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Abstract: The present work aims to numerically investigate the thermal and flow characteristics of a rectangular
latent heatstorageunit (LHSU) durirg the melting process & phase change material (PCM). The LHSU
consists ofa number of vertical and identicalabsof phase change material (PCM) separated by rectangular
channels. The melting process is initiated when the LHSU is heatetdat tranfer fluid (HTF: water) flowing

in channels in downward or upward direction. The proposed study is motivated by the need to optimize the
thermal performance of latent heat storage units by accelerating the charging prasas thermal storage
applicatons A mathematical model is developed and a figeid enthalpy formulation is adopted for modeling

the melting process. The finite volume method was used for discretization. The obtained numerical results are
compared with experimental, analytical andmauical ones found in the literature and a reasgngblbod
agreement is obtained. Thereafter, the numerical investigations were carried out to highlight the etffiects of
HTF flow direction and Reynolds number on the heat transfer enhancamgrhermalperformance of the
storage unit.

Keywords: phase change material (PCMatent heat storage unit (LHSWeat transfer fluid (HTF)solar
thermal energy storage, melting.

1. Introduction
Due to the gap between the thermal energy production and utilizitient heat storage units (LHU) are

considered as attractive thermal systems to conserving available energy. These systems integrate phase change

materials (PCMs) which are characterized by a relatively high energy storage density (compared to materials
storing energy by sensible form) and a small swing temperature during phase transition. These two
characteristics are advantageous for latent heat storage applications due to their role in reducing the volume of
storing materials without appreciable vaoat of the temperature around the melting point. LHSU were the
subject of numerous research works during the last 20 years. This interest is due to the fact that they are used in
several practical applications including solar building sysfdnf®, solar water heating systeii 4] and solar
energy generation systeifs9].

Charvat et al. [1Ppreported experimental and numerical investigation of a heat storage unit containing
100 aluminum panels filled with phase change material (PCM) and 20 mm air gap (air channel) between the
panels. A1D mathematical model was developed and used for a parametric 8odgpffa et al. [11
numerically studied the performance enhancement of a thermal energy storage (TES) unit employing multiple
PCMs and using the effective heat capacity method. The storage unit is composed of a number of horizontal
PCMs slabs separated by rectangular chantebugh which a heat transfer fluid (HTF) flows. The effects of
the PCM slabs dimension and HTF channel gap on the storage performance were numerically investigated. The
results show that the optimum length is 1.3 m, the slab thickness is 10 mm aidctienael gap is 3.2 mm.
The results also show that the system which can ensure comfort conditions has approximately a COP of 7.0 in
the climate of Tabriz (IranBechiri and Mansouri [12analytically investigated the thermal performance of a
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latent heat storage unit (LHSU) composed of various PCM flat slabs heated by HTF flowing under laminar
forced convection. The results show that the obtained esadotion gives a good estimation of the thermal
behavior of the LHSU during charging and discharging procetsgmz et al. [1B developed a numerical
model taking intoaccountconduction in PCM and heat transfer between the airflow and the PCM plates for
thermal energy storage in building$alawa and Saman [14arried out a numerical study of an air LHSU used
for space heating. The LHSU consists of one dimensional rectangular ducts filledhagéth ghange material
(PCM) where the heat transfer fluid (HTF) flows between the PCM slabs. The effects of the design parameters
such as air mass flow rate, air gaps, slab dimension and charge/discharge temperatures differences on the heat
transfer rate ahair outlet temperature have been investigatedet al. [1$ numerically studied the melting of
PCM not completely filled inside the enclosures the heat transfer and fluid flow characteristighey
investigated the time required for the complete storage, the volume expansion ratio, liquid fraction, heat flux,
velocity and temperature fields for a range of cavity volume fractions of PCM betv@éraBd 95%. The
computational results indicate that the time required for the complete energy storage increases with the increase
of the PCM cavity volume fractiorGharebaghi and Sezai [Lferformed a numerical study of the thermal
performance of a LHSU composed of slabs containing paraffin as PCM and metal fins where a HTF (air) flows
in the gap between the PCM modules. The results show that the heat transfer rate to PCM can be enhanced by
adding fins.Borderon et al. [1]fmodeleda storage system integrated in the ventilation circuit and composed of
horizontal phase change material sheets placed in a box beam where air blows between the sheets and exchanges
heat by convection with PCML.azaro et al. [1Bexperimentally studied a phase change thermal storage system
used for freecooling. In this application, PCM is sdified during the night and then during the day, the inside
air of a building can became cold by exchanging heat with FEZIQarnia [19 numerically studied the transient
behaviorof a latent heat thermal energy storage (LHTES) system composed of a number of PCM slabs separated
by rectangular channels where a HTF flows and exchanges heat by forced convection with PCM. The author
investigated the effects of control parameters ontlibemal performance and behavior of the LHTES system.
Ait Adine and El Qarnia [ZDnumerically studied the thermal performance of a LHSU using single and various
phase change materials (PCMs). The results shatyfor a low mass flow rate and HTF inlet temperature, high
thermal storage efficiency is obtained for a LHSU using two P@WMsto and Gonzélez [25tudied the fluid
flow and heat transfer during melting and solidification of PCM filled inside vertical and horizontal arranged
rectangular panels. They evaluated the effect of the walls temperature, position and thickness of PCM panels on
the flow behavior for two kinds of PCMRIT60 and Palmitic acid). The results show that during melting process,
the natural convection becomes more important for a horizontal arrangement of PCM PBanhklg. and
Mansouri [22 conducted an analytical study to investigate the thermal behavior of sastitlibe LHSU by
using the variables separation technique and the exponential integration functions. They also examined the
effects of he HTF mass flow rate, outer tube radius and pipe length on the melting and solidification rates.
Elbahjaoui et al[23, 24] numerically investigated the effect of the dispersion of high conductive alumina
nanoparticles in a base PCM on the thermal performance and flow characteristics of a rectangular LHSU during
melting process. The storage unit consista mumber of vertical and identical slabs filled with nanoparticle
enhanced phase change material (NEPCM) separated by rectangular channels in which circulates water as a
HTF. The results reveal that the dispersion of high conductive nanoparticlessrétRI&CM melting time. The
results also show that the increase in the volumetric fraction of nanoparticles improves the thermal storage by
sensible heat and slightly affects the latent heat storage.

In most of rectangular latent heat storage systemsdhégtélTF flows mentioned previously, the PCM
plates are placeth horizontally arrangementin addition, the effect of natural convection is not taken into
account and can be neglected as reportedldmuadi and Lacroix [25 The proposed work overcoméhis
limitation by taking into consideration the effect of natural convection dutiegmelting process of PCM
(Paraffin wax P116jilled in vertical slabs composing a LHSU. Because the melting process is initiated by the
circulation of heat transfer fluid (water) between the PStabs the effect of the flow direction (downward and
upwad flows) is also taken into consideratidrhe objectiveof this studyis to investigate the effect of the HTF
flow direction inchannels an&Reynolds number on the thermal and flow characteristics of the LHSU.

2. Mathematical model and validation
2.1. Configuration description

A schematic of the latent heat storage unit (LH8ber investigatios shown in Fig. 1a. It consists af
number of PCMslabs separated by N rectangular channels through which HTF flows. A representative volume
in the LHSU, which is regtitive, is chosen. The solution domain is shown in Fig. 1b. It consistaliod PCM
slabandhalf a HTF channelThe PCM and HTF used are pdirafvax P116 and waterespectively At timet =
0, the PCM is solid at its melting temperaturgeI The nelting process of PCM is initiated, att > 0, when HTF
(hot water) flows in channels. The phase change process continues until all the PCM becomes completely melted
andwhenits temperature becomes equal to that of HTF at thedhtee LHSU
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2.2. Governing equations

In order to model the heat transfer by natural convection and conduction in PCM and by forced
convection in HTF, some assumptions adopted. It is assumed that the transient heat transfer and fluid flow
are twadimensional. The PCM is assumed to be pure, homogeneous and isotropic. Theptngsital
properties of HTF and PCM, which are provided in Tables 1 and 2, are assumezbtwstaat. The liquid PCM
and HTF are Newtonian and incompressibleand their flows are laminarThe HTF flow is dynamically
developed. The Boussinesq approximation is valid for the PCM liquid phase density variations in the buoyancy
source term. Viscous difpation is neglected. The wall separating HTF and PCM is assumed to be very thin, so
its thermal resistance is neglected. The contact between PCM and wall is perfect and permanent. The solid PCM
is immobilized. The reference temperaturg; ¥ Tme, andt h e r ef er adrCc g d.Rnae Mdge,to |
the melting point.

Based on the previous simplifying assumpticared using the enthalpy methothe unsteady two
dimensional governing equations for conservation of mass, momentum and energtameas/follows:

For PCM:
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The initial and boundary conditions for the conservation equations are as follows:
t9® g~ VvV, O (6a)
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The dimensionless of the governing equatiwas obtained using the following dimensionless variables
and parameters:
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where T, _ stands for thedTF inlet temperature ., represents the PCM melting poiia is the Rayleigh

number, Ste is the Stefamumber and|,is a charactastic length (, =+/H(d/2)). It should be noted thabe
characteristic lengtiis kept constant in the present study at valpe 0.07062 m.The dimensionless height
and thickness of the PCM slabs are expressed astiofuiof the aspect ratio as follows:

A=vA (63
=2
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2.3. Numerical procedure and validation

The governing equations adiscretized using the finite volume approach. The power law scheme is
adopted to treat the convective terms in governing equations. The preskity coupling in momentum
equations ishandledusing the SIMPLE algorithmThe Tridiagonal Matrix Algorihm (TDMA) is used for
solving the resulting algebraic equations.

The numerical model is implemented in a sidf/eloped FORTRAN code to carry out the calculations.

The iterative solution continues until convergence of the flow and temperature fieldshatirea step.
Solution was declared converged when the largest local relative change in temperature is les$ tmash 10
when the largest mass and thermal balances are less thand.6x 1@, respectively.

In order to test the reliability of the foreimg mathematical model and seiveloped simulation code, a
comparison between our numerical results and analytical, experimental and numerical results obtained by other
researchers has been made. Three validations have been carried out.

In the first vdidation, the problem of heat transfer by forced convection for a fluid flow betiveen
parallel flat plates is studied. Two kinds of boundary conditions are considered, isothermal wall and constant
heat flux density wall. According to thigerature [26] , for fully thermaldeveloped flow, the Nusselt numbers
associated to an isothermal wall and constant heat fluxtgevell are 7.54 and 8.23, respectively. As it can be
seen in Fig2 (a) and (b) which displays the variation of the Nusselt number with the position, the Nusselt
number decreases from the inlet to the outlet of HTF channel for the both boundaryl beseesultsshow
that the Nusselt number reaches the asymptotic values 8.23 and 7.54 for a constant heat flux density wall and
an isothermal wall, respectively. These obtained results are in agreement with those reported in literature.

In the second validan, the results obtained by the present numerical model are compared with those of
the numerical studies d@rent et al. [2T and Khodadadi and Hosseinizadeh J28nd with the experimental



work of Gau and Viskanta [49for the melting of gdium as a base PCM filled in a differentially heated
rectangular enclosure. The height and width of the enclosure are 6.35 cm and 9.89 cm, respectively. The
temperatures of the left and right walls are kept fixed at 38 °C and 28.3 °C, respectively. iZbwetddowalls
of the enclosure are thermally insulat&the locaibns of the melting front att = 2 min, 6 min, 10 min and
17 min predicted by the current modeére compared with thse obtained byBrent, Voller and Reid [Z7
Khodadadi and Hosseinizadeh [28hd Gau and Viskanta [3%s shown in Fig. 3. From this figure, it can be
seen a reasonably agreement between the numerical and experimental results.

The third validation was carried out by comparing tesults of the current model with the data of a
benchmark study performed IBertrand et al. [3Dfor the melting of PCM in a differentially heated square
enclosure. The latter is initially filled with solid octadecane at the melting point. The right wall of the enclosure
is fixed at the melting point, whal the left vertical wall is maintained at 10°C higherntitae melting
temperature. fie horizontal walls are thermally insulated. The results predicted by the current model were
compared with the numerical moMi eel rsa DBfiam@Bt aor adDx dor Al
melting front positions at timeSte® Fo =0.006 and 0.01 as shown in Fig. 4@a)d (b), respectively. The
analysis of these results reveals that a good agreement exists between the current developed model and the
other numerical model s o-¥Vi &L ador abhadcorii@lifixhoe Quer ed, AGob
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Figure 2:Local Nusselt number at thermally developing flow between parallel flat platte¢a) constant heat
flux and (b) isothermal wall
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Figure 3:Comparison of the Gallium melting front positions at 2 min, 6 minpitdand 17 min between the
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Figure 4:Comparison of the melting fropsitions at time SteFo = 0.006 (a) and 0.01 (b) between the current
model and the numerical mod¢89] of Lacroix, LeQuere, GobiWiera and BinetLacroix.

3. Results and discussions

This section focuses on the effects of the HTF flow direction (upward or downward direction) and
Reynolds numbeon the flow and thermal characteristics o ttHSU during the melting process. The Reynolds
number ranges from 40 to 2000. Taspect ratioRayleigh number and Stefan number are fixed at values:
A =6, Ra=7.95x10 and Ste=0.1444, repectively. The othecontrol parameters are fixed at their reference

values as followsa, =1.3, w= 0.085Pr = 3.77,k,, , = 1.4916 andPr, =19.87.
To compare the thermal behavior and performance of the LHSU heated by a downward and an upward
HTF flow, two different storage efficiencies were defin€tle first efficiency, called sensible storage efficiency,

is associated to the storage of energy hysiide heat. It is defined as the ratio between the sensible energy
stored in the PCM and the maximum energy that can be stored. It is given as follows:

w/2+d/2 H
Ste fj  qjdxdy
e —  X=w/l2 Y 8 (9)
sen 1+ Ste

The second efficiency, callddtent storage efficiency, concerns the storage of energy by latent heat. It is
defined as the ratio between the energy stored by latent heat and the maximum energy that can be stored in
PCM. It is expressed as follows

f
Ca 1 s
The latent storage efficiendy, , achieves its maximum value when the PCM becomes completely
melted(f = 1). This maximum value, as can be concluded from the latest expression, is lower thandte val
The sensible storage efficien€y,,, reaches its maximum value when the thermal equilibrium establishes
between PCM and HTF. At this moment, the PCM is heated up to the HTF inlet temperature and the sum of
thesetwo storage eitiencies becomes equal to & (, +.e 1).

(10

3.1. Effect of the HTF flow direction on streamlines and isotherms

Fig. 5 shows the streamlines describing the flow field in the liquid PCM for an upward HTF flow at
times:t :5.45x10?% 7.46x10, 9.466x1¢, 1.162x1d, 1.377x1¢, 1.65x10", 1.98x10" and 2.8x16. The case
of downward HTF flow is also investigated idustrated inFig. 6. The Reynolds number is fixed at valoi40.
These figures show that a part of heatrasmsmitted to PCM and thereby causes its melting startup for both
cases, upward and downward flow of HTF. The natural convection begins to develop near the heat exchange wall
separated HTF and PCM. The liquid PCM flow is in the clockwise direction, umhesd to the heated wall and
downward near the melting front. As can be seen is. FE¢p) - 5(d), the liqguid PCM flow is monaellular
where a single cell is formed in the melted portion. The heated liquid moves to the top part of the PCM slab
before imphging on the melting front. The displacement of the hot liquid R@Nard the top ofhe slab causes
an accelerated melting in this region. This caukesleformation and rapid progression of the melting front in
this section of PCM slab. Compared to tase of an upward HTF flow, the melt front is deformed more quickly
in the upper part of the PCM slab for a downward HTF flow. As time progresses, the liquid volume widens, and



the effect of natural convection intensifies. Ror:1.377x10, the liquid PCM flow becomes dgiellular for an
upward HTF flow, while it remains morellular for a downward flow of HTF. As heating ongoing

(t :2.8x10Y the liquid PCM region becomes more extended and the bothpeeliously formed, for the case

of an upward HTF flow, combines together to form a single clockwise cell. It is interesting to note that at the
same moment, the liquid PCM flow is more intensified for the case of an upward HTF. This behavior is

representedh Fig. 5 and Fig. 6 by the great value |M|maxfor an upward HTF flow compared to a downward
flow.
@
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Figure 5:Streamlines for an upward HTF flow at (&) 5.45x1, (b) 7.46x1, (c) 9.466x1, (d)
1.162x16, (e)1.377x10, (f) 1.65x10", (g) 1.98x10'and (h)2.8x10!

Fig.7 shows the temperature contours in the PCM slabs, for an upward HTF flow, at the same
aforementioned timest $5.45x1(?, 7.46x1(, 9.466<102, 1.162x1¢, 1.377x1¢, 1.65x10, 1.98x10¢" and
2.8x10% The case of downward HTF is also treated as illustrated in8Figigs.7 and 8 show that, for both
cases of HTF flow direction (upward or downward flow), the melted PCM close to the healtechoves
towards the top region of the enclosure as melting progresses. Such a movement is due to natural convection
occurring inside the melted PCM. As a consequence, aunidorm temperature distribution occurs in the
vertical direction. It should beoted that, for both cases of HTF flow direction, the highest temperature takes
place in the top region of PCM slabs. It is interesting to note that compared to the temperature distribution in
PCM slab for an upward HTF flow, the highest value of tempegas achieved for a downward flow of HTF.

Figure 6. Streamlines for a downward HTF flow in channels at {a)5.45x1(, (b) 7.46x1®, (c)
9.466x1@, (d)1.162x10, (e)1.377x10, (f) 1.65x10%, (g) 1.98x10*and (h)2.8x10*



Figure 7:1sotherms for an upward HTF flow in channels at {a)5.45x1@?, (b) 7.46x1@, (c) 9.466x1, (d)
1.162x10, (e)1.377x10, (f) 1.65x10", (g) 1.98x10'and (h)2.8x10!

Figure 8: Isotherms fora downwardHTF flow in channels at (a) 5.45x1@, (b) 7.46x1(, (c) 9.466x1(, (d)
1.162x10", (e)1.377x10", (f) 1.65x10, (g) 1.98x10'and (h)2.8x10*

3.2. Effect of the Reynolds numberand HTF flow direction on the storage efficiencies

The effect of the Reynolds number on the tiwiee variation of the sensible storage efficiency, for both
HTF flow directions, is shown in Fig. From this figure, it can be shown that, at the same moment and
Reynolds numbethe sensible storage efficiency is higher for a downward HTF flow diredtiendifference of
sensible storage efficiency between the both cases of HTF flow direction decreases as the Reynolds number
augments. At the end of the charging process, theilde storage efficiency reaches its maximum value and
remains constant. For an upward HTF flow, the total charging time of LHSU is &bow@.3772, 0.3134 and
0.2448 for Re = 40, 100 and 2000, respectively. For a downward HTF thewcharging time i€ :0.308,
0.2687 and 0.2206 for Re = 40, 100 and 2000, respectively. From these results, it can be concluded that the
charging time of LHSU decreases with increasing Reynolds number. In other words, thee desmiitdtored
early in PCM for higher Reynolds number. In addition, the total charging time of LHSU is shorter for a
downward HTF flow direction.

The effect of the Reynolds number on the tiwise variation of the latent storage efficiency is illustrated
in Fig. 10. The results show that, for both HTF flow directions, the latent storage efficiency is higher for a large
value of the Reynolds number. This behavior is mainly due to the fact that the increase in the Reynolds number
intensifies heat transfer tveeen HTF and PCM slabs and therefore accelerates the melting process. It is
interesting to note that the latent storage efficiency is slightly higher for a downward HTF flow. But, as the
melting process approaches to its end, the difference of lateagstefficiency between the both cases of HTF
direction is gradually reduced to become virtually zero. For an upward HTF, the PCM is completely melted at
t :0.2763, 0.2412 and 0.1984 for Re = 40, 100 and 2000, respectively. Faneaia HTF flow, the PCM
becomes completely melted &t :0.2735, 0.2378 and 0.1958 for Re = 40, 100 and 2000, respectively. The












