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Abstract: In this work, a new solar vacuum tube (SVT) integrating with phase change material is
introduced and numerically investigated. The mathematical model and the numerical solution of
phase change heat transfer is introduced. The heat transfer of the solar energy collection system
during the energy storage process is simulated. Solid-liquid phase change characteristics of the SVT
with paraffin inside is analyzed. Optimization analysis of fin structure parameters (fin thickness and
fin spacing) in the vacuum tube is conducted. The results showed that the metal fin has a great effect
on the phase change heat transfer of paraffin in SVTs. The closer the paraffin is to the fins, the more
uniform the paraffin temperature is and the sooner the paraffin melts. As the fin thickness increases
and the spacing between the fins decreases, the melting time of the paraffin decreases. Meanwhile,
the effect of fin spacing on the overall heat transfer performance of the phase change energy storage
tube is larger than the effect of the fin thickness. When the fin thickness is 2 mm, the melting time
of paraffin with a fin spacing of 80 mm is 21,000 s, which is almost three times of that with a fin
spacing of 10 mm (7400 s). Therefore, decreasing fin spacing is an effective way of enhancing phase
change heat transfer. When the total fin volume is constant, a SVT with small fin space and small fin
thickness performs better in heat transfer performance.

Keywords: solar vacuum tube; phase change; energy storage system

1. Introduction

The booming development of the renewable energy applications, such as solar energy, necessitates
efficient energy storage methods to accommodate the intermittency caused by the uncontrollable
weather variation [1]. Thermal energy storage (TES) can alleviate the temporary mismatch between
supply and demand [2]. Phase change materials (PCMs) are widely used in TES due to their excellent
energy storage capacity [3–5]. However, some PCMs, such as paraffin, have the shortcoming of low
thermal conductivity. To strengthen the heat transfer performance of PCMs, TES using PCMs and fins
has drawn increasing attention [6,7].

Due to many advantages of PCMs, plenty of research on the application of PCMs in TES has been
investigated to improve the storage ability. Kabeel et al. [8] conducted an experiment to investigate
the performance changes of the flat and v-corrugated plate solar air heaters after using paraffin wax
as a PCM. It showed that the outlet temperature of the air was significantly improved, and the daily
efficiency was 12% higher when the PCM was used. In another study [9], paraffin wax was also used as
a PCM to analyze its performance. The results showed that paraffin wax enabled excess energy storage
when there was energy supplied, and the temperature advantage of the PCM case reached 13–14 ◦C
after the heater was switched off for 16 h, compared with the conventional heat storage case. For other
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kinds of PCMs, Canbazoğlu et al. [10] used a conventional open-loop passive solar water-heating
system combined with different kinds of salt hydrate-PCMs to explore the system performance, and the
results also showed similar enhancement effect. For the numerical simulation part, Belmonte et al. [11]
carried out a study of a fluidized bed TES unit containing PCMs. The simulation results showed
that its thermal energy charging/discharging was better due to the latent heat of PCMs. Furthermore,
Veerappan et al. [12] investigated the phase change behavior of several PCMs by analytical models for
solidification and melting. The results showed good agreement with the previous experimental studies.

Paraffin, as a kind of PCM, has many advantages, such as being less prone to chemical reactions,
having no phase separation and corrosion, a low price, and so on. However, it has the shortcoming of
low thermal conductivity. Therefore, fins are used to improve the thermal conductivity ability. In the
study of Amina et al. [13], the solar absorber with inserted fins obtained a 1.3 to 1.8 times augmentation
of the Nusselt number compared to the smooth tube model. Eslamnezhad et al. [14] studied the heat
transfer for PCMs in a triplex tube heat exchanger with selected arrangements of fins. The results
showed that all of them shortened the melting time effectively. Kumar et al. [15] presented a forced
convection solar air heater to improve the performance of TES. The pin-fin was used in the absorber
plate. Compared with the flat absorber plate, the solar air heater could have 2–5 ◦C higher outlet air
temperature and better thermo-hydraulic efficiency.

With the rapid development of computational fluid dynamics, numerical simulation methods
have been widely used in the studies of TES. Ismail et al. [16] developed a model to investigate
the effect of different fin parameters on the thermal performance of TES. The results confirmed the
importance of fins and showed that the fin parameters have a significant effect on the solidification
time. In another study conducted by Sheikholeslami et al. [17], fins with an innovative structure are
applied for performance enhancement, and the response surface method is used to find a better fin
array. A pretty good enhancement is obtained during the discharging process of TES, especially with
the optimized snowflake shaped fin. Lorenzini et al. [18] conducted a geometric optimization of the
Y-shaped assembly of fins using constructal design. The minimized global thermal resistance is studied
by the parametric study. Furthermore, there has been much research [19–21] conducted to investigate
the effect of a finned heat pipe on the discharging process of the TES using numerical simulation
methods. Results indicated that, though the energy storage capacity decreased with the immersion of
the finned heat pipe, the heat transfer enhancement was more attractive.

The numerical simulation studies mentioned above did not involve research about solar vacuum
tubes with fins inserted. The enhancement mechanism of the fins inside the vacuum tubes still deserves
exploration. In the present study, a new kind of solar vacuum tube (SVT) with phase change energy
storage is introduced. The mathematical model and the numerical solution of phase change heat
transfer is introduced. The phase change heat transfer of the SVT with paraffin inside is investigated
by numerical method. Meanwhile, optimization analysis of fin structure parameters (fin thickness and
fin spacing) in the vacuum tube is conducted.

2. Problem Description

Figure 1 is the schematic of a phase change energy storage solar vacuum tube. It is mainly made
up with a U tube, vacuum tube, phase change material and metal fins. Figure 1a shows details about
the vacuum tube. The U tube is made of copper, which is placed inside the vacuum glass tube. Water
flows through the U tube and heat is transferred to the water, hence increasing the water temperature.
To enhance the heat transfer efficiency, metal fins are uniformly distributed outside the U tube. Paraffin
is used as a phase change material and is filled in the vacuum tube. Figure 1b is the schematic of an
A-A cross-section of the vacuum tube. The proposed solar vacuum tube (as shown in Figure 1) is
supposed to store energy and enhance the phase change heat transfer efficiency due to the existence of
paraffin and metal fin.
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Figure 1. Schematic of a phase change energy storage solar vacuum tube. (a) Axial cross–section (b) 
A-A cross-section. 

To study phase change characteristics of the solar vacuum tube, the structure of the solar 
vacuum tube is simplified. The vacuum part of the vacuum tube is neglected, that is, the vacuum 
tube is recognized as a tube with 0 thicknesses. Meanwhile, the thickness of the U tube is neglected 
due to the relatively high conductivity of the material (copper). Figure 2 is the mathematical model 
of a phase change energy storage solar vacuum tube; its tilt angle is 32°. 

The length of the phase change energy storage solar vacuum tube is 1800 mm. The diameter of 
the glass tube is 105 mm. The U-shaped copper tube is placed in the vacuum glass tube and is coaxial 
with the solar vacuum tube. The inner diameter of the U tube is 10 mm. The distance between the 
two parallel copper tubes is 50 mm. The curvature radius of the bottom bent part of the U tube is 25 
mm. The metal fin is made of aluminum with a thickness of 4 mm, and the space between the adjacent 
fins is 40 mm.  

Figure 1. Schematic of a phase change energy storage solar vacuum tube. (a) Axial cross–section (b)
A-A cross-section.

To study phase change characteristics of the solar vacuum tube, the structure of the solar vacuum
tube is simplified. The vacuum part of the vacuum tube is neglected, that is, the vacuum tube is
recognized as a tube with 0 thicknesses. Meanwhile, the thickness of the U tube is neglected due to the
relatively high conductivity of the material (copper). Figure 2 is the mathematical model of a phase
change energy storage solar vacuum tube; its tilt angle is 32◦.
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Figure 2. Mathematical model of a phase change energy storage solar vacuum tube.

The length of the phase change energy storage solar vacuum tube is 1800 mm. The diameter of
the glass tube is 105 mm. The U-shaped copper tube is placed in the vacuum glass tube and is coaxial
with the solar vacuum tube. The inner diameter of the U tube is 10 mm. The distance between the two
parallel copper tubes is 50 mm. The curvature radius of the bottom bent part of the U tube is 25 mm.
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The metal fin is made of aluminum with a thickness of 4 mm, and the space between the adjacent fins
is 40 mm.

3. Macroscopic Governing Equations

3.1. Macroscopic Governing Equations

In order to establish the macroscopic governing equations, the following assumptions are made:

(I) A mushy zone exists during the melting of paraffin. Therefore, three phase zones exist during the
melting of paraffin, which are; solid zone, liquid zone, and mushy zone.

(II) The physical properties of paraffin in the solid phase and the liquid phase are constant. The physical
properties of paraffin in the mushy state change linearly with the temperature.

(III) The liquid paraffin is a Newtonian fluid.

Based on the above assumptions, the control equations for the present problem are as follows:
Continuity equation:

∇

(
ρ f
→
v
)
= 0 (1)

where ρf is the density of the PCM liquid and
→
v is the velocity of the liquid PCM.

Momentum equation (the Theory Guide of Fluent software, part 24):

∂
(
ρ f
→
v
)

∂t
+∇

(
ρ f
→
v
→
v
)
= −∇P + ∆

(
µ
→
v
)
+ S (2)

where t is the time, k is the heat conductivity, and µ is the dynamic viscosity. The source term S in the
momentum equation is expressed as:

S = −
(1− β)2

β2 + ε
Amushyv + Sb (3)

where β is the liquid fraction, which represents the ratio of the liquid phase to the whole PCM during
the melting/solidification processes, ε is a small calculation constant to avoid the denominator being
zero, and ε = 0.0001. Amushy is a constant of the mushy zone, which is in the range of 10−4–10−7. Sb is
the buoyancy term, which is expressed as:

Sb = ραg
(
T − Tre f

)
(4)

where α is the volume expansion coefficient of the phase change material and Tref is the
reference temperature.

Energy equation:

ρ f
∂H
∂t

= k∇2T. (5)

The enthalpy method is used to solve the solid-liquid phase change problem. Where, H is the
enthalpy of the PCM. It can be expressed as:

H = h + ∆H (6)

h = hre f +

∫ T

Tre f

cpdT (7)

∆H = βL (8)
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where, href is the heat enthalpy of the PCM at Tref and L is the latent heat of the PCM for the solid-liquid
phase change. The value of the liquid phase rate, β, during the phase change varies between [0, 1],
defined as follows:

β =


0 T < Tsolid

T−Tliquid
Tsolid−Tliquid

Tsolid < T < Tliquid

1 T > Tliquid

(9)

where the PCM temperature, T, in the mushy zone changes between Tsolid and Tliquid. Tsolid and Tliquid
are the low and high limit levels of the mushy zone temperature, respectively. In this paper, Tref = Tsolid.

3.2. Boundary Conditions

The heat transfer of the solar energy collection system during the energy storage process is
simulated. The vacuum tube is under non-operating condition, that is, water circulates in the U-type
copper tube at natural convection state. During simulation, the thickness of the copper tube wall is
neglected. The copper tube wall is set as coupled (fluid-solid coupling wall). The upper surface of the
collection tube receives solar radiation, and the heat flux density changes with time. The effective energy,
Qu, absorbed by the collection tube is imported into FLUENT by the UDF method. The calculation
of Qu can be found in Appendix A. The temperature boundary condition of the upper surface is set
as User-defined-flux.

3.3. Parameter Settings

The physical property parameters of the material in the simulation is given by the paraffin
producer. The details are shown in Table 1.

Table 1. Physical property parameters of paraffin.

Items Paraffin

Melting point (K) 328–334
Latent heat (kJ·kg−1) 158.2

Density
(kg·m−3)

Solid phase 837.7
Liquid phase 772.2

Specific heat
(J·kg−1·K−1)

Solid phase 3200
Liquid phase 2800

Heat conductivity
(W·m−1·K−1)

Solid phase 0.35
Liquid phase 0.15

It is assumed that the physical property parameters of paraffin change linearly with the temperature
during the phase change melting process. When the paraffin temperature is 328–334 K, the main
physical property parameters satisfy the following equation. The equations are fitting formulas based
on the parameters in Table 1.

Density:
ρ = 4412.9− 10.9T(328K ≤ T ≤ 334K) (10)

Specific heat:
Cp = 25077.6− 66.67T(328K ≤ T ≤ 334K) (11)

Heat conductivity:
k = 11.2724− 0.0333T(328K ≤ T ≤ 334K) (12)

In the paper, taking Nanjing (China) for example, the inclination angle of the vacuum collection
tube is set at 32◦ (the geographic latitude value of Nanjing). The time step is set at 0.6 s. The initial
temperature of the paraffin is set at 300 K.
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4. Results and Discussion

4.1. Solid-liquid Phase Change Characteristics

4.1.1. Dynamic Change of Average Temperature and Liquid Fraction

The simulation process was from 8:00 to 17:00. The dynamic change of the average temperature
(Ta) and the liquid fraction (β) of the paraffin in the vacuum collection tube are shown in Figure 3.
The paraffin experiences a process from solid phase to solid-liquid two-phase to liquid phase. As shown
in Figure 3, the overall average temperature of the paraffin increases from 300 K to 392 K in one day,
the paraffin temperature increases due to heating from solar energy.
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In the first stage (8:00 am to 10:00 am), the average temperature of the paraffin changes rapidly,
and the liquid fraction is 0. This is because the paraffin is in solid phase at this time. The storage energy
in the paraffin is in a sensible heat state.

When the average paraffin temperature reaches 320 K (around 10:00 am), part of the paraffin
begins to melt. During the melting process, both sensible heat and latent heat coexist during the energy
storage process of the paraffin. However, the latent heat of the paraffin has an important effect on the
average temperature. During the paraffin phase change process, the temperature changes very slowly.
Meanwhile, the liquid fraction changes with time.

After 14:00, the liquid fraction of the paraffin is close to 1, indicating that the paraffin is completely
melted into liquid. Therefore, the heat storage process is pure sensible heat storage. From the ascending
curve of the average temperature of the paraffin, it can be seen that, after liquefaction, the temperature
increase rate of the whole paraffin (23 ◦C in 2 h) is a little higher than that of 8:00–10:00 (20 ◦C in 2 h).
There are two main reasons for this. First, because of the difference between the physical properties of
the solid and liquid paraffin, the specific heat capacity of solid paraffin is higher than that of liquid
paraffin. If the same heat is absorbed, the temperature of solid paraffin rises more slowly. Second,
the natural convection affected by gravitational force enhances the heat transfer within paraffin after
the paraffin is completely melted into liquid.
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4.1.2. Temperature Distribution of Paraffin

At 10:00 am, the average paraffin temperature in the solar energy vacuum tube is 320 K and the
temperature distribution is relatively uniform. The maximum temperature in the tube is 334 K, and the
lowest temperature is 317 K. At this time, the liquid fraction is 0.0075, and a very small amount of
paraffin near the radiant heat flow boundary has melted. The contour of temperature distribution of
the paraffin is shown in Figure 4.
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In order to describe the internal heat transfer of the paraffin more clearly and intuitively,
the temperature distribution of the paraffin and the phase interface at three different locations are
studied. The three locations are: Plane-A (Z = 834.5, 1 mm away from the central metal fin), Plane-B
(Z = 841.5, 8 mm away from the central metal fin), Plane-C (Z = 853.5, in the middle of two fins, 20 mm
away from the central metal fin). The detailed temperature distribution is shown in Figure 5.

As shown in Figure 5a, at 10:00, the maximum temperature of Plane-A is about 320 K, the minimum
temperature is 318.5 K, the maximum temperature difference is 1.5 K, and the temperature distribution
is very uniform. At the same time, the maximum temperature of Plane-B is 325 K and the minimum
temperature is 317 K, with a maximum temperature difference of 8 K. Meanwhile, the maximum
temperature of Plane-C is 334 K and the minimum temperature is 317 K, with a maximum temperature
difference of 17 K. It shows that the closer the paraffin in the vacuum tube is to the fin, the more uniform
the temperature distribution is. Similar phenomena are shown in Figure 5b–d (the temperature profile
of sections at 12:00, 13:00, and 15:00).
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At 12:00, the average temperature of the paraffin is 334.5 K and the liquid fraction is 0.4257
(as shown in Figure 3). At this time, the temperature difference in Plane-A is small and the paraffin is in
liquid phase. However, the maximum temperature of Plane-C is 388 K and the minimum temperature
is 328 K, which means that the temperature difference has reached 60 K. It implies that the fin has
a great effect on the temperature distribution in paraffin. With the application of fins, the thermal
property of fins could promote phase change heat transfer in paraffin.

At 13:00, the body average temperature of the paraffin is 337.1 K (as shown in Figure 3), which
is only 2.6 K larger than that at 12:00. It can be seen from Figure 5c that the paraffin at Plane-A and
Plane-B have all melted while the paraffin at Plane-C is not well melted. This indicates that latent heat
storage is still the main heat storage form. At 15:00, the average temperature of the paraffin is 371 K,
the liquid fraction is 0.99 (as shown in Figure 3), and the paraffin in the vacuum tube has been almost
melted (as shown in Figure 5d).
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4.1.3. Evolution of Phase Change Interface of Paraffin

From Figure 3, it can be seen that between 10:00 and 14:20 the paraffin melts, that is, the paraffin
is in the mushy zone. The phase interface at location Plane-C is investigated to show the solid-liquid
phase interface change. Figure 6 shows the phase interface changes of Plane-C at different times (10:30,
11:00, 12:00, 13:00, 13:30, and 14:00). As time passes, the liquid part increases. The liquid-solid interface
moves from the top to the bottom.
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Figure 6. Phase interface map of Plane-C at different times.

4.2. Optimization Analysis of Fin Structure Parameters in Vacuum Tube

It can be concluded from the above numerical results that the radial fins in the U-shaped copper
tube could enhance the heat transfer in the vacuum collection tube and accelerate the melting process of
paraffin. However, the fin thickness and fin spacing not only influence the heat transfer enhancement,
but also has an effect on the volume of the phase change heat storage material and the machining
process difficulty. Therefore, a reasonable fin arrangement is essential. The thermal storage simulation
analysis on the vacuum tube with different fin thicknesses (1 mm, 2 mm, 4 mm, 8 mm) and fin spacing
(10 mm, 20 mm, 40 mm, 80 mm) is studied in this part. When the fin spacing is 80 mm and the fin
thickness is 1 mm, the space for the paraffin is very large. It can be inferred that the effect of the fin on
phase change heat transfer is weak. Similarly, when the fin spacing is 10 mm and the fin thickness
is 8 mm, the space for the paraffin is too small. Therefore, the aforementioned two cases are not
considered in this study.
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Because, with the large number of model grids of a whole glass tube, the calculation time is too
long, so the model has been simplified, as shown in Figure 7. A length of 80 mm of the vacuum tube is
taken as the heat storage simulation unit and simulated.
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As the purpose of the simulation in this part is to compare the influence of fin structure on the heat
transfer process in the SVT, the boundary condition is simplified in the simulation. The solar radiation
heat flow is set at a constant value of 1000 W/m2. The initial temperature of the paraffin is 325 K,
and the heat loss of the vacuum collector to the surrounding environment is neglected. The simulation
results are shown in Figure 8.Sustainability 2019, 11, x FOR PEER REVIEW 12 of 15 
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Figure 8. Comparison of the complete melting time of different models.

The melting time of paraffin is 29,480 s in the radial direction of the U-shaped copper tube without
metal fins. When inserting metal fins, it can be seen from Figure 8 that the melting time of the paraffin
significantly decreases. The melting time of the paraffin decreases with the increase of fin thickness and
the decrease of spacing between the fins. As the spacing between the fins increases, the gap between
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the melting time of different fin thicknesses becomes smaller. When the fin spacing reaches 80 mm,
the melting time of the paraffin with a fin thickness of 2 mm, 4 mm, and 8 mm is 21,000 s, 20,400 s, and
19,800 s, respectively. That is, the fin thickness has little effect on the heat transfer at large spacing.
In addition, when the fin thickness is 2 mm, the melting time of the paraffin with a fin spacing of
10 mm, 20 mm, 40 mm, and 80 mm is 7400 s, 8900 s, 12,700 s, and 21,000 s, respectively. It can be seen
that the melting time of the paraffin with a fin spacing of 80 mm is almost three times that of the fin
with a spacing of 10 mm. It can be concluded that the effect of fin spacing on the overall heat transfer
performance of a phase change energy storage tube is larger than that of fin thickness.

Considering the same fin volume, the combination of fin thickness and fin spacing is different.
Figure 9 shows the liquid fraction change of the paraffin in the vacuum tube. Four cases are considered
here: (1) 1 mm fin thickness and 10 mm fin spacing, (2) 2 mm fin thickness and 20 mm fin spacing,
(3) 4 mm fin thickness and 40 mm fin spacing, and (4) 8 mm fin thickness and 80 mm fin spacing. It can
be concluded from Figure 9 that the liquid fraction of the paraffin increases quicker with smaller fin
thickness and smaller fin spacing. Combining the results from Figures 8 and 9, it is concluded that
when designing fin structure in the SVT, it is better to choose small fin spacing and large fin thickness.
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5. Conclusions

In this paper, a new kind of solar vacuum tube with phase change energy storage is introduced.
The heat transfer process of the solar energy collection system during the energy storage process is
simulated. Optimization of fin structure in the vacuum tube is analyzed. The results are concluded
as follows:

(1) As the paraffin gets heat through the daytime, the paraffin experiences a process from solid phase
to solid-liquid two phase to liquid phase. Meanwhile, paraffin temperature increases during the
daytime. In solid-liquid two phase, paraffin temperature increases slowly as latent heat storage
plays an important role during phase change.

(2) The metal fin has a great effect on the phase change heat transfer process of paraffin in SVTs.
The closer the paraffin is to the fins, the more uniform the paraffin temperature is and the sooner
the paraffin melts.
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(3) The metal fin structure and arrangement are major factors that affect the paraffin melting time.
The melting time of paraffin decreases with the increase of fin thickness and the decrease of
fin spacing. With constant fin volume, it is better to choose a smaller fin thickness and smaller
fin spacing.

The proposed solar vacuum tube integrating with phase change material could improve the heat
transfer performance for solar energy storage and could have potential applications in solar energy
storage systems.
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Nomenclature

ρf Density of the PCM liquid [kg.m−3]
g Gravitational acceleration [m.s−2]
→
v Velocity of liquid PCM [m.s−1]
t Time [s]
k Heat conductivity [W.m−1.K−1]
µ Dynamic viscosity [kg.m−1.s−1]
S Source term in the momentum equation [kg.m−2.s−2.K]
β Ratio of the liquid phase to the whole PCM [kg.kg−1]
ε Small calculation constant to avoid the denominator to be zero [-]
Amushy Constant of mushy zone [-]
Sb Buoyancy term [kg.m−2.s−2.K]
α Volume expansion coefficient of phase change material [-]
Tref Reference temperature [K]
H Enthalpy of PCM [kJ.kg−1]
href Heat enthalpy of PCM at Tref [kJ.kg−1]
Tsolid Low limit level of the mushy zone temperature [K]
Tliquid High limit level of the mushy zone temperature [K]
T PCM temperature [K]

Appendix A

The solar radiation passes through the outer wall of the transparent vacuum glass tube and reaches
the outer side of the inner glass. The heat converted from the radiation energy is absorbed by the selective
absorption coating. Part of the heat transfers to the phase change heat storage material in the SVT, and the
other is lost to the surrounding environment through heat radiation/conduction/convection [22,23].

(1) According to the energy conservation principle, the useful energy obtained by the solar vacuum
collector tube in unit time is equal to the solar radiation energy absorbed by the collector tube minus
the heat loss to the surrounding environment by the collector tube. It is expressed as follows:

Qu = Q0 −QL (A1)

where Qu is the useful energy obtained by the collector tube, W, QL is the heat loss of the collector tube
to the surroundings in the same period, W. Q0 is the solar radiation energy absorbed by collector tubes
in the same period, W, which can be written as follows:

Q0 = AeIθ(τγ)e (A2)
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where Ae is the effective area that can collect solar energy, m2, Iθ is the solar radiation intensity on
the inclined surface of the collector, W/m2, and (τγ)e is the product of effective transmissivity and
absorptivity of the heat absorbing surface.

Considering that the reflection of the vacuum glass tube to the light varies with the incident angle,
the effective area that can collect solar energy is taken as 1.43 times that of the projection area of the
absorption glass tube, that is:

Ae = 1.43Ap (A3)

Ap = DL (A4)

where D is the outer diameter of the SVT and L is the length of the SVT.
(2) The heat loss to the surrounding area by the collector is related to the surface temperature,

ambient temperature, and the heat absorbing area. The heat loss, QL, can be calculated by the
following formula:

QL = AaUL
(
Tp − Ta

)
(A5)

where Aa is the area of the SVT, Tp is the surface temperature of the SVT, Ta is the ambient temperature,
and UL is the total heat loss coefficient.
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