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ARTICLE INFO ABSTRACT
Keywords: Heat storage is the key factor in future energy systems with a large share of renewable energies. A shell and tube
Supercooled heat storage tank capable of both long and short term heat storage has been developed by utilizing stable

Sodium acetate trihydrate
Shell and tube

Flexible heat storage
Multiphase model
Measurement

supercooling of sodium acetate trihydrate. Theoretical and experimental investigations were carried out to
determine power, heat exchange capacity rate (HXCR), and stored energy of the heat storage tank during the
charge and discharge. Theoretically, a multiphase computational fluid dynamics (CFD) model of the storage was
developed. The CFD model was validated against the measurement. The heat transfer mechanisms of the heat
storage were investigated. The results show that the multiphase model can satisfactorily predict thermal
behaviour of the heat storage under different operation conditions. The CFD model shows that 21.15 kWh of heat
was charged into the heat storage unit within 7.5 h, compared to 21.16 + 0.85 kWh in the measurement. During
discharge, 14.05 kWh of sensible heat was discharged as short term heat storage, and 7.65 kWh of latent heat can
be released on-demand as long term heat storage. The measured sensible heat and latent heat during discharge
are 13.57 + 0.54 kWh and 7.56 + 0.30 kWh, respectively, corresponding to a relative difference of 1.2-3.7 %
compared to the CFD model. There is a strong natural convection flow in some of the tubes, which significantly
increases the heat transfer rate. The energy-weighted heat exchange capacity rates are 850 W/K and 795 W/K
during charge and discharge of the heat storage, respectively. The findings of the paper give a good reference for
designers and manufacturers of latent heat/cold storage.

inexhaustible and the most abundant energy source, although with
drawbacks such as unavailability during night time and reduction of
energy production during stormy or rainy weather [5].

Heat storage is perceived as the crucial component in solar heating
systems to reduce the time or rate mismatch between supply and de-
mand and enhance the fraction of solar energy use [6]. Heat storage can
be classified into two categories based on the storage temperature: high
and low temperatures [7]. In high temperature solar thermal energy
storage systems, high heat storage density, excellent heat transfer rate,
and good long term durability are three essential factors to ensure the
technical feasibility of the storage system for solar power generation [8].
In residential buildings, research focuses on heat storage for low-
temperature applications, for example, for domestic hot water service,
space heating and cooling of buildings, peak load shifting, solar heating
applications, and seasonal heat storage [7].

1. Introduction

The climate conditions of the Earth were stable during the past 10
thousand years after the ice age; however, a rapid shift in climate con-
ditions occurred over the past few decades, dominantly caused by
human activities that are indicated by anthropogenic CO2 emissions [1].
Besides, humankind reaches the present level of progress and living
standards due to the intense use of fossil fuels. Furthermore, fossil fuel
accounts for approximately 85 % of the world’s energy supply, and fossil
energy supplies (coal for approx. 200 years; crude oil for approx. 80
years [2]; natural gas for approx. 210 years [3]) are limited. Addition-
ally, global primary energy demand is projected to peak in the 2020s
according to the implications of World Energy scenarios 2019 [4].
Therefore, sustainable energy is promising and investigated in this sit-
uation. Among all renewable energies, the growth of solar energy was
the highest during the last decade. Solar energy is a virtually
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Nomenclature

[ Specific heat [J/(kg-K)]

Cp, water  Specific heat of water [J/(kg-K)]

Ex Internal energy of phase k [J]

F Heat flux [W]

F Body force [N]

g Gravity [m/s%]

G Liquidus Gibbs free energy [J]

G, Solidus Gibbs free energy [J]

hcony Heat convection coefficient [W/(m2K)]
h, « Enthalpy of species j in phase k [J/kg]
H Enthalpy of liquid phase [J/kg]

H; Enthalpy of solid phase [J/kg]

H,, Heat of fusion [J/kg]

7]-,;( Diffusive flux of species j in phase k [kg/(m?s)]
kefr Effective thermal conductivity [W/(m-K)]
My Mass from phase k to p [kg/(m3~s)]
Ttk Mass from phase p to k [kg/(m>s)]

my Mass from liquid to solid phase [kg/(rn3~s)]
my Mass from solid to liquid phase [kg/(m3-s)]
P Pressure [Pa]

P Power of the storage unit [W]

Pioss Heat loss rate of the storage unit [W]
Sh Volumetric heat sources [W/m?>]

S Surface area [m?]

S Entropy of liquid phase [J/(kg-K)]

S Entropy of solid phase [J/(kg-K)]

t time [s]

t, Elapsed time during charge [s]

ty Elapsed time during discharge [s]

to Trigger time point [s]

T Temperature [K]

T, Ambient temperature [K]

T; Temperature before grid adaption [K]
T/ Temperature after grid adaption [K]

Tin Water inlet temperature [K]

Tm Melting temperature [K]

Tour Water outlet temperature [K]

Thy Temperature of HTF [K]

Tsto Temperature of PCM region [K]

Vwater  Volume flow rate [L/min]

' Volume fraction of phase k [-]

o Volume fraction of liquid phase [-]
as Volume fraction of solid phase [-]
AGy Gibbs free energy of homogeneous nucleation [J]
AGY Gibbs free energy of heterogeneous nucleation [J]
AG; Surface energy [J]

AG, Volumetric energy [J]

AG,, Volumetric energy [J/m3]

AH Enthalpy difference [J/kg]

AS Entropy difference [J//(kg-K)]

AT Temperature difference [K]

At Time interval [s]

Hm Viscosity of the mixture [Pa-s]

T divk Drift velocity for phase k [m/s]

Tm Mass-averaged velocity [m/s]

Pk Density of phase k [kg/m°]

Y2l Density of liquid phase [kg/m®]

Ps Density of solid phase [kg/m®]

Pm Mixture density [kg/m3]

Pwater Density of water [kg/m>]

c Surface free energy [J/m?]

?eff Effective viscous stress tensor [N/m?]
(%)} Heterogeneous degree [-]

@ Contact angle [rad]

Abbreviations

CFD Computational fluid dynamics

CMC Carboxy-methyl cellulose

CNT Classical nucleation theory

HS Horizontal scheme

HTF Heat transfer fluid

HXCR Heat exchange capacity rate

PCM Phase change materials

PISO Pressure-implicit with splitting of operators
PRESTO! Pressure staggering option

TES Thermal energy storage

SA Sodium acetate

SAT Sodium acetate trihydrate

SM Solidification and melting

VOF Volume of fluid

VS Vertical scheme

1.1. Heat storage unit

There are three major heat storage types: sensible, latent, and sorp-
tion/thermochemical [6]. Heat can be stored in chemical substances
without energy loss based on reversible reactions in thermochemical
heat storage [9]. Latent heat storage materials, also called phase change
materials (PCM), absorb heat as latent heat of fusion during the melting
process. The solid-liquid phase change of PCM is the most widely used
because of a smaller volume change and a higher latent heat compared
to the liquid-gas and solid-solid phase change, respectively [10].
Moreover, the thermal energy storage (TES) system can be divided into
diurnal TES systems and seasonal/long-duration TES systems according
to the storage period. Short-term heat storage systems are charged
during the day and discharged during the night. Long-term heat storage
systems store excess heat in summer for later use during winter in low-
temperature domestic applications [11]. Delali¢ [12] proposed a small-
scale solar heating system with combined sensible and latent heat
storage, in which the PCM in the tank keeps at nearly the same tem-
perature level and provides heat to the consumer during the period with

reduced energy supply (i.e., night, cloudy, or fog weather). Englmair
[13] investigated a combined short and long term heat storage with
sodium acetate trihydrate (SAT) in cylindrical tanks. The discharge
power is limited during the PCM solidification process; therefore, par-
allel operation of modular heat storage units was recommended. Be-
sides, the heat quality is low; thus, it is unsuitable for applications with
operating temperatures higher than 80 °C. Preliminary results showed
that the supercooled SAT could be used as a sensible heat storage with a
capacity of 15.5 kWh, which is about 25 % lower than a water storage of
the same volume. However, the latent heat of SAT can be stored for
longer.

1.2. Sodium acetate trihydrate

Phase change materials (PCM) can be classified into organic (paraffin
and non-paraffin), inorganic (salt hydrate and metallic), and eutectic
(organic-organic, inorganic-inorganic, and inorganic-organic). Salt hy-
drate PCM with melting points of 7-120 °C are commercially available
[14]. Xie reviewed and classified salt hydrates’ applications in buildings:



S. Chen et al.

hot water tanks, wallboards, refrigeration systems, and air conditioning
systems [15]. Zhao and Wang [16] reviewed a salt hydrate short-term
storage for space heating. Sodium acetate trihydrate (SAT) with a
melting point of 58 °C, employed as short term thermal energy storage,
could be suitable for distributed fan-coil heating, distributed under-
ground heating, distributed radiator, and centralized fan-coil heating
from the perspective of temperature requirements.

In contrast to organic materials with congruent melting and self-
nucleation, salt hydrate melts incongruently at the melting point
because of incongruent dehydration. Moreover, liquidus salt hydrates
supercool due to poor nucleating properties [17].

Some salt hydrates show a large supercooling degree during the so-
lidification process; for example, NaySO410H0 (melting point:
32.4 °C) supercools to 15-18 °C, NayHPO4-12H20 (melting point:
34-37 °C) supercools to 15 °C, NaAc-3H,0O (melting point: 58.2 °C)
supercools to 20 °C [18], and MgCl,-6H20 (melting point: 80 °C) su-
percools to 30 °C [19]. There are many approaches to trigger the so-
lidification of supercooled salt hydrates: nucleating agents [14,20],
mechanical rollers [21], metallic surface [18,22], ultrasonic sound
[19,23], seed crystal [24,25], and local cooling [26,27]. Additionally,
the stable supercooling of salt hydrate facilitates seasonal and long-term
heat storage [28]. Ma [29] studied a model of the solidification process
of supercooled sodium acetate (SA) aqueous solution in a single tube
container. The results showed that, by crystallization of the supercooled
SAT, the heat transfer fluid (HTF) outlet temperature could reach
30.4-37.5 °C which is high enough for space heating.

The effective latent heat of the heat storage decreases when the
phase separation occurs in the salt hydrate [30]. Adding extra water,
thickening agents, and polymer additives are three approaches to solve
the phase separation problem of salt hydrate. Kong [31] investigated the
heat content of SAT with different types and amounts of additives. The
heat contents of SAT, SAT with 42 % extra water, and SAT with 0.1-2 %
(wt%) carboxy-methyl cellulose (CMC) are 162, 194, and 200-216 kJ/
kg, respectively, after a period of supercooling. The measured heat
content is significantly lower than the theoretical value of 230 kJ/kg at
20 °C, mainly due to phase separation. Dannemand [32] tested flat
prototype heat storage units utilizing stable supercooling of SAT mix-
tures. The heat released from the supercooled SAT and water mixture
drops from 194 kJ/kg to 179 kJ/kg after twenty test cycles, and the
energy discharged from the mixture of SAT and CMC was stable at 205
KJ/kg after six test cycles. In another cylindrical latent heat storage unit
with SAT composites, the heat exchange capacity rate during charge was
significantly lower for the unit filled with SAT and additive (Xanthan
rubber) compared to the unit filled with SAT and extra water. This was
due to less convection in the thickened PCM after melting [33].

Wang [24] reported the thermal power and heat exchange capacity
rate of a cylindrical SAT heat storage unit, and the ratio of successful
stable supercooling in the designed storage unit was 66 %. TRNSYS
simulations of a solar combi system with SAT heat storage units [34]
showed that a solar fraction of 80 % for a low-energy house could be
achieved in Danish climatic conditions. Englmair [35] proposed a heat
storage prototype consisting of four 200 kg SAT storage units and a 735 L
water tank in single-family houses. About 80 % of the latent heat of
fusion was transferred from PCM units to the water tank within 5 h after
solidifying the supercooled SAT.

1.3. Multiphase model

The remaining challenges for successful applications of PCM heat
storage are low heat exchange capacity rate and high production cost of
the storage unit. Therefore, better and cheaper heat storage designs are
considered essential. As a powerful design and optimization tool,
computational fluid dynamics (CFD) has been used by authors to opti-
mize the design of a phase change material heat storage tank [36]. In the
investigation, the solidification and melting (SM) model in Fluent was
used. Verma and Singh [37] developed a mathematical model in Matlab
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to investigate the embedded PCM in a parallel-flow solar air heater. The
phase change process of the PCM was achieved by the SM model as well.
Coding might give more flexibility when defining the model parameters
than what the commercial software allows; however, many assumptions
were made, and the model was simplified to 2 dimension to save
computing power. Besides the various limitations of the SM model, it is
often tricky to determine the appropriate parameters of the model, for
instance, the mushy zone constant [38].

The multiphase model does not have these limitations that challenge
the SM model, therefore, has been extensively used to simulate PCM
heat storage. Kasibhatla [39] investigated the melting process of a PCM
capsule under the influence of air. The immiscible fluids PCM and air
were modelled using a continuum surface force model in the open
source CFD software, OpenFOAM. The authors concluded that the pre-
diction accuracy of the multiphase model is acceptable. Negi [40]
developed a multiphase numerical model in MATLAB to study a PCM-
integrated solar heater design with or without fins. The developed
model was validated with published experimental results of a flat
absorber plate collector design with PCM. The Eulerian granular
multiphase model in Fluent was used to evaluate the performance of a
bed-flow heat storage system. The pressure and interphase exchange
coefficients controlled the energy exchange between encapsulated
paraffin and the air [41]. Moreover, volume of fluid (VOF) multiphase
model can also be applied in free-surface or stratified flow. Shojaeefard
[42] optimized the lateral fins structure of a PCM-based battery thermal
management system by employing VOF multiphase model. The liquid
fraction of the PCM was a function of the interpolation of solidus tem-
perature and liquidus temperature. Bechiri and Mansouri [43] study the
heat and fluid flow of the PCM melting process inside a vertical cylin-
drical tube. A constant temperature was applied to the cylindrical shell’s
external surface, the air-PCM interactions was treated using the VOF
model. The enthalpy porosity formulation was employed to solve the
energy equation in liquid and solid PCM regions. Hosseinizadeh [44]
used the VOF multiphase model and the SM model to study interfaces
between air and PCM and the phase change process of the PCM,
respectively. The results showed that heat conduction was the dominant
mode of heat transfer at the initial melting, while free convection
enhanced the melting at the later stage. None of the aforementioned CFD
investigations focuses on supercooling of the PCM. Supercooling of PCM
makes it difficult to discharge the stored latent heat, therefore, is often
considered a big disadvantage. However, by utilizing stable supercool of
sodium acetate trihydrate (SAT), a combined short term and long term
heat storage could be realized [13,26-28,31-36].

The aforementioned multiphase models can hardly model the long-
term heat storage utilizing stable supercooling of salt hydrates. In
Zhou and Han’s work [45], the transformation between salt hydrate’s
two phases was successfully simulated by applying the classic nuclei
theory in the Mixture multiphase model. The supercooled salt hydrate
crystallization was triggered manually by loading a user-defined func-
tion (UDF) file in the Fluent. However, the crystallization cannot be
triggered at a desirable time point in the program. Moreover, their
sandwich type heat storage model is simplified to a square box, and the
heat exchange of the heat storage was not directly modelled. Therefore,
it was not possible to investigate the influence of the heat exchanger
design on thermal performance of the heat storage.

1.4. Scope

In this research, a multiphase model of a shell and tube heat storage
tank utilizing stable supercooling of SAT is developed. The model con-
sists of a cylindrical tank filled with water as the heat transfer fluid and a
number of PCM tubes placed inside the tank. The heat storage tank is
especially designed with an aim to reduce storage costs, since it can be
mass-produced. The phase change of SAT in the tubes and the heat
transfer of water in the tank from and to the SAT in the tubes are
calculated. A modified user defined function is implemented in the
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model to trigger crystallization of supercooled SAT at a desirable time.
The developed multiphase model is validated against measurements.
The validated multiphase CFD model is used to calculate the thermal
and fluid properties of the SAT heat storage tank during charge and
discharge. The investigations elucidate thermal behaviour of the SAT
heat storage in four processes: melting, supercooling, triggered crystal-
lization, and solidification without supercooling. The novelties of this
study are:

e Multiphase flow model of a shell and tube heat storage tank enabling
design optimization of the storage tank

e Simulation method for triggered crystallization of supercooled SAT
developed and validated

The added values of the paper are:

e Capability and reliability of a new multiphase CFD model validated
and documented

o The fluid pattern and thermal characteristics of the heat storage tank
determined, including the heat exchange capacity rate, charged heat,
discharged sensible heat, discharge latent heat

e The melting behaviour of 6 typical tubes elucidated

e The heat transfer mechanisms of the PCM heat storage tank
characterized.

2. Experimental setup

The SAT heat storage unit was constructed using 166 kg stainless
steel and filled with 137.8 kg SAT PCM material. The patented SAT-
based composite with liquid polymer and extra water was developed
by HM Heizkorper GmbH Heating Technology. The SAT was filled in
112 vertical tubes connected to the manifold at the top of the tubes. The
heat storage unit was sealed by a flange on the top where both the extra
expansion volume and the tube for dropping SAT crystals were located.
The total height of the stainless steel storage unit is 1.7 m, and the
external diameter is 0.4 m. Each tube has a height of 1.52 m and an inner
diameter of 0.0276 m. As the heat transfer fluid (HTF), 75 L of water was
filled in the heat storage unit. The HTF inlet was installed close to the
bottom, and the water outlet was mounted on the upper opposite side.

Fig. 1(a) displays the tank’s exterior without insulation, and Fig. 1(b)
illustrates the system operating principle during charge and discharge.

Ten thermocouples (Tcil-Tci5 and Tcol-Tco5) with an uncertainty
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of 0.5 K were placed at different heights on the external surface of the
tank. The radial distance between points Tci and Tco is 0.4 m, and the
heights from the ground to points Tcil-Tci5 are 1.3 m, 1.1 m, 0.9 m, 0.7
m, and 0.5 m, respectively. A thermopile with an uncertainty of 0.1 K
was used to measure temperature difference between the inlet and the
outlet of the HTF. A Brunata HGQ-1-R3 flow meter with an uncertainty
of 2 % was installed to measure the water volume flow rate during
charge and discharge.

Fig. 1(b) shows the flow diagram of the heat transfer fluid. The cir-
culation volume flow rate of the heat transfer fluid is 7 + 0.14 L/min.
After exiting the heat storage tank, water is firstly cooled down by the
heat exchanger connected to the cooling system. Afterwards, the low
temperature water enters the heating loop. The heating loop consists of a
temperature regulated electric heating element, a pump and an inner
loop. The power of the electric heater is controlled based on the dif-
ference between the set point temperature and the outlet temperature of
the heater. In the inner loop there is a constant high flow rate. The aim of
the inner loop is to enable a precise temperature regulation of the
electric heater. Water with a desired temperature then enters the heat
storage tank and release or extract heat from the heat storage depending
on whether it is a charge or a discharge operation. In a charge operation,
the inlet water temperature is 365 K (92 °C), while it is 303 K (30 °C) in a
discharge operation. During charge of the heat storage tank, the heat
exchanger for cooling is running at the minimum power, while during
discharge, the heat exchange for cooling is running at the maximum
power. This is done to save energy consumption of the electric heating
element.

The simulated results in Section 5 are compared with the measured
temperature and energy, and the derived measurement uncertainties of
energy are given in Section 3.6.

3. Methodology
3.1. Simplification of geometry

The actual geometry of the shell and tube heat storage tank was
simplified to a semi-cylinder with a diameter of 0.4060 m and a height of
1.5834 m in the CFD model, as shown in Fig. 2. Simplified geometry of
the heat storage unit and the illustration of heat transfer fluid inlet/
outlet. Firstly, the curved surface at the top and the bottom of the heat
storage was flattened. Secondly, only half of the whole unit was calcu-
lated to save computing power; thus, the half unit model was built with

Heat storage unit

1

——
Ten  Teor
Taz  Teoz
Taz  Tcos

Flow meter Taa  Teos [ Heat exchanger to
Tas  Tcos the cooling system

1ARY

Mg

Electrical heater Pump

Inner loop

(a) Picture of the heat storage unit

(b) Operating principle of charging and discharging processes

Figure 1. Experimental setup

Fig. 1. Experimental setup.
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(a) Symmetric plane

(b) Details of the water outlet
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heat transfer fluid outlet

I

heat transfer fluid inlet

(c) Details of the water inlet

Fig. 2. Simplified geometry of the heat storage unit and the illustration of heat transfer fluid inlet/outlet. (For interpretation of the references to colour in this figure,

the reader is referred to the web version of this article.)

the symmetric surface cutting through the middle of the inlet pipe and
the outlet pipe. Thirdly, the external diameter of 56 (half of the whole
unit) inner tubes is 0.03 m, and the tube wall thickness is 0.0012 m. The
effect of the storage insulation was considered in the convective heat
transfer coefficient of the external tank walls. Finally, the positions of
the ten thermocouples glued to the tank’s external surface were evenly
distributed on the height of the cylindrical heat storage unit, respec-
tively, along the inlet side and the outlet side. In the simplified model,
69.6 kg SAT was filled in 56 inner tubes and the manifold, and 38 L
water was used as the heat transfer fluid. The total mass of the stainless
steel of the tubes and the tank wall was 83 kg.

3.2. Model meshing

Fig. 3 shows the mesh of the investigated model. Each tube has four
mesh layers of inflation in the water zone and five mesh layers of
inflation in the SAT zones. The mesh with 1.6 million cells and the
maximum skewness of 0.64 was created. A grid independence investi-
gation was carried out and shown in Section 4.1. Typical SAT tubes are
chosen to illustrate melting and solidification behaviour of SAT. Fig. 4
illustrates the layout of the six selected SAT tubes from the top view. The
position of the plane is shown as the analysis plane in Fig. 2. Tube #1 is
located at the center of the heat storage unit; tubes #5 and #4 are the
closest SAT tubes to the water inlet and the water outlet, respectively.
Tubes #2 and #3 represent the peripheral tubes of the storage unit, and
tube #6 stands for the other inner tubes.

&

Fig. 3. Mesh pattern of the simplified geometry.



S. Chen et al.

|n|et (5‘C(>(\CC OCC\O@ outlet

Fig. 4. Layout of 6 typical SAT tubes. Top view of the half manifold plate.

3.3. Boundary condition settings

The flow in the heat storage tank is largely laminar; therefore, a
laminar model is used. The free stream temperature of the tank wall was
set to the indoor air temperature (298 K), and a heat transfer coefficient
of 3.3 W/m? ¥ was assigned to the tank wall. The inner surfaces of two
adjacent zones were set as coupled thermal conditions. The water inlet
was defined as a mass flow inlet with a mass flow rate of 0.058 kg/s;
additionally, the time-series temperature of the inlet water was obtained
from the experiment and used as input in the CFD model. The water
outlet was defined as an outflow condition.

The properties of the materials applied in the multiphase model are
listed in Table 1, and the Boussinesq model was used to calculate
buoyancy driven forces for the solid and liquid SAT. Table 2 elaborates
the parameters of the stainless steel used in the model, and the density
was slightly adjusted to fit the total mass of stainless steel in the CFD
model to the measured one.

3.4. Governing equations

In the Mixture multiphase CFD model, the SA aqueous solution
(liquid phase), the SAT (solid phase), and water (heat transfer fluid)
were set as the primary phase, the secondary, and the tertiary phase,
respectively. Domain and thread structure hierarchy is special in the
multiphase model. The super domain, the subdomain, and the interac-
tion domain store properties and variables for the mixture of all phases,
each phase, and the phase interaction mechanisms, respectively. When
mixture properties and variables are needed (a sum over phases), the
super domain is used for those quantities, while the subdomain carries
the information for individual phases [46].

The governing equations are listed as follows [38]:

Continuous equation of mixture:

g(pm) +V- <p1n7/"> =0 @
t
Table 1
Properties of 3 phases applied in the multiphase model.
Property Expression
Liquid SAT Solid SAT Water
Density (kg/m3) (p —1340)g ~ — (p — 1340)g ~ 784 +1.6595T —
1340p(T — TO)g — 1340p(T — 0.0032 T2
TO)g
Reference 298.15 298.15 298.15
temperature (K)
Specific heat Cp (J/ 3020 2840 5641-9.1467 T +
kg K) 0.0143 T2
Thermal 0.34 0.55 —0.3222 + 0.0046
conductivity (W/ T-5*10°T?
m K)
Viscosity (kg/ms) 0.3673 — 1108 5% 10! 75954
0.001943 T +
2,592 * 107 T2
Thermal expansion 0.000512 0.000512 0.000512

coefficient (1/K)
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Table 2

Properties of stainless steel applied in the multiphase model.
Property Expression
Density (kg/m°%) 6566
Specific heat Cp (J/kg K) 500
Thermal conductivity (W/m K) 15

Momentum equation of mixture:
0 -
5 ( i m> + V. (pm7n17m) = —Vp+ V[ - (V7m + V7fn) }

+0, &+ F-v. ( Z APy 7dmk7m.nk> 2

k=1

Energy equation of mixture:

5 Z apE) + V- Z v (0 Ex+p))

k=1

Zzh/kj/k+1"ff

k=1

=V <ke VT — ) +S 3)

Liquid fraction equation for the secondary phases p:

%(app},) + V- (a,,pp7m> = -V (a,,pp7d,»v,p> + ; <mk,, - rr'lpk> (€)]

PISO was employed as the pressure-velocity coupling scheme for the
solution method, and the first-order upwind spatial discretization was
implemented for the momentum, energy, and volume fraction equa-
tions. The gradient and pressure equations used least-squares cell-based
and PRESTO! discretization methods in the calculation, respectively.

The first-order upwind scheme uses variables from the cell upstream
as cell face values, while cell face values of the second-order upwind
scheme are derived from two upstream cells. The former is acceptable
when the flow is aligned with the mesh, although the second-order
upwind is more accurate [38]. The first-order upwind scheme was
applied in recent studies [47,48] from the perspective of efficiency and
fair accuracy. The first-order upwind scheme is chosen in this study
because it enables faster and robust convergence. Moreover, the heat
storage model was divided into 1.6 million control volumes, which were
dense and dominated by high quality hexahedral meshes. Furthermore,
the fluid flow in the heat storage tank was mostly laminar. Using the
first-order upwind scheme in multiphase flows saves computing power.
In conclusion, although the first-order upwind scheme might not be the
best discretization method, it is the optimal method for this study,
balancing efficiency and accuracy of the calculations.

3.5. User-defined function for the phases change process

According to the classical nucleation theory (CNT), crystalline clus-
ters form from the supercooled solution and then grow. The building
blocks of crystals, namely crystalline nuclei, can attach to or detach from
a cluster in a step-by-step manner to form macroscopic crystals [49].

Nucleation consists of homogeneous nucleation and heterogeneous
nucleation.

As shown in Fig. 5(a), the rate of melting and solidification reaches
equilibrium at point A, the melting temperature T,,. When the temper-
ature is lower than Ty, solidus Gibbs free energy G is lower than the
liquidus Gibbs free energy G. Therefore, driven by the Gibbs free energy
difference AGy = G; — G, the liquid phase crystallizes from point B to B'.

Assume the crystal nuclei as spheres with radius r, and the Gibbs free
energy can be expressed as:
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Fig. 5. Schematics of the phase change process.

4

AG, = AG, + 4G, = — gnﬂAGw +4Ir%c )
Change of Gibbs free energy per unit volume is:

AG,, = p(AH — TAS) (6)

Enthalpy change and entropy change during the solidification
process:

AH=H,—H =H, @)
Hm
AS:S.Y—S[:T—m (8
Thus,
AT

9

AG,, = pH,—— = pH,
p T p Tm

T—Tm‘

The change of Gibbs free energy per unit volume increases with the
degree of supercooling AT, which is the driving force of the phase change
process.

According to the homogeneous nucleation theory, the Gibbs free
energy change of heterogeneous nucleation [50] (illustrated in Fig. 5(b))
can be written as Eq. (10). In addition, the critical radius of the nuclei is
negligible compared to the size of the wall. Thus, the control factor is a
function of contact angle:

AG, = BAG, 10)

2
o 2+ cosqr)‘(‘l — cosp) (11D

It’s easy to conclude that AG'y is smaller than AGy; consequently,
heterogeneous nucleation has a smaller free energy barrier than ho-
mogeneous nucleation.

Thus, the mass transfer from liquid to solid phase my, the mass
transfer from solid to liquid phase mg, and the released/stored latent
heat Sy, are expressed as:

my; =0
mg =0, 0<t, <ty (12)
S[, :0

. AT T—Tm
s = dp, T = adp,

t, > 0,0r
>ty ’ (13)

T—Tm|, TSTmand{
Tm

gy = —Bp, — = —Dp,

m

Si = H,, mys

. AT T—Tm

my = a,Bp; T = ;0P Tm
, AT T—Tm| | TET,nand{t“>0’0r
nyy = —o,DpP, T = —o,3p, Tm t, > 1o

Sy = —H, my
a4

where: t, is the elapsed time during charge, t, is the elapsed time during
discharge, and ¢y is the time point when the crystallization is activated.

Egs. (12)-(14) describe the mass and heat transfer during phase
change of SAT. During cooling of SAT with supercooling, there is no
crystallization of SAT even though the liquid SAT temperature is well
below the melting point Ty, as shown in Eq. (12). After crystallization is
activated (tp), the transformation of liquid SAT into the solid phase is
driven by the supercooling degree (T — T,,) during the solidification
process. The released energy source Sy, is then used to heat up the heat
storage, as shown in Eq. (13). While during melting of SAT, the energy
source Sy, is determined by the amount of solid SAT transformed into the
liquid phase, which is driven by the temperature difference (T — Tm) as
well.

In the user-defined function file, the measured melting point of SAT
(326 K, 53 °C) and the measured latent heat of fusion (198 kJ/kg) [24]
were used.

3.6. Calculation

Charge power and discharge power of the heat storage in W are
determined by:

P = Cpater ® Prsater ® Vwarer ® (Tin — Tour) as)

Taking measurement uncertainties for specific heat of water (2 %),
density of water (2 %), volume flow rate (2 %) and temperature dif-
ference (0.1 K), the relative uncertainty of the measured charge and
discharge power is calculated to be 3.9 % under typical operation
condition.

The heat exchange capacity rate (HXCR) of charge and discharge in
W/K is estimated by:

HXCR = —~ (16)
" Thy — T

Ty and Ty, are the heat transfer fluid’s average temperatures and the
PCM’s average temperature, respectively.

The stored and released heat of the heat storage unit is obtained by
integration of the following equation over the test period:
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E = (P— Pjs)® At
T + Tou a7)

=P e At — hepny
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P is the charge/discharge power of the heat storage in W. P is the
heat loss from the storage in W. At is the test period in second. The
relative uncertainty of the measured energy derived from Eq. (17) is
calculated to be 4.0 % under typical operation condition.

4. Investigation of mesh and time step independence
4.1. Investigation of mesh independence

Mesh independence was investigated by four meshes with 1.2
million, 1.6 million, 1.8 million, and 2.2 million cells, respectively. Inner
layers in the SAT tubes of the scheme HS2 are denser than that of the
scheme HS1. As a result, the vertical division of the model in the scheme
VS2 is more than in the scheme VS1. The comparison of the mesh with
1.2 M cells (combined with HS1 and VS1) and 1.8 M cells (combined
with HS1 and VS2) shows the influence of different vertical mesh den-
sities on the simulation results. Adapting mesh in the horizontal and
vertical directions gives the model with 1.6 M cells (combined with HS2
and VS1) and the model with 1.8 M cells (combined with HS1 and VS2).
The mesh with 2.2 M cells combines the scheme HS2 and VS2.

4.1.1. Water outlet temperature

Fig. 6 shows simulated water outlet temperatures during discharge of
the heat storage unit with different cell numbers. The right y-axis in-
dicates the variations after vertical grid refinement from 1.2 M to 1.8 M
cells (orange dash line) and from 1.6 M to 2.2 M cells (green line), and
the variation between 1.6 M and 1.8 M cells (black dash-dot line).

The max variation of the different mesh schemes is —0.7 % (2.4 K)
during the sensible heat releasing process. The water outlet temperature
is slightly lower if the mesh grid is denser along the vertical direction.
Ti/T’i Ti_The water outlet temperature variations
are less when the mesh cell numbers change from 1.2 to 1.8 million and
1.6 to 2.2 million. There is no significant influence of the mesh density
on the calculated water outlet temperatures.

The variation is defined as

4.1.2. Z-velocity and temperature profiles at centerlines in SAT tube #6
Fig. 7(a) compares SAT’s z-velocity in tube #6 on a horizontal
centerline along the y-axis of the analysis plane (as shown in Fig. 2(a))
during discharge. As shown in Fig. 4, tube #6 in the center of the
manifold is representative; therefore, it is used in the comparison.
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The axial velocities of SAT in tube #6 are shown in blue squares and
red circles for the mesh with 1.8 million cells and the mesh with 1.6
million cells, respectively. The SAT region, the tube wall, and the water
region are indicated in the figure. It is shown that there is almost no
significant difference in z-velocity profiles between the different mesh
schemes. However, more inner boundary layers can precisely describe
the near-wall SAT velocity gradient. At the early stage of the discharging
phase (1200 s), as shown in Fig. 7(a), peripheral SA aqueous solution is
cooled down by surrounding low-temperature water, while the inner
part of the SA in the tube rises due to buoyancy force. This convection
flow increases the heat transfer between water and SAT. The convection
flow decreases gradually with a decrease in the SAT temperatures.

The simulated z-velocity (axial movement) and temperatures of SAT
in tube #6 along the vertical centerline are shown in Fig. 7(b) and (c),
respectively. The simulated results show the same trend along the z-axis.
Consistent with Fig. 7(a), the inner part of SAT tube #6 lifts at the initial
discharging phase (1200 s) and tends to be stationary at the end of the
sensible heat discharging process (4200 s). Moreover, affected by the
surrounding low-temperature water, the temperature of the lower part
of SAT tube #6 drops at the 1200s, and the upper part of the tube cools
down at the 4200 s.

4.2. Investigation of time step

Time-step size independence was also investigated by simulating
three time-step sizes: 0.5 s, 1 s, and 2 s. Fig. 8 shows evolution of water
outlet temperatures calculated with the different time steps during
discharge of the heat storage. No significant difference is observed in
Fig. 8 when applying different time-step sizes in simulations. The
maximum influence of the time-step sizes on the water outlet tempera-
ture occurs during the sensible heat discharging process. After an in-
crease of the time step to 1 s, there is almost no change of the predicted
outlet temperature, except in 1750s-3000s where the outlet tempera-
ture increased by max. 0.7 %. The maximum variation of temperature
prediction increases to 1.1 % with a time step of 2 s. There isn’t any
notable difference in outlet temperature prediction during initialization
of crystallization if a time step of 1 s or 2 s is used instead of a time step of
0.5 s. Therefore, a time-step size of 1 s was chosen in the following
simulations to save computing time.

5. Results and discussion
The fluid pattern and thermal characteristics of water and SAT in the

heat storage tank are analysed. In addition, the heat transfer mechanism
is elaborated, and the heat exchange capacity rate is determined.
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5.1. Temperatures

5.1.1. Charge of the heat storage tank

The model accuracy is evaluated by comparing the CFD model with
the experiments. The outlet temperature and the external surface tem-
peratures of the tank are used in the comparison. The location of the ten
surface temperatures is shown in Fig. 2(a) as blue dots tcil-tci5 and
tcol-tco5.

Fig. 9 shows the development of the measured and simulated water
outlet temperatures during the charging process. The simulation error is
defined as the relative difference between the CFD calculated and the
measured temperatures in Kelvin. The measured water inlet tempera-
ture was used as input in the CFD model. Except for the start of the
charging phase, the simulation error of the water outlet temperature
does not exceed £1 % (2.9 K).

The ten thermocouples are evenly placed at different heights of the
external surface of the tank and covered by insulation. The simulated
temperatures at the ten sensor points are compared to the measured ones
to gain insight into the model accuracy at different heights of the heat
storage unit. For simplicity, the results of 6 selected points are shown in
Fig. 10.

Fig. 10(a) shows 3 points with different heights on the inlet side: the
highest (tcil), the middle (tci3), and the lowest (tci5). Similarly, Fig. 10
(b) shows the 3 points with different heights on the outlet-side external
surface: the highest (tcol), the middle (tco3), and the lowest (tco5). The
dash-dot line and the thick line represent the measured temperature and
the simulated temperature, respectively. The period from 3000 s to
21,000 s after the start of the charging process is shown. The simulated
temperature at the lowest point tci5 shows the maximum relative dif-
ference of —1.2 % at the initial part of the latent heat releasing process in
Fig. 10(a). In Fig. 10(b), the highest point tcol shows the maximum
relative difference of —1.4 %, and the lowest point tco5 presents the
maximum relative difference of 2.1 %.

It is shown that the CFD model predicts the temperatures on the inlet-
side tank wall more actually than for the outlet-side tank wall. More-
over, on the outlet side, the CFD model underestimates the tank wall
temperatures in the upper part of the tank, while it overestimates the
temperatures in the lower part. This might be caused by the assumption
of a laminar flow in the entire region, while the flow could be turbulent
in limited areas of the heat storage.

5.1.2. Discharge of the heat storage tank

Fig. 11 compares the measured and the simulated water outlet
temperatures and the relative differences during the discharging pro-
cess. The discharge process consists of two phases: discharge of the
sensible heat (0-6900 s) and discharge of the latent heat (6900 s-14200
s). In the first discharge phase, the outlet temperature of the heat storage

370
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decreases from 384 K to 304 K in 83 min. At the time 6900 s, solidifi-
cation of the supercooled liquid SAT was triggered by an SAT crystal
inserted from a vertical pipe mounted at the top of the tank. The heat of
fusion of SAT is released. The maximum relative difference between the
measurement and the simulation reaches 2.2 % (7.2 K) at 2340 s in the
discharging process. The second peak value of the simulation error is 1.5
% (4.8 K) after triggering solidification of the supercooled SAT.

The measured external surface temperatures of the tank are
compared to the calculated ones. The results of the three specific points
on the inlet side are shown in Fig. 12(a), and those of the other 3 points
on the opposite side are shown in Fig. 12(b). The black, blue, and red
lines stand for the temperatures at the highest, the middle, and the
lowest sensor positions, respectively. The period from 0 s to 12,000 s
during the discharging process is shown.

During discharge of the sensible heat, the relative differences for the
temperatures on the inlet-side external surface are within +1.3 % (4.5
K) except the point tci5 at the start of the test. A larger simulation error
exists on the outlet-side external surface. The simulation error reaches
up to —3.8 % (13 K) at the highest position (tcol) near the water outlet.

During the latent heat discharge process, the maximum difference
occurs after triggering the solidification. The simulated temperature is
approximately 3.8 % (11.3 K) higher than the measured temperature at
the middle points (tci3 and tco3) on both the inlet-side and outlet-side
external surfaces. Afterwards, the simulated surface temperatures are
lower than the measured ones, and the maximum difference reach —2 %
at the peak value of the measured temperature at the middle height of
the tank. At point tcol, the maximum error of the simulation reaches —2
% at the time 9600 s. By contrast, the maximum error of the point tcil is
—1 % at 8700 s.

Similar to the charge process, the CFD model predicts the tempera-
ture evolution on the inlet side more accurately than on the outlet side
when there is a significant temperature change. The upper outlet-side
surface temperature shows a relatively higher simulation error during
the discharge of sensible heat. Moreover, during discharge of the latent
heat, the model presents a more precise surface temperature at the lower
part than the higher part of the tank. The peak value of surface tem-
perature has the maximum error in the middle part of the tank, as
indicated in Fig. 12.

In general, there is a good agreement between the CFD calculated
and the measured temperatures, except for slightly higher differences at
the start of the charge and discharge process.

5.2. The fluid pattern and thermal characteristics of water at the
horizontal centerline

Fig. 13(a) displays the z-velocity (vertical movement) of water on the
line shown as a green dash line in Fig. 2(a). The curves 1200 s, 7800 s,
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Fig. 9. Comparison of experimental and simulated water outlet temperature during the charging process.
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Fig. 11. Comparison of experimental and simulated water outlet temperature during the discharging process.

14400 s, and 27,000 s represent the initial stage of the sensible heat
charge phase, the latent heat charge phase, the end of the latent heat
charge phase, and the end of the charge phase, respectively. Fig. 13(b)
shows the vertical movement at the start of the discharge of sensible heat
(1200s), the sensible heat releasing phase (2400 s), the latent heat
releasing phase (7800 s), and the end of the discharge (14,400 s). The
location of the analysis line is shown in Fig. 13(b).

As shown in Fig. 13(a), there is an uneven flow distribution in the
vertical direction on the analysis line. The presence of the tube walls
causes the peak-valley-peak pattern of the vertical velocity. The negative
z-velocity close to the inlet-side surface indicates a flow circulation in
the tank. After entering the tank, the inlet hot water forms a jet flow.
Because of the inertia, the inlet jet flows to the opposite before rising up.
As a result, part of the water close to the inlet side was induced to flow
downwards, forming a flow circulation. The same flow pattern can be
seen more or less throughout the entire charge process. The circulation
flow in the tank creates a shortcut for the inlet water before its heat is
fully released. Therefore, it is considered a disadvantage for the heat
storage.

The flow distribution in the tank is much better during the discharge
process since cold water enters the bottom of the tank. At the end of the
discharge process (14,400 s), a large fluid velocity is seen on the outlet
side, but the influence on the thermal performance of the tank can be
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neglected.

Fig. 14 shows the temperature contours of the symmetric plane at
different times. The hot HTF injected from the horizontally installed
inlet rises due to the buoyant force, which leads to a well-mixed tem-
perature distribution on the symmetry plane of the tank during the
charge process in Fig. 14(a). While as observed in Fig. 14(b), there is a
high degree of thermal stratification during the discharge because the
cold water enters the bottom of the tank. The results show that un-
wanted flow circulation exists in the storage tank when there is a hot
water inlet at the bottom.

5.3. The fluid pattern in SAT tubes # 1, 2, and 4 on the analysis plane

Figure 15, 16 and 17 show the z-velocity, the temperature, and the
liquid fraction profiles in the SAT tubes on the analysis plane (indicated
in Fig. 13(b)), respectively. SAT tubes #2, 3, 5, and 6 present similar
flow and thermal behaviour on the analysis plane during the charge;
therefore, tube #2 is representative. Tube #1 locates at the center of the
heat storage unit, and tube #4 adjoins the water outlet. The in-
vestigations show that the behaviours of the SAT tubes are pretty uni-
form during discharge; thus, only the discharging results of SAT tube #1
are shown.

In Fig. 15, the x and y axis show the x coordinate and y coordinate
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Fig. 12. Comparison of experimental and simulated surface temperature at typical points during 0 s-12000 s of the discharging process. (For interpretation of the
references to colour in this figure, the reader is referred to the web version of this article.)

from the cell center, respectively. The result with the model of 1.6
million cells is shown. The colour represents the overall velocity in the
cell. Moreover, as shown in the colour bar, the colour ranging from blue
to red stands for a z-velocity from —0.01 m/s (downwards) to 0.01 m/s
(upwards). The green colour indicates a vertical velocity close to zero.
The black arrows attached to each point show the velocity vector of the
liquid SAT on the analysis plane. Fig. 15(a) and (b) shows the velocity of
each cell on the SAT analysis plane in the middle (9000 s) and the end
(10,800 s) of the charge of the latent heat. In Fig. 15(c) and (d), the
vertical and horizontal movement on the SAT analysis plane in the
middle of the sensible heat releasing phase (1800s) and in the middle of
the latent heat releasing phase (9000 s) are shown.

Similarly, the average temperature and liquid fraction are shown in
Figs. 16 and 17. Different colours from blue to red stand for the tem-
peratures ranging from 301 K to 346 K, and the liquid fraction from 0 to
1, respectively.

In the middle of the latent heat storing phase (9000 s), the maximum
magnitude of the SAT horizontal velocity reaches 2.5x10~*m/s, and the
maximum z-velocity of SAT reaches 9x10™*m/s in the SAT tube #4', see
Fig. 15(a). The vertical fluid velocity is larger than the horizontal ve-
locity, meaning there is a natural convection flow in the tubes. The
figure also shows different melting progress in the tubes due to different
tube positions. During discharge of sensible heat (Fig. 15(c)), there is a
much weaker vertical fluid velocity compared to that in the charging
process. The inner temperature of SAT tubes remains at 326 K-331 K,
and thus SAT in the inner part of the tubes stays solid at the transit
phase, as shown in Fig. 17(a). The middle yellow circles in Fig. 16(a)
stand for the melting temperature of 331 K, and the peripheral red points
represent the heated SA aqueous solution. The melted peripheral SAT
circularly flows along the inner wall of tube #4, which facilitates the
heat transfer from the surrounding heat transfer fluid to SAT in the tube.
However, it is also noticed that there is no significant full scale circu-
lation inside the tube when SAT in the inner part of the tube is not
completely melted, as shown in Fig. 15(a).

Fig. 15(b) shows that at the end of the charging process (10,800 s),
the vertical fluid movement in the tubes is faster in tubes #1 and 4. The
inner SAT is completely melted at the moment, as shown in Fig. 17(b).
The buoyant force mainly drives the full scale flow circulation to a
maximum speed of 0.01 m/s along the z-axis on the analysis plane.
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However, the horizontal fluid movement in tube #1 on the analysis
plane has a different direction from that in tube #4. Different temper-
ature distributions around the tubes could explain the difference.

Fig. 15(c), (d) illustrates the fluid pattern of the SAT tube #1 in the
middle of the sensible heat releasing phase (1800s) and the middle of the
latent heat releasing phase (9000 s). It is noticed that the discharging
status of the 6 SAT tubes is simultaneous; therefore, tube #1 is repre-
sentative. There is no noticeable arrow on temperature profiles on the
analysis plane; however, the peripheral cooled SAT sinks at the rate of
—2x10~3m/s while the internal SAT floats up at the rate of 1x10~>m/s
because of the density difference. Therefore, the vertical flow along the
inner tube wall accelerates the heat transfer from water to SAT by heat
convection. At the time 9000 s, heat conduction dominated the heat
transfer of the tubes because most of the tubes’ SAT had solidified, as
shown in Fig. 17(d).

5.4. Thermal characteristics of six typical SAT tubes at horizontal and
vertical centerlines

Fig. 18 presents the volume averaged liquid fraction and the volume
averaged temperature of the six typical SAT tubes during the charge and
the discharge process. In Fig. 18(a), both temperature curves and liquid
fraction curves of SAT tubes #2, 3, 5, and 6 overlap, while SAT tubes #1
and 4 melt in advance of the other tubes because the inlet water with
relatively higher temperatures surrounds those tubes (#1, 4). As a result,
the temperature of SAT tube #4 (dark green line) lifts firstly to the
plateau, and the phase change process begins. The plateau temperature
(326 K) is the melting temperature of the SAT mixture.

The curves of all six typical SAT tubes overlap in Fig. 18(b) during
the discharge mainly because the water of similar temperatures sur-
rounds all the tubes due to a high degree of thermal stratification in the
tank. After solidification of the supercooled SAT is triggered, the average
liquid fraction drops immediately to approximately 50 %.

Fig. 19 reveals the heat flow through the six typical tubes. The SAT
tubes #2, 3, 5, and 6 overlap each other most of the time during the
charging process, which means that the heat transfers through the wall
of tubes #2, 3, 5, and 6 are simultaneous. At the time 4500 s, the heat
transfer rate peaks at 80 W, which facilitates melting of SAT #4, which is
shown as the lift of the green dash-dot line in Fig. 18(a) due to the
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Fig. 13. Z-velocity profiles at the horizontal centerline of the water tank at different times.

surrounding hot water. Furthermore, the drop in the heat transfer rate of
the SAT tubes #1 and 4 at around 9000 s indicates the end of the phase-
changing process when the other four tubes are still melting. During
discharge, the cold water enters the bottom of the tank and flows up to
the top after being heated. The water region has a good thermal strati-
fication (as shown in Fig. 14), meaning that the six SAT tubes experience
similar temperatures. Consequently, the heat transfer rates of the six
tubes are similar. Moreover, the model predicts a maximum heat flow of
380 W from the tube immediately after the start of the solidification.
Fig. 20(a) shows the liquid fraction at the vertical and horizontal
centerlines of the SAT tubes. Tube #3 represents tubes #2, 5, and 6 due
to the similar heating condition. At 7200 s (2 h) of the charge process,
the bottom of the tube #1 melts firstly, and the bottom of tube #4 shows
the tendency to melt. After half an hour, the liquid fraction of the lower
part of the tube #4 reaches 100 %, while that of the upper part is
approaching 80 %. This is due to the less well mixed water at the lower
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part of the tank and the relatively higher temperature fluid surrounding
the tube #1. Meanwhile, the heated water floated up to the top, resulting
in 100 % melting at the bottom and the top of the tube #1 and
approximately 10 % of melting in the middle part of the tube. As for the
other four tubes, only the upper part melts partly, as indicated by the
blue dash line in Fig. 20(a). Fig. 20(b) shows the melting status of the
tubes at the horizontal centerline with the z-coordinate of 0.8 m, where
SAT melts from the peripheral to the center of tubes with the progress of
the charging process.

Similarly, Fig. 21 plots the liquid fraction at vertical and horizontal
centerlines during the discharge process. Unlike the charge, the tube
position does not significantly influence the solidification status because
of the horizontal even temperature distribution. The SAT solidifies from
the bottom to the top of the tube after the solidification is triggered. The
liquid fraction of vertical centerlines drops to 65 %. Furthermore, from
Fig. 21(b), the solidification of SAT moves from the peripheral to the
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Fig. 14. Temperature contours of the inlet-outlet plane at different times.
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center of SAT tubes.

In conclusion, the position of the SAT tube influences its melting
process. The tubes close to the inlet-outlet plane melt first because they
are heated by hot inlet water in advance of other tubes due to buoyant
force and the inertia of the inlet water. However, the SAT tubes adjacent
to the inlet-side wall are the last to melt due to a lower temperature of
the backflow of the circulation on the inlet-outlet plane. Therefore, the
SAT tubes close to the water inlet have a similar melting process. This is
because the unwanted circulation flow leads to uneven temperature
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distribution in the tank. By contrast, the discharge of the supercooled
SAT is simultaneous in the tubes because of a higher degree of tem-
perature stratification in the tank.

5.5. Thermal behaviour of the storage unit

The CFD predicted heat balance of the heat storage during the charge
and discharge are shown in Fig. 22(a) and (b), respectively.
The heat loss (orange line) is negligible compared to the charging
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and discharging power. However, the heat loss also increases with an
increase in the heat storage temperature. The first drop of the charging
power at 4500 s occurs due to the decreased temperature difference
between the inlet and outlet water caused by the unstable operation of
the temperature control unit in the measurement. At that time, SAT
begins to store the latent heat, and the volume averaged temperature

16

enters a plateau in Fig. 18(a), which is indicated by the cyan-blue dash
line in Fig. 22(a) from the perspective of the stored latent power.
Hereafter, the temperature of the inlet water keeps increasing up to 364
K. It is worth mentioning that the latent heat storing phase is coupled
with the sensible heat storing during the actual charging process, which
can be explained by the incongruent melting of SAT.
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The peak discharging power is approximately five times that of the
charging power in Fig. 22(b), caused by the thermal inertia of water and
a larger vertical temperature gradient in the storage. The sensible heat is
released before the solidification is triggered. While, during the solidi-
fication of the supercooled SAT, the released latent heat heats the heat
storage unit. Afterward, the latent heat of SAT and sensible heat of the
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whole heat storage unit are discharged.

Fig. 23 shows the power and the CFD predicted heat exchange ca-
pacity rate (HXCR) of the heat storage unit during the charge and
discharge, calculated by Eq. (16). The absolute values of the HXCR and
power are presented in Fig. 23(b). Unfortunately, the HXCR is difficult to
obtain from the measurement due to the difficulties of measuring
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Fig. 23. CFD calculated heat exchange capacity rate of the heat storage unit.
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average PCM and water temperatures.

As shown in Fig. 23(a), the CFD calculated HXCR reaches up to
approx. 1364 W/K at the start of the charge due to the thermal inertia of
water in the storage tank. The peak at 4500 s indicates melting of SAT
close to the wall. With the progress of the melting boundary into the
tube, heat has to transfer longer and longer distances, and the temper-
ature difference between SAT and HTF increases notably, resulting in a
significant drop of HXCR after 4500 s. After 9000 s, SAT has melted
completely. Stronger natural convection in the tube increases HXCR.
After 18,000 s, it approaches the end of the charging process. The
temperatures of SAT in the tubes are well established, resulting in
weaker natural convection flow and a slightly lower HXCR. The energy
weighted average HXCR of the entire charge process is 850 W/K.

It is shown in Fig. 23(b) that the HXCR reduces from 1048 to 90 W/K
during discharge of the sensible heat due to increased thermal resistance
on the SAT side. After the triggering of the solidification, the HXCR
raises to 1364 W/K. HXCR keeps at 600 W/K during the latent heat
release. Afterward, there is a gradual decrease in HXCR because the heat
transfer from the solid SAT to water becomes more and more difficult.
The energy weighted average HXCR of the entire discharge process is
795 W/K.

In authors’ previous investigations, the HXCR is calculated to be 390
W/K during charge and 750 W/K during discharge with a volume flow
rate of 7 £+ 0.14 L/min [36]. There is a slight difference in the HXCR
during discharge but a large difference in HXCR during charge. The
difference is caused by how the temperature difference between PCM
and the heat transfer fluid is determined. In the current paper, the dif-
ference is determined by the average temperature of HTF minus the
average temperature of SAT, while in [36], a log difference was used.

At the end of the charge, the CFD predicted charge energy is 21.15
kWh, with a difference of 0.01 kWh compared to the measured charge
energy of 21.16 + 0.85 kWh. The stored and released heat by mea-
surement was calculated by Eq. (17). And the simulated discharge en-
ergy is 21.70 kWh with 14.05 kWh of sensible heat and 7.65 kWh of
latent heat, compared to the measured discharge energy of 21.13 + 0.85
kWh, the sensible heat of 13.57 4 0.54 kWh, and the latent heat of 7.56
+ 0.30 kWh with differences of 0.57 kWh (2.7 %), 0.48 kWh (3.5 %),
and 0.09 kWh (1.1 %), respectively.

Additionally, in this study the max. discharge power is 8 kW, which
is significantly higher than those reported in the literature for other
storage designs, for example, 5.0 kW [32], 4.8 kW [33], and 5.0 kW
[51]. This is because the heat storage tank in the study was especially
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designed with a large heat transfer area of 16.2 m?, while in the liter-
ature the heat transfer areas are 5.8 m? [32], 2.3 m? [33], and 3.4 m?
[51], respectively.

Fig. 24 shows a breakdown of the CFD calculated energy contents of
the heat storage. The energy percentage for each component is the ratio
between the energy content of the component and the energy content of
the entire storage. As shown in Fig. 24(a), at the start of the charging
process, heat is used to heat up the water in the storage tank. Then the
temperature of SAT increases gradually, increasing the sensible heat of
SAT. Afterward, SAT starts to melt, and its share of the energy content
increases significantly. After complete melting of SAT, the SAT tem-
perature and water temperature rise, increasing sensible heat. At the end
of the charge, approx. 69.3 % heat is stored in SAT (33.1 % sensible and
36.2 % latent), followed by water with a share of 24.2 %. The rest of the
energy (6.5 %) is stored in the tank shell and the internal tube shells in
the form of sensible heat. The energy breakdown of the storage unit at
the end of the charge is listed in Table 3. The storage unit’s energy
breakdown at the start of the discharge is slightly different from that at
the end of the charge due to different storage temperatures. Fig. 24(b)
shows the energy content of each component during discharge. The
sensible heats of SAT, water, and tube/tank material are discharged
gradually. At the end of the discharge of sensible heat, only the latent
heat of SAT is kept since SAT supercools. After triggering the solidifi-
cation, 4.2 kWh of latent heat was transformed into sensible heat of SAT,
water, tank shell, and tube shells within 7 min. Eventually, the latent
heat was released completely.

5.6. Heat transfer mechanism between SAT tubes and heat transfer fluid

Fig. 25 illustrates the heat transfer mechanism during the charge and
the discharge of the heat storage. The black upward arrows in Fig. 25(a)
show water movements in between the tubes, whose velocity profiles are
dominantly shaped by the resistance of the fluid path. In addition,
Fig. 25(a) presents the latent heat charging phase. The SAT close to the
tube wall melts first by heat conduction through the tube wall. As a
result, the melted SAT close to the tube wall has a higher temperature,
therefore flows upwards along the tube wall. In comparison, the liquid
SAT close to the solid SAT with a lower temperature tends to flow
downwards, forming a circulation in the region of the melted SAT. The
noticeable vertical velocity superimposed on subtle horizontal speed
results in a spiral flow path along the inner wall of the SAT tubes, which
significantly increases the heat transfer rate between the HTF and the

—— tan.sh.
tan.sh.

Energy content

Energy percentage tub.sh.

tub.sh. —— water —— SAT- sensible
water

SAT- latent
SAT- latent

total
SAT- sensible

N
o
I

50%

N
o
!

40%

o
1

30%

o
1

20%

stored sensible energy (kWh)

10%

T T T T T T T T 0%
3000 6000 9000 12000 15000 18000 21000 24000 27000

time (s)
(a) Charging process

energy percentage (-)

25 100%

N
=3
1

80%

o
1

60%

o
1

40%

stored sensible energy (kWh)
energy percentage (-)

o
1

20%

T
9000

T 0%
6000

time (s)
Discharging process

T
0 3000

(b)

Fig. 24. Energy evolution of tank shell, tube shells, water, and SAT of the heat storage unit.

18



S. Chen et al.

Journal of Energy Storage 55 (2022) 105600

Table 3
Energy breakdown of the storage unit at the end of the charge and start of the discharge.
Items Components Total
Tank shell Tube shells Water SAT sensible SAT latent
Charge Energy (kWh) 0.367 1.019 5.118 6.992 7.652 21.15
Percentage (%) 1.7 4.8 24.2 33.1 36.2 100
Discharge Energy (kWh) 0.375 1.043 5.450 7.180 7.652 21.70
Percentage (%) 1.7 4.8 25.1 33.1 35.3 100
SA aqueous = _ ‘
solution \ So
N
Solid SAT
(a) Sectional structure of SAT tubes (b) Charge of SAT (c) Discharge of supercooled SA
Fig. 25. Heat transfer mechanism within the heat storage unit.
SAT. beginning of melting. When the heat storage is discharged, HXCR

Fig. 25(b) and (c) shows a section of an SAT tube for simplicity.
When the SAT in the tubes melts completely, the significant natural
convection of liquid SAT in the vertical direction is driven by buoyancy
force, as shown in Fig. 25(b). On the contrary, there is no noticeable
fluid movement within the SAT tubes during the discharging process in
Fig. 25(c) because there is a high degree of thermal stratification in the
tank due to a cold-water inlet at the bottom of the tank. Therefore, heat
conduction is the dominant form of heat transfer.

6. Conclusions

A shell and tube heat storage tank capable of both long and short
term heat storage has been developed by utilizing stable supercooling of
sodium acetate trihydrate. Theoretical and experimental investigations
were carried out to determine the power, heat exchange capacity rate
(HXCR), and the stored energy of the heat storage tank during the charge
and the discharge. The following conclusions are drawn:

e The multiphase CFD model predicts temperatures of the heat storage
satisfactorily.

In the water region, there is a strong mixing during charge because
the water inlet is located at the bottom of the tank. While during
discharge, a higher degree of thermal stratification is seen.

In some of the tubes, in the early phase of the charge, a spiral natural
convection flow of the liquid SAT exists close to the tube wall, which
significantly increases the heat transfer rate. Afterward, the
circumferential flow diminishes, and a vertical natural convection
flow dominates the tube. During discharge, all the tubes have similar
thermal conditions because there is a high degree of thermal strati-
fication in the tank.

The charging power of the heat storage unit reaches a maximum of
6.6 kW with an inlet flow rate of 7 + 0.14 L/min, while during
discharge of the sensible heat, the discharging power reaches 27.2
kW, followed by 7.6 kW during discharge of the latent heat.

The CFD predicted heat exchange capacity rate (HXCR) of the heat
storage unit is 490-1100 W/K except for peak values of 1364 W/K
due to the thermal inertia of the storage tank and 1424 W/K at the

19

reduces from 1048 to 90 W/K during the sensible discharge and is
approx. 600 W/K for discharge of the latent heat. The energy
weighted average HXCR is 850 W/K and 795 W/K during charge and
discharge of the heat storage, respectively.

e The CFD model shows that 21.15 kWh of heat was charged into the
heat storage tank within 7.5 h, compared to 21.16 + 0.85 kWh in the
measurement. During discharge, 14.05 kWh of sensible heat was
discharged as short term heat storage, and 7.65 kWh of latent heat
can be released on demand as long term heat storage. The measured
sensible and latent heat during discharge are 13.5 + 0.54 kWh and
7.56 + 0.30 kWh, respectively. The relative difference between the
CFD calculated values is 1.2-3.7 %.

Further investigations are needed to optimize the flow pattern in the
storage tank. For instance, the influence of the tube design on the heat
transfer exchange capacity rate of the storage tank could be investigated,
including tube diameter, length, tube number, layout, and the distance
between tubes.
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