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ABSTRACT: Using latent heat storage systems with phase change materials (PCM) is an effective way
to store thermal energy, which has been of great interest in recent years. Using fins is one of the simplest
and cheapest ways to increase heat transfer in PCMs and increase the performance of the storage system.
Since the fin arrangement has a significant impact on the charging time of the PCM, the main goal of
this study is to optimize the fin arrangement in the PCM chamber in a double-pipe heat exchanger to
decrease the charging time, and thus increase the efficiency of the storage system. For this purpose, the
governing equations, including conservation of mass, momentum, and energy in a finned double-pipe
heat exchanger have been solved using ANSYS-Fluent software to investigate the thermal-hydraulic
behavior of PCM. Also, to find the optimal fin arrangement and maximize the storage performance,
the response surface method based on the central composite design has been implemented. The results
obtained from the response surface with the reduced cubic equation show that compared to the case
without fins, the charging time was reduced by 19% using the uniform fin configuration, while reduced
by 56% using the optimal fin arrangement.
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1- Introduction

One of the basic challenges in PCMs, which has been as
one of the interesting research topics, is the very low thermal
conductivity of PCMs [1]. One of the suitable solutions
is to use fins due to their significant advantages such as
simple configuration, high surface area increase ratio, low
manufacturing cost and easy installation [2]. In this regard,

2- Mathematical modeling of Storage system

In this study, a storage system consisting of a vertical
double-pipe heat exchanger with RT-35 PCM has been
investigated, whose schematic is shown in Figure 1. In
the inner pipe, hot water enters from above with constant
velocity and temperature. To increase the efficiency of energy
storage in PCM, i.e., reducing the PCM charging time, four

various studies have been done by researchers, especially
in multi-tube heat exchangers. Singh et al. [3] investigated
the use of annular fins to increase the charging efficiency
of PCM in a tubular heat exchanger. To achieve the optimal
performance of the storage system, optimization methods,
and algorithms [4, 5] such as the Response surface method
(RSM) should be used.

The main goal of this study is to find the optimal and non-
uniform arrangement of annular fins in a double-pipe heat
exchanger to achieve the minimum storage time, in which the
RSM has been used as the optimization method. Comparing
the obtained results of the optimal solution with the case of
uniform fin arrangement and also with the case of no fin,
indicates that the use of the optimal arrangement of fins
has a significant effect on increasing the performance of the
storage system.
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Fig. 1. Schematic of storage system
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copper fins are located inside the PCM chamber, which are
connected to the inner tube. Since the arrangement of the fins
greatly affects the charging time of the PCM, an optimization
is carried out to achieve the best arrangement of fins.

The governing equations of the storage system, including
conservation of mass, momentum, and energy are expressed
as follows:

P 7
V=0 (1)

pgﬂ)(ﬁv)lf =—VP+u(V¥V)-

2 ) 2
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. (1-LF)Y - p(LFL,) 4
S=d TS, _T/+pV(V LF) 4)

The above equations have been solved using ANSYS-
FLUENT commercial software in which the SIMPLE
algorithm has been implemented to calculate the flow field,
while the QUICK and Presto methods have been implemented
to discretize the temperature and pressure fields, respectively.
Moreover, the enthalpy-porosity approach has been applied
to simulate the behavior of the PCM.

3- Optimization of storage system

The main goal of this study is to find the best fin
arrangement inside the PCM chamber to achieve the lowest
charging time, which can be expressed as follows:

Objective function:
Minimizing the charging time, ¢,_, (L,,L,,L;,L,)

Constraints: %)
5<L, <35 (mm) 5<L, <35 (mm)
5<L, <35 (mm) 5<L, <35 (mm)

where charging time (liquid fraction=1) is the objective
function and four distances between the fins are the
optimization variables. To solve the above optimization
problem, the response surface method (RSM) based on central
composite design (CCD) has been applied in Design Expert
software. Moreover, the analysis of variance (ANOVA) has
been used to ensure the accuracy of optimization results.
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4- Results and discussion

Using CCD-based RSM, 25 simulations have been carried
out for different values of fin distances, Eq. (5). Using the
reduced cubic model, the response surface relation has been
obtained as follows:

Time = 6750.8434—2.9852L, —167.777L, ~31.4L, +
8.8638L, +4.6561L,L, +0.9144L L, +185144L,L, +
1.0915L,L, +0.8233L,L, +3.81899 L2 —1.64101 L2 — (6)
0.040963L,L,L, —0.02933L,L,L, +0.03958L°L, +
0.0022094L7L, —0.118333L,L}

To better understand the quality of the obtained response
surface, the actual values obtained from the simulation are
compared with the estimated values from the fitted curve
equation (response surface) in Figure 2. As can be seen,
the estimated values have a very small deviation from the
actual values, which shows that this response surface can be
confidently used for other calculations and optimization.

Using the above response surface, the minimum value
of charging time has been obtained with fin arrangement of
L =6.051,L,=17.109, L,=22.563, L,=34.142 mm. For a better
understanding of the performance of the heat exchanger in
PCM charging, the changes in the liquid fraction of the PCM
chamber during the charging process are shown in Figure
3 for three different cases, including without fins, uniform,
and optimal arrangement of fins. As can be seen, there is a
great difference between the PCM charging time in the three
cases. It is observed that compared to the case without a fin,
the charging time decreases by 19% with uniform fins, while
decreases by 56% with optimal fin arrangement.
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Fig. 3. Comparison of time variation of the liquid frac-
tion at different fin arrangements

Finally, the heat exchanger with the optimal fin
arrangement is simulated and the liquid fraction contours
at different times during the charging process are shown in
Figure 4. As can be seen, the PCM is fully charged in 80
minutes and the liquid fraction reaches 1. Moreover, since the
PCM at the bottom of the chamber is melted at a lower speed,
the first fin in an optimal arrangement is located at the lower
area of the PCM chamber to speed up the charging processes
and minimize the charging time.

5- Conclusion

In this study, the optimal fin arrangement inside the
PCM chamber in a double-pipe heat exchanger has been
carried out to find the minimum charging time. The
RSM based on the CCD method has been considered as
the optimization method. Using Design-Expert software,
25 different arrangements of fins were designed and the
performance of the storage system was simulated for
these arrangements using Ansys-Fluent software. Using
ANOVA, a reduced cubic equation was obtained for the
response surface. The results showed that a minimum
charging time of 4310 s could be obtained by L,=6.051,
L,=17.109, L,=22.563, L,=34.142 mm. Moreover,
compared to the case with no fin, 19% and 56% reductions
in charging times were achieved using uniform and optimal
fin arrangements, respectively.
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Fig. 4. Contours of liquid fraction with optimum fin
arrangement
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Table 2. Thermo-physical properties of phase change material RT-35 [25]
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Table 3. Thermo-physical properties of water at inlet temperature
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Objective function:
Minimizing the charging time, ¢,_, (LI,LZ,LS,L4)
Constraints:
5<L,<35(mm) (A)
5<L,<35(mm)
5<Ly<35(mm)
(mm)

5<L,<35(mm
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Fig. 2. Camparing the variation of a) Temperature and b) liquid fraction during the charge process
of PCM-RT82 with the results of Mat et. al [34]
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Fig. 3. Schematic of computational grid inside the axisymmetric heat exchanger
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Table 4. Results of grid independence study
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Table 5. Design of experiment based on CCD and simulation results
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Table 6. Statistical analysis of the response Surface
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Fig. 4. Comparison of actual and predicted values of the reduced 3rd order response surface
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Table 7. Results of ANOVA for reduced 3rd order polynomial
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Table 8. Optimization results of RSM with reduced 3rd order response surface

Cogllas jlade ) oyl L4 Ls L> Li Ao,
\ FYAUAND YENTY YY/IOFY YV -4 71+ 0 \
\ FEVOIEYY YYIVOL IRVARRE ARIAYE BIYYY Y
\ FEYYNOY YY/ArY AR ARG YY\A# O/-YY Y
\ AR AAYE Y'Y/ AY \PIh-¥ \VIOFY AN ¥
\ FEVAIA-Y Yfa-f YY/IVYY YAIVY Y IARR! I
\ frav/ovy Y¥EIVYA Vo /FYY VO/FF4 a¥7,7 4
\ A RRVAR A ARTER R YV/EEN YA/AYY IN/AXIN Y
\ forvf/ata YV/PEY YoIrfay YYIYYY INIARE A
\ fOVO/-YF ?I7Y YV AY YA/VA- IR q
\ FOYY/AM ARIAZ YF/AAN YY/YYA #IaY¥ \-.
\ AN ZARE IR Y- /OAY YEIVYO OIYAY AR
\ FOOUTYA YTy YY/FYY YZNY - ARG 'Y
\ Yoryviato OIYAA YY/- 0 YVIFNE OI-\Y \Y
\ fora/afy YYIYFY Yy/a¥y V2IXYE IARE 'Y
\ AN ATAYANS YV/OYY AARR V2/F74 OIVY- VO
\ FOVY/IVOO Y- /a4 \R¥/Yd \WIYEY DIYVEA \#
\ YOAD/ - OY YEIAYY \V/-Q¥ AIYAY O+ fY \Y
\ FOAANYF YYIA-Y \Y/-VO YEIYVO FIYAY A
\ Yoaa/eey YY/OYS ARVARNY YEIYA- AR AR
\ Y7-YIAZA YY/AY#® \VIVEY Y-av YIOYY Y-

YU Crow s 0l gd odind s odlo ] (gyS J&s ()
g gl oyl anl il wa &yl (loj cubdST L Ab e by mlbe s
Job ay dbdse (oYL o i b jd s B eole G4l 5l o
o o] ol B anTd ol S e D95 datie odimd (B, ele
Sobplp mle yuS g osel 3 wlo clls @y osimd i o3lo S a8
CubdS jl dm 35 o sdalie & Sl &S jslailan gd oo

Andy Voo

) 000 g55
e 3 b Slgie 8 09,5 46L3] b oy oMb oS sbailen

SoS oaimd B ole 5l 0 Syl Jae 3Sles dau0 4 (6L

A}

o) i oole 5, Sles 3 oy oy U =Y -V
(5l Silwo D 53 oaimd By odlo 3o st ey Sl
Sl p o il clagle; > oximd 8y oolo glo yu (slaysslS
Q) dige glodr Jold bd 5l cilisee slaglosy i) 49 )L
duslio 5 &)l 55 wlo S Sle Sl Jhged pismed Cul 0l
Sl Jae 3 @le puS laygls Sloj Sl 8 JSS 53 sl o
o3> Lis 5)ls anlyd Job 55 oaimd jBpmss odle 4l )3 g b e
odimd 0w odlo loj CusIS L 20,5 o ot liie dS jslailas .l 0
Opred Dgd oo 93 9 03 S sl 4 popd daiee (VY Ceond
36 s ol alaioeo JS1> 4y gl yuslipos )3 )5 ST g ol 5l )l o

gl clls o saimd jB,us oole dSLl @ dxgr b LS o 2905 ol



cr T

| |

0 010203040506 070809 1

40 min

20 min

60 min

80 min 100 min

O 09N Syl Jae 50 Bl S Sloj Sl el o8 0 JSus

Fig. 5. Time variant countours of liquid fraction in the heat exchanger without fin
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Fig. 7. Variation of velocity vectors (left) and streamlines (right) in the heat exchanger with uniform fin
arrangement
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