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Abstract: The heat storage and release performance of cascade phase change units are investigated
numerically for users in Inner Mongolia’s severe cold region. Three schemes of phase change material
combinations are thoroughly tested. We obtained a better material combination scheme S3 (palmitic
acid + polyethylene glycol), which has higher heat storage capacity per unit mass, higher average
heat flux, and better unit synchronisation performance, so that it is more suitable for solar heating
and cascade heat storage units in cold regions of Inner Mongolia. This study takes into account the
irradiation variation of typical days during the winter heating season. The results show that the
palmitic acid and polyethylene glycol combination scheme has the highest total heat storage per
unit mass. This scheme also performs well in the synchronisation of two-stage storage units. When
compared to the other two schemes, the average heat flux is increased by 25.5% for the first stage unit
and 16.8% for the second stage unit.

Keywords: cascade heat storage; phase change; solar energy; severe cold region; numerical study

1. Introduction

Because of its large reserves, cleanliness, and safety, solar energy is regarded as
the most promising renewable energy [1,2]. However, it is frequently constrained by
intermittent and geographic constraints. The phase change heat storage technique can be
used to utilise solar energy efficiently and continuously [3,4].

A heat storage unit is installed in a typical phase change heat storage system, and
HTF (heat transfer fluid) flows into and out of the heat storage unit to achieve charg-
ing/discharging. However, as heat storage and release progress, the efficiency of a single
heat storage unit decreases, affecting heat storage and release efficiency [5]. Furthermore,
solar irradiation varies with time, resulting in performance fluctuation when using a tra-
ditional single heat storage unit [6]. To address the aforementioned issue, cascade phase
change heat storage technology can be designed. This obtained a better material combina-
tion scheme S3 (palmitic acid + polyethylene glycol), which has higher heat storage capacity
per unit mass, higher average heat flux, and better unit synchronisation performance, so
that it is more suitable for solar heating and cascade heat storage units in cold regions of
Inner Mongolia.

Wang et al. [7] created a concentric sleeve cascade heat storage system in which the
melting point of the phase change material increases sequentially from the inside to the
outside. The heat storage time of cascade heat storage was found to be 21% shorter than
that of single-stage heat storage. According to Kousksou et al. [8] and Fang et al. [9] using
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cascaded phase change heat storage can significantly improve heat storage system perfor-
mance. Gong et al. [10] used multiple phase change materials to conduct thermodynamic
analysis of a phase change heat storage system. The findings indicate that using multiple
phase change materials for cascade heat storage can improve exergy efficiency over a single
unit. The more phase change materials that are used, the greater the exergy improvement.
According to the results of Chiu et al. [11] a multi-stage phase change energy storage system
can increase heat transfer rate by nearly 40% compared to a single-stage phase change
energy storage system.

Hicham El Mghari et al. [12] discovered that the three-stage phase change energy
storage system had a 18.4% higher energy storage efficiency than the single-stage phase
change energy storage system. K.E. Elfeky, et al. [13] discovered that the three-stage
PCMs (phase change materials) unit could improve the heat transfer rate greatly and
shorten the heat storage time effectively. Peiro et al. [14] constructed a multi-stage phase
change energy storage system and discovered that the temperature of the outlet HTF
was more stable. Gong et al. [10] discovered that the cascade phase change thermal
storage device achieves the highest exergy efficiency when the phase transition temperature
of the thermal storage material is distributed in equal proportions. Adine et al. [15]
investigated the effect of HTF inlet condition on the thermal performance of a cascaded
phase change thermal storage device and discovered the optimal inlet temperature and
mass flow rate. Tamme et al. [16] investigated the melting characteristics of cascaded phase
change thermal storage. They discovered that the geometrical relationship between the
ambient temperature and the heat source temperature is the phase change temperature in a
single-stage thermal storage device. Wang et al. [17] investigated the cascade phase change
structure experimentally, and the results revealed that the melting time was reduced by 37%
to 42% when compared to the single unit. The advantages of the shell-and-tube cascade
storage structure were experimentally validated by Michels and Pitz-Paal et al. [18] they
discovered that the cascade storage structure charges and discharges at a faster rate than the
single-stage structure.

The modelling of cascade phase change is also in the centre of interest over the last two
decades. Hicham El Mghari et al. [12] examined the charging mechanism efficiency and
heat transfer characteristics of a three-stage cascaded latent heat thermal energy storage
unit (LHTES) with longitudinal fins. To maximise the thermal efficiency of cascade storage
units, they optimised the HTF’s inlet temperature and mass flow rate. Domanski et al. [19]
investigated the charging and discharging processes of a two-stage phase change heat
storage device. The results showed that the first-stage unit’s melting point temperature
should be as close to the HTF’s inlet temperature as possible, while the second-stage
unit’s melting point temperature should be close to the ambient temperature. Gokon
et al. [20] proposed a numerical method for solar thermal storage utilising cascade storage
units. In both the charging and discharging processes, they discovered that the cascade
design has a higher proportion of liquid phase than the single design, indicating that
the cascade structure improves heat transfer. The results showed that the melting point
temperature of the first-stage unit should be as close to the inlet temperature of the HTF as
possible, while the melting point temperature of the second-stage unit should be close to
the ambient temperature. Gokon et al. [20] proposed a numerical method for solar thermal
storage with cascade storage units. They discovered that the cascade design has a higher
proportion of liquid phase than the single design in both the charging and discharging
processes, indicating that the cascade structure improves heat transfer. Fang et al. [9] used
the enthalpy method to develop a physical and mathematical model of a cascade storage
device with two-stage shell-and-tube units. They did analyses on new different mass
components of the PCM affect storage efficiency.

Solar energy density is higher in northwest than southeast in China (as shown in
Figure 1) [21]. Inner Mongolia has an abundance of solar energy resources, with total solar
radiation ranging from 6490 to 6992 MJ/m? per year. In the winter, however, there is a long
heating period and significant heating demand. As a result, Inner Mongolia appears to
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be a promising candidate for solar heating development. However, there have been few
reports on cascade phase change heat storage technology being used for heating in Inner
Mongolia. In this paper, a numerical method is used to investigate the heat storage and
release performances of cascade heat storage units with various PCM schemes, as well as to
find the best PCM scheme for cascade heat storage in Inner Mongolia’s harsh cold region.
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Figure 1. Distribution of solar resources in China [21].

In this paper, the second paragraph introduces the establishment of the model, includ-
ing the solar radiation in Inner Mongolia, material combination, mathematical model, etc.
In the third section, the results are analysed and compared with the experimental results to
verify the correctness of the results. The fourth paragraph clarifies the research results.

2. Modelling
2.1. Solar Irradiation Data

Baotou is located in North China, the southern end of the Mongolian Plateau, and the
central part of Inner Mongolia. Baotou has a semi-arid continental monsoon climate in
the middle temperate zone. The scenery here is pleasant and the temperature is moderate.
The annual average temperature is 7.2 °C, the annual average wind speed is 1.2 m/s, the
annual total precipitation is 421.8 mm, and the annual sunshine hours are 2882.2 h.

Baotou is located in the severe cold region with intense solar irradiation. It has cold
and long winters with a heating period of up to 180 days. The variation of solar irradiation
is depicted in Figure 2. This paper studied the solar irradiation on a typical day, 1 January.

Without taking into account the energy lost during heat transfer between the solar
collector and the HTF, the hourly solar irradiation energy can be calculated as follows [23]:

Q = 3.6ctG 1)

where, Q is the solar radiation energy, kW. G is the design flow rate, t/h. c is the specific
heat capacity of HTF, 2.36 kJ-(kg-K)~!. t is the HTF inlet temperature, K. Considering that
the temperature of the heating water supply is generally 348 K, this paper sets the inlet
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temperature of the HTF to 348 K. To realise the variation of hourly solar irradiation, the
flow rate of HTF therefore correspondingly varies, as shown in Figure 3.
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Figure 2. The monthly variation of solar irradiation in Baotou of Inner Mongolia [22].
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Figure 3. The hourly solar irradiance intensity and inlet velocity.

2.2. Materials Combination Schemes

The selection and combination of PCM for cascade storage units follows the
following rules:

(1) The phase change temperature of the selected materials should be lower than the inlet
temperature of the HTF. The phase change temperature of the material in the first
stage unit should be higher than that in the second stage unit;

(2) A gradient is formed by the phase change temperature difference of the specified
material combinations;

(8) The chosen materials should be common PCM in solar thermal utilisation systems and
meet the most basic principles of phase change material screening, such as meeting
thermal storage parameter requirements, good economy, environmental protection,
and so on.

The materials combination schemes are shown in Table 1.
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Table 1. Combination schemes of PCM for cascade storage units.

Scheme 1 S1 S2 S3
Material Stearic  Lauric Paraffin Paraffin Palmitic Polyethyle-ne
Acid Acid (C28) (C16) Acid Glycol
Density/kg-m~3 913 867 780 776 989 1200
Specific Heat/J-(kg-K)~! 2175 2300 2120 2500 2480 2300
Thermal Conductivity/W~(m-K)’] 0.216 0.147 0.151 0.118 0.160 0.190
Latent Heat/k]-kg~! 201.8 173.8 253.0 141.9 222.0 181.4
Phase Change Temperature/K 341 318 334 320 332 324

2.3. Physical and Mathematical Model

This paper investigates a two-stage cascade phase change heat storage device with a
shell and tube structure. The heating oil is used as the HTF flowing inside the tube, while
the PCM is filled outside. A copper tube with a length of 600 mm and a diameter of 40 mm
is used.

As shown in Figure 4, two-stage storage units are separated by 200 mm. Simplifications
and assumptions for modelling are as follows:

(1) The shell and tube’s wall thickness is ignored, and the shell wall is adiabatic;
(2) The PCMs are homogeneous and uniformly distributed in the storage unit;
(3) The thermal properties of PCMs are constant.

Second Stage Unit

N\

First Stage Unit

N

80
40

80
(a)

30
40
80

600 200 600

(b)

Figure 4. Physical model and 2D simplified model of the cascaded phase change heat storage:
(a) Physical model; (b) 2D model.

The mathematical models are described as follows:

The Solidification/Melting model in fluent software is adopted in this article, The
simulation software adopts enthalpy porosity method to process the phase change interface
and simulate the phase change process. In this method, the paste area is regarded as a
porous medium, and the porosity is analogised to the liquid rate. When the porosity of
the numerical simulation unit is zero, it is completely solidified, and the unit speed is
not considered.
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(1) Mathematical model of HTF and model assumptions
The following assumptions give unsteady three-dimensional flow models of heat
transfer during the melting process of PCM in the cylindrical exchanger enclosure:

The HTF flow and the liquid PCM are in the laminar pattern;

The average temperature of inlet corresponds to the HTF inlet value;

Term of viscous dissipation has been neglected, thus the viscous incompressible
flow and the temperature distribution in the annulus are described by Navier-
Stokes and thermal energy equations, respectively;

The density is calculated using the Boussinesq approximation;

During the transition from the solid to the liquid state, density remains constant;
Since the term of viscous dissipation has been ignored, Navier-Stokes is used to
explain the viscous incompressible flow and thermal energy equations is used to
explain temperature distribution in the annulus.

The expression for the energy equation of the HTF is:

an a(ﬂfo) a(ﬂny> — asz asz 5
Pf e TR T T T ey T a2 T a2 @)
where 05 is the density of the HTF, kgm’3 ;¢ is the specific heat of the HTF, ]~(l<g~K)’1 ; Tf
is the temperature of the HTF, K; vy and vy are the flow velocity of HTF in x and y direction,
m/s; and ky is the thermal conductivity of the HTF, W-(m-K)~1.
The expression of the momentum equation for the HTF is:

a(pfﬁx> N 8(pf19§) N a(Pfﬁxﬁy) %x ?x oP

ot o By Mo T T ax ®)
o(prty) A(es3) a(es0x%) a2y a2y ap
+ + =M thiys 5 @)
aT dy dx Fox2 "2 T 9y

where ji¢ is the dynamic viscosity of the HTF, kg:(m-s)~ 1.
The expression for the continuity equation of the HTF is:

99, 00,
x Ty T

0 %)

(2) Mathematical model of phase change material
The energy equation expression of the phase change material in the heat storage unit is:

d(pH)
a7

V(AVT,) )

where H = h+ (hj —hs), H = h, + fTTr” CpdTy, (h —hs) = BL, p is the density of the
phase change material, kg-m~3; A is the thermal conductivity of the phase change material,
W-(m-K)~%; T,,, T, are the temperature and reference temperature of the phase change
material, respectively, K; H, h, hj, hs, h, are the enthalpy of the phase change material,
respectively, sensible heat specific enthalpy, liquid specific enthalpy, solid specific enthalpy
and reference enthalpy, k]-kg~!; C, is the constant pressure specific heat capacity of the
phase change material, 1<]~(1<g-K)’1 ; B is the liquid phase ratio; L is the latent heat of the
phase change material, kJ-kg .



Energies 2022, 15, 7421 7 of 11

The liquid phase rate in the cascade phase change heat storage unit is calculated as follows:

0 Ty, < T
T,—Ts
=4 k) T.<T,<T, @)
1 T < Tp

where T;, T; are the solidification temperature and melting temperature of the phase change
material, K, respectively.

2.4. Boundary and Initial Conditions

(1) Boundary conditions

HTF inlet boundary condition:
Tf(x =0,t) = Tinter (8)

where T, is the inlet temperature of the HTF, K.

19in,x(x = O,t) = Binter )
Oinx(x =0,t) =0 (10)
where 8;;, x, 9,y is the velocity of the HTF in the tube in the x and y directions, m-s~1;is
the inlet flow velocity of the HTF, m-s~1.
The boundary conditions on the outer wall of the outer tube is:
T
of =0 (11)
ay y=0
(2) Initial conditions
The initial conditions of the cascade phase change heat storage unit is:
Ton(x,y,t =0) = Ty (12)

where T, is the temperature of the cascaded phase change heat storage unit and the
internal temperature of the HTE, K; Tj is the initial temperature, K.

The initial temperature inside the cascaded phase change heat storage units is set at
293 K. The inlet flow rate is given in Table 2.

Table 2. Hourly solar radiation intensity and inlet velocity fitting values.

Time 8:00 9:00 10:00 11:00 12:00 13:00
Total Radiation Intensity on
Horizontal Plane/W-m 2 21.6 222 147.2 283.3 369.4 4194
Inlet velocity /m s~ 1 0.023 0.023 0.154 0.297 0.387 0.440
Time 14:00 15:00 16:00 17:00 18:00 -
Total Radiation Intensity on
Horizontal Plane,/W-m 2 4194 380.6 297.2 158.3 22.2 -
Inlet velocity /m g1 0.440 0.399 0.316 0.166 0.023 -

2.5. Numerical Simulation Method

A typical turbulence model and a solidification/melting model were used in the simu-
lation. The SIMPLE approach was employed to link the pressure and velocity fields. The
second-order upwind differential method was used in energy and momentum equations.
The default relaxation factor has been selected.



Energies 2022, 15, 7421 8of 11

3. Results and Analysis
3.1. Model Validation
3.1.1. Independence Verification

To adapt to the cylindrical heat storage unit, a rectangular grid is used. For the case
of S1, grids of 6850, 9920, and 14,447 were created. Figure 5a depicts the HTF tempera-
ture of the cascade storage unit’s outlet at various grid numbers. This study chose grid
number 9920 for further computation based on calculation accuracy and computational
time. Figure 5b depicts the HTF temperature of the cascade storage unit’s outlet over time.

The time step is set to 2.0 s to achieve the effect of accounting for simulation accuracy and
simulation efficiency.

365 365

360 - 360 -
< ®
N’ -
& 3554 2 355
£ 5
= g
@
g 350 1 é 350
& —s— Grid Number 6850 —s— Time Step 1.0 s

—e— Grid Number 9920 —e— Time Step 2.0 s
3451 —— Grid Number 14447 S5 “— Time Step 3.0 s
T T T T T T T T
08:00 10:00 12:00 14:00 16:00 08:00 10:00 12:00 14:00 16:00
Hour Hour
(a) (b)

Figure 5. Independence analysis of grid number and time step: (a) with different grid numbers;
(b) with different time steps.

3.1.2. Comparison and Verification with Experimental Results

Experimental results with stearic acid as the first stage material and lauric acid as the
second stage material were used to validate the model.

Temperature testing was performed 15 mm away from the entrance in a horizontal di-
rection and 30 mm below the inner tube. Figure 6 depicts a comparison of experimental and
numerical results. They agree well with the maximum error of 6.9 percent, demonstrating
the effectiveness of this modelling.

360

340 1
N
o
N’
e
2
= 320
)
=
£
o
= 3 .
300 — Experimental Results
—— Numercial Results
280 : : . . .
0 20 40 60 80 100
Time (min)

Figure 6. Comparison of experimental and simulation results.

3.2. Heat Storage and Release Performance of Cascade Units

Figure 7 depicts the heat storage behaviours in cascade units with three PCM combina-
tion schemes. Similarly, as solar irradiation increases, the PCMs in second stage units melt
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first. The second stage units in S2 and S3 complete the melting process at 16:00, while S1
finishes 2 h earlier. Only PCM in S3 completes the melting process in the first stage units.

9:00 10:00 11:00 12:00

13:00 14:00 15:00 ‘ 16:00

17:00 18:00 19:00

9:00

13:00 14:00 15:00 16:00

17:00 18:00 19:00

9:00 10:00 11:00 12:00

13:00 14:00 15:00 - 16:00

17:00 18:00 19:00

(©)

Figure 7. Heat storage behaviours in cascade units with three combination schemes of PCMs: (a) S1:
stearic acid + lauric acid; (b) S2: paraffin (C28) + paraffin (C16); (c) S3: palmitic acid + polyethylene glycol.

Figure 8a shows the liquid fraction in each heat storage and release unit. The liquid
fractions in S3’s two-stage units are closer together than in S1 and S2. As a result, the
two units in S3 are more synchronous in the heat storage process, indicating that the
temperature gradient setting in S3 is more suitable for the cases studied in this paper.
Figure 8b illustrates the liquid fractions in each unit of the heat release process. S3’s
two-stage units are more synchronised.
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Figure 8. Liquid fraction in the cascade units of S1-S3: (a) heat storage process; (b) heat release process.

Figure 9 shows the average heat fluxes in the 51-S3 cascade unit. They decrease
before 10 a.m. because sensible heat storage by PCM occurs when solar irradiation input is
low in the morning. The average heat fluxes in the cascade units of S1-53 are increasing
in the short term due to the rapid increase in solar irradiation from 10 a.m. to 12 p.m.
They then drop again because the second stage storage units absorb a lot of heat to help
with the phase change. Most cascade units experience latent heat storage between 12 and
4 p.m. After 4 p.m., the sun’s irradiation gradually decreased, while heat fluxes de-
creased continuously. In heat storage processes S1-S3, the average heat flux is 727.6 W/m?,
781.5 W/m?, and 913.1 W/m?, respectively. Figure 9b depicts the average heat fluxes in the
heat release process. They must be constantly dropping when discharging heat. They do,
however, drop faster at first due to the release of latent heat. In the heat release process of
S1-S3, the average heat flux is 661.1 W/m?, 975.6 W/m?, and 807.2 W/m?, respectively.

4000
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—=— S1 —— S1
—— S2
e 52 3000
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g
; 2000 4
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-
<
= 1000 -
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T

4 6

[
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(a) (b)

Figure 9. Average heat flux in the cascade units of S1-53: (a) heat storage process; (b) heat
release process.

4. Conclusions

In this paper, a two-stage cascade heat storage device is investigated for solar heating
in the severe cold region of Inner Mongolia. The materials combination schemes, e.g.,
Sl(stearic acid + lauric acid), S2 (paraffin C28 + paraffin C26), and S3 (palmitic acid +
polyethylene glycol), were designed for cascade storage units. The heat storage and release
performances of each unit were numerically studied. The materials combination scheme
S3 (palmitic acid + polyethylene glycol) has higher heat storage capacity per unit mass,
higher average heat flux, and better performance of unit synchronisation, making it more
suitable for solar heating with cascade heat storage units in the severe cold region of Inner
Mongolia. The findings can realise efficient and sustainable utilisation of solar energy and
promote social development.
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