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A B S T R A C T   

Macro-encapsulation of phase change material (PCM) is a promising approach to overcome a serious drawback of 
many latent heat thermal energy storage systems (LHTESSs): their low thermal power. Simulations are often used 
to support the design of these storage systems, but the simulation of the charging process of such an LHTESS with 
detailed CFD models is too computationally expensive. To obtain information about the behavior of a complete 
LHTESS, highly simplified system simulation models are usually applied. A new approach to create a reduced- 
order model is herein presented that aims to increase the accuracy of these system simulation models. The 
first step consists of performing a set of detailed CFD simulations of one capsule with different boundary con-
ditions. The results are written into look-up tables that contain the charging power of one capsule as a function of 
the enthalpy stored and the boundary conditions. These look-up tables are then implemented into the reduced- 
order model. The temporal mean deviation of the energy content in the storage unit between experiments and the 
reduced-order model is only 5 % and the simulation time of the fastest reduced-order model was 5 s, while the 
CFD simulations took up to about two weeks on a workstation. Finally, for the conditions tested, the heat transfer 
fluid (HTF) does not have to be included in the CFD simulation, but can be replaced by a properly defined 
convective boundary condition. The capsule wall, however, needs to be included in the CFD model (especially for 
capsule wall materials with a distinctively higher thermal conductivity than the PCM) to account for the heat 
flow towards the bottom of the capsule supporting close contact melting.   

1. Introduction 

Storing energy efficiently and cost-effectively is one of the greatest 
challenges of our time. Latent heat thermal energy storage systems 
(LHTESSs) store thermal energy based on a solid/liquid phase change of 
a phase change material (PCM) and play a key role when it comes to 
storing thermal energy in a dense way [1]. The macro-encapsulation of 
PCMs is a promising approach to overcome a severe drawback of many 
PCMs, which is their low thermal conductivity [2]. This low thermal 
conductivity generally leads to low discharging (solidification) powers 
of the LHTESS. Macro-encapsulation overcomes this disadvantage 
through an increased heat transfer area between the heat transfer fluid 
(HTF) and the PCM (usually separated by a heat exchanger), since the 
PCM is no longer placed as bulk in the LHTESS but in a large number of 
capsules [2]. In many cases, not only the discharging but also the 
charging (melting) power is thereby increased due to the larger heat 
transfer area and close contact melting (CCM). CCM occurs, for instance, 

when an unfixed PCM with a denser solid than liquid phase melts in a 
capsule, leading to a sinking of the solid PCM which forms a thin melting 
gap at the bottom of the capsule. 

Designing LHTESSs is a difficult task that often includes time- 
consuming experiments and numerical simulations. Moreover, to 
study the behavior of an LHTESS in its application, one has to include a 
realistic representation of the system containing the LHTESS. In addi-
tion, a lot of different boundary conditions have to be tested, which is 
often not feasible for experiments or detailed simulations. With simpli-
fied simulation, it is possible for models to perform parameter varia-
tions; however, these models have limited accuracy, especially for 
complex physical phenomena such as CCM. 

Detailed simulations of LHTESSs are generally performed with 
computational fluid dynamics (CFD). Many approaches have been 
developed to describe the solidification and melting process – not only 
for LHTESSs, but for many different applications [3–5]. So far the 
enthalpy porosity method [6] is the most commonly applied method to 
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account for the solid/liquid phase change, which includes describing the 
solid and liquid phase as one phase. The velocity in the solid is sup-
pressed with a Darcy term and the phase change enthalpy is included in 
the energy equation employing a source term. It has been demonstrated 
several times [3,7,8] that, within the family of enthalpy methods, the so- 
called optimum approach [7] has advantages over the other approaches 
in terms of calculation speed and accuracy. Unfortunately, the enthalpy 
porosity method cannot be directly used to model CCM (which includes 
the settling of the solid PCM), since it suppresses the movement of the 
solid PCM. An approach that just integrates a smaller Darcy constant to 
lessen the effect of the Darcy term has often been tried, but is doomed to 
fail since it does not represent the increased melting rate by CCM, but by 
a lower resistance of the solid to convection. Thus, even if melting rates 
similar to those of the experiment can be observed in one case by tuning 
the Darcy constant, no reliable conclusions can be made for other 
conditions. 

Over the years, many physically reasonable approaches have been 
developed to account for CCM in numerical simulations. One of the first 
was presented by Asako et al. [9] and methods based on a variable 
viscosity method [10,11] and Euler-Lagrange methods [12,13] were 
developed later – a comprehensive overview can be found in literature 
[14]. The method used in the present paper is based on the enthalpy 
porosity approach, but instead of forcing the solid velocity to zero, the 
Darcy term is used to impose a settling velocity calculated from a force 
balance on the solid PCM [15,16]. To date, most numerical models of 
macro-encapsulated PCM do not include the HTF or the capsule wall and 
they rarely pay special attention to boundary conditions. However, 
simulations of CCM with detailed boundary conditions [17], or even 
models including the capsule and a surrounding HTF, have recently been 
presented [18,19]. Unfortunately, as these simulations are very time- 
consuming, running a detailed CFD simulation of a complete LHTESS 
with macro-encapsulated PCM is not operative with today's computers. 

For complete LHTESSs, simplified system simulation models are 
used. Normally these models describe the capsules and the HTF as 
separate phases [20,21]. An interesting approach to increase the accu-
racy of the system simulation models is to determine the effective 
thermal conductivity of the PCM with CFD simulations. This was done, 
for instance, for a finned shell-and-tube LHTESS [22,23]. For LHTESSs 
with macro-encapsulated PCMs, CFD results of CCM were used to fit a 
correlation implemented in a local thermal non-equilibrium CFD model 
of the overall storage [24]. A limiting aspect of this model is the fact that 
the Rayleigh number is used in the correlations, which originally de-
scribes natural convection and not CCM. An alternative approach was 
developed recently which incorporates CFD results of CCM into system 
simulation models of LHTESSs with macro-encapsulated PCMs with the 
help of look-up tables [25]. While this approach seems promising, some 
open questions remain, such as whether or not the capsule wall and the 
HTF have to be included in the CFD models. Therefore, based on the 
shortcomings in the literature, the objectives of the present paper are the 
following:  

- Build a CFD model for a PCM-filled macro-capsule with surrounding 
HTF in three different levels of detail: i) only PCM; ii) PCM, the air 
above the PCM and the capsule wall; iii) PCM, the air above the PCM, 
the capsule wall and the HTF.  

- Assess whether the capsule wall and the HTF have to be included in 
the CFD model or if they can be substituted by appropriate boundary 
conditions.  

- Build a simplified model of a complete LHTESS that uses the results 
of a parameter variation for single capsules performed with the CFD 
models.  

- Compare the results of the simplified model to experimental results. 
- Analyze the accuracy of the simplified model and compare its un-

certainty to that reported in the literature for CFD simulations of 
similar LHTESSs. 

To address these points, the paper is structured as follows: After the 
introduction, the experiments are described in Section 2. The numerical 
models are derived in Section 3 and their mesh independency is pre-
sented in Section 4. The results are presented in Section 5 and discussed 
in Section 6. 

2. Experiments 

The experiments were conducted for comparison with the numerical 
results. The experimental setup and the boundary and initial conditions 
are described in this section. 

2.1. Experimental setup 

The experimental setup consists of an LHTESS with cylindrical 
alumina macro-capsules filled with octadecane. A flow chart of the 
LHTESS is shown in Fig. 12 in Appendix A and a detailed description of 
this LHTESS can be found elsewhere [26]. The capsules are standing and 
are stacked in two levels of 16 capsules each. The height of the capsules 
is 0.25 m, the diameter is 0.06 m and the wall thickness is 3 mm. The 
storage container is made of stainless steel and insulated with 100 mm 
thick mineral wool panels. Perforated plates are installed at the top and 
bottom to guarantee a uniform flow of the water used as HTF. Resistance 
thermometers are located at the inlet and outlet of the LHTESS so that 
the HFT temperature at those points is monitored. Furthermore, the 
mass flow of the water is measured at the inlet. The masses and heat 
capacities of the different parts of the LHTESS [26] are shown alongside 
the material properties of the PCM [27] in Table 1. 

2.2. Boundary and initial conditions 

For comparison with the numerical model, a melting experiment was 
performed three times (experiment 1, experiment 2 and experiment 3) with 
the above-described LHTESS. For the experiments, the LHTESS was 
initially at a uniform temperature of 20 ◦C. The inlet temperature of the 
HTF was about 35◦C and the mass flow of the HTF was 6.6 kg/min. Both 
the inlet temperature and the mass flow varied over time. The HTF 
entered from the top of the LHTESS. 

3. Numerical models 

Two different types of models were applied: i) CFD models for 
detailed simulations of a single capsule or a single capsule with sur-
rounding HTF; and ii) reduced-order models that use the results of the 
CFD models to predict the behavior of a complete storage unit 

Table 1 
Masses and heat capacities of the PCM, the HTF and the storage parts [26,27].  

Name Material Property Value Unit 

PCM Octadecane m 12.32 kg 
cs 1.91 kJ/(kg • K)

cl 2.24 kJ/(kg • K)

L 237 kJ/kg 
Ts 301.125 K 
Tl 301.135 K 
ρ 777 kg/m3 

β 8.68 • 10− 4 1/K 
η 3.54 • 10− 3 Pa • s 
λs 0.334 W/(m • K)

λl 0.151 W/(m • K)

Capsules Alumina m 14.45 kg 
c 0.89 kJ/(kg • K)

Perforated plates Alumina m 7.5 Kg 
c 0.89 kJ/(kg • K)

Storage tank etc. Stainless steel m 35.29 kg 
c 0.5 kJ/(kg • K)

HTF Water m 16.80 kg  
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containing many capsules. The simulation approach is depicted in Fig. 1, 
while Fig. 2 shows the part of the LHTESS that was simulated with the 
reduced-order models (left) and the CFD models (right). 

In the first step (depicted as “1. Creation of the look-up table” in 
Fig. 1) the Q̇ values from the CFD models were written to a look-up table 
depending on three or two dimensions representing the HTF tempera-
ture, the mass flow or a heat transfer coefficient and the total energy in 
the cell. For a constant heat transfer coefficient, the look-up table has 
two instead of three dimensions. Applying the look-up table within a 
reduced-order model is schematically shown as “2. Applying the 
reduced-order model” in Fig. 1. 

This approach neglects heat conduction between different height- 
levels and assumes that capsules in one level will behave identically, 
that there is no significant back-flow of the HTF and that a single value 
of the total energy in one capsule, or one capsule with surrounding HTF, 
is sufficient to predict its heat transfer behavior. The last point implies 
that the enthalpy distribution within the capsule, or the capsule with 
surrounding HTF, is not explicitly needed to predict heat transfer. This 
assumption was checked in previous work for a similar case and was 
valid for a broad range of parameters, as long as the capsule is charged 
monotonously and not discharged in between [25]. 

Three different CFD models were developed, which differ in that the 
HTF, the capsule wall and the air above the PCM are considered in the 
CFD model or not. The corresponding reduced-order models for system 
simulations were adjusted accordingly. An overview of the models 
developed can be found in Table 2. Their details are provided next. 

3.1. CFD models 

For all of the 3 models developed, it was assumed that the cylindrical 
simulation domain can be represented in 2D using the middle axis of the 
cylinder as a symmetry line. All CFD models were implemented in 
OpenFOAM [28] (ESI OpenCFD Release OpenFOAM® v1812) with a 
mesh of 60,000 cells in the PCM region that was strongly refined to-
wards the bottom of the capsule – the melt gap is thinner than 1 mm and 
must be sufficiently resolved to cover the fluid flow of the melted PCM. 
The CFD-PCM model is based on a previously validated model [15] and 
is also the core of the other two CFD models. Therefore, in the upcoming 
paragraphs, the CFD-PCM model is described first, followed by the other 
two models. 

3.1.1. CFD-PCM 
The energy conservation for the PCM is Eq. (1): 

∂h
∂t

+∇ • ( u→h) = ∇ •

(
λ
ρ∇T

)

(1) 

Here, it is important to note that all the enthalpy h is transported in 
the convective term and not only the sensible part. This is necessary to 
allow the solid PCM to settle. Unlike in Faden et al. [15], Eq. (1) is not 
solved with the classical source-based method [29] but with the source- 
based variant of the optimum approach [30], which speeds up the 
simulation significantly. 

The model assumes a constant density in the continuity equation (Eq. 
(2)), therefore it reads as follows: 

∇ • u→= 0 (2) 

The assumption of a constant density can lead to large errors in the 
simulation of solid/liquid phase change problems [31]. However, by 
taking the liquid density and the correct mass of the PCM, this error can 
be minimized since the height of the PCM in contact with the wall at the 
beginning of the melting process equals the filling height with 
completely liquid PCM (as long as the density of the liquid PCM is 
smaller than the density of the solid PCM). The momentum equation for 
the PCM is (Eq. (3)): 

∂ u→

∂t
+∇ • ( u→ u→) = − ∇

p
ρ+∇ • (ν∇ u→)+

(
1 − β

(
T − Tref

) )
g→+ A→ (3)  

with the Darcy term (Eq. (4)) 

A→=
D
ρ
(1 − α)2

α3 + ϵ

(

u→− u→set

)

(4)  

where the large Darcy constant D was set to 1010 and the small Darcy 
constant ϵ set to 10− 3. The calculation of the settling velocity u→set is 
performed via a force balance. The forces acting on the solid PCM body 
are (Eq. (5)): 

F→= −

∮

s
p • d S→

⏟̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅⏟
P→

+

∮

s
τ • d S→

⏟̅̅̅̅̅⏞⏞̅̅̅̅̅⏟
D→

+

∫

V
ρs g→dV

⏟̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅⏟
G→

(5) 

With the pressure force P→, the viscous force D→ and the weight force 
G→. As F→ = a→• m, Eq. (5) renders: 
∫

V
ρsdV d

u→set

dt − I→⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟

= P→+ D→+ G→ (6) 

Next, Eq. (6) is interpreted as a function of u→set, as originally pro-
posed by Asako et al. [9] and D→ and I→ are neglected, as they are several 
orders of magnitude smaller than P→ and G→ – resulting in Eq. (7). 

f
(

u→set

)

= P→+ G→= 0 (7) 

The momentum equation was solved with the PISO algorithm [32] 
and the settling velocity was calculated implicitly [15]. In contrast to 
our previous publication [15], the calculation of the surface of the solid 
body is now – inspired by the work of Hummel et al. [18] – done by the 
isoSurface function/algorithm implemented in OpenFOAM. 

On the top, the bottom and the side wall, a Cauchy boundary con-
dition is imposed accounting for the convective heat transfer of the HTF 
and the heat transfer resistance of the capsule wall. Two different cor-
relations were implemented, one for a plane wall and one for a 
concentric annular gap [33]. These are indicated as “var” and “fix”, 
respectively. 

3.1.2. CFD-PCM-air-wall 
In addition to the PCM, this model includes the air and the capsule Fig. 1. Schematic representation of the overall simulation approach.  
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wall. In the air, only heat conduction is considered. This was done since 
the simulation time would increase drastically by including the natural 
convection of the air and, more importantly, the effect of the air on the 
heat transfer process is negligible – it mainly acts as insulation. A 
convective boundary condition accounting for the HTF was used on the 
side wall. The top and the bottom walls were assumed to be adiabatic 
due to the small temperature gradient along the fluid flow of the HTF, 
which results in small temperature changes from one level of capsules to 
the next. 

3.1.3. CFD-PCM-air-wall-HTF 
This model is identical to the CFD-PCM-air-wall model, except for the 

HTF, which is included in the simulation domain here. It was assumed 
that the cell containing the capsule and the HTF can be represented by a 
cylindrical shape with the same volume as the actual geometry. The inlet 
velocity and temperature of the HTF were given as boundary conditions 
and a zero gradient condition was imposed on the outer side of the HTF 
domain. 

3.2. Reduced-order models 

All reduced-order models were implemented in MATLAB® R2021b 
and represent the storage as a one-dimensional stack of layers of cap-
sules surrounded by the HTF (see Fig. 2). It is assumed that all capsules 
within a layer behave identically. Each cell (containing one capsule and 
the corresponding HTF) is represented by one node of the model. On top 
of and below these nodes there is another node representing the HTF 
within the inlet and outlet. A schematic view of the discretization can be 
seen in Fig. 3. 

The thermal mass of the storage tank and other components (e.g. 
perforated plates) is distributed proportionally among the nodes. The 

Fig. 2. Schematic view of the simulation domain.  

Table 2 
Overview of the numerical models involved in this study.  

CFD model Reduced-order models for system simulations Variations PCM Air Capsule wall HTF Storage container etc. 

CFD-PCM sys-CFD-PCM -var/-fix CFD X sys sys sys 
CFD-PCM-air-wall sys-CFD-PCM-air-wall -var/-fix CFD CFD CFD sys sys 
CFD-PCM-air-wall-HTF sys-CFD-PCM-air-wall-HTF X CFD CFD CFD CFD sys  

Fig. 3. Schematic view of the discretization of the reduced-order models (left: 
sys-CFD-PCM-air-wall-HTF, right: sys-CFD-PCM and sys-CFD-PCM-air-wall). 
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heat loss coefficient of the LHTESS was estimated with the help of 
steady-state experiments and is Rloss = 0.389 K/W for the overall stor-
age. Since a constant density is assumed for the HTF, Eq. (2) also holds 
for the reduced-order models and, in consequence, the incoming mass 
flow equals the outcoming mass flow in each cell. By neglecting friction 
and pressure losses, it is sufficient to solve only the energy equation for 
these 1D models. The heat transfer in and out of the cells and the cap-
sules is modeled depending on the type of system simulation model and 
is described below. 

3.2.1. sys-CFD-PCM 
The energy equation for the sys-CFD-PCM model is for cells con-

taining a PCM capsule (Eq. (8)) 

∂H*

∂t
= ṁ • cp • (Tin − Tout) − Scap − Sloss (8)  

with the mass flow and the heat capacity of the HTF ṁ and cp. The inlet 
and the outlet temperature of the HTF are Tin and Tout , respectively. The 
enthalpy of the HTF, the capsule wall and the storage container, etc., are 
combined in H* and the heat transfer to the PCM is included via the 
source term Scap. Finally, heat losses are accounted for with the source 
term Sloss. Eq. (8) was discretized and solved with an explicit Euler 
scheme for the enthalpy at the new time level H*. Here, Tout is set to the 
HTF temperature of the old time step Told

HTF, which is determined from 
H*old. The value of Scap (corresponding to Q̇ in Fig. 1) is read from a look- 
up table generated from CFD results. The discretization of the look-up 
table is described in Section 3.3 and linear interpolation is used for 
values between the discretization steps. The input values of the look-up 
table are Told

HTF and Hold
cap and – depending on the heat transfer correlation 

– also ṁ. The change of Hcap is described with Eq. (9) 

∂Hcap

∂t
= Scap (9)  

and the source term Sloss in Eq. (8) is defined by Eq. (10) 

Sloss =
1

Rloss
•
(
Told

HTF − Tamb
)
•

1
ncells

. (10) 

For the inlet and outlet cells, Scap vanishes and H* does not include 
the enthalpy of the capsule walls. The procedure of the algorithm for 
cells with a capsule is as follows:  

- Calculate Sloss with Eq. (10) with values of the old time step  
- Determine Scap using the LUT with values of the old time step  
- Calculate ∂H*

∂t with the help of Eq. (8)  

- Determine ∂Hcap
∂t with the help of Eq. (9)  

- Update Hcap, H* and THTF from H*  

- Continue to the next time step. 

3.2.2. sys-CFD-PCM-air-wall 
This model is similar to the sys-CFD-PCM model, but the results in the 

look-up table and Hcap also account for the capsule wall and the air. In 
consequence, H* no longer includes the enthalpy of the capsule wall, and 
instead includes only the enthalpy of the HTF and the storage container, 
etc. The inlet and outlet cells are implemented identically to the sys-CFD- 
PCM model. The procedure of the algorithm is also identical. 

3.2.3. sys-CFD-PCM-air-wall-HTF 
In this model, the energy equation for cells with PCM capsules is 

different from the other two reduced-order models (see Eq. (11)). 

ṁ • cp • (Tin − Tout) − Scap − Sloss = 0 (11) 

Eq. (11) is solved for Tout, while Scap and Sloss are determined as 
before. The enthalpy of the HTF is now included in Hcap, while Eq. (9) is 
still used to calculate the change of Hcap. For the last and the first cells, 

the calculation procedure remains the same as for the other two 
reduced-order models, but the enthalpy of the storage container, etc., is 
allocated solely to the first and the last cells. The procedure of the al-
gorithm is identical to the first two models except for the updating of 
THTF, which is here calculated based on an energy balance in the cell. 

3.3. Parameter variation for the CFD models 

For the CFD simulations, the boundary conditions listed in Table 3 
were applied to perform a parameter variation. For each of these sim-
ulations, the thermal power dependent on the total energy (of the PCM 
for the CFD-PCM model, of the whole capsule for the CFD-PCM-air-wall 
model, and of the whole capsule plus the HTF pro rata for the CFD-PCM- 
air-wall-HTF model) is written into a look-up table. This leads to one 
look-up table per model giving the power dependent on the total energy 
and the HTF temperature and the mass flow or the heat transfer coef-
ficient (the dependency on the heat transfer coefficient vanishes for the 
models with a fixed heat transfer coefficient). The wall has almost no 
influence on k, resulting in fairly identical supporting points for the CFD- 
PCM and the CFD-PCM-air-wall models. 

3.4. Calculation of the deviation 

Within this work, several deviations ϵ are calculated referring to Tout ,

Q̇ and Q. The absolute mean deviation of the outlet temperature of the 
HTF is calculated with Eq. (12). 

ϵT =
1
t
∑nt

i=1

⃒
⃒Tout − Tout,ref

⃒
⃒

i • Δt. (12) 

Eqs. (13) and (14) determine the relative deviation concerning Q̇ and 
Q, respectively: 

ϵrel
Q̇ =

1
t
∑nt

i=1

⃒
⃒
⃒
⃒Q̇ − Q̇ref

⃒
⃒
⃒
⃒

i
• Δt

⃒
⃒
⃒
⃒Q̇ref

⃒
⃒
⃒
⃒

i

(13)  

ϵrel
Q =

1
t

∑nt

i=1

⃒
⃒Q − Qref

⃒
⃒

i • Δt
⃒
⃒Qref

⃒
⃒

i

(14) 

The definitions of the reference values Tout,ref , Q̇ref and Qref depend on 
the case under consideration. For checking the mesh independency of 
the CFD models, Qref refers to the results calculated with the finest mesh 
with 67,500 cells in the PCM domain. In the case of the independency 
study on the time step size of the reduced-order models, Q̇ref refers to the 
smallest time step tested (Δt = 0.1 s). When comparing the results of the 
reduced-order models with the experimental results, the reference 
values are always those of the experiment. 

4. Mesh independency study 

The mesh independency was checked for the CFD-PCM models, while 

Table 3 
List of values for the parameter variation for the CFD models. For the CFD-PCM 
and the CFD-PCM-air-wall, the first three values for k correspond to the corre-
lation for a plane wall (correlation “var”) and the last value corresponds to a 
correlation of a concentric annular gap (correlation “fix”) [33].  

Model Variable Values Units 

CFD-PCM ϑ∞ 22.5; 25; 27.5; 30.0; 32.5; 35.0 ◦C 
k 114; 121; 128; 285 W/

(
m2 K

)

CFD-PCM-air-wall ϑ∞ 22.5; 25; 27.5; 30.0; 32.5; 35.0 ◦C 
k 114; 121; 128; 287 W/

(
m2K

)

CFD-PCM-air-wall-HTF ϑin 22.5; 25; 27.5; 30.0; 32.5; 35.0 ◦C 
ṁ 5.893; 6.565; 7.237 kg/min  
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the dependency on the time step was investigated for the reduced-order 
models. In Fig. 13, the results of the mesh independency study for the 
CFD model are presented. For all meshes tested, ϵrel

Q (with respect to the 
finest mesh tested) is about 1.2⸱10− 4–2.2⸱10− 4, indicating that the re-
sults are already mesh-independent for 30,000 cells. Since only one CFD 
model was tested for one parameter combination (ϑ∞ = 35◦C, k =

285W/
(
m2 K

)
), a mesh of 60,000 cells in the PCM domain was used for 

all other simulations so as to have some buffer. 
The influence of Δt on ϵrel

Q̇ (concerning the smallest Δt tested) of the 
sys-CFD-PCM-air-wall-HTF model is shown in Fig. 14 for experiment 2. A 
Δt of 1 s gives a satisfactory deviation to the smallest Δt of 0.1 s of about 
1.2 %. Therefore, a Δt of 1 s is chosen for all further system simulations. 

5. Results 

The results of the reduced-order models are compared to three ex-
periments with almost identical boundary and initial conditions 
(experiment 1, experiment 2 and experiment 3). In Fig. 4, ϑin and ϑout for 
experiment 1 and all system simulation models are plotted over time. 
Except for the beginning, the difference between ϑin and ϑout is small, 
even less than 1 K for large parts of the experiment. Apart from some 
deviations directly after the initial peak, the numerical results follow the 
experimental ones to a large extent. After 3000 s the sys-CFD-PCM-air- 
wall-HTF and the sys-CFD-PCM-air-wall-fix models show almost no dif-
ference from the experimental results. The results regarding the other 
two experiments (shown in Appendix A in Figs. 15 and 18) demonstrate 
the same behavior. 

Fig. 5 presents Q̇ over time for experiment 1, while the results 
regarding the other two experiments can be seen in Appendix A in 
Figs. 16 and 19. The results confirm those of the outlet temperature. 
Following a peak in Q̇ of up to 7 kW, Q̇ drops below 10 % of the peak 
power at about 2000 s. The deviations between the numerical and 
experimental results are similar to those of ϑout . Following some de-
viations after the Q̇ peak, the numerical results – especially the results of 
the sys-CFD-PCM-air-wall-HTF and the sys-CFD-PCM-air-wall-fix models – 
follow the experimental ones. 

A clearer view of the performance of the models can be achieved by 
comparing the transferred heat Q over time (Fig. 6). The deviation of the 
numerical results from the experimental ones regarding the final Q is, on 
average for all models and experiments, only 2.3 % with a maximum of 
4.7 %; however, the slope of Q can differ significantly from the 

experimental results for certain models. The reduced-order models sys- 
CFD-PCM-air-wall-HTF and sys-CFD-PCM-air-wall-fix give results close to 
the experimental ones for all three experiments (see Fig. 5, as well as 
Figs. 17 and 20 in Appendix A); while all the other reduced-order models 
lead to significant differences in the Q slope. The experimental results do 
not differ noticeably among the different experiments and the largest 
deviations to the experimental results are present for the sys-CFD-PCM- 
var model. 

The relative mean deviation of Q, called ϵrel
Q , is shown in Fig. 7 for all 

reduced-order models and experiments. The smallest ϵrel
Q can be seen for 

the sys-CFD-PCM-air-wall-HTF and the sys-CFD-PCM-air-wall-fix models, 
with 3.4–5.2 %, followed by the sys-CFD-PCM-air-wall-var and the sys- 
CFD-PCM-fix models with 8.4–9.9 %. The largest ϵrel

Q occurs for the sys- 
CFD-PCM-var model, with 14.9–15.5 %. Again, the results plotted for the 
temperature and the power confirm these results (see Fig. 8 for ϵT and 
Fig. 9 for ϵrel

Q̇ ). Interestingly, ϵrel
Q̇ is distinctively larger than ϵrel

Q for all 
cases. One of the reasons for this behavior is the fluctuations present 
with Q̇ – even if the peaks are only shifted slightly, rather large de-
viations can occur. 

Finally, the influence of the capsule wall material and thickness and 
how this is reflected by the CFD-PCM and the CFD-PCM-air-wall models 
is investigated. The CFD-PCM-air-wall-HTF model was not included in 
this study since, as shown above, the CFD-PCM-air-wall model with the 
“right” convective boundary condition mimics the results of the CFD- 
PCM-air-wall-HTF model to a very high degree. Only one CFD simulation 
(ϑ∞ = 35◦C and the fixed convective boundary condition) was done 
with each CFD model involved and no system simulations were per-
formed, as the effect under study can already be seen solely with the CFD 
models and, consequently, much fewer simulations are necessary when 
following this approach. Applying this variation to the CFD-PCM model 
results in a simple adjustment of k, which is the reciprocal of the series 
resistance from convection and conduction through the capsule wall. 
Only the latter is affected by the variation and was adjusted depending 
on the capsule wall material and thickness. An aluminum capsule wall of 
1 mm thickness gives the same rounded k as the 3 mm capsule wall and 
therefore identical results. In Fig. 10, the liquid fraction α is plotted over 
time for the different capsule wall configurations for the CFD-PCM 
model. Changing the capsule wall material to HDPE gives the expected 
result and slows down the melting process significantly, leading to an 
increase of 53 % in the melting time for the configuration with a 3 mm 
thick HDPE capsule wall compared to the configurations with an 

Fig. 4. Inlet temperature and experimental and numerical outlet temperatures of the HTF for experiment 1 plotted over time (zoomed to 30–35 ◦C).  
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aluminum capsule wall. For a 1 mm thick HDPE capsule wall, the in-
crease in the melting time is 20 %. 

When the capsule wall is included in the CFD model (CFD-PCM-air- 
wall), the results are very different (see Fig. 11). Still, the 3 mm thick 

aluminum capsule wall leads to the fastest melting, but the melting time 
is already distinctively higher (25 %) for the aluminum 1 mm capsule 
wall. Using HDPE as capsule material leads to much longer melting 
times, an increase of more than 140 % for 1 mm thickness and more than 

Fig. 5. Experimental and numerical Q̇ over time for experiment 1 (zoomed to 0–5000 W).  

Fig. 6. Experimental and numerical Q over time for experiment 1.  

Fig. 7. The deviation ϵQ plotted for all three experiments and reduced- 
order models. 

Fig. 8. The deviation ϵT plotted for all three experiments and reduced- 
order models. 
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150 % for 3 mm thickness. Interestingly, a thicker capsule wall leads to 
faster melting for the aluminum capsules; while, for the HDPE capsules, 
the melting is slowed down for thicker capsule walls. 

Regarding the simulation times, the CFD models ranged from a few 
hours, for cases not including melting, up to more than two weeks for 
some cases involving melting. The very long simulation time resulted 
from the complexity of the model and the thin cells in the melt gap 
leading to small time step sizes – the average time step size for a simu-
lation can drop to 0.05 s. The system simulations needed 20–60 s for the 
calculation itself (excluding setting up the simulation and reading data 
from external sources) with a very basic implementation. It was found 
that more than 90 % of the simulation time was spent reading from the 
look-up tables involving the interp functions from MATLAB, which are 
known to be slow. For one case tested, compiling the MATLAB code of 
the calculation to a C code mex-function already speeded up the simu-
lation time from 22 s to 5 s. Compared to the CFD simulation this is 
about 8 • 104 times faster. 

Fig. 9. The deviation ϵQ̇ plotted for all three experiments and reduced- 
order models. 

Fig. 10. The liquid fraction α plotted over time for different capsule walls and simulated with the CFD-PCM model (ϑ∞ = 35◦C, k = 285W/
(
m2 K

)
).  

Fig. 11. The liquid fraction α plotted over time for different capsule walls simulated with the CFD-PCM-air-wall model (ϑ∞ = 35◦C, k = 287W/
(
m2 K

)
).  
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6. Discussion and conclusion 

With the described approach of using results from detailed CFD 
simulations in reduced-order models for system simulation, satisfactory 
results can be achieved if the CFD simulation is performed properly. This 
directly leads to the first question raised in the introduction: “Does the 
capsule wall and the HTF have to be included in the CFD model or can they be 
substituted by appropriate boundary conditions?” As only the sys-CFD-PCM- 
air-wall-HTF and the sys-CFD-PCM-air-wall-fix models agree with the 
experimental results, it can be concluded that the capsule wall needs to 
be accounted for in the CFD model, but the HTF can be replaced by a 
properly defined boundary condition. However, defining the heat 
transfer coefficient with the help of correlations from the literature can 
be difficult in many cases and CFD simulations might be necessary to 
define the heat transfer coefficient between the HTF and the capsule 
wall. If the capsule wall is neglected in the CFD model and replaced by a 
heat transfer coefficient, distinctive deviations to the experimental re-
sults occur. 

Moreover, there can even be misleading results when the effect of 
different capsule materials and wall thicknesses are studied with a 
model that has replaced the capsule wall by a heat transfer coefficient. 
The reason is that neglecting the capsule wall does not allow the heat 
flow through the capsule wall towards the bottom of the capsule to be 
taken into account. This heat flow is of great importance when close 
contact melting takes place as it enhances it drastically. That is why a 
thicker aluminum capsule wall leads to faster melting than a thin wall 
for the sys-CFD-PCM-air-wall-fix model; while the melting time does not 
change between the thick and the thin wall for the sys-CFD-PCM-fix 
model. On the contrary, a thicker HDPE capsule wall slows down the 
melting for both models. The reason is that, due to the low thermal 
conductivity of HDPE, almost no heat can flow from the side walls to the 
bottom of the capsule and therefore close contact melting plays only a 
minor role. For the setup studied, the main influence on the melting 
within the HDPE capsule was natural convection induced by heat 
transferred through the shell surface and this heat transfer rate decreases 
for thicker capsule walls. 

Hummel et al. [18] showed that, during CCM of a PCM in a spherical 
macro-capsule, the temperature distribution on the capsule wall is 
transient and highly non-uniform and, therefore, the assumption 
commonly found in the literature of constant and uniform wall tem-
peratures leads to significant errors for the investigated scenario. In 
general, we can confirm this statement for CCM in standing cylindrical 
capsules and add the following statements described above for our case: 
i) the capsule wall has to be included in the CFD model; and ii) the HTF 
might be replaced by a proper convective boundary condition. 

The other questions listed in the introduction: “What is the accuracy 
of the simplified model?” and “How does the uncertainty compare to 
uncertainties reported in the literature for CFD simulations of 
LHTESSs?” will be addressed next. The deviation ϵrel

Q is about 5 % for the 
sys-CFD-PCM-air-wall-HTF and the sys-CFD-PCM-air-wall-fix models. 
This is surprisingly low, as we know from a basic uncertainty study on 
the melting process of a shell-and-tube LHTESS that, for instance, 
varying only one material property by 10 % can already lead to a vari-
ation in the energy content or the mean power in the same order of 
magnitude [34]. Furthermore, Beust et al. [22] reported an ϵrel

Q of 4–14 
% for the simulation of a shell-and-tube LHTESS for a similar approach 
to the one presented here, but with a more complex simplified model. In 
addition, during the validation of the CCM solver used in this work, 
deviations to the experiments of about 11 % were seen on average for 
the melting time [15]. Even though, in the present study, the material 
properties were selected and processed very accurately [27] and the 
experiments were carried out with much diligence, we believe the de-
viations of only 5 % are too optimistic and some errors might have 
partially canceled each other out. 

Regarding the simulation times, the following can be stated. 

Compared to the speed up from CFD to system simulation models re-
ported in the literature (10–40 times [22] and 10–90 times [23]) the 
speed up for the present case is very high, with up to 8 • 104 times. This 
can lead to simulation times for the reduced-order models as low as 5 s. 
However, two aspects have to be considered here. First, the simulated 
LHTESS only had two layers and each additional layer would increase 
the simulation time most likely proportionally. Secondly, the large 
speed-up comes at a cost. For each model and heat transfer correlation 
combination, between 6 and 18 CFD simulations were performed. Each 
simulation lasted up to more than two weeks on one core of an Intel(R) 
Xeon(R) Gold 6252 CPU @ 2.10GHz computer. Therefore, this approach 
so far only makes sense if a large part of the CFD simulations can be run 
simultaneously on a workstation or cluster. This point might become 
even more severe for other applications, since in the present case the 
boundary conditions did not have large fluctuations, which allowed us 
to use only a few supporting points. For other applications, this might 
change with many more supporting points becoming necessary and, in 
consequence, more CFD simulations might be needed. 

Nonetheless, the presented approach is very promising as long as a 
workstation or cluster is at hand to perform the CFD simulations 
simultaneously. In the future, the approach will be tested for more 
fluctuating boundary conditions, larger LHTESSs and different capsule 
geometries. Already, the approach will help to design LHTESSs with 
macro-encapsulated PCM in a fast and accurate manner. 

Nomenclature 

Variables and abbreviations 

a→ Acceleration vector in m/s2 

A→ Darcy term in m/s2 

cp Specific heat capacity in J/(kg • K)

CCM Close contact melting 
CFD Computational fluid dynamics 
D Darcy constant in kg/

(
m3 • s

)

D→ Viscous force in N 
F→ Force vector in N 
g→ Gravitational acceleration in m/s2 

G→ Weight force in N 
h Specific enthalpy in J/kg 
H Enthalpy in J 
H* Combined enthalpy in J 
HTF Heat transfer fluid 
i Count variable 
I Inertia term in N 
k Heat transfer coefficient in W/

(
m2 • K

)

LHTESS Latent heat thermal energy storage system 
LUT Look-up table 
m Mass in kg 
ṁ Mass flow in kg/s 
n Count variable 
p Pressure in Pa 
P→ Pressure force in N 
PCM Phase change material 
Q Heat in J 
Q̇ Heat flow in W 
R Thermal resistance in K/W 
s Surface in m2 

S Source term in W 
t Time in s 
T Temperature in K 
u→ Velocity vector in m/s 
V Volume in m3 
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α Liquid fraction 
β Volume expansion coefficient in 1/K 
ϵ Deviation 
ϵ Small constant 
ϑ Temperature in ◦C 
λ Thermal conductivity in W/(m • K)

ν Kinematic viscosity in m2/s 
ρ Density in kg/m3 

τ Viscous stress tensor in Pa 

Subscripts 

amb Ambient 
cap Capsule 
cells Cells 
HTF Heat transfer unit 
i Count variable 
in Inlet 
l Liquid, liquidus 
loss Loss 
out Losses 
Q Heat 
Q̇ Heat flow 
ref Reference 
s Solid, solidus 
set Settling 
t Time step 
T Temperature 
∞ Boundary condition 

Superscripts 

old Old time step 
rel Relative 
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Appendix A

Fig. 12. Flow chart of the LHTESS.   
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Fig. 13. For the CFD-PCM model ϵrel
Q is plotted for different meshes with respect to the finest mesh with 67,500 nodes.  

Fig. 14. For the sys-CFD-PCM-air-wall-HTF model ϵrel
Q̇ is plotted for different time step sizes with respect to the smallest time step size of 0.1 s.   
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Fig. 15. Inlet temperature and experimental and numerical outlet temperatures of the HTF for experiment 2 plotted over time (zoomed to 30–35 ◦C).  

Fig. 16. Experimental and numerical Q̇ over time for experiment 2 (zoomed to 0–5000 W).   
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Fig. 17. Experimental and numerical Q over time for experiment 2.  

Fig. 18. Inlet temperature and experimental and numerical outlet temperatures of the HTF for experiment 3 plotted over time (zoomed to 30–35◦C).  

Fig. 19. Experimental and numerical Q̇ over time for experiment 3 (zoomed to 0–5000 W). 
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Fig. 20. Experimental and numerical Q over time for experiment 3.  
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