
the critical liquid fraction which corresponded to the starting of the free convection.

The graph on the left side in the middle row shows the profile of the total thermal resistance in
the RC-model as well as the hypothetical thermal resistance only due to heat conduction. At the
beginning of the simulation, the total thermal resistance attributed to the thermal resistance
based on heat conduction. Both resistances with and without considering the free convection in-
creased until the critical liquid fraction was reached. This was due to the continuous moving of
the melting front, and an increasing number of elements were melted, whose heat conductivity
changed from a high value in the solid phase to a low value in the liquid phase. As soon as the
critical liquid fraction was reached, the total thermal resistance was suddenly reduced by the fac-
tor € (see (21)). However, with the further moving of the melting front, the heat conductivivity
experienced an increasing trend again, since the number of elements under a liquid phase with
lower thermal conductivity kept increasing. After 2.5 hour, the whole PCM was fully melted and
the thermal resistance reached its final value.

In the right graphic in the middle, the heat flow is presented. After the critical liquid fraction was
reached at 0.6 hour, the heat flow increased abruptly due the reduction of the thermal resistance.
After the fully melting of the whole PCM at 2.5 hours, the heat flow further decreased and then
stablised at a relatively low value, due to decreasing of heat transfer temperature difference. It is
worthwhile to mention that the transition between heat conduction and free convection in the
FEM-model was smoother, and thus the start of free convection was not visible in the heat flow.

The lower left graphic shows the energy absorbed by the PCM. Due to the surge of the heat flow
when free convection was triggered in the RC-model, more thermal energy was absorbed at the
beginning than that of the FEM-model. Even this, at the end of the simulation the total energy
stored in both models was the same.

Further verifications were carried out under different gap widths (i.e. b) of 10 mm to 40 mm with
steps of 5 mm. Figure 19 shows the comparison of the PCM-temperatures for both models with
the gap width of 40 mm. The PCM-temperature in the RC-model lay between the upper and lower
PCM-temperature of the FEM-model. The mean deviation of the PCM-temperature in the RC-
model compared to the temperature (i.e. Dpcy,,,;,,,,) In the FEM-model was 1.54 K (calculated ac-
cording to equation (3.14)). The difference in the absorbed energy between both models was
2.5 % for a gap width of 40 mm.
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Figure 19: Comparison of the RC-network for the PCM gap based on free convection with the FEM-model hav-
ing a gap width of 40 mm

These results indicate that the FEM-model outperforms the RC-model in predicting the dynamic
behaviour of the PCM under the given boundary conditions with higher accurate. This is due to
the different methods utilized for simulating the free convection. In the FEM-model, the develop-
ment of free convection within the PCM gap was considered carefully by applying the physical
equations described in section 3.1.2 for each individual element of the mesh. In specific, the whole
PCM was in solid state at the beginning, whose left part started melting first when the step in-
crease temperature was assigned to the left border (see Figure 16). The movement of the interface
between molten and solid phase occurred and grew gradually towards the right part. As a conse-
quence, the velocity of the liquid PCM started increasing slowly due to driving of the volume force.
In contrast, the effect of free convection in the RC-model was actived at one defined moment when
a certain layer thickness of molten PCM was reached, which deviated from the practical phenom-
enon.

The above discussion in terms of accuracy for the RC-model and the FEM-model under different
PCM gaps with free convection is considered to be sufficient to reveal the model validity. Accord-
ingly, the model is valid under the given boundary conditions and a maximal examined gap width
of 40 mm.

Since in most applications the simulation of the whole storage is more interesting than only sim-
ulating one PCM gap, a RC-model for the whole storage including the plates is introduced in the
next section.

3.2.2 Plate heat exchanger

The plate storage was modelled by a network of thermal resistances and capacitances. It coupled
the above-described RC-model for the PCM, a similar RC-model for the plate, and a thermal re-
sistance for heat transfer modelling in the liquid side. In x-direction, the same section as marked
in Figure 6 was modelled, thus half a plate and half a PCM gap. In y-direction, i.e. in direction of
the fluid flow, a thermal resistance for the heat transfer in the fluid was modelled. The model as-
sumptions number 2, 4, 6, 7, 8 and 9 described in section 3.1 were considered. The RC-network is
shown in Figure 20.
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On the right side the RC-model for the PCM described in chapter 3.2.1 is part of the RC-network of
the plate storage. The PCM-model can be divided into an arbitrary number of elements in x-direc-
tion (i.e. in direction of the gap width), followed by a similar RC-circuit for the heat transfer in
direction of the width of the plate which consisted of two resistances and a capacity. The re-
sistances of the plate Ry,;4;, were calculated according to equation (18) with constant material
properties. The capacity of the plate (Cp;q¢e) Was also kept as a constant, which was calculated
according to equation (23) [64, S. 71]:

C=mc, (23)
The thermal resistance due to the heat transfer between fluid and plate (Rfiyiq—piate) Was calcu-
lated based on equation (24)

Rfia—piate = i @4
The heat transfer coefficient & was calculated by a Nusselt-correlation according to [57, S. 151].
The area A is the surface area between the plate and the fluid.

The thermal resistance (Rf;,,;4) was calculated according to equation (25).

Repia = = ! 25)
m CP_fluid

To simulate the behaviour of one total plate thereby calculating the variation of the fluid temper-
ature in the flow direction, the RC-network was repeated by n times in flow direction. The thermal
resistances of the single RC-networks were connected to each other in flow direction. Thus, the
heat transfer in y-direction included by that from the fluid flow in the channel (the thermal re-

sistance Rfyy;q) and by that from the heat conduction across the plate (Ryiqtey) and the PCM
(Rpcm,y)-

3.2.2.1 Verification

To verificate the RC-plate model, a comparison to the FEM-model was implemented. The compar-
ison was done for both simulations with and without free convection. In the case without free
convection, the RC-model was compared to a 3D-FEM-model without free convection. The plate
distance and the mass flow per plate were set as 25 mm and 0.3 kg/min, respectively. The RC-
model was divided into 16 elements in the flow direction and into 8 elements in direction of the
width of the PCM gap. In the case with considering free convection, a FEM-model with free con-
vection with the 2D-1D-coupling described in sections 3.1.1 to 3.1.3 was utilized as a benchmark
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for the sake of comparisoin, and the plate distance and the mass flow rate were set as 50 mm and
0.3 kg/min, respectively.

In Figure 21 the results of both comparisons are shown, in which the left side illustrates the case
without free convection while the comparison cases with free convection are presented on the
right side. The outlet fluid temperature and the PCM-temperature of both models had almost iden-
tical profile in the comparison when free convection was not considered. The mean deviation of
the outlet fluid temperatures (D,,;) based on equation (16) was 0.15 K and the mean deviation
of the PCM-temperature (Dp¢y) reached 0.28 K. It indicates that under the given boundary con-
ditions, the RC-plate model without free convection can simulate the storage with a comparable
accuracy to that of the 3D-FEM-model.

In the case with free convection, differences in the profile of the outlet fluid temperature and the
PCM-temperature can be clearly observed. It is due to the different modelling approaches of the
RC-model and the FEM-model with free convection described in section 3.2.1.3. After 2 hours, free
convection started in the RC-model, thereby leading to a decrease in thermal resistance and the
outlet fluid temperature. However, in the FEM-model, this transition occured smoothly and no
significant variation in the outlet fluid temperature can be seen. The mean deviation between the
RC- and the FEM-model (D,,;) based on equation (16) was 0.62 K. The PCM-temperature was
similar in both models until when the phase change was completed. In the RC-model, the phase
change completed approximately half an hour earlier than in the FEM-model at the middle PCM
position corresponding to Tpcp, ;. This difference was approximately 8 % of the whole phase
change duration of 6 hours. The mean deviation of the PCM-temperature between the RC-model
and the PCM-temperature (Dpcj,) in the FEM-model reached 0.85 K.
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Figure 21: Comparison between the RC- and the FEM-model for the plate strorage: left: without free
convection in the PCM, right: with free convection in the PCM

The results demonstrate that the accuracy of the RC-models under the present boundary
conditions is high enough to be used as dimensioning tool during charging, in both cases without
and with considering free convection. The model without considering free convection can be valid
for other dimensions and material properties, but the discretization of the model has to be
adapted in order to reach the required accuracy. In case of the model with considering free
convection, the validity was carried out under the described boundary conditions and dimensions,
and the given examined gap width up to 50 mm. In this case the discretization must also be
adapted to reach results in the desired accuracy range. It should be examined in future, if the
model with free convection is still valid for boundary conditions outside this range.
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4 Conclusion and outlook

In this study a PCM storage based on FracTherm®-plates for process heat applications is pre-
sented. To the best of the authors knowledge, it is the first time that these plates were used as heat
exchangers in PCM-storages. The PCM in the storage was filled between the gaps created by these
plates in the PCM storage. A simplified RC-model for the storage was developed and assessed, and
it was found that free convection during the melting process influences the heat transfer and must
be considered in such kind model. This is a novelty which is missing in the published research
from the literature. Thus, an innovative RC-model considering free convection of the PCM during
the melting process in a rectangular gap was developed, validated and presented in this study. In
addition, a FEM-model based on a simplified approach considering free convection was presented
and validated for the sake of comparison.

The FEM-model was validated using experimental data from a lab-scale test rig. The outlet fluid
temperature simulated was consistent with that of the experiment, with a mean deviation of
1.15 K. The RC-model for the rectangular PCM gap can predict the temperature at half height of
the FEM-model with a maximal mean deviation of 1.54 K compared to the FEM-model. The results
verify that the RC-model for the PCM gap with free convection was reliable and can be applied
under the maximal examined gap width up to 40 mm. However, the RC-model including free con-
vection is not valid for the solidification process of the PCM. A comparison of both models for the
whole plate storage presented a mean deviation of the outlet fluid temperatures of 0.62 K and a
mean deviation of the PCM-temperature of 0.85 K. The simulation time of the phase changing pro-
cess using the RC-model was 20 to 30 times faster than that using the FEM-model.

It is believed that the RC-model developed in this study was a useful and computation-effective
tool for model-based PCM storage design and optimization, while taking into account free convec-
tion of the PCM during melting. Despite its simplicity, it can still provide sufficient accuracy com-
parable to that of the FEM-model. The RC-model developed can also be easily adapted for the sim-
ulation of other latent heat storages where the PCM is contained in rectangular gaps and heated
from one side.

It should be examined in future to see whether the model is still valid for a higher gap widths and
gap height than the here examined dimensions and whether it is valid for other PCMs. In addi-
tional, it maybe valuable to further improve the RC-model by considering the free convection dur-
ing the solidification process for different PCMs.

For both models presented, i.e. the simplified RC-model and the more detailed FEM-model, they
can be utilized to properly size the PCM-plate-storages by determining the aceeptable parameter
ranges under the given application requirements. Furthermore, a more in-depth design optimiza-
tion of PCM storages can be followed and detailed using the FEM-model.
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