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A flexible thermal energy storage with 137.8 kg PCM and 75 L water was introduced. The heat storage combined
short-term and long-term heat storage functions by utilizing sodium acetate trihydrate as heat storage material.
The thermal performance and flow characteristics of the heat storage were investigated by experiments and by
CFD simulations. The result show that after a full charge to 92 °C, the heat storage can flexibly release heat in two
steps: In the first step, 13.7 kWh sensible heat can be released for short-term use; in the second step, 7.8 kWh
latent heat can be released for long-term use. When releasing heat, there is laminar flow of water and a high
degree of thermal stratification in the tank. During discharge of the sensible heat, the heat storage can provide
294 L hot water with an average temperature of 68.2 °C. During discharge of the latent heat, 334 L hot water
with an average temperature of 46.7 °C were drawn from the heat storage. In the charging process, a fluid short
circuit existed inside the water region. Part of hot water flows out of the tank before sufficiently heated. There
was no obvious thermocline inside the tank during charging. The flow rate has a big influence on the thermal
characteristics of the heat storage during the charge and discharge periods. By increasing the flow rate from 4 L/
min to 14 L/min, the charging time was shortened by 67% from 276 min to 92 min while the discharging time

was shortened by 65% and 83% respectively in releasing sensible heat and latent heat.

1. Introduction

As the awareness of environmental protection gradually increase,
renewable energy is going to be the primary energy source in the future,
and there is a significant global trend that the energy supply will have to
switch to energy from renewable sources [1]. Many investigations have
been carried out to provide secure, affordable and renewable energy
sources [2]. One of the key renewable energy sources is solar energy [3].
Increasing the usage of solar energy can reduce the emission of carbon
dioxide, provide more energy supply diversification and increase
regional energy independence [4]. To provide a stable solar energy
supply, adding an energy storage system is a key point to solve the
discontinuity of solar energy.

Energy storage refers to a process that excess energy is stored into a
form that can be transferred back to the same form or a different form
when needed [5]. 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 energy systems will be
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improved significantly [6].
1.1. Water-PCM short-term heat storage

Short-term heat storage can realize the peak load shifting of heat
demand. The most commonly used short-term heat storage method in
engineering is water heat storage technology. The domestic solar water
tank is the cheapest method to store solar thermal energy for domestic
hot water supply, the most common usage of solar thermal energy is
solar water heaters in residential and commercial use [7].

Latent heat storage has many advantages, such as high energy stor-
age density and smaller temperature changes during charge and
discharge processes [8,9]. Latent heat storage has been used as
short-term heat storage. When adding phase change material (PCM) in
short-term heat storage, the thermal storage density of the TES system is
significantly increased due to the high latent heat of PCM [10]. But until
now, systems with PCM used as the main energy storage material are
rare. The low thermal conductivity [11] and the price of PCM [12] limit
the application of using PCM as heat storage materials.
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Nomenclature
p density [kg/m®]
t time [s]
— .
V velocity [m/s]
u viscosity [Pa-s]
P pressure [Pa]
bbreviations
PCM phase change material
CFD computational fluid dynamics
TES thermal energy storage

HTF heat transfer fluid

g gravity [m/s%]

p liquid volume fraction

H enthalpy [J, kWh]

L latent heat [J/(kg-K)]

T temperature [K, °C]

heat exchange capacity rate
RE relative energy

DHT direct heating tubes

The typical approach is to add PCM to traditional short-term heat
storage to increase the thermal performance of the heat storage system
[13]. Shalaby et al. [14] added PCM in a domestic water heat storage for
single-family houses, the heat storage can provide hot water (>50 °C)
during a day. Lamrani et al. [15] evaluated the feasibility of adding PCM
in the solar water heater for large buildings’ hot water production. The
results show that under the weather condition of south France, the
water-PCM heat storage is suitable for large buildings’ hot water pro-
duction, the produced hot water was within the ranges of 85-36 °C and
63-38 °C during daytime and nighttime respectively. Qin et al. [16]
proposed a case of adding PCM to improve the thermal performance of a
60 L hot water tank. The results show that after adding PCM, the heat
storage density of the tank was 84.4 kWh/m® (from 5 to 80 °C). Placing
PCM at a low position can accelerate the heat release.

1.2. Long-term heat storage

Long-term heat storage allow flexibe integration of various fluctu-
ating renewable energy sources [17]. Long-term heat storage is the key
technique to solve the seasonal mismatch between energy supply and
demand [18].

Water pit heat storage has been utilized as a seasonal heat storage
system. Large solar district heating plants with water pit long-term heat
storage have developed very fast in the last decade in Denmark [19]. The
first water pit heat storage of 10,000 m® was demonstrated in Marstal in
2004. Then water pit storages with improved designs were constructed
in Marstal (75,000 m®, 2012) [20], Dronninglund (62,000 m®, 2014)
[21] and Vojens (203,000 m3, 2015) [22].

PCM can also be used in long-term heat storage utilizing stable
supercooling of liquid PCM [23,24]. With stable supercooling, latent
heat can be kept at room temperature for a long period with low heat
losses. Experiments at the Technical Unversity of Denmark showed that
stable supercooling of SAT-based PCM in a small tank was successfully
kept for more than 2 years [25]. And then the heat loss of long-term heat
storage utilizing stable supercooling is relatively low [26].

Cylindrical heat storage with 116 kg PCM was tested by Dannemand
et al. [27]. The measured energy storage density of the heat storage was
110 kWh/m? (from 20 to 90 °C). But only in 6 of 40 experiments the
cylindrical PCM heat storage achieved stable supercooling for long-term
heat storage. A segmented heat storage prototype utilizing PCM stable
supercooling for long-term heat storage was investigated by Englmair
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et al. [28]. In the discharge process, the units released 30.6-34.2 MJ
sensible heat first. After discharging sensible heat, the latent heat was
still stored in the supercooled SAT in the prototype. The latent heat was
released after triggering the solidification of the supercooled PCM. In the
experiments, 31.7-37.1 MJ latent heat was released from the prototype.

1.3. Numerical investigations of PCM heat storages

Commercial software is commonly used in the numerical in-
vestigations of PCM. Trnsys and CFD are two popular commercial soft-
ware. Trnsys is usually used for system analysis of TES systems with PCM
heat storage. CFD is usually used for the thermomechanical analysis of
PCM heat storage.

The performance of solar heating systems with heat storage utilizing
stable supercooling of SAT has been successfully investigated and pre-
dicted by Trnsys and Matlab simulation. Dannemand et al. [29] simu-
lated a solar heating system with flat long-term SAT heat storage and 36
m? solar collectors using a new Trnsys type. A multiple flat PCM heat
storage Trnsys model-Type 8888 was developed by Graz University of
Technology. A solar heating system for a single family house with the
flat SAT heat storage [28] was simulated in Trnsys using Type 8888
under Danish climate conditions [30].

Mohammadnejad et al. [31] investigated the influence of different
alignments of PCM packed beds on the total thermal performance of the
TES system, but the supercooling degree was ignored in the research.
Bouhal et al. [32] simulated the melting process of a PCM filling a cy-
lindrical cavity which includes heating sources. Only the melting pro-
cess was considered, discharging and solidification were not simulated.
Pawar et al. [33] performed a three-dimensional transient CFD modeling
of an evacuated heat pipe tube solar collector system with PCM using
ANSYS Fluent 19. Both melting and solidification were simulated, but
the supercooling degree was not considered. Dannemand et al. [34]
performed a simulation using CFD to investigate the thermal perfor-
mance of a SAT heat storage, also the supercooling of SAT was ignored.
The supercooling characteristic of PCM is still a problem for numerical
study. A CFD considering supercooling characteristic is imperative to
present the accurate results of PCM heat storage.

1.4. Aim and scope

In the current energy market, short-term heat storage has been
widely used. The long-term heat storage, due to its long earning cycle
and large space occupation, is still in the early stage. Flexible heat
storage combining short-term and long-term heat storage is proposed in
this research for green buildings and renewable energy systems. The
flexible heat storage was designed and constructed by H.M. Heizkorper,
and 137.8 kg PCM and 75 L water were filled in 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’. In this investigation, the proposed flexible
thermal energy storage was investigated for the first time by experi-
ments and CFD simulation. The thermal characteristic of the heat stor-
age was investigated in the experiments and the flow characteristics
were revealed by CFD simulations. The flow characteristics of water
were revealed to evaluate the thermal performance of the heat storage.
The melting characteristic was also revealed to show the phase change
process of the PCM inside the heat storage. The influence of flow rate on
the thermal characteristics of the heat storage will be determined.

2. Experimental setup
2.1. Design of the PCM heat storage
A photo of the heat storage is presented in Fig. 1. The height of the

storage is 1.7 m, and the outer diameter is 0.4 m (without insulation).
112 tubes are mounted vertically inside the storage, see Fig. 2 and Fig. 3,
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Fig. 2. The manifold plate with a view of the tubes inside the storage (PCM
was melted).

each with a length of 1.52 m and an inner diameter of 0.0276 m. The
tops of the tubes are fixed to a stainless steel plate and open to the
volume above the plate. The inlet of the heat storage is located at the
bottom of the storage, and the outlet is located at the top of the storage
water volume under the stainless steel plate. The inlet and outlet are
placed on opposite sides of the tank. The tank was covered by an insu-
lation layer of 30 mm mineral wool. Fig. 2 shows the top structure of the
storage and Fig. 3 shows the structure of the storage. More details of
experimental investigation can be found in the previous publication
[26].

The storage was built with 166 kg stainless steel, the shell contained
75 L water as heat transfer fluid surrounding the tubes with PCM. The
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Fig. 3. A break-down drawing of the heat storage.

heat transfer area between water and PCM,, i.e. the outside surface of the
immersed part of the tubes was 16.2 m2 The tubes were filled with
137.8 kg PCM developed by HM Heizkorper GmbH Heating Technology.

2.2. PCM material

The PCM is a patented SAT-based composite with liquid polymer and
extra water. The melting point of the PCM is between 53 and 58 °C, the
latent heat is in the range of 205-210 kJ/kg. The properties of the PCM
used in CFD calculations are listed in Table 1. Besides the PCM prop-
erties, the properties of water and stainless steel are directly selected
from the Fluent Material Database.

2.3. Experiment procedure

Before every test, the heat storage was kept in a stable state. The
initial temperature of the storage was uniform. During charging, the
inlet temperature was set to 92 °C and the test period was 20 h. During
discharging of sensible heat and discharging of latent heat tests, the inlet
temperature was 30 °C and the test period was 10 h. The solidification of
supercooled PCM was triggered by dropping SAT crystals. The dis-
charging of latent heat test lasted for 10 h. In all tests, the flow rate was
kept at 7 L/min. The end of the charging and discharging process was
defined by the temperature difference between inlet temperature and

Table 1

The PCM thermal properties.
Properties Values Units
Melting temperature 53 °C
Latent heat 209 kJ/kg
Solid specific heat capacity 2840 J/(kg-K)
Liquid specific heat capacity 3020 J/(kg-K)
Density of solid 1341 kg/m®
Solid thermal conductivity 0.55 W/(m-K)
liquid thermal conductivity 0.34 W/(m-K)
Thermal expansion coefficient 0.000512 1/K




G. Wang et al.

outlet temperature. If the temperature difference is stable, the charging
and discharging process was considered as completed.

Fig. 4 shows a diagram of the heat storage test rig. SAT was filled in
the PCM tubes and in the upper part of the heat storage. The heat
transfer fluid, water, enters into the bottom of the tank and flows in
between the PCM tubes before exiting the heat storage. Ten thermo-
couples were placed on the outer surface of the cylindrical tank in good
thermal contact with the tank wall and covered by the insulation. Two
thermocouples were placed in inlet and outlet to determine the inlet and
outlet temperature. The type of used thermocouples were TT-type with a
maximum measuring uncertainty of 0.5 K [35]. A five junction ther-
mopile with an uncertainty of 0.1 K was used to measure the tempera-
ture difference between the in- and outlet of the heat transfer fluid.

3. CFD model and methodology

An ANSYS 19.2 CFD model of the PCM heat storage was developed
[36]. The structured mesh was adopted in this model (totally 1.38 x 108
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. Fig. 5 shows the generated mesh.

3.1. The governing equations

The CFD model is developed to study the effects of different flow
rates and temperatures of the heat transfer fluid (HTF) on the charging,
supercooling and discharging processes of the heat storage. For the
simulation process solver equation, the following assumptions are
considered:

e The working fluid (both PCM and HTF) is incompressible.

e The crystallization occurred simultaneously in the whole volume.

e The thermophysical properties of PCM are independent of
temperature.

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

st

Heat
Storage
Tow Hrnnnnnnnnnnr
T — T
- T, — '—Tg
Cooling Ts — T
Unit
Ty — T
e —p !
—> Tio—1 —Ts
Pump
Inner
Loop
Heating o
Element Flowmeter
R S SN

Fig. 4. Principle sketch of heat storage in the testing facility [26].
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Fig. 5. The generated mesh used in CFD simulation (left: vertical middle cut
plane, right: horizontal cut plane).

The governing equations of the solidification and melting model are
[37]:

Continuity equation:

9p —
S TV =0 ¢))

Momentum equation:

d — —
&(p?)—l-v-(p V)=puV-V —VP+pg +S &)

where S is the momentum source term due to the reduced porosity in the
mushy zone and can be expressed as:

(1 7f)2 —

§= Amush v

(e

where f is the liquid volume fraction, ¢ is a small number (0.001) to
prevent division by zero, Apysh is the mushy zone constant.

€))

Energy equation:

%(pH) +V-(pVH) = V-(kVT) @)

where H is enthalpy, p is density, ¥ is fluid velocity.
H is computed as the sum of the sensible enthalpy h, and the latent
heat AH,

H=h+AH 5)
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The latent heat content can now be written in terms of the latent heat
of the material L:

AH =L (6)

where f is the liquid fraction, which can be defined as:

f=0 lf T< Tso]idus

f=1 if T > Tiiquidus o)
T— Tsoi us s

f iy lf Tsolidus <T< T]iquidus

T]iquidus - Tsolidus

where Tsojiqys is the temperature of the PCM when the last liquid content
is solidified and Tjiguidus is the temperature of the PCM when the last solid
content is liquified.

The effect of natural convection during melting was considered, and
the Boussinesq approximation was used to calculate the buoyancy-
driven forces [38]. The governing equations were solved in a
pressure-based transient solver. The gravity was considered (9.8 m/s).
Under all inlet conditions, the Reynolds number and Rayleigh number
show that the flow of HTF outside the tubes and the flow of liquid PCM
inside the tubes are both laminar flow. The laminar model was adopted
in the simulation. The PISO algorithm was employed for the pressur-
e—velocity coupling, and the PRESTO and second-order upwind method
were used to discretize the pressure and the momentum/energy equa-
tions, respectively. The predetermined convergence criteria for conti-
nuity, velocity and energy were 103, 1073, and 107 respectively.
Three time step sizes 0.05 s, 0.1 s and 0.2 s were used, the results showed
that there was almost no difference when using different time steps. To
maximum the calculation efficiency, 0.2 s was selected as the time step
size in all simulations.

3.2. Boundary conditions

In all simulations, the inlet flow rates and inlet temperatures were
constant (based on simulation conditions). The outlet was set to outflow
type. The heat loss coefficient of the heat storage was determined by
experiment in the previous study [26] and used as input in the CFD
model. The effective heat transfer coefficient of the heat storage surface
was 1.7 W/(m?K).

3.2.1. Thermal characteristic determination

In this part, the boundary conditions were the same as the experi-
mental conditions. Before each test, the model was initialized with
uniform temperature. For the charging process and discharging of latent
heat process, the initial temperature was 30 °C. For discharging of the
sensible heat process, it was 92 °C.

During the charging, the discharging of sensible heat and the dis-
charging of latent heat tests, the inlet temperature was set to 92, 30 and
30 °C respectively, same as the values in the experiment. The solidifi-
cation of supercooled PCM was triggered in discharging of the latent
heat process. In all processes, the flow rate was kept at 7 L/min.

3.2.2. Effect of inlet flow rate

The influence of different inlet flow rates on the thermal perfor-
mance of the heat storage was investigated after determining the ther-
mal characteristics of the heat storage. Four different flow rates 3 L/min,
7 L/min, 10 L/min and 14 L/min were used in all three processes. Except
for the inlet flow rate, other conditions were kept same.

3.3. Data analysis

The change of heat content (HC) during a time step of At was
determined by Eq. (8):
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AHC = (Piy — Pous — Pieatioss)- At (8)
Pin, Poyr and Phregyoss 1 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. (9):

P =Py = Pou ©)

The heat exchange capacity rate (HXCR) was determined by Eq. (10):

; Tin = Tou
HXCR = — Cpoater Pryater VI (1 - ﬁ ) (10)

4. Results and discussion
4.1. Model validation

The SAT heat storage can be used to store heat in short terms (several
days) or long terms (several months), which, as an advantage, gives
flexibility for the energy system. When used as a short-term heat storage,
the SAT should melt or crystalize at the phase change temperature,
resulting in storage and release of thermal energy. While as a long-term
heat storage, the SAT has the ability to stably supercool of up to 80 K,
thus, storing heat as heat of fusion for months without additional heat
losses. In order to evaluate thermal performance of the heat storage for
short-term or long-term uses, the following scenarios were investigated:

e Charging process (relevant for short and long-term heat storage)
e Discharging with sensible heat (for short-term heat storage)
e Discharge with latent heat (for long-term heat storage)

The model was validated by comparing the outlet temperature
measured and calculated. In the experiment, the inlet temperature was
not constant, since it increased or decreased gradually from the initial
state to the final state. The measured inlet temperature was used in the
simulations. Fig. 6,7,8 shows the comparison between measured and
calculated outlet temperatures and discharged/charged heat.

For the charging process, calculated outlet temperatures and charged
heat have the same trend as the measured ones. The measured and
calculated outlet temperature started at 30 °C, and after 450 min, the
measured outlet temperature and the calculated outlet temperature
ended at 91 °C. During the start period (0-15 min) and the end period
(270-450 min) of the test, the difference between the calculated and
measured outlet temperatures was less than 2 K. From 110 min to 190
min, the calculated outlet temperature was lower than the measured
outlet temperature. The maximum difference is 3 K, which occurred at
144 min. For the charged heat, during the whole process, the calculated
and measured values were in a good agreement. When the heat storage
was fully charged, the calculated heat transfer to the heat storage was
22.1 kWh, which was 0.4 kWh (1.8%) higher than the measured result.

For discharging of the sensible heat, the heat storage released 13.7
kWh heat to the water which was then transferred out of the heat
storage. The calculated results were very close to the measured results.
The differences between the calculated and measured results were less
than 0.7% for energy and 2 K for temperature.

For discharging of the latent heat process, the solidification of
supercooled PCM was achieved successfully by the CFD model. The
calculated results had the same outlet temperature increase as the
measured results during this process. The heat storage released 7.8 kWh
latent heat to the water. Concerning the released heat during this pro-
cess, before 80 min, the difference between the simulation and the
experiment was less than 0.1 kWh (1.5%). After 100 min, the calculated
heat was slightly higher than the measured result, but the maximum
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difference was less than 0.3 kWh (2.5%). 4.2. Water flow characteristics

Based on the comparison, the accuracy of the CFD model was veri-
fied, and the CFD model can be considered to be acceptable for the 4.2.1. Charge

following analysis.

Fig. 9 shows the water flow pattern inside the heat storage tank in the
charging process. During charging, the initial temperature of the tank
was 303 K (30 °C), the inlet water temperature was 365 K (92 °C), and
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Fig. 9. The water flow pattern inside the heat storage during charge.

the flow rate was 4 L/min. The hot water came in from the inlet with
horizontal velocity (from left to right). Due to water resistance, the
horizontal velocity gradually decreased to 0 m/s. However, the vertical
velocity of hot water increased due to buoyancy. At the top of the tank,
hot water reached the top plate, part of hot water flow to the left side
and then flows down the wall; part of hot water flows to the right side.
Through the outlet, cold water with part of hot water flows out of the
tank.

As hot water rises in the tank, the nearby cold water was carried
upward and heated by the hot water, but its velocity and temperature
were smaller than that of the hot water. When upward cold water
reached the warm region (top of the tank), it changed from upward to
downward. From Fig. 9, the reverse flow of water can be found between
hot water and the tank surface. As the charging process goes on, tem-
perature of the water increased. The temperature difference between hot
water and cold water decreased, the buoyancy driving force decreased,
and then the reverse flow was weakened.

During charging, the hot water was not mixed well before rising. And
inside the tank, a fluid short circuit existed, part of the hot water directly
flows out of the tank before totally released its heat. In this case, thermal
stratification was formed inside the tank and the temperature of the top
part was higher than that of the bottom part. A fluid short circuit of hot
water reduced the charging power and heat exchange capacity rate of
the tank.

4.2.2. Discharge of the sensible heat

Fig. 10 shows the water flow pattern inside the heat storage in the
process of discharging of the sensible heat. During this process, the
initial temperature of the tank was 365 K (92 °C), the inlet water tem-
perature was 303 K (30 °C), and the flow rate was 4 L/min.

The cold water entered the tank horizontally. Due to its relatively
low temperature, cold water flows along the bottom surface and does
not move upwards. When cold water hit the opposite inner tank wall
(outlet side), it changed flow direction. Part of the cold water flows
along the side wall and back to the inlet side, before mixing with the
fresh inlet cold water. The rest of the cold water flow upward along the
side wall. In general there was a regular uprising flow in the heat stor-
age. No strong short circuit can be observed inside the tank. The thermal
stratification inside the tank was obviously good. The influence of the
above mentioned reverse flow was limited. As shown by the flow
pattern, the performance of the tank during discharging of sensible heat
was satisfactory.
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Fig. 10. The water flow pattern inside the heat storage during discharge of
sensible heat.
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Fig. 11. The water flow pattern inside the heat storage during discharge of
latent heat.
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4.2.3. Discharge of the latent heat

Fig. 11 shows the water flow pattern inside the heat storage in the
process of discharging of latent heat. The initial temperature of the tank
was 303 K (30 °C), the temperature of the cold water supply was 303 K
(30 °QC), and the flow rate was 4 L/min. Before discharging, the PCM was
kept in a stable supercooling state in the tubes with a temperature of
30 °C. The latent heat of PCM was released at 20 min after the start by
triggering the solidification of supercooled PCM. Consequently, tem-
perature of the PCM increased from 303 K to 326 K. Water inside the
tank was heated by the warm tubes. The maximum temperature of the
water reached around 326 K. After triggering the solidification of PCM,
the water flow pattern in the tank was similar to that during discharging
of the sensible heat.

4.3. Melting characteristic of PCM

The PCM inside the tubes melted during the charging process. The
melting characteristic is discussed in this section. The third row of tubes
(A-A) was selected for analyzation since they were not directly influ-
enced by the gathered hot water, see Fig. 12. Fig. 13 shows the heat
exchange capacity rate (HXCR) of the tank during charging vs. relative
energy. The relative energy (RE,%) is defined as the ratio between the
absorbed/released energy and the maximum absorbed/released energy
of the tank. RE gives a good indication on how far the charging stands.
The data of relative energy less than 10% and more than 90% was
deleted to ignore the inaccuracy during the start and the end of charging.

From Fig. 12 and Fig. 13, the melting of PCM started from the
location close to the inner wall of tubes. When PCM started melting, a lot
of heat was absorbed and stored as latent heat in PCM. The temperature
of melting PCM was kept at the melting point, but the temperature of the
wall of the tube increased. The temperature difference between the wall
and melting PCM increased, resulting in that the HXCR of the tank
increased from 607 W/K to 779 W/K (RE from 10% to 23%).

After the PCM close to the wall finished melting, the melting inter-
face moved toward the center of the tube. Because of the small volume of
melted PCM, there was almost no sign of convection inside liquid PCM.
Heat was transferred from the wall to unmelted PCM by thermal con-
duction. Since the thermal conductivity of liquid PCM was smaller than
that of solid PCM, HXCR decreased with the increase of liquid PCM, from

I
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Fig. 13. The HXCR of the tank during charging.

779 W/K to 390 W/K (RE from 23% to 60%).

With the increase of liquid PCM, the volume of liquid PCM was large
enough to form convection. After the formation of convection, the heat
transfer of the tank was enhanced obviously, the HXCR increased from
390 W/K to 1000 W/K (RE from 60% to 88%). And then, after most PCM
finished melting, the temperature of liquid PCM increased rapidly. The
temperature difference between hot water and liquid PCM was
decreased, resulting in HXCR decreased from 1000 W/K to less than 830
W/K.

4.4. The influence of inlet flow rate

4.4.1. Melting process of PCM inside the tank

Fig. 14 shows the influence of different inlet hot water flow rates on
the temperature distribution on the tank symmetry plane.

During charging, the incoming hot water was not uniformly
distributed inside the tank, instead it gathered in a certain region inside
the tank. The temperature of the hot water region was higher than the
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Fig. 12. The distribution of liquid fraction on A-A cross-section during charge.
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Fig. 14. Temperature distribution of the symmetry plane under different inlet
flow rates.

temperature in the other parts of the heat storage. Therefore, the PCM
tubes were not heated uniformly. The tubes in the hot water region were
directly heated, these tubes were called Directly Heated Tubes (DHT).
The other tubes were heated by the convection inside the tank, these
tubes were called Generally Heated Tubes.

The location of the DHT region was close to the inlet side when the
flow rate was low, and when it was high, the region was close to the
outlet side. The area of the DHT region increased with the increase of
flow rate. Compared with the low flow rate conditions, independent of
the tank size, the amount of DHT in the high flow rate conditions was
greater, meaning that more tubes could be heated rapidly.

To achieve stable supercooling, it is crucial to make sure that all SAT
in the heat storage is melt completely during charging. Failure to do it
will cause spontaneous crystallization of SAT and unwanted release of
latent heat. Fig. 15 shows the minimium time needed to completely melt
the PCM in the tube. The initial temperature of the tank was 303 K
(30 °C) and the temperature of inlet hot water was 365 K (92 °C) under
all four conditions. From Fig. 13, DHT was distributed only in the first
row close to the symmetry plane, meaning the area of the hot water
region was narrow, and the situation was not significantly changed with
the increase of the flow rate.

With the increase of the flow rate, the difference between the longest
tifm and the shortest ty, decreased. For 4 L/min, the difference was 78
min while for 7 L/min, it was 27 min and for 10 L/min was 15 min.
However, due to the limitation of the tank size, for 14 L/min, the dif-
ference was 21 min. If ignoring the limitation of the tank size, the higher
inlet flow rate would result in a more uniform heat transfer rate.

Fig. 16 shows the calculated melting and charging time of the tank.
Both the melting time and the charging time decreased with the increase
of flow rate. The decrease rate of the melting time decreased with the
increase of flow rate. This means increasing the flow rate can indeed
enhance the heat transfer of the heat storage. But the effect decreases
with the increase of the flow rate.

4.4.2. Influence of flow rates on thermal characteristics

Ideally, the SAT heat storage is used to store renewable heats, for
example, solar heat. Integration with solar heat requires that heat ex-
change capacity rate (HXCR) of the heat storage is sufficiently high (>
400 W/K) [26]. It is therefore crucial to investigate how power and
HXCR of the heat storage are influenced by the flow rate of the heat
transfer fluid.

4.4.2.1. Charge. Fig. 17 shows the power and HXCR of the tank under
different flow rate conditions during charge. Under four flow rate
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conditions, power decreased with the development of the charge. When
the flow rate increased from 4 L/min to 7 and 10 L/min, the power
increased significantly. But when the flow rate increased from 10 L/min
to 14 L/min, the increase of power was not obvious. A similar phe-
nomenon was also found for HXCR. The HXCR increased by increasing
the flow rate. However, when the flow rate was 14 L/min, the HXCR was
lower than for 10 L/min. This means the heat transfer inside the tank
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Fig. 16. The melting and charging time of calculated results.

was obviously limited by the tank size.

Table 2 listed all the thermal characteristics during charge under
different flow rate conditions. The full charge time decreases with the
increase of the flow rate. This means though the size of the tank limited
the heating inside the tank, increasing the flow rate can still shorten the
full charge time. When the tank was fully charged, it needs 21.4-22.0
kWh heat from heat source under different flow rate conditions. The
needed energy was related to heating duration, heat loss and the tem-
perature distribution inside the tank. When using the flow rate of 10 L/
min, the tank only needs 21.4 kWh energy to be fully charged.

In the charging process, increasing the flow rate is an efficient
method to increase the thermal performance of the tank. But increasing
the flow rate means additional energy cost for pumping. The gain of
increasing flow rate decreases as the flow rate increases.

4.4.2.2. Discharge of the sensible heat. Fig. 18 shows the power and
HXCR of the tank during discharge of the sensible heat. As the discharge
goes on, under all flow rate conditions, both power and HXCR decreased.
The influence of flow rate on discharging process is obvious. Both power
and HXCR increased with the increase of flow rate.

Table 3 listed the value of the thermal characteristics during
discharge of sensible heat process under different flow rate conditions.
With the flow rate increased from 4 L/min to 14 L/min, the energy
weighted discharge power increased from 14.3 kW to 41.6 kW (191%),
the energy weighted HXCR increased from 657 W/K to 807 W/K (23%).
The average temperature of the produced hot water decreased from 77.5

N N
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°C to 68.2 °C. Increasing the flow rate can shorten the hot water pro-
ducing time efficiency from 61 min to 21 min. The maximum hot water
(294 L) was produced by the heat storage for 14 L/min.

4.4.2.3. Discharge of the latent heat. Fig. 19 shows the power and HXCR
of the tank during the discharge of the latent heat process. After trig-
gering the solidification of the supercooled PCM, the process of dis-
charging latent heat is similar to the process of discharging sensible heat.
Power and HXCR decreased with the development of discharging. When
increasing the flow rate, the discharge power and HXCR increased.

Table 4 listed the value of the thermal characteristics during
discharge of the latent heat process under different flow rate conditions.
With the increase of flow rate, the energy weighted power and energy
weighted HXCR increased from 5.3 kW to 12.3 kW and 493 W/K to 612
W/K. The average temperature and time of produced hot water
decreased from 50.0 °C to 45.2 °C and 76 min to 13 min respectively.
One interesting point is, the maximum volume of produced hot water
(334 L) occurred for 10 L/min.

It can be concluded that the inlet flow rate has obvious influences on
the thermal characteristics of the heat storage in both the charging and
discharging process. The influence may be limited by the size of the
tank. If the size limitation is ignored, increasing the flow rate is an
efficient way to enhance the heat transfer inside the tank.

Conclusion

A flexible thermal energy storage was investigated by experiments
and CFD simulations. 137.8 kg PCM and 75 L water were filled in the
heat storage. The flexible heat storage combined short-term and long-
term heat storage functions. Under the experimental conditions, after
fully charged, the heat storage can release heat in two steps: In the first

Table 2
Thermal characteristics of the tank during charging.
Flow rate P! HXCR* Full Charge
Time® Needed Energy
L/min kw W/K min kWh
4 6.1 170 276 22.0
7 11.4 390 152 21.6
10 16.4 520 108 21.4
14 18.1 466 92 21.6

! Energy weighted power.
2 Energy weighted HXCR.
3 The time for heating all PCM to be higher than 87 °C.
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Fig. 17. Power and HXCR in the charging process.
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Fig. 18. Power and HXCR in discharging of sensible heat process.

Table 3
Thermal characteristics of the tank during discharging of sensible heat process.

Flow rate P! HXCR” Produced Hot water

Volume Average T Time
L/min kw W/K L °C min
4 14.3 657 244 77.5 61
7 23.6 750 252 74.4 36
10 31.9 786 260 72.0 26
14 41.6 807 294 68.2 21

! Energy weighted power.
2 Energy weighted HXCR.

step, 13.7 kWh sensible heat was released as short-term heat storage; in
the second step, 7.8 kWh latent heat can be released on demand as long-
term heat storage.

The developed CFD model can accurately simulate the melting pro-
cess, 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 3%.

The flow characteristics of water and liquid PCM were revealed by
the CFD calculations. The flow pattern in the tank during the discharging
processes was unchanged, no matter if the sensible heat or the latent
heat is released. The thermal stratification inside the water was obvious,
the water can be effectively heated by PCM tubes. In the discharging of
the sensible heat process, the heat storage can produce 294 L hot water
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15 i
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E 10 /ﬁik
: N\
N
5 ‘\‘
0
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(68.2 °C average temperature). In discharging of the latent heat process,
the produced water was 334 L (46.7 °C average temperature).

In the charging process, the fluid short circuit existed inside the
water region. Part of the incoming hot water flows out of the tank
without sufficient release of heat. There was no obvious thermocline
inside the tank during charging. Some tubes were heated directly by hot
water, other tubes were heated by the reverse flow. For 10 L/min flow
rate, 16 tubes in the heat storage were directly heated. The non-uniform
heating phenomenon should be further investigated in future in-
vestigations. Potential remedy could be regulation of the incoming flow
by adding baffles or a flow equalizing plate.

The flow rate obviously influenced the thermal characteristics of the
heat storage. During charge, when the flow rate increased from 4 L/min

Table 4
Thermal characteristics of the tank during discharging of latent heat process.

Flow rate p! HXCR* Produced Hot water

Volume Average T Time
L/min kw W/K L °C min
4 5.3 493 306 50.0 76
7 8.1 553 324 48.2 46
10 10.3 586 334 46.7 33
14 12.3 612 329 45.2 13

! Energy weighted power.
2 Energy weighted HXCR.
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Fig. 19. The power and HXCR during discharging of latent heat process.
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to 14 L/min, the charging process can be effectively shortened by 67%
(from 276 min to 92 min), and the temperature distribution of water
becomes more uniform. During discharging, increasing the flow rate can
also enhance the heat transfer inside the tank. For discharging of sen-
sible heat, when the flow rate increased from 4 L/min to 14 L/min, the
discharging time decreased from 61 min to 21 min. Similarly, for dis-
charging of latent heat, it decreased from 76 min to 13 min.

Power and HXCR was influenced by the flow rate obviously.
Generally, the power and HXCR of the heat storage increased with the
increase of flow rate when ignoring the limitation of the tank size. In
charge process, the maximum charging power and HXCR were 18.1 kW
and 520 W/K respectively. In discharge of the sensible heat process, the
maximum discharging power and HXCR was 41-.6 kW and 807 W/K. In
discharge of latent heat process, they were 12.3 kW and 612 W/K
respectively.
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