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Abstract

The most widely used numerical models in the scientific literature for simulating heat exchangers with phase change materials (PCMs) and
water as the heat transfer fluid, are based on computational fluid dynamics (CFD) techniques, with the modelling of phase change being the key
issue. The consideration of phase change effect, as well as the resolution of the movement of the PCM in the liquid state, make CFD models
computationally very expensive. However, various published experiments indicate that during the heat discharge process, the dominant heat
transfer mechanism is conduction in the solidified PCM around the finned tube. For this reason, this article presents a simplified CFD model,
where convective flow of the PCM is neglected during the discharge process. The model was validated experimentally, and to achieve this
validation process, an experimental prototype of a one-meterlong axially finned heat exchanger with four fins was built. Inlet and outlet water
temperatures were continuously recorded, along with temperatures at various points inside the PCM, under four different water flow rates.
The proposed numerical model was able to predict the outlet water temperature with an error smaller than 1°C in all cases, and to capture the

observed trend in temperature inside the PCM.

1 Introduction

Given the current energy context, regional, national, and
international policies are increasingly focused on promoting
energy production mainly from renewable sources [1]. Due
to problems of matching supply and demand with renewable
energies, efforts are being made to develop new energy stor-
age systems, such as those based on phase change materials
(PCMs) [2]. These materials store thermal energy by using
the latent heat of phase transitions, achieving a higher energy
density than the classical systems based on sensible heat
storage [3].

However, due to their low thermal conductivity [4], the
main challenge is to improve heat transfer, especially in those
applications where thermal power requirements are higher,
such as in the production of domestic hot water [5]. Thus,
the development of this type of exchangers has intensified in
recent years, and many related studies can be found in the
scientific literature [6]. A wide variety of configurations and
methods used for heat transfer intensification are shown in
the review made by Al-Maghalseh et al. [7]: shell and tube
exchangers in which the heat transfer fluid (HTF) is driven
through a serpentine tube within the PCM [8]; filling the PCM
with high thermal conductivity particles ([9, 10]) or integrat-
ing the PCM into metal foams [11]; PCM micro-encapsulation
to maximize the heat transfer and the adaptation to volume
variations [12], and those based on the use of fins to increase
the contact surface area of the HTF pipe with the PCM [13].

Among finned heat exchangers, the axially finned exchanger
is one of the most widely used [14]. Many studies on the
influence of the axial fin geometry on the energy perfor-
mance of the exchanger have been revised: corrugated design
[15], Y-shaped design [16], single and double bifurcation fin
configurations [17], etc. Yagci et al. [18] carried out heat
transfer experiments with different tube surface configura-
tions as finless tube and fin geometries with various edge
lengths’ ratios. The authors concluded there was no significant
improvement in heat transfer with respect to straight fins
with the same contact surface area. Therefore, this current
work has been focused on a water-PCM exchanger with
straight fins.

Regarding the thermal analysis of axially finned exchang-
ers, it must consider both conductive and convective fluxes
within three different domains (PCM, finned tubes and
HTF) and two phases (solid and liquid), together with the
PCM phase change process. This last process is a nonlinear
shifting boundary problem that is governed by the rate at
which the PCM is able to transfer latent heat. The problem
is known as the Stefan problem [19] and, according to
Rana et al. [20], the difficulty of modelling this process
poses a challenge today. Because the analytical solutions
are limited to simplified one-dimensional configurations
[19], the analysis, design, and optimization of this kind of
exchangers are approached through experiments or numerical
simulations.
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Table 1. Description of the effective heat capacity method, the enthalpy method, and the heat source term method.

Effective heat capacity method Enthalpy method

Heat source term method

Energy equation: Energy equation:

Energy equation:
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h(To)=0] kg™

With respect to experimental studies, they usually address
both charge and discharge processes of different exchanger
configurations and under different HTF flowrates and tem-
peratures. Thus, Herbinger et al. [21] experimented with a
finned-tube PCM-heat exchanger where the number of fins
was varied from 4 to 8, to 12. The impact on exchanger
performance of the geometry (number of finned tubes), system
configuration (parallel or series), and operational parameters
(initial temperature, HTF temperature, and HTF flowrate)
was discussed. The authors concluded that the melting tem-
perature differential (temperature difference between the HTF
and the PCM) plays an important role in the characteriza-
tion and power estimation of this kind of systems. Similarly,
Pakalka et al. [22] experimentally compared two PCM-based
copper heat exchangers with different geometrical parameters
with the aim of finding the configuration with the fastest heat
exchange and the lowest cost.

These experimental studies show that, although convection
within the liquid PCM assists the phase transition [23], the
addition of fins reduces the convective effects by partitioning
the domain and constraining buoyancy-driven movements in
the PCM [24]. This effect will be noticeable in the solidifica-
tion processes, where convection tends to delay the onset of
a well-defined solidification front. For this reason, the early
appearance of a solidification front around the fins is favored
in finned heat exchangers. The rapid generation of a solid
PCM layer around the fins, combined with the low thermal
conductivity characteristic of this kind of materials, makes
conduction the dominant heat transfer mechanism in the PCM
solidification process ([235, 26]).

On the other hand, numerical models are usually focused
on the thermal analysis of the exchanger by using CFD tech-
niques, where the key issue is the thermal and fluid dynamic
modelling of the PCM phase change, which represents a
moving-boundary problem. Three methods for the thermal
modelling of the PCM, which allow a fixed-grid solution to
be undertaken, are commonly applied [27]: the effective heat
capacity method, the enthalpy method and the heat source
term method (Table 1). The first one involves establishing an
effective specific heat capacity (C,) for the material, typically
consisting of a piecewise function that defines a specific heat
for each phase: solid, liquid, and mushy zone, which separates
the two phases. In the enthalpy method, the total enthalpy
is obtained by integrating the specific heat capacity over the
working interval and adding the latent heat in the mushy

phase. This method accounts for the latent heat in the energy
equation by assigning a nodal latent heat value to each com-
putational cell according to the temperature of the cell. The
governing equation is the same for both the solid and liquid
phases, and the solid-liquid interface position is not explicitly
tracked. A more detailed review of these two first methods
can be found in Iten et al. [28]. The heat source term method
is an alternative approach of enthalpy discretization where a
temperature dependent liquid fraction function (f) controls the
value of the source term included in the energy equation.

A significant challenge with grid-fixed solution methods
lies in addressing the zero-velocity condition, a necessary
requirement when the liquid region undergoes the transition
to a solid state. Thus, different methods are used to switch
off (or switch on) velocities in mesh cells that are freezing
(or melting) [29]. Velocities can be set to zero when the
mean latent heat content reaches some predetermined fraction
of the latent heat of the phase change [30], or by driving
the viscosity of the cell to a very large value as the latent
heat content of the cell falls to zero [31]. Another approach
involves modelling the cells undergoing a phase change as
pseudo-porous media, with a porosity being a function of
the nodal latent heat and ranging between 0 (fully solid)
and 1 (fully liquid) [29]. Thus, the Darcy law’s source term
is added to the linear momentum equation to model the
reduced porosity in the mushy zone [32]. From the reviewed
scientific literature (Table 2), it can be concluded that the
majority of numerical studies conducted for simulating the
phase change transition of PCM in heat exchangers are based
on this enthalpy-porosity method introduced by Brent et al.
[29]. Unsteady Navier-Stokes (linear momentum) equations
for nonisothermal incompressible fluids, with the Boussinesq
approximation to model buoyancy effects, are frequently
considered. Viscous dissipation is also commonly neglected in
the energy equation. Some other key features of the reviewed
numerical models have been presented in Table 2.

Trp et al. [33] used the enthalpy formulation to address
the conjugate problem of transient forced convection and
solid-liquid phase change heat transfer in a shell and tube
latent thermal energy storage unit. The tubes had no fins,
and authors formulated an axisymmetric 2D mathematical
model of the shell and tube system to simulate charging and
discharging processes in which convection in the liquid phase
of the PCM was ignored. The errors made in the estimation
of the outlet water temperature were not provided.

G20z Jequedaq |z uo 1senb Aq 61.£6.6./622B19/40II/E60 1 01/10p/a]01Ee/0|l/Wwoo dno"olWwepede//:sdjy Woly PSpeojumMod



Downloaded from https://academic.oup.com/ijict/article/doi/10.1093/ijlct/ctae293/7979319 by guest on 21 December 2025

3 (panunuo))
° At A At A A At ~ A At Apearsun)
o » » A » A a-< ad£y/urewrop
& A A A A az uonenuIg
- [9¢] 2Breyasip
,Ml.m 931eydsIp a3reyosip 931eydsip 3 xeyosip 29 231eyd 93reydsip
N 2 981eyD 2 281eyD 2 981eyD 29 981eyD Jd1ey) ad1eyD) ‘[s¢] a8reyn Jd1ey) 2 981eYD $59201
& (mory (mor3
(mo3 @-€) (mor3 @-¢) d-T) damixmu d-T) 2mixmu
JIEM/ITe 29 INOd NOd PIEM2QINDd PIBM2QINDd  PIBM 2R JNOd  9X/PH 2 INOd WOd OX/PH 22 INDd 1938\ 29 INOd urewop [euonendwon
AN ¥500°0 §£500°0 AN AN 98100°0 2500°0—9€00°0 AN 98100°0 (s ed) A31502SIA
(prjos-pmbry)
() - wA)
LE0—¥T0 800°1-19¢°0 To—€1L0 810 0 8¢ o 81°0-61°0 8¢ Ayanonpuo)
(0.) eore
omyerddudy
8¢l 6T 8¢ ST-LT S AN 91§ AN AN Sureaguop
(D.) eore
/oImeroduo)
8¢y 6¢ 8¢C L1-C1 1s L991 |3 4 9°LT L991 Sunpw
(-3
¥€C 61 00T €Ie 891 918 091 90¢C 918 jedy juaje]
(ptjos—pmbry) WOd
(1= =30
Aoeded
00cT 00¥1-001¢C 00ce 00€C-0LET 000¢T 0LL1 000 0081-00+C 0LLT yeay dyradg
(ptjos—pmbry)
(g w8y)
0¢8 C081-7981 YLL 008 08L 06€T 088-09L 68,-0SL 06€T Aisuaq
(soponredoueu
suaydern (tq8D %S°61 (HqwD (tqBD %S°61
[3im odmxrur PUB 1T %S5°08)  WIpIqNy) 0€ Pue 1T %S°08)
(suesod0(q) snoaudgouwoyy) sijes aprionyy 0S1Y 1Y wreyqny sijes aprionyy
paseq-uljjered OtHY “DeD  uyjered 87 N 91V-INOd 0§14 JO SIMIXIN Xem ulgeseq uljgered JO SIMIXIN [eHIEN
/3 0€°0 urwy[ £
/3 ST°0 ‘utay] ¢ (g 30 [9¢] uryy $/33 970°0
/33 80°0 1Y — ‘utwy] ¢ urwy[ 81-9 sonJeA ) YN AN ‘sl AN AN /3 L10°0 eI Mo} JTH
190 /ATy — I918/ RERN:YY RELINY QIMIXTW X /O TIBA\ aInIxIu 9X/AH 1008 (11LH) pmyj Iojsuen jespy
JUAIOIJJ200
(sury [erper) (sury rerxe) I9suern)
(sury [erped) ww 90§ winy xod suyy (1Y 19y Suidueyd
your r2d 7T (suyy rerxe) 71 ursuy 6l arm (fexds) ¢ Suly ON 1moT) £ 6 ‘¢ suly ON 4q pajppoN Suly ON Ayrsuap uy / sugy Jo N
(3run
198ueyoxo saqn3 198ueyoxo 93e103s £310U9) (3run
Jedy pauuyy pmbry I98ueydXd 193ueydXd ponm-jexds 198ueydXd 39y oqn3 P8ueydxa 193ueyoxa jeay  a3e103s 4319u9)
pue Ie-03-]NDJ °qni pauulj pue  Jeay oferols  yim IPJueYOXd  1BIY 2qnI puE (pouury) pue JedY 9qN) pue  2qn) (padueyud)  12SUBYDXD 18I
MOTJ $SOID) [[°Ys [eIUOZIIOH  [00D U-aqn], 1827 INDJ [[2Ys [eIUOZLIOY [[dYS [BIUOZIIOH [[3YS [BIUOZLIOH] pue [[2ys aqn1 pue [[dys uondiLsap waishg

([t¥] ‘cT07)
IV 12 TWIUON

([o¥] ‘TT07)
‘Iv 12 1pIqy

(l6€] ‘6107)
VERZRY|

([£€] ‘9107)
17 42 weyeq

([8€] ‘8107)
.NQ 12 wummSO%

([€T] ‘S107)
.NQ 12 O«,H

(o€l ¥10T

‘[sel T107)
.NS 12 mﬂmummom

([¥€] ‘Tr0?7)
.NQ 12 Owrﬂ

([€€] “9007)
‘v 32 diay,

Iedk ‘sduaIajoy

236

", peniodal Jou, 10} SpuelsS YN NDd Ylim sleBueyoxe 1eay Ul Jajsuel) Jeay Uo saipnis [eouawnu q49 jo uonduosseq 'z a|qel



237

Experimental validation of a simplified CFD model for a PCM-water finned heat exchanger

Downloaded from https://academic.oup.com/ijlct/article/doi/10.1093/ijlct/ctae293/7979319 by guest on 21 December 2025

-rnjeradwa)
19100 pue

21el MO[} pinf}
Supjiom ‘Qwn
a8ueyo aseyd
NDd UamiIaq
sdiysuoneoy
(Do 671

ueyl Jo[[eWS
SI0119 21njOsqe
£04, ¢ UBY) Io[[RUIS
SIOIID JATIB[DI)
anieraduwal
19[IN0 118

j0 uosuredwo) /
[9+] syuowrradxy

AN
AN
AN

0000009~
fparnionisun

OSIdYVvd

0°9 saisdydnmn
TOSINOOD
PO
JUdWY UL
(a1e) JUdNQINT,
- (193EBM

-awmn ssado1d
a31eyosip

pue Suidreyd
ay3 Suronpai
‘98ueyd

aseyd dn spaads
uone3uopd urj

‘Ju01j Sunjow
jo uosuredwod
EINsL: 21 Tg)
/[sv]
syuowrradxy
WV
P¥AA 81D91
pue ZINdD) Y ¢

AN
AN

0000t
‘parnionnsup)

AN
)
soisAydnnn
TOSIWOO
POYIPIN
JUSWI[Y MUl

*ssao01d
UOREIHIPI[OS
a3

ul uondONPUOd
£q pareurwiop
SI 19jsuen}
19 pue adid
191EM ZUI00D
o3 JO [Iem oyl
1B3U SIYIPI[OS
O ?4L

‘Juoiy Junpuw
Jo uostredwo))
ai4dl

sjuowrradxy
AN
AN
10
AN

poypa
—Umemuo.HBmmuunH

Juenff SASNV
POYIPIN
SUIN[OA ATUL]

‘JuediIudIs

Jou 218 sELI[AI
pue 93e103s
189 9[qISUdS A3
ur arnjeradua)
pue el

MO[F MU AT H
ur sagueyd Ay}
JO 109139 Y I,

-J[yoxd
arjeraduwa

J3eroae INDJ
jo uostredwo))

/8¢]

sjuowrrdxy

AN
V\Oﬁ ﬂm\Oﬁ —

S
91T 1861

—€04L076
‘parmidonisun

OSId

Juenf SASNY
poIIN
AWIN[OA 23UL]
(191EM)
judngang, -

‘Tenuazod
[ewIay3 193313
01 pardalqns
3UOZ UOIIIIAUOD
papuaIxa 031 anp
st yoIyMm ssadoxd
Sunppw jo ajel
Iay31y 01 pes|
Joquinu uejalg
pue A11D11IU3209
ur 9sea1dul
snoauelNWIg

-ayoad
smjeradwa)

J3eraae INDJ
jo uostredwon)

/1s¢l
syuowrradxy

AN
,-01
0T “c_0T

1°0

006 1S
{painidonng

dTdINIS

padojaasp
asnoy-uy
POYIPIN
auIN[oA ATUL]

'ssa001d Sunpowr
Jo Lyrwrojiun
31 21nSud 01
Apdre1adoadde pa
-109[3s 9q p[noys
s1o3owered

ur,] ‘ole1 a5eI01g
Jedf JUAle ]
[€301 3Y3 UO uon
-J9AUO0D [BINIEU
NDd Prbr|

JO 109139 B\

‘sjutod 9ouaI9ja1
e arnyeradwo)

INOd
Jo uostredwo))

/]
sjuowtIadxy
AN
AN
S

00096~
‘panionng

AN
AN

POYIPIN
SUIN[OA ATUL]

*UOIIDIAUOD
£q 19338 UOOS
pue COHHUS—UEOU
£q pajeurwiop
Arenur

st SuUnPN
‘uonONpUOd

£q pajeurwiop
ST uonesyIpIos

-3[yoxd
arnjeraduwa

J8eraae NDJ
jo uostredwo))

/[yl

sjuowrrradxyy
AN
(—01

€0°0

000 00€~ "IN

ATdINIS

padoraasp
asnoy-ug
POYIIIN
awN[oA AMUL]

‘pa109[3au

aq Aew

doip anssaxd
Ul 9sBaIoul

3y 9[Iym saqny
pasueyus Suisn
£q pasoxdun
aq ued

o8e103s £810U0
[ewoyl d3ueyd
aseyd ay3

JO 30UBULIOJId]

‘uonepijea
opOD
AN

AN

008+—00¢
AN
AN

POYPIN
oUWIN[OA 211UT]

ESEINIEY

10 95®1018
A31ou0

J10j Swn pue
91el 19suen}
389y paimbaz
a3 uo puadap
suolsuowip
JL119W093 pue
SUOBIpPUOd
SuneradQ

*SUOIIBLIBA
smjeradway

WOd / [£€]

sjuourtIadxy

AN

90T
(90°0) doss owmn
ssa[uolsuaWI(]

AN
‘pusd 1083e3g

A TINIS
9pod 11ndwod

NVILIOL
UIIM-J[2§
yoeoxddy
2UWIN[OA [01UOD)

SUOISN[OUOD UTEJA!

A3ojopoyiour uonepife

sum Jeuoneindwo)
(AS19U9 ‘wnjudWOUT
‘SSeUl) UOLIAILID J0UISIAUOD)

(s) doas ouun ],

SIUQWIDPD Ysaw JO N 9dAT, :ysojy

wy3og[e Suiajog

weidoid aremijog

PO UONBZNPIISI(T

‘INDJ) Feurwe] Jeurwe| Jeurwe] (JND{) Teurwe] Jeurwe| Jeurwe] Jeurwe| AN Jeurwe] ad£1 mopg
uonedissip
Pa199[3aN Pa199139N] P9193]39N Pa199[3N Pa199[39N] P9193]39N Pa199[3N NN SNOJSIA
[QieBlI
A, » , R » , R A » Ktz (Baoug
uL19) 32IN0S
ot ot ol ad Vot ot me| s Aoreq
uonewnxoidde
Y o Vs /N o /N Vo bsaurssnog (INDd pmbry)
» » » » » » » A UBTUOIMIN] wnuowow
A » ” A » » » » J[qissaxdwoduy Teoury
(o€l ¥10T
(r¥] “€z07) (lo¥] “1707) (le€] ‘6107) (I8€1 ‘8107) ([€] “9107) ([l “s107) ‘[s€l zr07) (¥l “T107) (I€€1 “9007)
‘1Y 12 TWIUOIN ‘v 12 1p1IQY ‘w12 1] ‘v 12 JosSnox ‘v 12 ueyeq ‘v 12 oeJ, ‘v 12 TSSO ‘v 12 oe], ‘v 32 day, IeaA ‘s90UdI0)OY

panunuoy 'z aiqel



238

Hosseini et al. ([35, 36]) did a combined experimental and
numerical study to analyze the melting and solidification of
PCM inside a shell and tube heat exchanger. The authors
observed that the inlet HTF temperature had a strong influ-
ence on the time required for the total phase change. They
also concluded that PCM solidification was dominated by
conduction, while convection was finally the prevailing heat
transfer mechanism in the melting process. This behavior was
also reported by Seddegh et al. [47] in their numerical analysis
of heat transfer in a vertical cylindrical shell and unfinned
tube latent heat energy storage unit. Furthermore, Pahamli
et al. [37] in their study on a PCM-filled single-pass shell and
tube heat exchanger, declared that conduction was even the
dominated heat transfer mechanism at the end stages of the
melting process. One of the interesting conclusions drawn by
the study of Tao et al. [23] was that, since the effect of natural
convection on the average heat storage was very limited, a
two-dimensional axisymmetric model without considering the
effects of natural convection can be a plausible approach in
engineering applications for which the details of the solid—
liquid interface are not relevant. In a previous work, Tao
et al. [34] developed a simplified 2D model to simulate a shell
and (enhanced) tube configuration in which the heat source
term method was adopted to deal with the moving boundary
problem in the solid-liquid phase change process. The effect
of natural convection of PCM was neglected during melting,
and heat transfer at the interface between the enhanced tubes
and the PCM was modelled using existing correlations. The
model was not validated experimentally but numerically.

On the other hand, Youssef et al. [38] developed a 3D CFD
model of a spiral-wired tube in a PCM exchanger to enhance
heat transfer within the PCM, and, although they found a
noticeable influence of changes in inlet heat transfer fluid flow
rate and temperature on the melting and solidification times,
no significant effects were seen on the sensible heat storage
and release. On the contrary, the work by Li et al. [39] found
a subtle effect of the flow rate of the cooling water on the PCM
solidification rate. A more significant effect was observed by
increasing the mass fraction of graphene added to the PCM.
Abidi et al. [40] also conducted a CFD study of an axially
finned heat exchanger with a nano-PCM containing graphene
nanoparticles. The Enthalpy Method was used to model heat
conduction in the solid phase, where the dependence of the
thermal capacity with temperature was adjusted using an
expression analogous to a normal distribution. The thermal
conductivity, the viscosity, and the density were calculated
considering a mixture in which graphene nanoparticles were
homogeneously distributed both in the solid and the liquid
PCM. Specifically, the Maxwell model and the Brinkman
model [48] were used to calculate the mixture conductivity
and viscosity, respectively.

Abidi et al. [40] employed COMSOL Multiphysics 5.5
[49] and the finite element method for the 2D numerical
simulations of a horizontal shell and finned tube exchanger.
Their results were compared with the experimental observa-
tions provided by Chen et al. [45] of the melting/solidifica-
tion fronts in the charge and discharge modes. According to
the authors, the comparisons of the simulated fronts with
photographs of the experiments at the same time showed
acceptable similarities. A similar 3D CFD model was proposed
by Momemi and Fartaj [41] to study a PCM-to-air and water-
finned heat exchanger based on minichannels. The numerical
results were validated using the experimental data provided by

Gonzalez Gallero et al.

Fotowat et al. [46], with absolute and relative errors smaller
than 1.5°C and 5%, respectively, in the prediction of heat
transfer fluid outlet temperature.

In general, these numerical models have reported satisfac-
tory results, but they are usually computationally expensive.
Thus, even though, among the reviewed studies (Table 2), only
the work by Abidi et al. [40] provided information about their
2D model solution time (about 2 h in a PC including a CPUi7
and 16Gb DDR4 RAM), much longer computation times (up
to 27 h) have been found in other similar 3D models [50].
Also, based on the experimental knowledge and as pointed
out by some authors (Tao et al. [23]), convective effects in
the liquid PCM could be neglected to save computational cost
in the modelling of finned tube exchangers, especially in the
solidification process.

Thus, this article aims to present the development and
implementation of a simplified CFD model of a longitudinally
finned tube PCM-water heat exchanger, which will be used
for general engineering applications such as DWH production.
One of the main characteristics of the model proposed is that
natural convection in the liquid phase of the PCM has been
ignored. Although the justification for neglecting convection
in the liquid PCM region has been highlighted and confirmed
by former experimental and numerical studies, and this sim-
plification has been employed in simpler numerical models, it
has not been previously used in 3D CFD models of horizontal
and longitudinally finned heat exchangers. Furthermore, the
use of a piecewise-linear function that faithfully reproduces
the actual dependence of the PCM’s specific heat during the
melting and solidification processes, provides the model with a
higher degree of accuracy in estimating heat transfer. Another
important objective has been the experimental validation of
the proposed numerical model. Thus, an experimental pro-
totype of the exchanger was created to test and corroborate
this simplified approach under different water flow rates and
charge and discharge processes. Given the small number of
fins considered (4), it is expected that the restrictions of the
fins to the liquid PCM natural convection and the reduction
of the heat storage capacity are not weak and small.

First, a detailed presentation of the experimental study
carried out to validate the proposed numerical model is
given. Then, the computational model assumptions, domains,
boundary conditions, and solving approaches are described.
Finally, the experimental and numerical results are shown and
discussed.

2 Experimental investigation and numerical
modelling

This section begins by describing the experimental prototype
of the water-PCM longitudinally finned tube heat exchanger
built to experimentally validate the simplified CFD model.
Then, the experimental setup and the set of experimental
tests for model validation, divided into charge and discharge
modes, are presented. Afterwards, the proposed numerical
model (governing equations, assumptions, boundary condi-
tions, etc.) used to simulate the system is shown.

2.1 Experimental prototype

The PCM-WATER heat exchanger prototype built for this
study consists of a copper pipe with 4 axial fins, 1 m in length,
an inner pipe diameter of 13 mm, an outer pipe diameter of
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(@)

Figure 1. a) Photograph of the experimental prototype. b) Schematics of the exchanger cross-section (the external insulation layer is not shown).

Table 3. Rubitherm RT 54 HC thermal properties.

Property 54HC Units
Melting area 53-54 °C
Congealing area 54-53 °C
Heat storage capacity* 200 k] kg~!
Density (solid) 850 kg m—3
Density (liquid) 800 kg m—3
Thermal conductivity 0.2 Wm~! K-!
Specific heat capacity 2 k] kg=! K1

*Combination of latent and sensible heat in a temperature range of 46°C
to 61°C.
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Figure 2. Rubitherm 54HC specific heat capacity as function of
temperature (data from Rubitherm datasheet).

15 mm, a fin length of 21 mm, and a fin thickness of 1 mm. The
fins are orientated at a 45° angle to the horizontal (Fig. 1). The
outer pipe is made of steel with an inner diameter of 69.5 mm
and a thickness of 3.5 mm. The external insulation layer, made
of polyethylene (PE), has a thickness of 32 mm and a thermal
conductivity of 0.038 W m~! K~1,

The Rubitherm RT 54 HC [4] has been used as the PCM
material, and its main thermal characteristics are shown in
Table 3. Figure 2 illustrates the specific heat capacity as a
function of temperature for phase transitions (melting and
solidification).

2.2 Experimental setup

The tests of the PCM-Water heat exchanger were conducted
in an experimental facility (Fig. 3) developed by the Thermal
Engineering Research Group at the University of Cidiz. The
facility comprises two independent systems to produce hot

J/

E—

(b)

and cold water. Each system includes a primary circuit for
thermal energy production and a secondary circuit for con-
nection to a prototype. Energy transfer between the primary
and secondary circuits can occur instantly through a plate heat
exchanger or via a 300-litre thermal storage tank.

Regarding the primary circuits, the production of cold
water is carried out through an air-cooled chiller, Daikin
EWQO016CAWP model, with a capacity of 16.8 kW and
proportional control on the return water temperature. On
the other hand, hot water production is achieved using an
instantaneous electric boiler, the Elnur Gabarron model, with
a capacity of 24 kW and on/off control with a 1°C hysteresis.

The secondary circuits providing cold and/or hot water to
the prototype are equipped with a water circulation pump
(Veneto AM-1 model with a maximum head and flow rate
of 40 m and 40 I/min, respectively), controlled by variable-
frequency drives (model ESPA Speedrive V2), flow meters
(model Omega FP1402), and water temperature sensors.

For monitoring water flow rates and temperatures in both
the primary and the secondary circuits, a data acquisition sys-
tem OMB-DAQ-56 was employed, along with an expansion
module OMB-PDQ1. This system includes a total of forty
22-bit analogue input channels with cold junction compensa-
tion for temperature measurements using thermocouples. The
same data acquisition system is used to record measurements
on the prototype itself.

For this study, 10 type K thermocouples have been installed:
two of them at the water inlet (T;,) and the outlet (Tqy,) of the
prototype, and the rest eight at three sections of the exchanger:
one section at 16.6 cm (1/6 m) from the inlet, which was
called here the inlet section (I); a second section at the middle
(section M); and a third one (O) at 16.6 cm before the outlet.
Temperature at these eight positions was named using three
subscripts according to where the sensor was located: the first
subscript indicates the section (I, M, or O); the second the
direction (1 for left and r for right); and the third whether the
sensor was located in the first inner (1) or the second outer (2)
ring (Fig. 4). These rings were equally spaced within the PCM
domain.

Before conducting experimental tests on the heat exchanger,
the TH-003 procedure [51], recommended by the Spanish
National Metrology Centre, was used to calibrate the thermo-
couples. This procedure applies to all types of thermocouples,
with or without compensation or extension cables, which are
calibrated in isothermal environments of controlled tempera-
ture, baths, or furnaces, by comparison to calibrated standard
thermometers referenced to the International Temperature
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Figure 3. Experimental facility.

I: Inlet section

5,
. Cold water tank 6.
. Hotwater tank 7. Boiler
. Variable-frequency drive 8.

M: Middle section

. Data acquisition system

Prototype location

Section Direction Position
(I,M, 0) (R:right, L: left) (1,2)

0: Outlet section

Figure 4. Location of temperature sensors and nomenclature. The external insulation layer is not shown.

Scale of 1990 (ITS-90). In this case, the average temperatures
provided by two calibrated Negative Temperature Coefficient
(NTC) thermistors, with an accuracy of £0.2°C, were taken
as the reference measurements. The following stages were
followed:

* By using a water bath (model Nahita 602), a series of
constant temperature equilibrium states were set, ranging
from 0°C to 100°C at intervals of 5°C, approximately.

e For each equilibrium state, type K thermocouples con-
nected to the data acquisition system were immersed,
along with the NTC probes connected to a data logger
with a valid calibration certificate and a total accu-
racy of +0.38°C. The reading process was repeated for
each calibration point. Flfteen calibration points were
considered.

e The gain and offset of each thermocouple were obtained
through a linear least-squares fit when compared with
the reference measurements.

e A verification process was carried out at other 17 tem-
perature values, covering the range of the experiment
on the exchanger, and it was confirmed that the probes

tested had a margin of error of 0.1°C compared to the
calibrated standard.

Average discrepancies ranged from 0.2°C to 0.4°C. Specifi-
cally, for T, and Ty, absolute differences ranged from 0.1°C
to 0.5°C and from 0.0°C to 0.4°C, with average values of
0.16°C and 0.18°C, respectively.

2.2.1 Experimental tests

This section describes the experimental tests carried out with
the prototype of the water-PCM heat exchanger to validate
the proposed simplified numerical model. The system was
subjected to competing cycles of charge and discharge. Four
different water flow rates (3, 5, 10, and 15 I/min) were
considered in the discharge mode. Reynolds number ranged
from 4300 to 21 500.
The following stages were followed in all tests:

e Thermal equilibrium. In this stage, the whole system
remains at rest until a uniform temperature is reached
throughout the device.

¢ Charging mode. The following steps were taken at this
stage: first, the desired flow rate is set in the secondary
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BCL

BC2

Figure 5. 3D computational domain of the water-PCM exchanger prototype.: a) Geometry. Inlet and outlet water boundary conditions are also shown. b)

Cross-section. Domains and boundary conditions.

circuit by adjusting the variable-frequency drives and
valves accordingly; then the heating process of the hot-
water tank is initiated until the water temperature is
10°C above the PCM melting point. Then, the secondary
circuit is activated, and the device charging begins. The
experiment continues until reaching a PCM temperature
8°C above the melting point.

¢ Discharge mode. The discharge process starts by stop-
ping the pumps of the secondary heat circuit. The desired
flow rate is regulated in the secondary cold circuit,
and cold water at around 16°C is passed through the
prototype, except during the first few seconds due to the
thermal inertia of the inlet pipe, exchanging heat with the
cold tank prepared in the previous stage. Temperatures
are recorded for 30 min.

Ambient temperature was also recorded. All records were
made at 5-s intervals. To check the repeatability of the exper-
iment, each of them was repeated at least three times. For the
sake of clarity, a full record of one of the experiments is shown
in the results section.

2.3 Simplified CFD model

The geometric and physical properties of the computational
domain have attempted to replicate those of the experimental
prototype of the water-PCM exchanger (Fig. 5). Details of the
different subdomains and boundary conditions are given in
Tables 4 and 5. ANSYS Fluent v17.1 was used for the CFD
numerical simulations. This software uses the Green-Gauss
finite volume method with a cell-centered formulation.

The present numerical study focused on simulating the
discharge process, with the initial conditions for each domain
established based on the experimental measurements at the
end of the charging process.

Water flow has been resolved by discretizing the unsteady
Navier-Stokes equations for incompressible fluid along with
the k-¢ turbulence model and standard wall functions. Conju-
gate heat transfer analysis has been used to include convective
and conductive heat transfer at the fluid-solid interface. The
inlet temperature and inlet flow rate were taken from the
experiments. Outlet boundary condition was set as pressure
outlet with a zero static gauge pressure.

Pressure—velocity coupling was solved by using the fluent
pressure-based solver. Regarding the spatial discretization
scheme, gradients were evaluated by the least squares cell-
based method. A second-order scheme was used for pressure
interpolation. Furthermore, second-order upwind scheme was
applied to solve the linear momentum and energy equations.

On the other hand, first-order upwind scheme was chosen for
the discretization of the equations of turbulent kinetic energy
and turbulent dissipation rate. Finally, a first-order implicit
method was used for transient formulation.

The transient heat conduction equation has been solved
both in the shell and finned tube and PCM, evaluating tem-
perature gradients using the least-squares cell-based approach.
Thermal and physical properties of the finned tube and shell
correspond to copper and steel, respectively. Within the PCM,
phase change is modelled by means of the Enthalpy Method.
Thus, the temperature field is calculated from equation (1),
which is solved using a fast implicit finite-difference method.

h = —
pgzv-(kVT) (1)
T
h(T) = / Cpo(T) dT 2)
Ty

where b (Tp) is zero at the reference temperature Ty and
Cp,s(T) is the combination of latent and sensible heat
extracted from the PCM manufacturer’s data sheet and
modelled as a piecewise-linear function (Fig. 2).

From a dynamic perspective, the PCM is treated as a solid,
meaning that the velocity at all its points is zero.

On the outer surface of the insulation layer, a heat transfer
coefficient was set according to Morgan’s correlation for
external natural convection [53], with the ambient air tem-
perature equal to the recorded experimental value.

Initial conditions at the different parts of the computational
domain were defined by the final state of the charge mode.
Transient simulations were done with a time-step of 1 s and
the convergence criteria were defined by setting the mass,
momentum, and energy RSM target residuals to 10~4, 104,
and 10~°, respectively.

2.3.1 Grid independence study

Due to geometry complexity and considering computational
cost, nonmatching unstructured meshes with predominantly
hexahedral and tetrahedral elements within the finned pipe
and PCM domains, respectively, were built (Fig. 6). The sweep
method was used for the longitudinal direction. Grids were
created ensuring a good spectrum of mesh quality metrics.

A mesh independence analysis was also conducted, focusing
on the outlet water temperature (discharge process). The
water flow rate was set to 3 I/min. Three meshes were gener-
ated with around 400 000, 800 000, and 4 800 000 elements,
respectively. No significant differences in the outlet temper-
ature were noticed using the medium and fine meshes as
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Table 4. Modelling description of the domains of the numerical model used for the simulation of the wate-PCM exchanger.

Equations [52]

Domain Label = Modelling description
Heat transfer fluid D1 B Water

B Nonisothermal

B Unsteady

B Incompressible and Newtonian fluid
B Turbulence model: k-¢

PCM D3 B RT 54 HC

B Transient heat conduction

M Phase transition: Enthalpy method

B Solid and liquid phase at rest (v =0)

W C, (T) piecewise-linear function of
T (Fig. 2)

Finned tube D2 B Copper

B Transient heat conduction

Shell D4 M Steel

W Transient heat conduction

HPVC
M Transient heat conduction

Insulation layer D35
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Table 5. Description of the boundary conditions of the numerical model used for the simulation of the waterPCM exchanger.

Boundary/interface Label Boundary/interface condition Equations [52]
Water inlet BC1 B Fixed temperature (from experiments) Tpct = Texp

B Fixed flow rate (from experiments) MBC1 = Mexp
Water outlet BC2 M Zero static gauge pressure Ppc1 =Py

. . . aT
Water-tube BC3 B Conjugate heat transfer (convection and conduction) qBc3 = Ref I
" 1Bc3

Finned tube-PCM BC4 T; = Tpcm; 9: = qrem
PCM-Shell BCS B Thermal coupling (heat conduction) Trem = Ts; gpem = gs
Shell-insulation layer BCé6 T =Tisqs = qi
Insulation layer-air BC7 B Free convection (Morgan’s correlation [53]) qpcs = by (Tper — Tf)

shown in Fig. 7. Therefore, the medium mesh was used for
the remaining studies. The element size for this mesh varied
between 1.2-10~% and 1.2.10~2 m.

2.3.2 Validation of the PCM model

The thermal model used for the PCM will be tested by com-
parison with analytical and experimental solutions to certain
heat transfer problems in the PCM.

Initially, the model’s performance will be assessed by solving
a transient 1D cooling problem of a semi-infinite PCM layer,
for which an analytical solution exists [54]. This analytical
solution was derived under certain assumptions [54]: negligi-
ble sensible heat stored compared to latent heat, absence of
convection, the PCM initially being liquid and at its phase
change temperature, and the temperature at the extreme of the
semi-infinite layer being initially decreased and held constant
thereafter. This approach, as outlined by Mehling and Cabeza

[54], yielded a time-dependent function for the heat flux
density through the PCM layer.

Subsequently, Fig. 8 presents a comparison between the
analytical [54] and numerical solutions for the heat flux
through the PCM layer over time. The root mean squared
error (RMSE) value was found to be below 5 W/m?. Absolute
differences reached a plateau of around 5.5 W/m? early in
the process, with a maximum value of 6.3 W/m? and rela-
tive errors smaller than 5%. Discrepancies between the two
solutions can be attributed to the different approaches used
to model the temperature-dependent specific heat capacity,
where one is represented as a step function and the other as a
Gaussian-type function (equation (1)).

Moreover, the accuracy of the numerical model’s prediction
of the solidification front was further assessed in a subsequent
phase using experimental data provided by Ismail et al. [55].
The experiment focused on the discharge process of an AFHX
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Figure 6. Final mesh of the system after the grid independence study.
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Figure 8. Heat flux as a function of time.

characterized by an inner diameter of 10 mm, an outer diame-
ter of 37 mm, and four 10-mm long fins. The system operated
with an initial temperature difference of 45.24°C between the
PCM and the tube wall. The PCM employed was paraffin
(code 130/135, Type 1) with a phase change temperature
range of 55°C-57°C. The position of the solidification front
over time served as an indicator of the model’s accuracy.
Figure 9 illustrates the close resemblance between the
numerical and experimental [55] results for the position of
the solidification front at 30, 60, and 90 min. Consequently,
the average relative error was only 2.8%. Therefore, it can be
concluded that the PCM model is deemed satisfactory.

~~~~~~~ Shell
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o
o
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O Experimental 60 min = === Numerical 60 min
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Figure 9. Numerical and experimental position of the solidification front
with time.

3 Results and discussion
3.1 Experimental results

Figure 10 illustrates the experimental procedure described in
the former section. Specifically, it shows the experimental
results for a water flow of 3 I/min (discharge mode). The
inlet and outlet water temperatures (Tj, and Toy), the PCM
temperatures at two points of the middle cross section (Tyr1
and Tyr2) of the device, and the water flow rates during the
charge (Q.) and discharge (Qq) processes are shown.

As observed, during the charging process, water was intro-
duced at a flow rate of 15 I/min at a temperature of 63°C,
approximately, which was well above the melting point of the
PCM employed (54°C). In this case, the charging process was
maintained for approximately 2.5 h to ensure the complete
melting of the PCM. This melting process is reflected in the
change of slope in the PCM temperature (Tpr1 and Tyvr2).
The melting front reaches the position of thermocouple Tyr1
around 15 min from the beginning of the experiment, when
temperature changes are noticeable: a linear increase during
the sensible heating, a flatter trend during the phase change
until approximately minute 28, followed by a new increase
due to sensible heating. The same pattern can be observed for
Twmr2, with the melting process finishing 1 h later than in the
case of Tyr1, since T2 is located farther away from the
central pipe.

It is worth noting that since the modelling of the charging
process was not the focus of this study, the charging flow
rate was always set to the maximum to minimize the time for
complete melting. Once the charge was completed, the flow
of cold water (Qq) began to circulate through the device. In
this specific case, the flow rate was set at 3 I/min with an inlet
temperature of approximately 15°C. Once again, the phase
change can be seen at positions Tyr1 and Tyra. It can be
observed that the outer point (Tyr2) does not reach complete
solidification for the duration of the experiment.

Table 6 shows a brief descriptive analysis of the measured
inlet and outlet water temperatures during the discharge
process. Around 400 values were measured for each variable
on average every 5 s. Maximum differences between the outlet
and the inlet temperatures occurred at the beginning of the
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Figure 10. Example of the experimental observation for a full charge and discharge cycle. Cold water flow rate for the discharge process was set to

3 1/min.

Table 6. Statistical analysis of the experimental inlet and outlet water temperatures during the discharge processes.

Flow rate (I/min) 3 5 10 15
Temperature (OC) Tin Tout Tout'Tin Tin Tout Tout'Tin Tin Tout Tout'Tin Tin Tout Tout'Tin
Minimum 15.5 16.5 0.8 15.9 16.9 0.6 16.2 16.8 0.1 16.7 17.2 0.0
Average 16.1 17.7 1.6 16.9 18.0 1.1 17.6 18.1 0.6 17.8 18.2 0.4
Maximum 54.6 59.6 10.4 56.3 61.5 10.3 62.3 62.4 2.6 58.6 58.9 1.1
SD 2.4 3.1 1.1 2.1 2.8 0.8 3.2 3.2 0.3 2.4 2.4 0.2
Median 15.8 17.4 1.2 16.5 17.3 0.8 17.3 17.8 0.4 17.7 18.1 0.3
IQR 0.3 0.8 0.7 0.9 1.0 0.5 1.1 1.1 0.2 0.9 0.8 0.2
SD stands for standard deviation and IQR is the interquartile range (the upper quartile minus the lower quartile).
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Figure 11. Time evolution of the measured outlet-inlet temperature
difference.

process, and they were higher for smaller flow rates. They
ranged from 1.1°C (for a flow rate of 15 l/min) to 10.4°C
(3 I/min).

The time evolution of the difference between the measured
outlet and inlet water temperature, which is directly related
to the heat power transferred to the water flow, is shown in
Fig. 11 for all water flow rates. At the beginning, temperature
gradients between the PCM and the water are higher but as
the device discharges, the inlet and outlet temperatures tend to
approach each other, reducing the difference between them.

3.2 CFD simulation results

Figure 12 shows the experimental values of the outlet
(Tout_exp) Water temperature together with the simulation

Figure 12. Experimental and numerical values of the outlet temperature
for a water flow rate of 10 I/min.

results of the outlet temperature (Toue_num) for the discharge
process with a (cold) water flow rate (Qq) of 10 I/min. There
is a high correlation between the experimental and numerical
values, with a root mean square error (RMSE) of 0.4°C,
which is within the range of the experimental uncertainty of
the thermocouples (0.4°C). Relative errors are smaller than
3%. A similar behavior has been observed for the remaining
discharge flow rates.

Table 7 provides the values of the absolute and relative
errors and RMSEs for the numerical outlet temperature when
compared with the experimental results for the different water
flow rates tested. Error values are generally very small, and
they decrease as the flow rate increases.
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Table 7 Maximum absolute and relative errors and RMSEs for the simu-
lated outlet water temperature. ATour = |Tout_num — Tout_exp|.

Q4 (Vmin)  (ATout) max (°C) (ATout/ Tout_exp) RSME (°C)
max (%)
3 1.0 4.1 0.4
5 0.8 4.1 0.3
10 0.5 2.6 0.2
15 0.2 3.7 0.2
1 .
0.9 e 3 |/min
0.8 o 5 |/min
0.7 Jxw + 10 I/min
MEN N )
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Figure 13. Absolute error of outlet-inlet temperature difference as a
function of time.

The error made in estimating the water temperature dif-
ferences between the inlet and the outlet is equal to ATy,
( |Tout_,mm — Tout_exp|), since the numerical and experimental
values of the inlet temperature are the same. Thus, Fig. 13
shows the time dependence of the absolute error of this tem-
perature difference. As also shown in Table 7, the maximum
absolute error does not exceed 1°C in any of the experiments.

The corresponding relative errors are smaller than 4.2%.
Additionally, the linear trend (solid) lines of the absolute
errors for each flow rate have also been plotted in Fig. 13.
It can be observed that the error decreases over time for all
the studied cases. This effect is also noticeable in the flow rate
variation. A downward trend in the error is also observable
as the discharge flow rate increases. The increase in flow
rate improves thermal transfer, and thus, AT decreases more
rapidly.

Figure 14 depicts PCM temperature at the different points
tested for a cold-water flow rate of 5 I/min. It is observed that,
considering the strong simplifications adopted for modelling
the PCM thermal behavior, the model can predict temperature
trends within the PCM satisfactorily. The same holds true
for the rest of the experiments (with flow rates 3, 10 and
15 I/min).

3.3 Model use and limitations

According to the previous results, the model would be suitable
for analyzing the discharge process of configurations in PCM-
integrated heat exchangers where the design and properties of
the PCM limit the fluid movement, reducing heat transfer by
convection. Common cases would include:

e Heat exchangers with PCM confined in narrow or thin
spaces. In configurations such as thin-layer PCM panels
or small tubes.
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Figure 14. Temperature at: a) Inlet section; b) Middle section; ¢) Outlet
section. Water flow rate of 5 I/min.

¢ PCM with high viscosity in liquid phase, such as cer-
tain phase-change oils or waxes with dense molecular
structures.

¢ Heat exchangers in horizontal orientation or with limited
natural convection.

¢ Porous structures or materials with high thermal conduc-
tivity in the PCM. Materials such as expanded graphite
or metallic foams distribute heat by conduction without
requiring convection.

On the other hand, the model would not be applicable
to heat exchangers with large PCM volumes or significant
thickness, where temperature gradients within the fluid could
induce natural convective currents. It would also be ineffective
for vertically oriented exchangers that enhance natural con-
vection, or for PCMs with low viscosity in the liquid phase.
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4 Conclusions

In this study, a simplified CFD-based model of a water-PCM
finned tube exchanger is presented and validated experimen-
tally. The primary and simplifying assumption adopted in this
model is that, during the discharge process, the convective
effects of the PCM confined between the fins are negligible
compared to the conduction mechanism in the PCM solid
layer formed around the fins.

For the experimental validation, a longitudinally finned
cylindrical heat exchanger of 1 m in length, featuring an
inner copper pipe with four fins and an outer steel shell
with respective inner diameters of 13 and 69.5 mm, was
manufactured. The PCM used was Rubitherm RT 54 HC.
Different tests with full cycles of charge and discharge of this
prototype were conducted in an experimental facility of the
Thermal Engineering Research Group at the University of
Cadiz. The melting (charging) and solidification (discharge)
processes of the PCM were monitored by recording the inlet
and outlet water temperatures and the temperatures at eight
points inside the PCM in three cross-sections of the tube, and
at two different depths. Four different discharge flow rates (3,
5,10, and 15 I/min) were considered.

The simplified numerical model was able to predict the
water outlet temperature during discharge with a maximum
error of 1°C, and an average RMSE in all experiments of
0.3°C. Relative errors were smaller than 4.2%, therefore
smaller than those made by more complex models where
convective flows within the PCM were considered. Further-
more, and despite the limitations of the simplified model,
it can predict the temperature trends inside the PCM even
when convective movement in the liquid phase is neglected.
In this regard, the authors believe that these results could be
improved for heat exchangers having a greater number of
fins, where the fluid would even be more confined. The hor-
izontal position of the exchanger, which minimizes buoyancy
effects, could be another reason for the good performance of
the numerical model. Thus, various experimental tests with
different numbers of fins, along with the extension of the study
to other PCM materials and other orientations of the heat
exchanger to analyze the influence of gravity, are currently
being investigated.

Author contributions

Francisco Javier Gonzilez Gallero (Formal Analysis [equal], Investi-
gation [equal], Methodology [equal], Supervision [equal], Writing—
original draft [equal], Writing—review & editing [equal]), Gabriel
Gonzéilez Siles (Data curation [equal], Validation [equal]), Ismael
Rodriguez Maestre (Conceptualization [equal], Formal Analysis
[equal], Investigation [equal], Methodology [equal]), Juan Luis
Foncubierta Blazquez (Formal Analysis [equal], Investigation [equal],
Writing—original draft [equal]), and Michelle Bottarelli (Formal
Analysis [supporting], Writing—review & editing [supporting]).

Conflict of interest

None declared.

Funding

Grant Ref. PID2021-1235620B-100 funded by MCIN/AELI/10.13039/
501100011033 and by the European Union.

Gonzalez Gallero et al.

References

1. L Energy Agency, Net zero by 2050 - a roadmap for the global
energy sector. 2050. www.iea.org/reports/net-zeroby-2050

2. Baljit SSS, Chan HY, Sopian K. Review of building integrated appli-
cations of photovoltaic and solar thermal systems. | Clean Prod
20163137:677-89. https://doi.org/10.1016/j.jclepro.2016.07.150.

3. Liu L, Hammami N, Trovalet L. et al. Description of phase
change materials (PCMs) used in buildings under various cli-
mates: a review. | Energy Storage 2022;56:107560. https://doi.o
rg/10.1016/j.est.2022.105760.

4. Rubitherm GmbH. https://www.rubitherm.eu/.

5. Zahir MH, Irshad K, Shafiullah M. et al. Challenges of the applica-
tion of PCMs to achieve zero energy buildings under hot weather
conditions: a review. | Energy Storage 2023;64:107156. https:/
doi.org/10.1016/j.est.2023.107156.

6. Ibrahim NI, Al-Sulaiman FA, Rahman S. et al. Heat transfer
enhancement of phase change materials for thermal energy storage
applications: a critical review. Renew Sustain Energy Rev 2017;74:
26-50. https://doi.org/10.1016/j.rser.2017.01.169.

7. Al-Maghalseh M, Mahkamov K. Methods of heat transfer inten-
sification in PCM thermal storage systems: review paper. Renew
Sustain Energy Rev 2018;92:62-94. https://doi.org/10.1016/j.rse
r.2018.04.064.

8. Mahdi MS, Mahood HB, Alammar AA. et al. Numerical investi-
gation of PCM melting using different tube configurations in a
shell and tube latent heat thermal storage unit. Therm Sci Eng Prog
2021;25:101030. https://doi.org/10.1016/j.tsep.2021.101030.

9. Sandeep Kumar M, Murali Krishna V. Experimental investigation
on performance of hybrid PCM’s on addition of Nano particles
in thermal energy storage. 2019. www.sciencedirect.comwww.ma
terialstoday.com/proceedings

10. Chibani A, Mecheri G, Dehane A. et al. Industrial-scale for hydro-
gen charging in activated carbon (AX-21)-phase change material-
nano-oxides systems. | Energy Storage 2023;65:107326. https://
doi.org/10.1016/j.est.2023.107326.

11. Sheikh Y, Fatih Orhan M, Kanoglu M. Heat transfer enhance-
ment of a bio-based PCM/metal foam composite heat sink.
Therm Sci Eng Prog 2022;36:101536. https://doi.org/10.1016/j.tse
p-2022.101536.

12. Soares N, Rosa N, Costa JJ. et al. Validation of different
numerical models with benchmark experiments for modelling
microencapsulated-PCM-based applications for buildings. Int |
Therm Sci 2021;159:106565. https://doi.org/10.1016/j.ijtherma
1s¢i.2020.106565.

13. Abhinand S, Sharma A, Hardik B. et al. Performance anal-
ysis of PCM melting in a fin-assisted thermal energy stor-
age system — a numerical study. Int Commun Heat Mass
Transf 2023;144:106747. https://doi.org/10.1016/j.icheatmasstra
nsfer.2023.106747.

14. Tao YB, He YL. A review of phase change material and perfor-
mance enhancement method for latent heat storage system. Renew
Sustain Energy Rev 2018;93:245-59. https://doi.org/10.1016/j.rse
r.2018.05.028.

15. Aly KA, El-Lathy AR, Fouad MA. Enhancement of solidifica-
tion rate of latent heat thermal energy storage using corrugated
fins. | Energy Storage 2019;24:100785. https://doi.org/10.1016/j.e
st.2019.100785.

16. Lohrasbi S, Sheikholeslami M, Ganji DD. Discharging pro-
cess expedition of NEPCM in fin-assisted latent heat thermal
energy storage system. | Mol Lig 2016;221:833-41. https://doi.o
rg/10.1016/j.molliq.2016.06.044.

17. Sciacovelli A, Gagliardi F, Verda V. Maximization of perfor-
mance of a PCM latent heat storage system with innovative
fins. Appl Energy 2015;137:707-15. https://doi.org/10.1016/j.ape
nergy.2014.07.015.

18. Yagci OK, Avci M, Aydin O. Melting and solidification of PCM in a
tube-in-shell unit: effect of fin edge lengths’ ratio. | Energy Storage
2019;24:100802. https://doi.org/10.1016/j.est.2019.100802.

GZ0z J1equieoe( Lz uo 1senb Aq 61£6.6./£622€10/011/£601 0 L/10p/2[011eA0|[l/Wwod dno olwepede//:sdiy woly pspeojumoq


www.iea.org/reports/net-zeroby-2050
www.iea.org/reports/net-zeroby-2050
www.iea.org/reports/net-zeroby-2050
www.iea.org/reports/net-zeroby-2050
www.iea.org/reports/net-zeroby-2050
www.iea.org/reports/net-zeroby-2050
www.iea.org/reports/net-zeroby-2050
www.iea.org/reports/net-zeroby-2050
www.iea.org/reports/net-zeroby-2050
www.iea.org/reports/net-zeroby-2050
https://doi.org/10.1016/j.jclepro.2016.07.150
https://doi.org/10.1016/j.jclepro.2016.07.150
https://doi.org/10.1016/j.jclepro.2016.07.150
https://doi.org/10.1016/j.jclepro.2016.07.150
https://doi.org/10.1016/j.jclepro.2016.07.150
https://doi.org/10.1016/j.jclepro.2016.07.150
https://doi.org/10.1016/j.est.2022.105760
https://doi.org/10.1016/j.est.2022.105760
https://doi.org/10.1016/j.est.2022.105760
https://doi.org/10.1016/j.est.2022.105760
https://doi.org/10.1016/j.est.2022.105760
https://www.rubitherm.eu/
https://www.rubitherm.eu/
https://www.rubitherm.eu/
https://www.rubitherm.eu/
https://www.rubitherm.eu/
https://www.rubitherm.eu/
https://doi.org/10.1016/j.est.2023.107156
https://doi.org/10.1016/j.est.2023.107156
https://doi.org/10.1016/j.est.2023.107156
https://doi.org/10.1016/j.est.2023.107156
https://doi.org/10.1016/j.est.2023.107156
https://doi.org/10.1016/j.rser.2017.01.169
https://doi.org/10.1016/j.rser.2017.01.169
https://doi.org/10.1016/j.rser.2017.01.169
https://doi.org/10.1016/j.rser.2017.01.169
https://doi.org/10.1016/j.rser.2017.01.169
https://doi.org/10.1016/j.rser.2017.01.169
https://doi.org/10.1016/j.rser.2018.04.064
https://doi.org/10.1016/j.rser.2018.04.064
https://doi.org/10.1016/j.rser.2018.04.064
https://doi.org/10.1016/j.rser.2018.04.064
https://doi.org/10.1016/j.rser.2018.04.064
https://doi.org/10.1016/j.rser.2018.04.064
https://doi.org/10.1016/j.tsep.2021.101030
https://doi.org/10.1016/j.tsep.2021.101030
https://doi.org/10.1016/j.tsep.2021.101030
https://doi.org/10.1016/j.tsep.2021.101030
https://doi.org/10.1016/j.tsep.2021.101030
https://doi.org/10.1016/j.tsep.2021.101030
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
www.sciencedirect.comwww.materialstoday.com/proceedings
https://doi.org/10.1016/j.est.2023.107326
https://doi.org/10.1016/j.est.2023.107326
https://doi.org/10.1016/j.est.2023.107326
https://doi.org/10.1016/j.est.2023.107326
https://doi.org/10.1016/j.est.2023.107326
https://doi.org/10.1016/j.tsep.2022.101536
https://doi.org/10.1016/j.tsep.2022.101536
https://doi.org/10.1016/j.tsep.2022.101536
https://doi.org/10.1016/j.tsep.2022.101536
https://doi.org/10.1016/j.tsep.2022.101536
https://doi.org/10.1016/j.tsep.2022.101536
https://doi.org/10.1016/j.ijthermalsci.2020.106565
https://doi.org/10.1016/j.ijthermalsci.2020.106565
https://doi.org/10.1016/j.ijthermalsci.2020.106565
https://doi.org/10.1016/j.ijthermalsci.2020.106565
https://doi.org/10.1016/j.ijthermalsci.2020.106565
https://doi.org/10.1016/j.ijthermalsci.2020.106565
https://doi.org/10.1016/j.ijthermalsci.2020.106565
https://doi.org/10.1016/j.icheatmasstransfer.2023.106747
https://doi.org/10.1016/j.icheatmasstransfer.2023.106747
https://doi.org/10.1016/j.icheatmasstransfer.2023.106747
https://doi.org/10.1016/j.icheatmasstransfer.2023.106747
https://doi.org/10.1016/j.icheatmasstransfer.2023.106747
https://doi.org/10.1016/j.icheatmasstransfer.2023.106747
https://doi.org/10.1016/j.icheatmasstransfer.2023.106747
https://doi.org/10.1016/j.icheatmasstransfer.2023.106747
https://doi.org/10.1016/j.icheatmasstransfer.2023.106747
https://doi.org/10.1016/j.rser.2018.05.028
https://doi.org/10.1016/j.rser.2018.05.028
https://doi.org/10.1016/j.rser.2018.05.028
https://doi.org/10.1016/j.rser.2018.05.028
https://doi.org/10.1016/j.rser.2018.05.028
https://doi.org/10.1016/j.rser.2018.05.028
https://doi.org/10.1016/j.est.2019.100785
https://doi.org/10.1016/j.est.2019.100785
https://doi.org/10.1016/j.est.2019.100785
https://doi.org/10.1016/j.est.2019.100785
https://doi.org/10.1016/j.est.2019.100785
https://doi.org/10.1016/j.molliq.2016.06.044
https://doi.org/10.1016/j.molliq.2016.06.044
https://doi.org/10.1016/j.molliq.2016.06.044
https://doi.org/10.1016/j.molliq.2016.06.044
https://doi.org/10.1016/j.molliq.2016.06.044
https://doi.org/10.1016/j.molliq.2016.06.044
https://doi.org/10.1016/j.molliq.2016.06.044
https://doi.org/10.1016/j.apenergy.2014.07.015
https://doi.org/10.1016/j.apenergy.2014.07.015
https://doi.org/10.1016/j.apenergy.2014.07.015
https://doi.org/10.1016/j.apenergy.2014.07.015
https://doi.org/10.1016/j.apenergy.2014.07.015
https://doi.org/10.1016/j.apenergy.2014.07.015
https://doi.org/10.1016/j.apenergy.2014.07.015
https://doi.org/10.1016/j.est.2019.100802
https://doi.org/10.1016/j.est.2019.100802
https://doi.org/10.1016/j.est.2019.100802
https://doi.org/10.1016/j.est.2019.100802
https://doi.org/10.1016/j.est.2019.100802

Experimental validation of a simplified CFD model for a PCM-water finned heat exchanger 247

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Carslaw HS, Jaeger JC. Conduction of Heat in Solids. Oxford:
Oxford University Press, 1959.

Rana S, Zunaid M, Kumar R. CFD analysis for heat transfer com-
parison in circular, rectangular and elliptical tube heat exchangers
filled with PCM. Mater Today Proc 2022;56:637-44. https://doi.
org/10.1016/j.matpr.2021.12.412.

Herbinger F, Groulx D. Experimental comparative analy-
sis of finned-tube PCM-heat exchangers’ performance. Appl
Therm Eng 2022;211:118532. https://doi.org/10.1016/j.applthe
rmaleng.2022.118532.

Pakalka S, Valancius K, Streckiené G. Experimental comparison of
the operation of PCM-based copper heat exchangers with different
configurations. Appl Therm Eng 2020;172:115138. https:/doi.o
rg/10.1016/j.applthermaleng.2020.115138.

Tao YB, He YL. Effects of natural convection on latent heat storage
performance of salt in a horizontal concentric tube. Appl Energy
2015;143:38-46. https://doi.org/10.1016/j.apenergy.2015.01.008.
Solomon GR, Velraj R. Analysis of the heat transfer mechanisms
during energy storage in a phase change material filled vertical
finned cylindrical unit for free cooling application. Energ Con-
ver Manage 2013;75:466-73. https://doi.org/10.1016/j.enconma
n.2013.06.044.

K Ismail, C Alves, and M Modesto. Numerical and experimen-
tal study on the solidication of PCM around a vertical axially
finned isothermal cylinder. 2001. www.elsevier.com/locate/apthe
rmeng

Dhaidan NS, Khodadadi JM. Improved performance of latent heat
energy storage systems utilizing high thermal conductivity fins:
a review. | Renew Sustain Energy 2017;9:034103. https://doi.o
rg/10.1063/1.4989738.

Reji Kumar R, Samykano M, Pandey AK. et al. Phase change
materials and nano-enhanced phase change materials for ther-
mal energy storage in photovoltaic thermal systems: a futuristic
approach and its technical challenges. Renew Sustain Energy Rev
2020;133:110341. https://doi.org/10.1016/j.rser.2020.110341.
Iten M, Liu S. A work procedure of utilising PCMs as ther-
mal storage systems based on air-TES systems. Energ Con-
ver Manage 2014;77:608-27. https://doi.org/10.1016/j.enconma
n.2013.10.012.

Brent AD, Voller VR, Reid KJ. Enthalpy-porosity technique for
modeling convection-diffusion phase change: application to the
melting of a pure metal. Numerical Heat Transfer 1988;13:
297-318. https://doi.org/10.1080/10407788808913615.

Morgan K. A numerical analysis of freezing and melting with
convection. Comput Methods Appl Mech Eng 1981;28:275-84.
https://doi.org/10.1016/0045-7825(81)90002- 5.

D. K. Gartling. “Finite element analysis of convective heat transfer
problems with change of phase,” in Conference on numerical
methods in laminar and turbulent flow, Swansea, UK, 1978, p. 365,
12, 382, https://doi.org/10.1016/0045-7825(77)90024-X.
Amagour MEH, Rachek A, Bennajah M. et al. Experimen-
tal investigation and comparative performance analysis of a
compact finned-tube heat exchanger uniformly filled with a
phase change material for thermal energy storage. Energ Con-
ver Manage 2018;165:137-51. https://doi.org/10.1016/j.enconma
n.2018.03.041.

Trp A, Lenic K, Frankovic B. Analysis of the influence of
operating conditions and geometric parameters on heat transfer
in water-paraffin shell-and-tube latent thermal energy storage
unit. Appl Therm Eng 2006;26:1830-9. https://doi.org/10.1016/
j.applthermaleng.2006.02.004.

Tao YB, He YL, Qu ZG. Numerical study on performance
of molten salt phase change thermal energy storage system
with enhanced tubes. Sol Energy 2012;86:1155-63. https://doi.o
rg/10.1016/j.solener.2012.01.004.

Hosseini M]J, Ranjbar AA, Sedighi K. et al. A combined
experimental and computational study on the melting behavior
of a medium temperature phase change storage material inside
shell and tube heat exchanger. Int Commun Heat Mass

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

Transf 2012;39:1416-24. https://doi.org/10.1016/j.icheatmasstra
nsfer.2012.07.028.

Hosseini M]J, Rahimi M, Bahrampoury R. Experimental
and computational evolution of a shell and tube heat
exchanger as a PCM thermal storage system. Int Commun
Heat Mass Transf 2014;50:128-36. https://doi.org/10.1016/.
icheatmasstransfer.2013.11.008.

Pahamli Y, Hosseini M], Ranjbar AA. et al. Analysis of the effect of
eccentricity and operational parameters in PCM-filled single-pass
shell and tube heat exchangers. Renew Energy 2016;97:344-57.
https://doi.org/10.1016/j.renene.2016.05.090.

Youssef W, Ge YT, Tassou SA. CFD modelling develop-
ment and experimental validation of a phase change mate-
rial (PCM) heat exchanger with spiral-wired tubes. Energ Con-
ver Manage 2018;157:498-510. https://doi.org/10.1016/j.enco
nman.2017.12.036.

Li D, Yang C, Yang H. Experimental and numerical study of a
tube-fin cool storage heat exchanger. Appl Therm Eng 2019;149:
712-22. https://doi.org/10.1016/j.applthermaleng.2018.12.024.
Abidi A, Rawa M, Khetib Y. ef al. Simulation of
melting and solidification of graphene nanoparticles-PCM
inside a dual tube heat exchanger with extended surface.
J Energy Storage 2021;44:103265. https://doi.org/10.1016/).est.
2021.103265.

Momeni M, Fartaj A. Numerical thermal performance analysis of
a PCM-to-air and liquid heat exchanger implementing latent heat
thermal energy storage. | Energy Storage 2023;58:106363. https:/
doi.org/10.1016/j.est.2022.106363.

Agyenim F, Eames P, Smyth M. Experimental study on
the melting and solidification behaviour of a medium temper-
ature phase change storage material (erythritol) system aug-
mented with fins to power a LiBr/H20 absorption cooling sys-
tem. Renew Energy 2011;36:108-17. https://doi.org/10.1016/j.re
nene.2010.06.005.

Lacroix M. Numerical simulation of a shell-and-tube latent heat
thermal energy storage unit. Sol Energy 1993;50:357-67. https:/
doi.org/10.1016/0038-092X(93)90029-N.

Arasu AV, Mujumdar AS. Numerical study on melting of paraffin
wax with Al 20 3 in a square enclosure. Int Commun Heat Mass
Transf 2012;39:8-16. https://doi.org/10.1016/j.icheatmasstransfe
r.2011.09.013.

Chen G, Sun G, Jiang D. et al. Experimental and numerical investi-
gation of the latent heat thermal storage unit with PCM packing at
the inner side of a tube. Int ] Heat Mass Transf 2020;152:119480.
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119480.
Fotowat S, Askar S, Fartaj A. Experimental transient response of a
minichannel heat exchanger with step flow variation. Exp Therm
Fluid Sci 2017;89:128-39. https://doi.org/10.1016/j.expthermflu
s¢i.2017.08.004.

Seddegh S, Wang X, Henderson AD. Numerical investigation of
heat transfer mechanism in a vertical shell and tube latent heat
energy storage system. Appl Therm Eng 2015;87:698-706. https://
doi.org/10.1016/j.applthermaleng.2015.05.067.

Lauriat G, Prasad V. Non-Darcian effects on natural convection
in a vertical porous enclosure. Int | Heat Mass Transf 1989;32:
2135-48. https://doi.org/10.1016/0017-9310(89)90120-8.
www.comsol.com. COMSOL AB, COMSOL Multiphysics®.
Stockholm, Sweden.

Herbinger F, Bhouri M, Groulx D. Investigation of heat trans-
fer inside a PCM-air heat exchanger: a numerical parametric
study. Heat and Mass Transfer 2018;54:2433-42. https://doi.o
rg/10.1007/s00231-017-2101-9.

Centro Espafiol de Metrologia. TH-003 Procedimiento Para la
calibracién por comparacion de termopares. 2011.

ANSYS FLUENT 12.0/12.1 Documentation. https://www.afs.enea.
it/project/neptunius/docs/fluent/.

Morgan VT. The overall convective heat transfer from smooth
circular cylinders. Adv Heat Transf 1975;11:199-264. https:/
doi.org/10.1016/50065-2717(08)70075-3.

GZ0z J1equieoe( Lz uo 1senb Aq 61£6.6./£622€10/011/£601 0 L/10p/2[011eA0|[l/Wwod dno olwepede//:sdiy woly pspeojumoq


https://doi.org/10.1016/j.matpr.2021.12.412
https://doi.org/10.1016/j.applthermaleng.2022.118532
https://doi.org/10.1016/j.applthermaleng.2022.118532
https://doi.org/10.1016/j.applthermaleng.2022.118532
https://doi.org/10.1016/j.applthermaleng.2022.118532
https://doi.org/10.1016/j.applthermaleng.2022.118532
https://doi.org/10.1016/j.applthermaleng.2022.118532
https://doi.org/10.1016/j.applthermaleng.2022.118532
https://doi.org/10.1016/j.applthermaleng.2022.118532
https://doi.org/10.1016/j.applthermaleng.2020.115138
https://doi.org/10.1016/j.applthermaleng.2020.115138
https://doi.org/10.1016/j.applthermaleng.2020.115138
https://doi.org/10.1016/j.applthermaleng.2020.115138
https://doi.org/10.1016/j.applthermaleng.2020.115138
https://doi.org/10.1016/j.applthermaleng.2020.115138
https://doi.org/10.1016/j.applthermaleng.2020.115138
https://doi.org/10.1016/j.applthermaleng.2020.115138
https://doi.org/10.1016/j.apenergy.2015.01.008
https://doi.org/10.1016/j.apenergy.2015.01.008
https://doi.org/10.1016/j.apenergy.2015.01.008
https://doi.org/10.1016/j.apenergy.2015.01.008
https://doi.org/10.1016/j.apenergy.2015.01.008
https://doi.org/10.1016/j.apenergy.2015.01.008
https://doi.org/10.1016/j.apenergy.2015.01.008
https://doi.org/10.1016/j.enconman.2013.06.044
https://doi.org/10.1016/j.enconman.2013.06.044
https://doi.org/10.1016/j.enconman.2013.06.044
https://doi.org/10.1016/j.enconman.2013.06.044
https://doi.org/10.1016/j.enconman.2013.06.044
https://doi.org/10.1016/j.enconman.2013.06.044
https://doi.org/10.1016/j.enconman.2013.06.044
www.elsevier.com/locate/apthermeng
www.elsevier.com/locate/apthermeng
www.elsevier.com/locate/apthermeng
www.elsevier.com/locate/apthermeng
www.elsevier.com/locate/apthermeng
www.elsevier.com/locate/apthermeng
www.elsevier.com/locate/apthermeng
www.elsevier.com/locate/apthermeng
www.elsevier.com/locate/apthermeng
www.elsevier.com/locate/apthermeng
www.elsevier.com/locate/apthermeng
www.elsevier.com/locate/apthermeng
https://doi.org/10.1063/1.4989738
https://doi.org/10.1063/1.4989738
https://doi.org/10.1063/1.4989738
https://doi.org/10.1016/j.rser.2020.110341
https://doi.org/10.1016/j.rser.2020.110341
https://doi.org/10.1016/j.rser.2020.110341
https://doi.org/10.1016/j.rser.2020.110341
https://doi.org/10.1016/j.rser.2020.110341
https://doi.org/10.1016/j.rser.2020.110341
https://doi.org/10.1016/j.enconman.2013.10.012
https://doi.org/10.1016/j.enconman.2013.10.012
https://doi.org/10.1016/j.enconman.2013.10.012
https://doi.org/10.1016/j.enconman.2013.10.012
https://doi.org/10.1016/j.enconman.2013.10.012
https://doi.org/10.1016/j.enconman.2013.10.012
https://doi.org/10.1016/j.enconman.2013.10.012
https://doi.org/10.1080/10407788808913615
https://doi.org/10.1080/10407788808913615
https://doi.org/10.1080/10407788808913615
https://doi.org/10.1016/0045-7825(81)90002-5
https://doi.org/10.1016/0045-7825(81)90002-5
https://doi.org/10.1016/0045-7825(81)90002-5
https://doi.org/10.1016/0045-7825(81)90002-5
https://doi.org/10.1016/0045-7825(81)90002-5
https://doi.org/10.1016/0045-7825(77)90024-X
https://doi.org/10.1016/0045-7825(77)90024-X
https://doi.org/10.1016/0045-7825(77)90024-X
https://doi.org/10.1016/0045-7825(77)90024-X
https://doi.org/10.1016/0045-7825(77)90024-X
https://doi.org/10.1016/0045-7825(77)90024-X
https://doi.org/10.1016/j.enconman.2018.03.041
https://doi.org/10.1016/j.enconman.2018.03.041
https://doi.org/10.1016/j.enconman.2018.03.041
https://doi.org/10.1016/j.enconman.2018.03.041
https://doi.org/10.1016/j.enconman.2018.03.041
https://doi.org/10.1016/j.enconman.2018.03.041
https://doi.org/10.1016/j.enconman.2018.03.041
https://doi.org/10.1016/j.applthermaleng.2006.02.004
https://doi.org/10.1016/j.applthermaleng.2006.02.004
https://doi.org/10.1016/j.applthermaleng.2006.02.004
https://doi.org/10.1016/j.applthermaleng.2006.02.004
https://doi.org/10.1016/j.applthermaleng.2006.02.004
https://doi.org/10.1016/j.applthermaleng.2006.02.004
https://doi.org/10.1016/j.applthermaleng.2006.02.004
https://doi.org/10.1016/j.applthermaleng.2006.02.004
https://doi.org/10.1016/j.solener.2012.01.004
https://doi.org/10.1016/j.solener.2012.01.004
https://doi.org/10.1016/j.solener.2012.01.004
https://doi.org/10.1016/j.solener.2012.01.004
https://doi.org/10.1016/j.solener.2012.01.004
https://doi.org/10.1016/j.solener.2012.01.004
https://doi.org/10.1016/j.solener.2012.01.004
https://doi.org/10.1016/j.solener.2012.01.004
https://doi.org/10.1016/j.icheatmasstransfer.2012.07.028
https://doi.org/10.1016/j.icheatmasstransfer.2012.07.028
https://doi.org/10.1016/j.icheatmasstransfer.2012.07.028
https://doi.org/10.1016/j.icheatmasstransfer.2012.07.028
https://doi.org/10.1016/j.icheatmasstransfer.2012.07.028
https://doi.org/10.1016/j.icheatmasstransfer.2012.07.028
https://doi.org/10.1016/j.icheatmasstransfer.2012.07.028
https://doi.org/10.1016/j.icheatmasstransfer.2012.07.028
https://doi.org/10.1016/j.icheatmasstransfer.2012.07.028
https://doi.org/10.1016/j.icheatmasstransfer.2013.11.008
https://doi.org/10.1016/j.renene.2016.05.090
https://doi.org/10.1016/j.renene.2016.05.090
https://doi.org/10.1016/j.renene.2016.05.090
https://doi.org/10.1016/j.renene.2016.05.090
https://doi.org/10.1016/j.renene.2016.05.090
https://doi.org/10.1016/j.renene.2016.05.090
https://doi.org/10.1016/j.renene.2016.05.090
https://doi.org/10.1016/j.enconman.2017.12.036
https://doi.org/10.1016/j.enconman.2017.12.036
https://doi.org/10.1016/j.enconman.2017.12.036
https://doi.org/10.1016/j.enconman.2017.12.036
https://doi.org/10.1016/j.enconman.2017.12.036
https://doi.org/10.1016/j.enconman.2017.12.036
https://doi.org/10.1016/j.enconman.2017.12.036
https://doi.org/10.1016/j.applthermaleng.2018.12.024
https://doi.org/10.1016/j.applthermaleng.2018.12.024
https://doi.org/10.1016/j.applthermaleng.2018.12.024
https://doi.org/10.1016/j.applthermaleng.2018.12.024
https://doi.org/10.1016/j.applthermaleng.2018.12.024
https://doi.org/10.1016/j.applthermaleng.2018.12.024
https://doi.org/10.1016/j.applthermaleng.2018.12.024
https://doi.org/10.1016/j.applthermaleng.2018.12.024
https://doi.org/10.1016/j.est.2021.103265
https://doi.org/10.1016/j.est.2022.106363
https://doi.org/10.1016/j.est.2022.106363
https://doi.org/10.1016/j.est.2022.106363
https://doi.org/10.1016/j.est.2022.106363
https://doi.org/10.1016/j.est.2022.106363
https://doi.org/10.1016/j.renene.2010.06.005
https://doi.org/10.1016/j.renene.2010.06.005
https://doi.org/10.1016/j.renene.2010.06.005
https://doi.org/10.1016/j.renene.2010.06.005
https://doi.org/10.1016/j.renene.2010.06.005
https://doi.org/10.1016/j.renene.2010.06.005
https://doi.org/10.1016/j.renene.2010.06.005
https://doi.org/10.1016/0038-092X(93)90029-N
https://doi.org/10.1016/0038-092X(93)90029-N
https://doi.org/10.1016/0038-092X(93)90029-N
https://doi.org/10.1016/0038-092X(93)90029-N
https://doi.org/10.1016/0038-092X(93)90029-N
https://doi.org/10.1016/0038-092X(93)90029-N
https://doi.org/10.1016/j.icheatmasstransfer.2011.09.013
https://doi.org/10.1016/j.icheatmasstransfer.2011.09.013
https://doi.org/10.1016/j.icheatmasstransfer.2011.09.013
https://doi.org/10.1016/j.icheatmasstransfer.2011.09.013
https://doi.org/10.1016/j.icheatmasstransfer.2011.09.013
https://doi.org/10.1016/j.icheatmasstransfer.2011.09.013
https://doi.org/10.1016/j.icheatmasstransfer.2011.09.013
https://doi.org/10.1016/j.icheatmasstransfer.2011.09.013
https://doi.org/10.1016/j.icheatmasstransfer.2011.09.013
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119480
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119480
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119480
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119480
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119480
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119480
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119480
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119480
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119480
https://doi.org/10.1016/j.expthermflusci.2017.08.004
https://doi.org/10.1016/j.expthermflusci.2017.08.004
https://doi.org/10.1016/j.expthermflusci.2017.08.004
https://doi.org/10.1016/j.expthermflusci.2017.08.004
https://doi.org/10.1016/j.expthermflusci.2017.08.004
https://doi.org/10.1016/j.expthermflusci.2017.08.004
https://doi.org/10.1016/j.expthermflusci.2017.08.004
https://doi.org/10.1016/j.applthermaleng.2015.05.067
https://doi.org/10.1016/j.applthermaleng.2015.05.067
https://doi.org/10.1016/j.applthermaleng.2015.05.067
https://doi.org/10.1016/j.applthermaleng.2015.05.067
https://doi.org/10.1016/j.applthermaleng.2015.05.067
https://doi.org/10.1016/j.applthermaleng.2015.05.067
https://doi.org/10.1016/j.applthermaleng.2015.05.067
https://doi.org/10.1016/j.applthermaleng.2015.05.067
https://doi.org/10.1016/0017-9310(89)90120-8
https://doi.org/10.1016/0017-9310(89)90120-8
https://doi.org/10.1016/0017-9310(89)90120-8
https://doi.org/10.1016/0017-9310(89)90120-8
https://doi.org/10.1016/0017-9310(89)90120-8
www.comsol.com
www.comsol.com
www.comsol.com
www.comsol.com
www.comsol.com
www.comsol.com
https://doi.org/10.1007/s00231-017-2101-9
https://doi.org/10.1007/s00231-017-2101-9
https://doi.org/10.1007/s00231-017-2101-9
https://doi.org/10.1007/s00231-017-2101-9
https://www.afs.enea.it/project/neptunius/docs/fluent/
https://doi.org/10.1016/S0065-2717(08)70075-3
https://doi.org/10.1016/S0065-2717(08)70075-3
https://doi.org/10.1016/S0065-2717(08)70075-3
https://doi.org/10.1016/S0065-2717(08)70075-3
https://doi.org/10.1016/S0065-2717(08)70075-3
https://doi.org/10.1016/S0065-2717(08)70075-3

248 Gonzalez Gallero et al.

54. Mehling H, Cabeza LF. Heat and cold storage with PCM: an up to study on the solidification of PCM around a vertical axially finned
date introduction into basics and applications. Springer, 2008. isothermal cylinder. Appl Therm Eng 2001;21:53-77. https://doi.o
55. Ismail KAR, Alves CLF, Modesto MS. Numerical and experimental rg/10.1016/51359-4311(00)00002-8.

GZ0z Jequoe( Lz uo 1senb Aq 61£6.6./£622€10/01l/60 101 /10p/2[014EA0|ll/wod dno-ojwepeoe//:sdyy woij papeojumoq

© The Author(s) 2025. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-C: cial License (hteps by-nc/4.0/), which permits I re-use, di and
reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact reprins(@oup.com for reprints and ranslation rights for reprints. Al other permissions can be S throngh our RightsLink service via the bermissions ink on the articl page on
our site-for further please contact joun

International Journal of Low-Carbon Technologies, zozs 20,234-248

hitps://doi.org/10.1093/ijlct/ctac293

Original Article



https://doi.org/10.1016/S1359-4311(00)00002-8
https://doi.org/10.1016/S1359-4311(00)00002-8
https://doi.org/10.1016/S1359-4311(00)00002-8
https://doi.org/10.1016/S1359-4311(00)00002-8
https://doi.org/10.1016/S1359-4311(00)00002-8
https://doi.org/10.1016/S1359-4311(00)00002-8
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/ijlct/ctae293

	 Experimental validation of a simplified CFD model for a PCM-water finned heat exchanger
	1 Introduction
	2 Experimental investigation and numerical modelling
	3 Results and discussion
	4 Conclusions
	Author contributions
	Conflict of interest
	Funding


