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Abstract

In this paper, the latent thermal energy storag€E@&) module of the horizontal shell-and-tube tyge i
numerically analyzed. The LTES module consistsminaer tube, an outer tube and an annulus filled three
different phase change materials (PCMs) named PCMQM2 and PCMS3, having different melting
temperatures (338 K, 323 K and 308 K, respectiyetgter is used as heat transfer fluid (HTF). Tfiecés of
the HTF inlet temperature on the unsteady temperatnd melting fraction evolution of each PCM adl ws
the unsteady total energy stored evolution in diffik zone of PCMs are determined. Numerical resitsv
that, melting rate of PCM3 is the fastest and ti&CM1 is the slowest, the unsteady temperatuodugon of
PCM3 change quickly compared to PCM1. The whole &T&elting process can be divided into three periods
for the change of melting fraction. Numerical résuhdicate also that, heat storage capacity gelavhen the
temperature difference between the HTF inlet teatjpee and the melting point of PCMs is large.

Keywords: Latent thermal energy storage; phase change mlatdgat charging; Melting fraction; Numerical
simulation.

1. Introduction

A lot of efforts and researches on the utilizatadrsolar energy have been carried out due to thbegl
energy crisis, global warming and environmentalygmn. These efforts include solar building§do et al.[1],
Kuznik et al.[2), solar water heating system&grnier et al.[3], Sutthivirode et al.p4land solar energy
generation systemsréng et al.[5], Tao et al.[B] However, solar energy has a serious shortcortiagit is
unstable and discontinuous with different weathémgs and seasons. To ensure the solar energgnsyst
operations continuously, thermal energy storageimeca necessary component. The main objectiveers tih
eliminate the mismatch between energy supply aedggrdemand.

The latent thermal energy storage (LTES) using @ltsinge materials (PCMs) have been relevant, iadlpec
in solar thermal applications. Solid-liquid phadamge provides considerable advantages such astugige
capacity and nearly isothermal behavior during gimay process. Therefore, LTES with single and rpldti
PCMs under shell-and-tube unit have gained corasiderattention worldwide recentliacroix [7] developed a
2D numerical model to analyse the thermal behavia cylindrical storage system with n-octadecan®@M
and water as heat transfer fluid (HTF). A seriesnofmerical experiments are also undertaken to sigbes
effects of various thermal and geometric parametershe heat transfer process and on the behaVitdreo
system.Wang et al. [8]numerically studied the effects of temperaturdediince between the HTF inlet
temperature and melting point of PCM, the HTF infess flow rate on heat charging and heat disahgrgi



performance of a shell-and-tube unit using n-oatade as PCM. The results show that HTF inlet teatpes
has great effect on the time to complete heat ahgrgr discharging proces3$ao et al. [9]investigated the
performance of high temperature molten salt LTE® under variable conditions, the effects of HTRetn
temperature, velocity and tube geometric parameterselting time, melting fraction and heat storeafe. The
results show that within the studied parameters HiiF inlet temperature has the largest effect et btorage
rate. Ait Adine and El Qarnia [10presented a numerical study of a LTES unit comgistif a shell-and-tube
type filled with two PCMs, P116 and n-octadecaneimirical results indicated that there is an optimum
proportion between multiple PCMs to obtain the maxin thermal energy charging in the storage uxigun

et al. [11]analyzed the LTES unit of the shell-and-tube tyjith three kinds of paraffin as PCMs. A novel tube-
in-shell storage geometry was introduced and tfexsf of the Reynolds and Stefan numbers on th&éngeind
solidification behaviors were examindeang and Chen [12jresented a theoretical model for the performance
of a shell-and-tube LTES unit using multiple PCN¥&imerical simulations are carried out to investgtte
effects of different multiple PCMs on the melteddtion, stored thermal energy and fluid outlet terafure Li

et al. [13]developed a mathematical model of a shell-and-tUBES unit of three kinds of PCMs having
different high melting point for solar thermal paweair is used as HTF. Instantaneous solid-liquittriface
positions, liquid fractions and melting times ofckaPCM have been obtained by a series of numerical
calculations and represented graphically.

The LTES unit analysed in this paper is a shelHam type of heat exchanger with three kinds oMBC
named PCM1, PCM2 and PCMS3, having the same thehgsigal characteristics, except their melting
temperature, water is used as HTF. In order toysthd thermal behavior of the unit in term of uashg
temperature and melting fraction evolution of eB&M, as well as the unsteady total energy storetugen in
different zone of PCMs, a mathematical model bagethe conservation energy equations was develapdd
numerically investigated. Charging process wasistudumerically under three different HTF inlet {gsmatures
above the melting point of the PCM1. Calculatiortredf unsteady temperature and melting fractionugigoi of
each PCM and the total energy stored under varidible inlet temperatures were necessary for evalgatie
overall thermal performance of the unit.

2. Physical model and governing equations

2.1.Physical model

The shell-and-tube LTES unit considered in the gmestudy is shown ifrigure la.lt consists of an
inner tube, an outer tube and an annulus filleth Witee kinds of PCMs, paraffin wax named PCM1, RGivid
PCM3, having different melting temperatures (338323 K and 308 K, respectively). The two-dimension
physical model to be analysed is showrrigure 1b The length for the computation domain#£L,=L5) is 0.33
m, the radius for the inner tubejRs 0.635 cm, and the radius for the shell sidg {R1.29 cm. The multiple
PCMs have the same thermo-physical characterisgtiaept their melting temperatures. The thermo-ichls
property of PCMs is summarized Trable 1 The initial temperature of PCMs was set at 15¢koty the melting
point of PCM3. HTF, water, flows through the inebe and exchanges heat with PCMs. Charging prasess
studied numerically under three different HTF irtletnperatures above the melting point of the PCBAIB (K,
348 K and 358 K). The HTF mass flow rate was maieth constant during the numerical tests to a vafue
6.10° kg/s, which correspond to water velocity 0.05 rilsble 2summarizes the thermo-physical properties of
HTF.

2.2. Assumptions
In order to simplify the physical and mathematiwaldel, the following assumptions are adopted.

1) The HTF is incompressible and can be consideredresvtonian fluid;

2) The HTF flow is laminar, HTF inlet temperature ankkt velocity are both constant;

3) The thermo-physical properties of the HTF and P@k&sconstant;

4) The effect of liquid PCMs natural convection is ligigle;

5) Initial temperature of the unit is uniform, the PEMEre in solid phase during charging process;
6) The problem is axisymmetric;
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Figure la: Schematic representation of shell-abé-tu Figure 1b: Physical model for numerical calculasion
PCMs storage unit.

Tablel: Thermo-physical properties of the pardffipes considered in the study

Twm p k Cp AH V]

(K) (Kg. m®) (W. m'K?) (J. kg'K™) (J. kg? (Kg. m's?
PCM1 338 800 0.2 2000 255710 4.10°
PCM2 323 800 0.2 2000 255710 4.10°
PCM3 308 800 0.2 2000 255710 4.10°

Table 2: Thermo-physical properties of HTIRgfopera et al. [19]
Charging process p k Cp Il

(Kg. m?) (W. m*K?) (J. kg'K™) (Kg. m's?
T=343 K 976 0.668 4191 38910
T=348 K 973 0.668 4195 365.40
T=358 K 967 0.674 4203 324140

2.3.Governing equations

The LTES process in the shell-and-tube unit catrdeged as an axisymmetric model, the unit is @iid
into the following four subsections: (1) HTF flow the tube; (2) three sections filled by threeatéht PCMs.
Consequently, the energy equations for the HTFR@Ms are shown as follows.
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Where Qs the density of quid,Cp the specific heatJ the fluid velocity andK is the thermal conductivity
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f is the PCMs melting fraction. The melting fractisrdetermined as:



f =0 6<0 Solid
0<f <1 6=0 Solid + Liquid (4)
f=1 6>0 Liquid

The Eg. (2) is formulated by using the enthalpyhmdt({oller [15]), in which the total enthalpy is split into
sensible heat and latent heat:

H(T)=h(T)+p f AH (5)
T

Where: h(T) = J,OdeT (6)
TM

2.4. Initial and boundary conditions
2.4.1. Initial conditions
For the PCMs region:
Toowt = Trewa = Trams(X R ST < Ryt =0) = 293K (7a)
2.4.2.  Boundary conditions

For the HTF region:
{Tf (00sr<R,t)=T,,

U,(00<r<R,t)=U,, = 005m/s (62)
U (x,r,t)| _oT, (x,r,t)| “o &)
or o or o
For the PCMs region:
06 It
pcm(x r ) — 0 (8C)
or R,
08 (X1 t)  _ 06(xrit) 0 -
aX x=0 aX x=L3
06 It 06 It
kpcmlM = kpcmZM (8e)
2 x=L1 OX x=L1
06 Lt 06 It
kpchM = kpcmM (8f)
aX x=L2 aX x=L2
At the inner surface boundary:
00 .\x,r,t
he (6, - 8xr = R.1))= Ky, % (89)

r=R1
Where h is local convective heat transfer coefficiéntn?.K™)

The total energy stored capacity for each zone @MPRuring charging process of the LTES unit can be
represented by the following expression:
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The first term of the Eq. (9) represents the séadibat charging period, when each PCM temperatgrease
from its initial temperature to the phase chandee $econd term represents the latent heat chadgirigg the
phase change period. The third term representsdbend sensible heat charging period under a fufsion
until reaching the steady state.

3. Simulation model

3.1.Numerical Computations

For the computational procedure, the two-dimengjieometric model of the phase change LTES unit is
drawn and meshed in the software Gambit with umfagrid size. Then, the numerical computations are
performed by adopting commercial CFD code FlueBtX, which employs the finite volume method ddsenli
by Patankar [16] The energy equations were discretized with thst forder upwind scheme. The time
integration has been performed fully implicitly aodntrol volumes of a uniform size and constanttisteps
were used. The grid size used in this study was(daial) x 20 (radial) and the time step was 5 s.

4. Results and discussion

The thermal analysis of the shell-and-tube LTESumhiag three kinds of PCMs having different melting
temperature is presented in this section. A lamieos numerical tests have been conducted in dadanalyze
the heat transfer process inside the unit undeimtfiveence of different HTF inlet temperatures. Tthae wise
variation of the temperature and melting fractiespecting to time at locatiods (x=16.5, r=0.99) cm inside
PCM1, T, (x=51, r=0.99) cm inside PCM2 and; (x=82.5, r=0.99) cm inside PCM3 as well as the variation of
total energy stored in different zone of PCMs haeen obtained by a series of numerical calculatemd
represented graphically.

4.1.Unsteady temperature evolution of PCM1, PCM2 and P®I3

Under the same HTF inlet velocity and three differelTF inlet temperatures, the PCMs temperature
evolution at some typical points {TT,, and T) along the axial direction at r= 0.99 cm positane shown in
Figures 2(a-b-c)

As shown inFigures 2(a-b-g)it can be clearly observed the transient thetmeflavior of the LTES unit which
presents three distinct periods. During the fiestiged, an increasing of temperature of each PCM atserved
during this period from the start of charging presceintil the beginning of the phase change, cooredipg to
the melting point of each PCM, the three kinds 6M3 stores energy primarily by sensible heat. Dpiime
second period, the thermal energy is mainly chalpethtent heat, and the temperature evolutionache®CM
keeps constant for a period of time. At the thiedtipd, each PCM temperature starts to increasenaggaches
its maximum value, then remains constant and eqoathe HTF inlet temperature. During this peridide
energy is charged only by sensible heat underiarfderm.

It can be seen that, the melting rate of PCM3 ésfatstest and that of PCML1 is the slowest fortabté different
HTF inlet temperatures. The PCM3 temperature emoiuncreases rapidly with time passing throughghase
change period until reaching the steady state, wt@mn be explained by the fact that the meltingipoi PCM3
(Tms= 308 K) is lower than PCM1 ¢f= 338 K), so their temperature reach quickly thealting point before
PCMZ1, then enter to the second period. It is atsmd that, for high HTF inlet temperature the chaygrocess
is rapidly reached for the three kinds of PCMs.
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Figure 2a: Unsteady temperature evolution of PCM1Figure 2b: Unsteady temperature evolution of PCM1,
PCM2 and PCM3 (i, =343 K). PCM2 and PCM3 (i, =348 K).
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Figure 2c: Unsteady temperature evolution of PCRIZM2 and PCM3 ({, =358 K).

4.2.Unsteady melting fraction evolution of PCM1, PCM2 ad PCM3

Figures 3(a-b-cllisplay the unsteady melting fraction evolutiorP@M1, PCM2 and PCM3, under three
different HTF inlet temperatures. From the figuiégan be seen that the whole LTES charging pocas be
divided into three periods. The first is sensib&athcharging (SHC) period, where the PCMs temperat
lower than their melting point, each PCM keepsdspliase and their melting fraction is zero. Theosdds
latent heat charging (LHC) period, where the PChtagerature reach their melting point and keepstaat)s
this period will be ongoing until all the PCMs anelted, and the corresponding melting fractioneéases from
zero to one. The third is sensible heat charging where each PCM temperature is larger than theiting
point and the PCMs keeps liquid phase, until that lsharging process is over, during this periodrtigdting
fraction keeps at one.

Compared to PCM1, the PCM3 melting fraction changgsdly with time during the heating process pagsi
through the phase change period until reachingstbady state. The same point of explanation wencdice
concerning the low melting point of PCM3, which reake temperature and melting fraction evolutioange
rapidly with time. Also when the HTF inlet tempena increases, the temperature difference betweehTF
and PCMs augments which increases the heat trarstes for PCM1, PCM2 and PCM3; more energy is
transmitted firstly to PCM3, PCM2 then to PCM1, aihimake the first SHC and LHC periods for all three
PCMs shortened. The effects of increasing in HTé&t iemperature on the SHC and LHC periods for P@kds
different; it's very remarkable in PCM1 with higheiting temperature.
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Figure 3c: Unsteady melting fraction evolution &N¥1, PCM2 and PCM3 (], =358 K).

4.3. Unsteady total energy stored evolution in differenzone of PCMs

The unsteady total energy stored evolution in diff¢ zone of PCMs for three different HTF inlet
temperatures are shownhigures 4(a-b-g)the HTF inlet velocity was maintained constanimtythe numerical

tests.
For a given HTF inlet temperature, the total enestgyed gradually increase from minimum value widefine
the beginning of the first SHC period to maximuniueadefined the end of the second SHC period. Tied f
amount of total energy stored by each PCM is thmesaxcept the time needed for completing the ¢hgrg
process; this period of time depends on the melinigt of each PCM, for PCM with high melting pqitie
time period to complete the charging process igéorithan for PCM with low melting point. Under HTifet
temperature 348 K, the time period to completectharging process when the total energy stored kefeped
value is within 3270 s, 1600 s and 1200 s for PC®MCM2 and PCM3, respectively. When the HTF inlet
temperature increases, the thermal energy carsigieoHTF enhances, then, the heat transmittedeedPCMs
becomes important and the charging process foP@M is rapidly reached. The results show also theht
storage capacity is large when the temperaturerdifice between the HTF inlet temperature and tHeénge
point of PCMs is large. The final amount of totakegy stored by each PCM is within 344000 J/Kg, B84

J/IKg and 374000 J/Kg for HTF inlet temperature B4348 K and 358 K.
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Figure 4c: Unsteady total energy stored evolutioRCM1, PCM2 and PCM3 (i} =358 K).

Conclusion

A thermal analysis of a LTES unit using shell-ante type, tested with three kinds of PCMs having
different melting temperatures have been studiethamically. A mathematical model formulated in two-
dimensional cylindrical coordinates based on thergyn equations was developed. The effects of thE Hilet
temperature on the thermal behavior of the unteim of PCMs temperature and melting fraction etioluas
well as the unsteady total energy stored evolutiodifferent zone of PCMs have been obtained bgrées of
numerical calculations and represented graphic&lycording to the results and discussions, theovalhg
conclusions can be derived:

1) Melting rate of PCM3 is the fastest and that of PICiIthe slowest, the unsteady temperature andnmelt
fraction evolution of PCM3change quickly comparedPCM1,;

2) The whole LTES melting process can be divided itm@e periods for the change of melting fraction
regarding to time in each PCM;

3) Charging process is rapidly reached for high temupee difference between HTF inlet temperature and
melting point of PCMs;

4) The effects of the HTF inlet temperature on thaltehergy stored show that heat storage capacityge
for high HTF inlet temperature.



Nomenclature

Symbole Symboles grecs
G Specific heatJ/kg. K f PCM melting fraction
E Total energy stored/kg Y7 Dynamic viscosityKg.m's*
k Thermal conductivityWWm. K P Density,Kg.m*
m Mass of the PCM¥g AH Latent heat of fusiorKJ.kg™
R: Inner tube radiusn 0=(T-Tw) Relative temperaturd
R, Outer tube radiusn
r Radial coordinatem Exposant, Indices
T TemperatureK f Heat transfer fluid
t Time,s pcm Phase change material
U Velocity, m/s M Melting point of PCMs
X Axial coordinatem in Inlet boundary
ini Initial condition
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