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In this paper, an optimization method is proposed to improve the performance of a novel heat exchanger
with latent heat thermal energy storage. Paraffin/expanded graphite composites were used as phase
change material filled in annular tube, maintained contact with the shell and tube flow channels simul-
taneously. The heat transfer and flow characteristics of this novel heat exchanger were investigated in a
previous study, which indicated that further research was required to enhance thermal transfer rates.
Therefore, in this work, the thermal property of the material and geometric parameters of the heat
exchanger, including compression density, tube diameter, and fins and baffle configuration, were studied
numerically to improve the thermal behavior of the system. It was found that a composite with density of
600 kg/m3, a tube diameter of 19 mm, and an extended surface and baffle space of 100 mm, can be used
for the final optimization result. The results show that, after optimization, the thermal conductivity of the
phase change material can reach 5.16 W/m K and the latent thermal energy stored in system could be
twice that previously obtained. The solidification rate can increase to a maximum of 50% while the shell
side Nu/Pr1/3 can reach 29.98. The improved heat exchanger shows better energy storage capacity and
working power.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Currently, thermal energy storage (TES) plays an important role
in overcoming the lack of balance between energy supply and
demand. TES can be divided into three technologies: sensible,
latent, and thermochemical. Latent heat thermal energy storage
(LHTES) based on a phase change material (PCM) is considered to
be a promising technique, because it has high energy storage den-
sity and low-fluctuation operating temperature [1]. Owing to the
superior performance of the LHTES unit, it is employed in many
fields, such as industrial waste heat recovery [2], solar energy uti-
lization [3], thermal management of electron device [4], and build-
ing energy conservation [5].

A heat exchanger based on latent heat storage is the key of the
LHTES unit. A cylindrical shell-and-tube heat exchanger is com-
monly used for heat storage system owing to its robust structure,
easy maintenance, and high heat transfer rate [6]. Cano et al. [7]
studied four types of PCMs filled in the shell side of the heat
exchanger and the influence of the heat transfer flow rate, and dif-
ferent operation modes (watertight and countercurrent PCM flow)
were evaluated. It was found that the shell-side PCM countercur-
rent flow system showed the best energy transfer performance.
Hosseini et al. [8] investigated the melting and solidification per-
formance of paraffin RT50 in the shell side of a shell-and-tube heat
exchanger and found that by increasing the inlet water tempera-
ture from 70 �C to 80 �C, the charging and discharging efficiency
of the heat exchanger rose from 81.1% to 88.4% and 79.7% to
81.4%, respectively. Kibria et al. [9] experimentally and numerically
studied the latent heat storage systemwith shell and tube arrange-
ment, where the PCM was filled in the shell and water passed
through the tube. It was found that the influence of inlet tempera-
ture of the fluid on the solidification and melting of the PCM is con-
siderable, whereas that of the mass flow rate is negligible.

In spite of the great potential of the LHTES system, the low ther-
mal conductivity of the PCM still limits its practical feasibility. To
overcome this drawback, various heat transfer enhancement tech-
niques have been proposed, including the improvement of the
thermo-physical properties of the material [10], extended surface
in the PCM side [11], and optimization of the geometry configura-
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Nomenclature

B baffle spacing (mm)
cp heat capacity (kJ kg�1 K�1)
di, da, d0 diameter (mm)
D shell diameter (mm)
E energy (MJ)
h heat transfer coefficient (W m�2 K�1)
li, la, l0 length of tube (mm)
m mass flow rate (kg s�1)
Nu Nusselt number
P average power (kW)
Pr Prandtl number
Re Reynold number
t, Sn tube pitch (mm)
T temperature (K)

u velocity (m s�1)
V volume flow rate (m3 s�1)

Greek symbols
q density (kg m�3)
g dynamic viscosity (Pa s)
k thermal conductivity (W m�1 K�1)
s time (s)

Subscripts
a annular tube
i inside tube
in inlet
o shell side
out outside
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tion of the heat exchanger [12]. Tao et al. [13] used the orthogonal
method to investigate the effects of the thermophysical properties
of the PCM on the energy storage performance of a shell-and-tube
heat exchanger. The numerical model was performed and vali-
dated, and the selection criteria of PCM is presented. Mahdi et al.
[14] employed a nanoparticle-metal foam combination as heat
transfer enhancement additive. The results show that the com-
pound method greatly improves the PCM solidification rate, but
metal foam porosity and nanoparticle volume fraction should be
properly selected to ensure better performance. Incorporating
extended surfaces is also an effective method to enhance the ther-
mal performance of an LHTES unit. Khan et al. [15] investigated a
shell-and-tube heat exchanger with longitudinal fins while paraf-
fin (RT44HC) was employed as thermal storage material. It was
observed that the novel longitudinal fins can effectively increase
the overall thermal conductivity and phase transition rate. Pizzo-
lato et al. [16] developed a design approach using topology opti-
mization and multi-phase computational fluid dynamics to study
highly conducting fins in shell-and-tube LHTES units. It was shown
that fins with specific design features can remarkably enhance the
natural convection of the PCM. Pirasaci et al. [17] studied the
design of a latent heat storage unit and found that the length of
storage and tube diameter have significant impact on effectiveness.
Seddegh et al. [18] investigated the effect of geometrical parame-
ters on a cylindrical shell-and-tube heat exchanger. The results
show that a system with shell to tube radius ratio of 5.4 has better
performance.

In general, the shell-and-tube heat exchangers with latent heat
storage investigated before only have a single flow channel, mostly
with the PCM in the shell side and heat transfer fluid (HTF) in the
tube side, which limits their practical feasibility in a system with
multi working fluid. The LHTES unit with multi flow channels still
need to be studied. In our previous paper [19], a kind of novel
structure latent heat storage heat exchanger with multi flow chan-
nels was presented and studied, in which PCM was filled in the
annular tubes, whereas the working fluid flowed in the shell and
tube channels. This kind of novel LHTES heat exchanger can be
applied on many systems, such as those of gas waste heat recovery,
which need multi flow channels for the working fluid – gas and
water. Moreover, it can be used in a heat pump system, combined
with on-peak and off-peak electricity, storing energy in the PCM
and water at night, and releasing it for residential usage, which
can increase the energy storage density of the traditional heat
pump. A paraffin/expanded graphite (EG) composite is chosen to
fill in the annular tube, which possesses desirable properties such
as high latent heat, good stability, and high thermal conductivity,
and it is non-corrosive [20]. The thermal conductivity of the paraf-
fin/EG composite is approximately 10 times higher than that of
paraffin, which can significantly increase the working power of
the system. The preliminary study [19] indicated that this novel
latent heat storage heat exchanger has high energy storage density
and working power. Nevertheless, it also revealed that the thermal
resistance of the PCM was relatively high, and the improvement of
its overall thermal conductivity still needs further investigation.

Therefore, in this study, the emphasis was placed on the opti-
mization of the thermal property of the PCM composite and the
geometry configuration. The influence of the PCM thermophysical
properties, tubes diameter, and fins and baffle configuration were
investigated numerically based on a validated simulation model.
The heat transfer characteristics of the HTF and PCMwere analyzed
in the solidification process by the commercial software FLUENT.
This investigation can provide guidance for the usage and improve-
ment of this novel structure heat exchanger, which can be applied
into energy storage systems with multi working fluids, such as
waste heat recovery energy storage and heat pump energy storage.

2. Mathematical modeling

2.1. Physical model

The physical geometry of this novel heat exchanger is
depicted in Fig. 1, all dimensions are in millimeters. This shell-
and-tube heat exchanger consists of the inner tube and outer
annular tube filled with the PCM. This novel structure overcomes
the shortcoming of the single-flow channel heat exchanger, and
the PCM can transfer heat with the working fluid in the shell
and tube simultaneously. It can be applied to latent heat storage
systems with different working flows or discontinuous heating
fluid. Paraffin with phase changing temperature between 45
and 50 �C was chosen as the PCM. However, paraffin is limited
by its low thermal conductivity (0.24 W/m K), which can be
solved by absorbing the liquid paraffin into a porous and high
thermal conductivity material, expanded graphite, to form a
stable composite. The detailed preparation method of the paraf-
fin/EG composite can be found in a previous investigation [21].
The paraffin is heated up to 80 �C to completely melt and the
EG absorbs the liquid paraffin by capillary force. After the PCM
has been fully absorbed into the EG, it was cooled to from a
stable composite. The prepared material is pressed into the
annular tube of the heat exchanger, and the thermo-physical
properties of the composite are listed in Table 1. The latent heat,
specific heat, and phase change temperature of the composite



Fig. 1. The structure and streamline of novel LHTES heat exchanger.

Table 2
Geometry parameters of the latent heat exchanger.

Item Dimensions and descriptions

Tube-side parameters
di (mm) 12
Tube pitch t (mm) 39
Tube bundle pitch Sn (mm) 50
li (mm) 1000
Number of tubes 82
Inlet and outlet distance (mm) 213

Annular tubes parameters
da (mm) 32
la (mm) 1000

Shell-side parameters
do (mm) 480
lo (mm) 1000
Inlet and outlet distance (mm) 900

Baffle parameters
Baffle space B (mm) 115
Baffle height (mm) 360
Thickness (mm) 3

Material Stainless steel
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material were measured by a differential scanning calorimeter
(DSC, Q20, TA Instruments). The thermal conductivity was mea-
sured by the Hotdisk TPS 2500 thermal constants analyzer. The
thermal conductivity of the composite is approximately 10 times
higher than that of pure paraffin. Water is the working fluid, and
it flows in the shell and tube during the charging or discharging
process.

The geometric dimensions of the novel heat exchanger are pro-
vided in Table 2. The inside and annular tubes were arranged
according to the equilateral triangle method. The annular tube
length is L = 1000 mm, and the diameter of the inner and annular
tubes are di = 12 mm and da = 32 mm, respectively. The segmental
baffles were located in the shell side to support the tube bundle
and maintain the transverse flow for shell side fluid.

The detailed flow characteristic and thermal performance of
this novel heat exchanger were studied experimentally and
numerically in our previous research [19]. Prior results showed
that the overall heat transfer rate still needs to be further
improved. Thus, in this study, the numerical method was adopted
to optimize the heat transfer performance of the LHTES system.
The properties of the PCM composite, tube diameter, extended sur-
face, and arrangement of baffles were investigated in turn in this
research.
Table 1
The thermo-physical properties of the paraffin/EG.

Property Value

Density (kg/m3) 300
Latent heat (J/g) 155
Melting temperature (�C) 50.87
Solidification temperature (�C) 44.93
Thermal conductivity (W/m K) 2.35
Specific heat (kJ/kg K) 1.7
2.2. Grid generation and independence

The 3D geometry of the heat exchanger was built by the com-
mercial software Solidworks, as Fig. 1 indicated. The mesh was
generated by the pre-processing software packaged in ANSYS.
Owing to the complicated structure of the shell side, the computa-
tional domain was meshed with tetrahedral grids, while the hexa-
hedral mesh was chosen for the inside and annular tubes, as shown
in Fig. 2. The independence of the grid number was carefully veri-
fied to obtain a numerical result with sufficient accuracy. Taking
the shell-side outlet temperature and heat transfer rate as the



Fig. 2. Meshes of geometry model.
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criterion, the deviation between models with 1.12 � 107 and
1.50 � 107 cells were less than 0.5 K and 1.0%. To achieve solution
accuracy while still saving the calculation resource, the final model
with 1.12 � 107 cells was adopted. The maximum skewness for the
final mesh model was 0.80, which means that the mesh has rela-
tively good quality for further calculation [19].

2.3. Numerical method and boundary condition

The enthalpy-based method assembled in the commercial soft-
ware FLUENT is a common method to simulate solid and liquid
phase changing performances of the material. In this study, the
solidification and melting packing on FLUENT was used to evaluate
the heat transfer performance of the heat exchanger with PCM. The
standard k–e model was adopted for the flow in the shell side
while the laminar model applied to the tube-side flow regime.

To simplify the calculation and save resources, the following
assumptions were made: (1) the physical thermal property of the
material remains constant in the phase change period; (2) the nat-
ural convection and heat dissipated through radiation were
neglected; (3) the outside wall of the heat exchanger was adiabatic.
The SIMPLE algorithm scheme was adopted for the pressure-based
solver used for spatial discretization. The convergence criterion for
energy and continuity was of less than 10�7 and 10�4, respectively.
A parallel computer with 24 processes was run on a workstation
with 32 Intel Xeon-core CPUs and 32 GB RAM. Approximately,
18 h to calculate a case.

The velocity inlet and pressure outlet were defined for the
boundary condition in the simulation. Only the discharging process
of the LHTES system was investigated in this study. The volume
flow rate of water was set to be 1.2 m3/h while the discharging
temperature was 30 �C, and the initial temperate of whole system
was 55 �C.

2.4. Model validation

The simulation result was compared to experimental data to
validate the accuracy of the numerical model. The validation
results can be referred to our previous research [19]. The numerical
result shows good agreement with the experimental data. Outlet
temperature for cooling process in shell side has the maximum
absolute errors of 3.32 �C and average values of 0.75 �C. For charg-
ing process, the maximum and average value are 1.37 �C and
0.32 �C. The error can be explained by the unavoidable measure-
ment uncertainty in the experiment, but also by the simplification
of the computational model, boundary condition, and initial condi-
tions, which can lead to the relative error. Therefore, it can be con-
cluded that the numerical model is sufficiently accurate to
investigate the heat transfer performance of this heat exchanger
with LHTES.

3. Data reduction

To characterize and compare the heat transfer performance of
the LHTES system, the following figures were calculated.

— Total energy; the following integral method is applied to cal-
culate the total recovered energy from the LHTES system [22]:

E ¼
Z s

0
_mcp Tout � Tinð Þ � ds ð1Þ

— Average power, calculated as recovered energy to duration
time in the cooling process, as in the following equation:

P ¼
R s
0

_mcp Tout � Tinð Þ � ds
s

ð2Þ

where _m is the mass flow rate, cp is the specific heat capacity, and
Tin and Tout are the inlet and outlet temperatures of the HTF,
respectively.

— Tube side heat transfer coefficient: the tube side heat transfer
coefficient can be calculated by the Sieder-Tate equation [23] when
Graetz (Gz) number is higher than 100 [24]. In our test, Gz number
is in the range of 105 to 117.

Gz ¼ RePr
di

l
ð3Þ

hi ¼ Nuiki
di

ð4Þ

where the Nusselt number and Reynold number can be calculated
as follows:

Nui ¼ 1:86ðRei PriÞ
1
3

di

l

� �1
3 g
gw

� �0:14

ð5Þ

Rei ¼ diuiq
g

ð6Þ

Pr ¼ lCp

k
ð7Þ

— Shell side heat transfer coefficient: the shell side heat transfer
coefficient with segmental baffles can be calculated by the Kern
equation [25]:

Nu0 ¼ 0:36Re0:550 Pr1=30 ðg=gwÞ0:14 ð8Þ

h0 ¼ Nu0k
de

where k is the thermal conductivity of working fluid, de is the equiv-
alent diameter calculated from Eq. (9) [26]:

de ¼
4

ffiffi
3

p
2 t2 � p

4 d
2
i

� �
pdi

ð9Þ

u0 is the velocity of HTF which can be calculated as the following
equation:

u0 ¼ V0

S0
ð10Þ

The flowing area can be calculated as follows [27]:

S0 ¼ BD 1� di

t

� �
ð11Þ



Fig. 3. Liquid fraction of paraffin and paraffin/EG composite.

Fig. 4. Outlet HTF temperature curves in different PCM’s density.
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4. Results and discussion

4.1. Effect of thermal property of paraffin/EG

The low thermal conductivity of paraffin (0.24 W/m K) limits its
application to energy storage systems. By absorbing the liquid
paraffin into a porous structure of expanded graphite, it can signif-
icantly increase its thermal conductivity. In our previous investiga-
tion, paraffin with a 15% mass ratio of EG exhibited 2.35 W/m K of
thermal conductivity (with 300 kg/m3 density), which is approxi-
mately 10 times higher than that of pure paraffin. Based on the
result of the investigation [19], the paraffin/EG’s thermal conduc-
tivity was still not sufficient, and a large thermal resistance was
caused when the HTF flow rate was high. Thus, the improvement
of the thermal conductivity of the composite is necessary.

As EG is a porous matrix, the paraffin/EG composite has good
compressibility. A higher compacted density of the paraffin/EG
composite would significantly enhance its thermal conductivity
[28]. A parametric investigation on different compression densities
of the material is conducted, and five different densities are consid-
ered: 300, 400, 500, 600, and 700 kg/m3. Based on the model of
thermal conductivity of the organic PCM/EG proposed by Ling
et al. [29], the specific thermal conductivity of the material at dif-
ferent densities can be obtained with a constant 85% mass ratio of
PCM, as presented in Table 3. Based on the previous validated sim-
ulation model, the thermal performance of the system in the dis-
charging process at different PCM’s densities is numerically
investigated. The HTF’s flow rate is 1.2 m3/h and the inlet temper-
ature is 30 �C.

Fig. 3 depicts the pure paraffin and its EG composite’s liquid
fraction under the same working condition. It clearly shows that
paraffin/EG can significantly increase the phase change rate of
the material; paraffin/EG required approximately 600 s to com-
pletely solidify, while in 1000 s, the pure paraffin still had a liquid
fraction of approximately 0.2, which means that part of the mate-
rial had not yet released its latent heat completely. Therefore,
paraffin/EG can remarkably improve the thermal performance of
the system.

The outlet temperature of water in the shell side discharge sim-
ulation is depicted in Fig. 4. The PCM is initially at 55 �C in all cases.
As the discharging process continues, the PCM starts to solidify and
releases latent heat energy to the HTF. Three states can be clearly
observed during the discharging process. The first one is liquid sen-
sible cooling, in which the temperature decreases rapidly. Then,
the PCM reaches the solidification temperature when it starts to
release latent heat, and the curve starts to change slowly. The solid
sensible-energy releasing region starts at the point when the PCM
releases latent heat thoroughly and turns to a pure solid phase.
Fig. 4 indicates that a systemwith higher PCM compression density
has longer heat releasing duration time. A higher compression den-
sity provides greater weight of the PCM under the same volume,
and therefore, a larger amount of energy transfer from PCM to
HTF, which results in longer discharging time.

The energy gained by water and the average power in the dis-
charging process of an LHTES system can be calculated from Eqs.
Table 3
Thermal conductivity of different density of paraffin/EG.

Density (kg/m3) Thermal conductivity (W/m K)

300 2.35
400 3.44
500 4.30
600 5.16
700 6.02
(1) and (2). The data presented in Fig. 5 imply that by increasing
the density (thermal conductivity) of PCM, the energy and power
also rise. The release of energy is in the range of 15.2–19.6 MJ,
whereas the outlet power is 16.9–21.8 kW. The system has high
working power. The increase in energy is due to the larger amount
of PCM with higher density under the same volume, while higher
Fig. 5. Total energy and average power in different compression density.
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thermal conductivity would result in a higher heat transfer rate
between the PCM and HTF, which corresponds to a higher working
power.

To observe the solidification process more intuitively, the tem-
perature distributions inside the PCM container and the HTF when
the working time is 400 s is illustrated in Fig. 6. The left and right
parts of the contour represent the temperature of the HTF and
PCM, respectively. It is clearly seen that both the PCM and water
temperature gradually change along with the segmental baffle in
the shell, which the same as the streamline of the working fluid
shown in Fig. 1. From the above numerical results, higher density
(higher thermal conductivity) of the composite will generate
higher energy and power in the LHTES system. However, a highly
compacted EG composite has unstable structure, and it presents
a high volume expansion after the heating and cooling cycle [30].
Therefore, considering the overall performance, the material with
density of 600 kg/m3 and thermal conductivity 5.16 W/m K is
selected.
Fig. 7. Outlet temperature curves in different tube diameter.

Fig. 8. Released energy and average power in different tube diameter.
4.2. Effect of diameter of inner tube

The tube diameter is further investigated to improve the heat
transfer rate between the HTF and PCM. With the volume of PCM
constant and density of 600 kg/m3, the diameter of the inner tube
is changed from 10 to 19 mm. To simplify the simulation, a single
U-tube with annular PCM is used to study the solidification process
of the system with different tube diameters. Water flows in the
inner tube with 1.2 m3/h flow rate and 30 �C inlet temperature.
The outlet temperature of the HTF is shown in Fig. 7, and the
energy gained by water and the average power are presented in
Fig. 8. The outlet temperature of the HTF is always higher in the
larger diameter tube, which corresponds to increasing released
energy and working power. The energy ranges from 7.5 to
10.8 MJ while the power ranges from 9.8 to 12.0 kW, showing an
increasing tendency with larger tube diameter. Under the same
volume of PCM, the larger diameter tube indicates the thinner
PCM annulus, which reduces the heat transfer distance from PCM
to water. This will bring higher working power of system.

From Eqs. (4)–(7), under the same mass flow rate of the HTF, the
Reynolds number and heat transfer coefficient of the HTF in the
tube reduce with higher tube diameter, as Fig. 9 illustrates. When
the inner tube diameter changes from 10 to 19 mm, the Reynolds
number changes from 1575 to 829, the tube side heat transfer coef-
Fig. 6. Temperature contours of PCM and H
ficient changes from 494.8 to 230.7 W/(m2 K), and both have
decreasing trend. However, although the heat transfer coefficient
decreases, the system’s average working power increases with
tube diameter, which can be explained by the increasing contact
TF in shell (Time = 400 s, V = 1.2 m3/h).



Fig. 9. Tube side Reynold number and heat transfer coefficient in different tube
diameter. (V = 1.2 m3/h).
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surface between the PCM and HTF. It indicates that the increasing
contact surface of the PCM has greater impact on the heat transfer
process than the decreasing heat transfer coefficient. Even after the
thermal conductivity reached 5.16 W/m K, the PCM still had a rel-
atively high thermal resistance. Therefore, the extended surface
has been further considered to increase the heat conductivity of
the PCM with a constant tube diameter of 19 mm.
4.3. Effect of extended surface

To increase the thermal conductivity of the PCM further, seven
fin geometries were developed, as tabulated in Table 4. Different
Table 4
Different configurations of fins.

Case Shape Number Height (mm) Thickness (mm)

1 Longitudinal 8 4 0.2
2 Longitudinal 8 5 0.2
3 Longitudinal 8 6 0.2
4 Longitudinal 8 7 0.2
5 Triangular 8 6 0.4
6 Longitudinal 16 4 0.1
7 Longitudinal 16 6 0.1

Fig. 10. Liquid fraction of PCM in different fin configurations. (a
numbers, shapes, and heights of fins were studied. Cases 1–4
investigated longitudinal fins with different heights, from 4 to
7 mm; cases 3 and 5 investigated different fin shapes, longitudinal
and triangular; cases 1 and 6 and cases 3 and 7 studied different
thicknesses of fins under the same volume. For simplicity, a single
U-tube with annular PCM was applied to numerically investigate
the PCM solidification process, with constant HTF flow rate of
1.2 m3/h and temperature of 30 �C. The transient evolution of the
liquid fraction of the PCM for cases 1–7 in the discharging process
is plotted in Fig. 10.

As can be clearly observed, the liquid fraction of the PCM is 1.0
in the initial state for all cases, corresponding to the pure liquid
phase. Then, with the release of energy, the PCM gradually turns
into a solid phase and liquid fraction decrease. Fig. 10(a) indicates
that in cases 1 to 4, the solidification rate of the PCM increases with
higher fins, which can be easily explained by the increasing
extended surface. However, when the height reaches 7 mm, the
liquid fraction variation is almost the same as that with 6 mm.
Therefore, longitudinal fins with 6 mm in height were chosen to
investigate the different fin shapes further, under the same vol-
ume, as cases 3 and 5 indicate. A significant enhancement can be
observed for the PCM solidification time using the PCM-
longitudinal fin configuration, as shown in Fig. 10(b). It can be
explained by the larger contact area of longitudinal fins. Cases 1
and 3 and cases 6 and 7 investigate different thicknesses of fins
under a fixed volume. Fig. 10(c) clearly shows that case 6, with
16 fins and 0.1 mm in thickness, can enhance the thermal conduc-
tivity more than case 1. When the height reaches 6 mm (case 3),
the solidification rate has small difference with that in case 7. Con-
tact area in case 7 is significantly larger than case 3, but the heat
transfer rate is unchanged, which means the thermal resistance
has been eliminated. Therefore, the configuration in case 3 with
8 longitudinal fins and 6 mm in height is sufficient to optimize
the thermal conductivity of the PCM composite (5.16 W/m K).
The solidification rate of the PCM with extended surface can
increase up to 50% compared with that obtained before.

The temperature contours in the same part of the transverse
cross section, for similar conditions of the PCM-fins, are illustrated
in Fig. 11. Comparing case 1 to cases 2 and 3, it is found that the
height of the fin can significantly enhance the heat transfer rate
of the system, and a complete solidification region (represented
by the light green color) extended progressively. However, the
) Different height; (b) different shape; (c) different number.



Fig. 11. Temperature contours of PCM in different fin configurations (Time = 200 s, z = 500 mm).

Table 5
Different parameters of baffle configuration.

Case Number Thickness (mm) Baffle space (mm) Cut ratio

1 7 3 125 25%
2 7 3 120 25%
3 8 3 112 25%
4 9 3 100 25%

Fig. 12. Shell side Nu/Pr1/3 and heat transfer coefficient per pressure drop versus
baffle space.
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temperature distribution in case 4, which has little difference with
that in case 3, agrees well with the result in Fig. 10(a), in which the
PCM solidification rate changes little with longitudinal fins of 6 and
7 mm in height. Under the same height, the longitudinal fins (case
3) show better performance in heat transfer rate enhancement
than the triangular ones (case 5), and this also fits with what
was indicated in Fig. 10(b). Considering the heat transfer perfor-
mance and production cost, the final configuration in case 3 with
8 longitudinal fins with 6 mm height and 2 mm thickness is chosen
to improve the thermal conductivity of the PCM.
4.4. Effect of baffle configuration

Segmental baffles are commonly used in conventional shell and
tube heat exchangers to support the tube bundle and improve the
heat transfer rate. The use of segmental baffles changes the fluid
flow in a zigzag manner across the tube bundle in the shell side
and improves the heat transfer rate by enhancing the turbulence
of the HTF. The segmental baffle previously studied [19] is consid-
ered to optimize the shell side heat transfer performance further.
As Table 5 presents, four groups of segmental baffles with different
spaces were designed and studied. Based on the constant length of
the heat exchanger, the baffle space changes from 100 to 125 mm,
while the number of baffles changes from 7 to 9. The discharging
performance was investigated under the same working condition,
and Nu/Pr1/3 was taken as the criterion to evaluate the perfor-
mance of the HTF [31], which can be calculated from Eq. (8). In
addition, to investigate the comprehensive performance, the shell
side heat transfer coefficient per unit pressure drop is adopted,
which can be calculated from Eqs. (8)–(11), and the pressure drop
can be obtained directly from the simulation data.

The correlations between Nu and Re for different spaces are
obtained in Fig. 12. The value of Nu/Pr1/3 decreases with the
increasing space, corresponding to a relatively higher heat transfer
rate in a smaller baffle space. However, the smaller baffle space
will cause a higher fluid pressure drop; hence, the heat transfer
coefficient per pressure drop was considered, as presented in the
red curve in Fig. 12. The curve reduces first and then increases,
showing a maximum value of 12.1 W/(m2 K Pa) in spaces of 100
and 125 mm. As the pressure drop is relatively low in the LHTES
unit, this investigation mainly focuses on the improved heat trans-
fer rate. Thus, the segmental baffle with 100 mm of space (case 4)
is suitable for the shell side optimized parameter.
5. Conclusions

In a previous study [19], we investigated a novel heat-
exchanger structure having latent heat storage with multi flow
channels. This novel structure can fix the shortcomings of the con-
ventional heat exchanger in an LHTES system with single flowing
channel, and it can be used in latent heat storage applications with
different working flows or discontinuous heating sources. Based on
the previous investigation result, the heat transfer rate of this
novel heat exchanger still needs to be improved further. In this
study, the PCM composite compression density (thermal conduc-
tivity), tube diameter, and fins and baffle configuration were inves-
tigated numerically to improve the heat transfer rate of the LHTES
unit. The discharging process with constant flow rate of 1.2 m3/h
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and inlet temperature of 30 �C was studied based on the validated
simulation model. The results are as follows:

1. The expanded graphite can significantly increase the thermal
conductivity of the material and improve the working power
of the system. Higher compression density of the composite
led to higher heat storage capacity and thermal conductivity.
The final paraffin/EG composite with density of 600 kg/m3 and
thermal conductivity of 5.16 W/m K was selected as the mate-
rial. The shell side recovered energy was 18.52 MJ and the aver-
age power was 20.58 kW.

2. When the inner tube diameter changed from 11 to 19 mm with
fixed PCM volume, although the Reynolds number and heat
transfer coefficient of the HTF decreased with increasing tube
diameter, the average working power increased. It can be
explained by the larger contact heat transfer area of the PCM,
which indicates that the PCM still has a relatively high thermal
resistance in this system.

3. Different fin configurations were discussed to improve the heat
transfer rate of the PCM further, and seven groups of fins were
designed to investigate the effect of the shape, height, and
thickness of the fin. The final longitudinal shape fin, with
6 mm in height, was able to eliminate the thermal resistance
on the PCM.

4. Finally, the space of the segmental baffle in the shell was stud-
ied, showing a maximum heat transfer coefficient per pressure
drop of 12.1 W/(m2 K Pa) in spaces of 100 and 125 mm. Consid-
ering the overall performance, the final baffle with 100 mmwas
settled in the shell to achieve a better heat transfer rate, with
Nu/Pr1/3 of 29.98.
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