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A B S T R A C T   

This paper presents numerical investigations on a heat storage utilizing sodium acetate trihydrate (SAT) as phase 
change material (PCM). The heat storage can be used both in short-term and in long-term by utilizing stable 
supercooling of SAT. The store contains 137.8 kg PCM and 75 L water. Based on a validated CFD model, the flow 
conditions of the heat storage was analyzed. Uneven flow distribution inside the heat storage was revealed. Three 
design optimization methods were investigated to eliminate the uneven flow distribution. The results were 
analyzed using key performance indicators inclusive charging time, charged heat, degree of thermal stratification 
and the mixing of the heat storage. The influence of flow direction, inlet size and addition of a porous plate on the 
thermal performance of the heat storage were elucidated. Concerning flow direction, after moving the inlet from 
the bottom to the top of the storage, the time needed to completely melt the PCM was shortened by 50%. The best 
storage design was identified: For charge of the storage, the top inlet should be used, while for discharge, the 
bottom inlet should be used. Concerning the size of inlet opening, the charging time of the heat storage was 
reduced from 75 min to 51 min by using 3.0 mm radius instead of a 11.2 mm inlet. The small inlet size (3.0–8.0 
mm) was suggested to make a uniform temperature distribution inside the heat storage. Short circuit was 
completely eliminated by adding a porous plate with 10% porosity. The charging time of the heat storage was 
shortened 28% by adding the porous plate. Finally, recommendations were proposed for different applications of 
the heat storage. The findings of the paper serve as a good basis for designers and manufacturers of PCM heat 
storages.   

1. Introduction 

Carbon dioxide is considered as one of the main reasons for the 
climate change and extreme weather [1]. In 2018, totally 33.9 Gt of CO2 
were emitted globally [2]. Carbon emissions from burning of fossil fuels 
are the largest source of greenhouse gas emissions. 

Limiting carbon dioxide emission is the key method to achieve the 
2 ◦C climate target [3]. Carbon neutrality target is one of the most 
popular topics in the world. More and more countries have announced 
their plans to peak carbon dioxide emission and carbon neutrality. Until 
2010, 49 countries have already passed peak levels of green gas emission 
[4], including Germany, Russia, Finland, Denmark, etc. In September of 
2020, Chinese government declared that China would scale up its na-
tionally determined contributions and adopt more vigorous policies and 
measures to peak carbon dioxide emissions before 2030 and achieve 
carbon neutrality before 2060 at the General Debate of the 75th Session 

of the United Nations General Assembly [5]. 
Increasing the use of renewable energy including solar, wind, 

biomass, hydro, tidal, wave, and geothermal energy is recognized as an 
effective way to achieve the carbon neutrality [6]. Due to the advantages 
such as inexhaustible, non-polluting, and clean, solar energy is one of 
the most important renewable energies which will be developed vigor-
ously [7]. Increasing the usage of solar energy is a key method for 
reducing carbon dioxide emission [8]. However, naturally uncertainty, 
instability, and intermittently of solar irradiation are limitations for the 
application of solar energy utilization [9]. 

Adding a thermal energy storage is an effective way to provide a 
stable solar heat supply [10]. Thermal energy storage (TES) is the main 
energy storage technology due to its low cost, security and flexibility. 
With TES systems, the efficiency and reliability of the solar heating 
systems will be improved significantly [11]. 
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1.1. PCM heat storage 

Due to its high latent heat [12] and constant charging/discharging 
temperature [13], phase change materials (PCM) are recognized as 
promising thermal energy storage materials. PCMs are widely used not 
only in solar energy system and industrial waste heat recovery systems, 
but also in food packaging, clothing and green building fields [14]. 

Applications of PCM in TES systems are mainly focused on short-term 
heat storages. However, due to the high cost of PCM, the application of 
PCM is still not popular [15]. Using PCM as a long-term heat storage is 
possible due to the supercooling characteristic of some special PCMs 
[16]. A large amount of heat can be stored as latent heat in the super-
cooled liquid phase PCM. By controlled solidification of the liquid PCM, 
the stored heat can be released and utilized on demand, thus achieving a 
flexible long-term heat storage. Sodium acetate trihydrate (SAT) is a salt 
hydrate with many advantages such as high latent heat, small phase 
change expansion coefficient, excellent chemical stability, non-toxicity, 
low-cost and being easily accessible. The melting point of SAT (58 ◦C) is 
suitable for space heating system and domestic hot water supply. The 
supercooling of SAT is able to be stabilized by adding additives. Long- 
term heat storage utilizing stable supercooling of SAT has been experi-
mentally investigated and verified [17]. 

Stable supercooling was achieved for composites of SAT and thick-
ening agents. In the experiment of Zhou et al. [18,19], stable super-
cooling (more than 35 h) of SAT-water mixtures was successfully 
achieved. In the experiment of Yuan et al. [20], after adding acetic acid 
into SAT, a long-term supercooling (more than 14 days) was achieved at 
room temperature. Similarly, in the experiments of Johansen et al. [21], 
the supercooling of SAT-2.0 wt% CMC-5.0 wt% graphite powder com-
posite was very stable (more than 5 months). 

The long-term thermal performances of two flat chambers with SAT- 
based PCM were investigated by Dannemand et al. [22]. The total heat 
capacity of these two flat chambers were 147 kWh/m3 and 173 kWh/m3, 
the long-term heat capacity were 57 kWh/m3 and 73 kWh/m3 

(15–90 ◦C). Englmair et al. [23] investigated the thermal performance of 
long-term flat chamber heat storage. The flat chambers were filled with 
different PCMs. The total heat capacity of the three flat chambers were 
all around 160 kWh/m3, and the long-term heat capacity of these three 
flat chambers was 51 kWh/m3, 54 kWh/m3 and 60 kWh/m3 respec-
tively. A segmented long-term heat storage with four flat chambers was 
investigated under Danish weather conditions [24], and its maximum 
charging and discharging power was 36 kW and 6 kW. Based on the 
experiment, in spring and autumn, the SAT heat storage was efficiently 
retrieved to provide thermal energy to the heating system. 

1.2. Design optimization 

Adding fins in a heat storage is a simple and effective way to enhance 
the heat transfer of the heat storage. The effects of different types of fins 
have been widely investigated. The effect of annular fins on a shell-and- 
tube storage unit was simulated, modeled and optimized by Elmaazouzi 
et al. [25]. After integrating the annular fins, the charging time of the 
heat storage was shortened by 65% and the discharging time was 
shortened by 58%. Kirincic et al. [26] investigated the effect of longi-
tudinal fins on the thermal performance of a latent heat storage. After 
installing longitudinal fins, the total melting time and solidification time 
of the heat storage was reduced by 52% and 43% respectively. 

Wu et al. [27] designed a unequal-length compensating fin, after 
adding the fins into a latent heat storage, the melting and solidification 
time of the heat storage was shortened by 64% and 82%, respectively. 
The unequal-length compensating fin increased the heat transfer rate by 
155%. Yu et al. [28] proposed that compared with the plate fins, adding 
tree-like fins in latent heat storage achieved better melting rate and 
temperature distribution under high heat flow condition. The melting 
time of the latent heat storage was shortened 27% by the tree-like fins. 

The design of the heat storage has obvious influence on its thermal 

performance. Lamrani et al. [29] investigated the effect of tube number 
on the thermal performance of a shell and tube heat storage. The pro-
duced thermal energy from the PCM storage was increased from 90 kWh 
to 178 kWh in 7 h with the increase of the number of tubes from 200 
tubes to 500 tubes in the storage unit while maintaining the same 
amount of PCM. Joshi et al. [30] added porous flow distributor into a 
single media heat storage tank to improve its thermal stratification. The 
results showed that the permeability of the flow distributor in the range 
between 10− 9 m2 and 10− 8 m2, leaded to the best thermal stratification. 
Weiss et al. [31] also added a fluid distributor inside a heat storage and 
analyzed the influence of the fluid distributor location on the thermal 
stratification of the heat storage. The results of the analysis showed that 
the fluid distributor should always be located in the upper-most part of 
the tank to minimize the initial thermocline thickness. 

1.3. Aim and scope 

A heat storage combining short-term and long-term heat storage was 
investigated by the authors for green buildings and renewable energy 
systems [32]. The heat storage was designed and constructed by H.M. 
Heizkörper, and 137.8 kg PCM and 75 L water were filled in the heat 
storage (Figs. 1 and 2). The design of the heat storage is chosen for single 
family applications. Detailed information on the heat storage design can 
be found in the published work of the authors [17]. It was shown that the 

Fig. 1. The investigated heat storage [17].  
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design of the heat storage is not optimal, due to unwanted mixing/flow 
short circuit in the tank. In the charging process, a fluid short circuit 
existed inside the water region. Part of hot water flows out of the heat 
storage before sufficiently releasing its heat [32]. To achieve a better 
thermal performance, the hot water short circuit and the uneven flow 
distribution in the tank should be eliminated. 

The aim of this paper is to try to tackle the critical problem of uneven 
flow distribution in the heat storage with minimum cost. Design of the 
heat storage will be optimized by minimizing the unwanted mixing/flow 
short circuit in the tank. The flow conditions of the heat storage was 
analyzed by CFD calculations. The added values of the paper are:  

1. The uneven flow distribution inside the heat storage was revealed. 
Three improved storage designs were suggested and investigated to 
eliminate the short circuit flow and to improve the thermal perfor-
mance of the heat storage.  

2. Four key thermal performance indicators inclusive charging time, 
charged heat, degree of thermal stratification and the mixing of the 
heat storage are used to examine the storage designs. The mixing of 
the heat storage is defined as the stirring of the PCM inside the heat 
storage by natural convection. A major advantage of the investigated 
heat storage is the self-stirring function for liquid PCM, since the 
arrangement of the inlet at the bottom and the outlet at the top of the 
heat storage creates a “top-low and bottom-high” temperature dis-
tribution in the heat storage during charging. Consequently, the 
bottom of the tube is heated with a higher temperature than the top 
of the tube. Temperature driven convection flow of the liquid PCM is 
formed in the tube, resulting in a good degree of mixing of PCM in 
the tube. Water molecules combine with sodium acetate to form SAT, 
preventing phase separation of SAT and improving long term sta-
bility of the heat storage. The stirring of PCM during charging is used 
as one of the key criteria in evaluation of the storage designs.  

3. The influence of flow direction, inlet size and porous plate on the 
thermal performance of the heat storage are elucidated. 

4. Finally, recommendations are given for different application sce-
narios of the heat storage. 

This research is part of the Danish Energy Agency EUDP project on 
participation of the IEA Task 58 ‘Material and Component Development 
for Thermal Energy Storage’. The findings of the project serve a good 
reference for researchers, designers and manufacturers of PCM heat 
storages. 

2. The uneven flow distribution and design improvements 

2.1. Short circuit flow inside the storage 

The flow characteristics of water and liquid PCM were revealed by 
the CFD calculations in the previous publication [32]. In the charging 
process, the fluid short circuit existed in the water region, shown as 
Fig. 3. Part of the incoming hot water flow out of the tank without 
releasing heat sufficiently. There was no obvious thermocline inside the 
tank during charge. Some tubes were heated directly by hot water, while 
other tubes were heated by the reverse flow. The hot water short circuit 
flow during charge is a problem which needs to be eliminated. 

2.2. Improved designs 

The above mentioned short circuit flow is mainly related to the 
design of the heat storage. To eliminate the short circuit flow, the design 
of the heat storage needs to be improved. The following design 
improvement methods were suggested and analyzed (Fig. 4): 

In Method A, the flow direction is changed so that high temperature 
water enters through the top inlet. Two different working modes were 
analyzed and compared. The heat storage with the top inlet is named 
Top Inlet Mode, while the heat storage with the bottom inlet is named 
Bottom Inlet Mode. When using different modes, the flow direction will 
be changed in the whole working cycle “charge-discharge of sensible 
heat-discharge of latent heat”. The influence of flow direction was 
analyzed in the charging process, the discharging of sensible heat pro-
cess and the discharging of latent heat process. The details of the sim-
ulations are shown in Table 1. 

In the Method B, the size of the bottom inlet is changed. Small inlet 
sizes were used to form jet flow to increase the temperature uniformity 
of the heat storage. Totally 6 different inlet sizes were analyzed and 
divided into two groups. The details of the different inlet sizes are shown 
in Table 2. In the investigations, the original heat storage design is used 
meaning that the inlet was at bottom and only the inlet size was 
changed. Due to the fact that the flow direction was not changed, the 
short-circuit flow only appeared in the charging process. The influence 
of inlet size was only analyzed for the charging process. 

In Method C, a porous plate was added in the heat storage below the 
PCM tubes. It is expected that the porous plate will equalize flow in the 
horizontal section plane of the heat storage. The parameters of the added 
porous plate are shown in Table 3. Similar to Method B, the analysis of 
this method was only investigated for the charging process. 

In all the simulations, the heating temperature was 92 ◦C (365 K) and 

Fig. 2. A break-down drawing of the heat storage [32].  

Fig. 3. The water flow pattern inside the heat storage during charge [32].  
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the hot water flow rate was 14 L/min. The aims of the improvements are 
eliminating the short circuit, increasing the uniformity of the tempera-
ture distribution, increasing the charging rate and realizing the stirring. 

3. CFD model and methodology 

The structured mesh was adopted in this model (totally 1.38 × 107 

cells), the mesh skewness of the model was 0.64. To ensure the accuracy 
of the simulations, the boundary layers were added in the model both 
inside and outside of the tubes. The CFD model was imported into Fluent 
to carry out the numerical simulations. The generated mesh is shown in 
Fig. 5. 

3.1. The governing equations 

The governing equations of the solidification and melting model 
have been introduced in the previous publication [32] in detail. For the 
simulation process solver equation, the following assumptions are 
considered:  

• The working fluid (both PCM and water, the heat transfer fluid) is 
incompressible.  

• The crystallization occurred simultaneously in the whole volume.  
• The thermophysical properties of PCM are independent of 

temperature.  
• The volume of PCM does not change in the phase change process. 

The following simulation settings were used. The Boussinesq 
approximation was used to calculate the buoyancy-driven forces [33]. 
The governing equations were solved in a pressure-based transient 
solver. The gravity was considered (9.8 m/s2). The PISO algorithm was 
employed for the pressure–velocity coupling, and the PRESTO and 
second-order upwind method were used to discretize the pressure and 
the momentum/energy equations, respectively. The predetermined 
convergence criteria for continuity, velocity and energy were 10− 3, 
10− 3, and 10− 6 respectively. The time step size was 0.2 s due to the 
previous CFD investigation. 

3.2. Porous media model 

The porous media model can be used for a wide variety of single 
phase and multiphase problems, including flow through packed beds, 
filter papers, perforated plates, flow distributors and tube banks. When 
using porous media model, the following assumptions are considered:  

• The porosity of porous media is isotropic.  
• In any conditions, only one pressure interpolation method is used in 

the porous media region. 

Compared to the above mentioned momentum equation, a mo-
mentum source Si is added in the porous media model, for simple ho-
mogenous porous media, the momentum source is as follow: 

Si = −

(
μ
αvi +C2

1
2

ρ|v|vi

)

(1)  

where, Si is the momentum source in direction x, y, z. |v| is the absolute 
value of velocity. C2 is the inertial resistance, 1/α is the viscous 
resistance. 

In laminar flows through porous media, the porous media model 
reduces to Darcy's Law: 

∇p = −
μ
α v→ (2) 

Fig. 4. Schematics of three design optimizations.  

Table 1 
Details of different HTF flow direction modes.  

Cases Process Modes Inlet Temperature 

Case A-1 Charge Top Inlet 92 ◦C 
Case A-2 Charge Bottom Inleta 92 ◦C 
Case A-3 Discharge of sensible heat Top Inlet 30 ◦C 
Case A-4 Discharge of sensible heat Bottom Inleta 30 ◦C 
Case A-5 Discharge of latent heat Top Inlet 30 ◦C 
Case A-6 Discharge of latent heat Bottom Inleta 30 ◦C  

a Original case. 

Table 2 
The parameter of different inlet sizes.  

Group Cases Radius of inlet (mm) 

Small inlet group Case B-7  3.0 
Case B-8  5.0 
Case B-9  8.0 

Large inlet group Case B-10  10.0 
Case B-11a  11.2 
Case B-12  12.0  

a Original case. 

Table 3 
The parameter of the porous plate.  

Cases Thickness 
(mm) 

Porosity 
(− ) 

Pore 
Size 
(mm) 

Viscous 
Resistance 
(m− 2) 

Inertial 
Resistance 
(m− 1) 

Case C- 
13 

Non Porous Plate – Original Case 

Case C- 
14 

2 0.1 2 3.038 × 1010 1.575 × 106  

Fig. 5. The generated mesh used in CFD simulation (left: vertical middle cut 
plane, right: horizontal cut plane). 
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In this paper, the viscous resistance (1/α) of the porous plate is 
calculated as 3.038 × 1010 m− 2, and the inertial resistance (C2) is 
calculated as 1.575 × 106 m− 1. The values have been indicated in 
Table 3. 

3.3. Data analysis 

The change of heat content (ΔHC) during a time step of Δt was 
determined by Eq. (3): 

ΔHC = (Pin − Pout − Pheatloss) • Δt (3) 

Pin, Pout and Pheatloss is the heat transfer rate [W] at inlet, outlet and 
tank surface respectively. 

It was assumed that HC = 0 when the heat storage temperature is 
30 ◦C. 

The power (P) transferred to or from the heat storage was determined 
by Eq. (4): 

P = Pin − Pout (4) 

The heat exchange capacity rate (HXCR) was determined by Eq. (5): 

HXCR = − cp.water • ρwater • V̇ • ln
(

1 −
Tin − Tout

Tin − Taverage

)

(5)  

4. Results and discussion 

4.1. Model validation 

The model was validated by comparing the outlet temperature 
measured and calculated. Fig. 6 shows the comparison between 
measured and calculated outlet temperatures and the charged heat in 
charging process. The calculated outlet temperature and charged heat 
have the same trend as the measured ones. The maximum difference 
between calculated outlet temperature and measured outlet tempera-
ture is less than 3 K. The maximum difference between calculated 
charged heat and measured charged heat is 0.4 kWh (1.8%). Based on 
the comparison, the accuracy of the CFD model was verified. The CFD 
model can be considered to be acceptable for the following analysis. 

A detailed validation of the CFD model inclusive a grid independence 
investigation can be found in the previous publication of the authors 
[32]. 

4.2. Flow direction 

4.2.1. Charge 
The validated CFD model was used to investigate the influence of 

flow direction of the heat transfer fluid on its thermal performance. The 
temperature distributions of the heat storage during charge using either 

the top inlet (Top inlet mode, Case A-1) or the bottom inlet (Bottom inlet 
mode, Case A-2) are shown in Fig. 7. Apparently water temperatures in a 
horizontal plane of the heat storage in the Top Inlet Mode is more uni-
form than in the Bottom Inlet Mode. When using the Bottom Inlet Mode, 
due to the hot water short circuit flow, hot water gathered close to the 
outlet, resulting in smaller fluid velocity close to the inlet. Consequently 
there is an uneven temperature distribution on the horizontal plane of 
the storage. When using the Top Inlet Mode, the short circuit flow was 
totally eliminated. Hotter fluid tends to spread horizontally before being 
cooled down. The hot water heats the PCM tubes sufficiently before 
moving downwards. The reverse flow and the non-uniform heating of 
PCM tubes are also eliminated by using the Top Inlet Mode. A higher 
degree of thermal stratification is observed in the tank if the tank is 
charged via the top inlet. 

The outlet temperatures and the charged heat of the heat storage 
with the Top Inlet and the Bottom Inlet are shown in the Fig. 8. The red 
curve indicates the Top Inlet mode, while the blue curve indicates the 
Bottom Inlet mode. During 0–39 min after the start of the charging, the 
outlet temperature in the Bottom Inlet mode is higher than that in the 
Top Inlet mode. That means, in the Bottom inlet mode, the inlet flow 
cannot release its heat completely, resulting in a lower charging effi-
ciency. After 40 min, the outlet temperature in the Top Inlet mode was 
higher than that of Bottom Inlet mode. That means the storage tank with 
the top inlet had a higher charging efficiency or charging power than 
that with the bottom inlet. There is an interesting different point be-
tween the two modes. During 0–5 min, the outlet temperature in the Top 
Inlet mode was kept around 30 ◦C, however in the Bottom Inlet mode, 
the outlet temperature increased almost immediately when the charging 
process started. This means in the Top Inlet Mode, there was no short 
circuit flow. For the whole charging process, in the Top Inlet mode, it 
took the outlet temperature 60 min to reach 91.5 ◦C, while in the Bottom 
Inlet mode, it needed 100 min to reach 88.8 ◦C. 

A comparison of the charged heat between the two modes is shown in 
Fig. 8. The storage tank with the top inlet had a faster increase of 
charged heat than that with the bottom inlet. For the whole charging 
process, when using the Top Inlet Mode, it took 55 min to store 23.5 kWh 
heat in the heat storage. In the Bottom Inlet Mode, it needed 100 min to 
charge 22.5 kWh heat in the heat storage. The Top Inlet Mode can store 
more heat while using less time. The difference is caused by the differ-
ence in temperature distributions. As shown in Fig. 7, the Top Inlet Mode 
has a higher degree of thermal stratification, consequently more heat 
was stored in the storage tank in the Top Inlet Mode. Comparing the two 
different HTF flow directions (two different inlet modes), the charging 
time of the Top Inlet mode is shorter than that of the Bottom Inlet mode, 
the charging process is shortened 50% by changing Bottom Inlet mode to 
Top Inlet mode. The charging time is defined as the time period of the 
outlet temperature changed from 30 ◦C to 88 ◦C. 

The overlapping of fluid outlet temperatures in Fig. 8 is caused by the 
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Fig. 6. Comparison between calculations and measurements during the charging process.  
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short circuit flow inside the heat storage during charge. In the start of the 
charging (0–40 min), due to the existence of the short circuit, the hot 
heat transfer fluid (HTF) in the storage with a bottom inlet leaves the 
heat storage before fully releasing heat, therefore, it has a higher outlet 
temperature and a lower heat exchange capacity rate than the storage 
with a top inlet (without short circuit flow). After 40 min, the PCM in the 
storage with a top inlet reaches a higher temperature, therefore, the 
outlet temperature of the HTF eventually exceeds that of the storage 
with a bottom inlet. The overlapping point is determined by the differ-
ence between the heat exchange capacity rates, which in turn is influ-
enced by many factors, inclusive design of the storage, flow rate, flow 
pattern etc. 

4.2.2. Discharge 
Since the top inlet favors more the charge process than the discharge 

process, the CFD model was used to examine the influence of the flow 
direction on the discharge process. Fig. 9 and Fig. 10 show the tem-
perature distribution of the heat storage during discharge of sensible 
heat process and discharge of latent heat process. In Fig. 10, the solid-
ification was triggered at 10 min, and then the latent heat was released. 
When using the Top Inlet Mode in both discharges of sensible and latent 
heat, the cold water short circuit appeared seriously. When cold water 
enter the top inlet cold water could not distribute horizontally. Cold 
water vertically flowed down to the bottom of the heat storage, and then 
exited the heat storage through the bottom outlet. 

Table 4 and Table 5 show thermal characteristic of the heat storage 
using the Top and the Bottom Inlet Mode in discharge of sensible and 
latent heat respectively. When using the Top Inlet Mode in the discharge 

process, the released heat will be reduced due to the cold water short 
circuit. Moreover, in the whole discharge process, the outlet tempera-
ture was low. The high-temperature heat was not able to be released. 

In discharge of sensible heat, when changed from Top Inlet Mode to 

Fig. 7. Temperature distribution of the heat storage during charge: the Bottom inlet (Case A-2) (left) and the Top Inlet mode (Case A-1) (right).  
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Fig. 9. Temperature distribution of the Top Inlet Mode during discharge of 
sensible heat (Case A-3). 
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Bottom Inlet Mode, the discharge power was increased from 16.2 kW to 
41.6 kW, the HXCR was increased from 129 W/K to 807 W/K. In 
discharge of latent heat, the power and HXCR of the Bottom Inlet mode 
was 12.3 kW and 612 W/K, obviously higher than 4.3 kW and 457 W/K 
which was achieved for the Top Inlet mode. In conclusion, the Top Inlet 
Mode should not be used in the discharge process. 

From the comparison of the Top Inlet Mode and the Bottom Inlet 
Mode, the best operation mode can be recommended: In charge, the Top 
Inlet Mode should be used, while in discharge, the Bottom Inlet Mode 
should be used. In this condition, in the whole process of “charge- 
discharge of sensible heat-discharge of latent heat”, the obvious thermal 
stratification can be formed inside the heat storage. The heat storage will 
have short charging time and large charged heat. 

The needed time for one cycle of the Top Inlet Mode was more than 
276 min, and that of the Bottom Inlet Mode was 271 min. The useful heat 
content of the heat storage for one cycle of the Top Inlet Mode was 23.5 
kWh, and that of the Bottom Inlet Mode was 22.1 kWh. When using the 
Best Operation Mode, the useful heat content of the heat storage for one 
cycle was 23.5 kWh. The total time needed for one cycle was 196 min 
(55 min for charge, 45 min for discharge of sensible heat, 96 min for 
discharge of latent heat). 

It should be pointed out that, to realize the optimized mode, addi-
tional equipment enabling change of flow direction is necessary. This 
will increase complexity and cost of the heat storage. Another important 
point is that, for the optimized mode, the heat storage may lose its 
stirring function. Inside the heat storage, the upper zone has higher 
temperature and the bottom part has lower temperature all the time, the 
convection inside the heat storage will be weak. The PCM is not able to 
be stirred by convection. This will increase the risk of phase separation. 

In conclusion, if the PCM is stable enough, it is suggested to use the 
optimized mode: Top Inlet Mode in charge, Bottom Inlet Mode in 
discharge. If the PCM needs to be stirred during charge, it is suggested to 
use the Bottom Inlet Mode all the time. 

4.3. Inlet size 

The outlet temperatures and the average temperatures of the heat 
storage with different inlet sizes are shown in Fig. 11. The changes of 
outlet temperature and average temperature were similar in all inlet size 
conditions during charge. When charge started, the outlet temperature 
and average temperature increased immediately. 

The difference of charging rates was small when the inlet size 
changing in each group. The results of 3.0 mm (Case B-7), 5.0 mm (Case 
B-8) and 8.0 (Case B-9) mm inlet sizes were close to each other. The 
results of 10.0 mm (Case B-10), 11.2 (Case B-11) mm and 12.0 (Case B- 
12) mm inlet sizes were close to each other. However, the change of 
charging rate was obvious when inlet size changing from the small inlets 
(3.0–8.0 mm) to the large inlets (10.0–12.0 mm). The difference be-
tween the results of 8.0 mm and 10.0 mm inlet sizes was large. This 
means there is a critical inlet size between 8.0 mm to 10.0 mm under the 
simulation condition. 

The charged heat for the heat storage with different inlet sizes are 
shown in Fig. 12. During 0–100 min of the charging process, the charged 
heat with smaller inlet sizes (3.0, 5.0 and 8.0 mm) was larger than that of 
larger inlet sizes (10.0, 11.2 and 12.0 mm). When using the smaller inlet 
size, the heat storage stored 20 kWh energy in 51–55 min, while it took 
67–75 min to store 20 kWh heat with a larger inlet size (10.0–12.0 mm). 
The charging rate of the heat storage increased with a decrease of the 
inlet size. Decreasing inlet size can increase the charging rate of the heat 
storage. 

The temperature distributions of the heat storage with different inlet 
sizes are shown in Fig. 13. The symmetry plane of the heat storage is 
shown. From the figure, at 20 min, the results of 3.0 and 5.0 mm inlet 
sizes, there was almost no hot water short circuit, the temperature 
distributed uniformly. 

For the 10.0 mm, 11.2 mm and 12.0 mm inlet sizes, the hot water 
short circuit appeared and increased with the increase of inlet size. 
When hot water entered the tank, the hot water was not mixed suffi-
ciently before flowing upward because of buoyancy forces. The tem-
perature inside the heat storage was not uniform, with high-temperature 
zone and middle-temperature zone separated. When using a large inlet 
size, since the heat storage did not have the “top-low and bottom-high” 
temperature distribution due to the serious short circuit flow of hot 
water, the heat storage may lose its stirring function. 

The temperature distributions of the heat storage with different inlet 
sizes on the inlet and the outlet plane are shown in Fig. 14. With a 
decrease of the inlet size, the temperatures on the inlet and outlet plane 
became more uniform. The effect of decreasing inlet size was similar to 
the effect of increasing flow rate. The uniformity of temperature distri-
bution could be improved, but not enough. Hot water was not fully 
mixed on the inlet plane before flowing upwards. 

In conclusion, the small inlet size is suggested to make the uniform 
temperature distribution inside the heat storage. But the effect may not 
be sufficient. It should be pointed out that, in real applications, water 
pipes with standard dimensions should be used to connect the storage 
tank with the other components in the heating system. Fitting is need to 
connect the inlet/outlet to the connection pipes. 

Fig. 10. Temperature distribution of the Top Inlet Mode during discharge of 
latent heat (Case A-5). 

Table 4 
Thermal characteristics of the heat storage during discharge of sensible heat.  

Case Modes Pa 

(kW) 
HXCRb 

(W/K) 
Produced hot water (>40 ◦C) 

Volume 
(L) 

Average 
Temperature (◦C) 

Time 
(min) 

A-3 Top Inlet  16.2  129  392  47.7  29 
A-4 Bottom 

Inlet  
41.6  807  294  68.2  21  

a Energy weighted discharging power. 
b Energy weighted HXCR. 

Table 5 
Thermal characteristics of the heat storage during discharge of latent heat 
process.  

Case Modes Pa 

(kW) 
HXCRb 

(W/K) 
Produced hot water (>40 ◦C) 

Volume 
(L) 

Average 
Temperature (◦C) 

Time 
(min) 

A-5 Top Inlet  4.3  457  0 – – 
A-6 Bottom 

Inlet  
12.3  612  329 45.2 13  

a Energy weighted discharging power. 
b Energy weighted HXCR. 
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4.4. Porous plate 

The outlet temperatures and the charged heat of the heat storage 
with and without a porous plate (Case C-13 and Case C-14) are shown in 
Fig. 15. Since hot water flowed out of the heat storage before fully 
releasing heat due to the short circuit flow, from the start to 52 min after 
the start of the charge, the outlet temperature of the heat storage 
without porous plate was higher than that of the heat storage with 

porous plate. The lower outlet temperature of the heat storage with the 
porous plate means that the short circuit flow inside the heat storage was 
reduced. After 52 min, the outlet temperature of the heat storage with 
the porous plate was higher. This means the temperature level of the 
heat storage with the porous plate was higher than that of the heat 
storage without porous plate. After 100 min, for the heat storage without 
the porous plate, the outlet temperature was 88.8 ◦C, while it is 91.7 ◦C 
for the heat storage with the porous plate. 

For the charged heat of the heat storage with and without the porous 
plate, it is clear that after adding the porous plate, the charging rate was 
increased. For the heat storage without the porous plate, it needed 75 
min to store 20 kWh heat, while it took 54 min for the heat storage with 
the porous plate to store 20 kWh heat. From the outlet temperature and 
the charged heat, the charging process of the heat storage was shortened 
by 28% by adding the porous plate. 

As shown in Fig. 15, there is an overlapping point of the outlet 
temperatures with and without the porous plate, indicating an increase 
of heat exchange capacity rate by adding the porous plate. The porous 
plate ensures more even flow distribution after the incoming hot water 
enters into the bottom of the storage, increasing the heat exchange ca-
pacity of the storage. However, the trend of the overlapping point is 
difficult to predict as it is influenced by many factors. 

The temperature distribution and path line distribution of water on 
the inlet plane are shown in Fig. 16. For the heat storage without the 
porous plate, on the inlet plane, hot water was not even distributed. The 
flow of hot water concentrated in the middle of the heat storage. After 
adding the porous plate, the hot water was even distributed after 
entering into the heat storage. The whole inlet plane had almost the 
same temperature. 

The temperature distribution of the heat storage with the porous 
plate and the location of the porous plate are shown in Fig. 17. After 
adding the porous plate, the hot water short circuit was eliminated. The 
“bottom high-top low” temperature distribution was formed inside the 
heat storage. The hot water evenly distributed below the porous plate 
before entering the plate. The convection inside the PCM tubes was 
enhanced. The stirring function of the heat storage was achieved. 

Adding the porous plate is an effective method to enhance the 
thermal performance of the heat storage. The pressure drop across the 
porous plate was marginal, meaning a lower flow resistance by the plate 
and an insignificant increase of pump power for flow circulation. The 
benefit is that, after adding a porous plate, the temperature distribution 
was improved and the temperature of the bottom part of the heat storage 
was increased. But it should be pointed out that, adding the porous plate 
will slightly increase the cost of the heat storage. 

4.5. Comparison of the three storage designs 

The results of the charging time and the charged heat of different 
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Fig. 11. The outlet temperatures and the average heat storage temperatures for different inlet sizes during charge.  
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Fig. 12. The charged heat for the heat storage with different inlet sizes dur-
ing charge. 

Fig. 13. The temperature distribution inside the heat storage with different 
inlet sizes during charge. 
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designs are shown in Table 6. The results show that the heat storage with 
the Top Inlet Mode has the shortest charging time (32 min). The 
charging time of the heat storage with 3.0 mm, 5.0 mm and 8.0 mm inlet 
sizes and the heat storage with 10% porosity porous plate is 50–60 min. 
These designs can effectively increase the charging rate of the heat 
storage. 

The charged heat of all simulations are in the range of 22.5–23.5 
kWh. The difference is mainly caused by the different temperature dis-
tributions inside the heat storage. The heat storages with the Top Inlet 
Mode, 3.0 mm inlet size, 8.0 mm inlet size and 10% porosity porous 
plate have higher charged heat. Only the heat storage with the Top Inlet 
Mode and 10% porosity porous plate totally eliminated the short circuit 
flow inside the heat storage. Only the heat storage with 10% porosity 
porous plate can effectively achieve the stirring function for PCM. 

The following suggestions are proposed for real applications of the 
investigated PCM-water heat storage:  

⋅ If the material cost is the concern of the heat storage, a larger water 
volume is recommended.  

⋅ If the tank volume is the concern of the heat storage, a larger PCM 
volume can obviously reduce the total volume of the storage.  

⋅ If the PCM is stable enough and the phase separation is not an issue, 
the optimized operation mode “Charge Top Inlet-Discharge Bottom 
Inlet” is recommended. There will be no short -circuit flow. The heat 
storage will have a short charging time and a high charged heat.  

⋅ If the PCM is not stable enough, the porous plate should be added in 
the heat storage. The stirring function can stir the PCM in liquid 
state, reducing phase separation of the PCM.  

⋅ If the inner structure of the heat storage cannot be changed, it is 
suggested to use small inlet size. The small inlet can reduce the short 
circuit flow and charging time, but the effect is limited. 

Fig. 14. The temperature distribution on the inlet plane and outlet plane under different inlet sizes in charge.  
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Fig. 15. Comparison of the outlet temperature and the charged heat between the two cases: With and without the porous plate.  
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5. Conclusion 

A heat storage with 137.8 kg PCM and 75 L water was numerically 
investigated in this paper. The developed CFD model can accurately 
simulate the melting process, supercooling process and solidification 

process of the heat storage. The maximum difference between the 
calculated and the measured power transfers to and from the heat 
storage was less than 1.8%. 

Calculations with the validated CFD model of the storage tank show 
that the short circuit flow existed inside the heat storage during charge. 
Due to the short circuit flow, the horizontal temperature distribution 
inside the heat storage was not uniform. The heat storage may lose its 
stirring function for the PCM in the tubes. Three different design im-
provements are investigated: Changing flow direction, changing inlet 
size and adding a porous plate inside the heat storage. The main findings 
are as follow:  

• After moving the bottom inlet to the top of the storage, the charging 
time was shortened by 50%. The heat storage has short charging time 
(55 min) and large charged heat (23.5 kWh). However, the heat 
storage loses its stirring function for the PCM in the tubes.  

• The charging time of the heat storage was reduced to 51 min by using 
3.0 mm radius inlet, compared to 73 min by using 12.0 mm radius 
inlet. The small inlet size (3.0–8.0 mm) is suggested to achieve a 
uniform horizontal temperature distribution inside the heat storage. 
But the benefit is not large enough.  

• The flow short circuit can be minimized by adding the 10% porosity 
porous plate. The stirring function is achieved by the “bottom high- 
top low” temperature distribution. The charging time of the heat 
storage is shortened by 28% from 75 min to 54 min. However extra 
material consumption and costs of the porous plate should be 
considered. 

The findings of the paper will be used in further research. A TRNSYS 
model for the PCM heat storage will be developed based on the CFD 
results, which can be used to calculate performance of the PCM heat 
storage in a solar heating system. 

Nomenclature 

ρ density [kg/m3] 
t time [s] 
v→ velocity [m/s] 
μ viscosity [Pa⋅s] 
P pressure [Pa] 
g→ gravity [m/s2] 
β liquid volume fraction 
H enthalpy [J, kWh] 
L latent heat [J/(g⋅K)] 
T temperature [K, ◦C] 

Fig. 16. Temperature distribution and path line distribution on Inlet Plane.  

Fig. 17. Temperature distribution inside the heat storage with the porous plate.  

Table 6 
The charging characteristics of different design improvements.  

Methods Cases Charging 
time 
[min]a 

Charged 
heat 
[kWh]b 

Short 
circuit 

Change Flow 
Direction 

Top Inlet  32  23.5 No 
Bottom Inlet  73  22.5 Yes 

Change Inlet 
Size 

3.0 mm  51  23.1 Yes 
5.0 mm  53  23.2 Yes 
8.0 mm  56  23.1 Yes 
10.0 mm  68  22.8 Yes 
11.2 mm  68  22.5 Yes 
12.0 mm  73  22.6 Yes 

Add Porous 
Plate 

Non Porous Plate  75  22.5 Yes 
10% Porosity 
Porous Plate  

54  23.1 No  

a The time of storing 20 kWh heat in charge. 
b The charged heat at 100 min in charge. 

G. Wang et al.                                                                                                                                                                                                                                   



Journal of Energy Storage 52 (2022) 104798

11

Abbreviations 

TES thermal energy storage 
PCM phase change material 
CFD computational fluid dynamics 
EXP experiment 
HTF heat transfer fluid 
SAT sodium acetate trihydrate 
HXCR heat exchange capacity rate 
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