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Abstract

In this paper, a scalar two-dimensional analysis was conducted on the influence of nanoparticles on the thawing and freezing rate of phase-change
materials based on enthalpy method that is an innovative calculation method. To this end, carbon nanotubes (CNTs) and aluminum oxide
nanoparticles (NPs) were employed as a model of cylindrical and spherical nanoparticles, respectively.Paraffin and a composite of hydrated salts
was also utilized as the PCM. The numerical procedure involved the simulation of the phase change process based on finite difference using
enthalpy approach. Because of the recent innovations in computer calculation and also its connection with mechanical engineering a computational
code was written for this purpose.

Simulation results indicated a reduction in time of thawing and freezing upon incorporation of nanoparticles into the phase change material. For
both states, CNTs showed the better result due to acceleration of the heat transfer. The biggest increase (28%) in the rate of thawing and freezing
was for CNT-paraffin system; while the lowest increase (6%) was observed in aluminum oxide-hydrated salt system. This result can be utilized to

control the speed of energy storage and release.

Keywords: PCM, CNTSs, enthalpy method, thawing, freezing.

l. Introduction

The problem of the process rate and its control based on
various applications has been of crucial significance in the
engineering fields.

The solar wall can be mentioned as an example of the
applications requiring various rates of process. Depending on
the spaces behind the wall, it may need fast or slow phase
change rates for commercial and residential applications.
Therefore, the process rate should be controlled depending on
system requirements.

In general, the renewable energies should be controlled,
stored [1,2], and released. Materials should be adopted to
rapidly store these low-cost energies to avoid energy loss.
Increasing the thermal conductivity coefficient can be
considered as a solution for accelerating the phase change
process. Due to high thermal conductivity of nanoparticles,
especially CNTs, they could be a proper candidate for this
purpose. Numerous studies have addressed the process of
freeze-thaw in various materials. In 2011, Sebti et al. [3]
numerically assessed heat transfer during the thaw process in
two horizontal concentric annular cylinders in the presence of
nanoparticles (NPs). A rise was detected in the heat transfer
process upon adding NPs. They employed an enthalpy
technique through finite volume method to follow the
boundaries of solid and liquid phases. Kashani et al. (2014)
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[4]investigated heat transfer process in an energy storage
system with the presence of copper NPs. They reported an
increment in the heat release rate upon adding nanoparticles.
In 2014, Sherma et al [5] numerically assessed the thawing
process of a water-copper oxide nanofluid considering the
effect of various contents and temperature difference between
the cold and warm parts. They foundthat increasing the
amountsof NPs improves heat transfer. In 2018, Irani et al [6]
investigated the effect of NPs on the freeze-thaw process of
PCMs. Results showed that NPs accelerate the freeze-thaw
process. In 2022, Zhang et al. [7] explored the effect of CNTs
on paraffin vax as a PCM. They founded that adding CNTs
reduces the latent heat by 1.6%.

As mentioned earlier, extensive studies have been conducted
onCu,Oor other NPs. Also, the authors were motivated to
examine the influence of CNTs and compared their results
with the other NPS. In the present research, the influence of
nanoparticle on the freeze-thaw process in phase change was
numerically assessed by comparing the performance of
different NPs. The purpose of thispaper is tochecking the
effect of adding NPsto PCMs on the phase change efficiency.
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1. Problem definition

2.1. Geometry

The model including the energy storage layer and two
adjacent channels are shown in figure 1. The air moves
upward in the right channel while it is trapped in the left side.
Convection heat transfer occurs on both channels. The
dimension of the open channel is 0.005 x 0.73 m2. The air
temperature in the closed left box is 0 and 30°C during the
freezing and melting processes, respectively.In the right
channel, air enters at atemperature of 20 °C andthis
temperature increases based on the free convection heat
transfer. Moreover, the constant heat flux of 200 and -200
w/m”2 are intended for the melting and freezing process from
the left side of PCM layer, respectively.

% s
.

Fig. 1: Geometry of the model
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2.2. Materials and basic equations

In this research, air fluid was considered. A combination of
hydrated salts [8] and paraffin were also considered as the
phase change material. Carbon nanotubes and aluminum
oxide NPs were also applied to improve the thermophysical
properties as shown in Table 1.

Table 1. variables used in the Thermal Conductivity
Equations [6,15]

3
P,PCM,hydrated salt ,JCNT 1070 , 1350, 3600 kg/m
» PNP
chm,paraffin 243 kJ/kg
Tm,pcm,paraﬂin, hydrated 27° c
salt
U 4 W/m?.K

Parameter Value Unit
np,AI203, Onp,CNT, (59,1.7)*107°, 52106 M
an,CNT
ClnpAi203 , 0.9830,12.959, - -
C2np,alzos ,c1 3.91123x10°°
c2,c3,c4 (28.217,3.917,- -
30.669)+103
§1,np,Al203 , §2,np,Al203 8.4407, -1.07304 -
Tref 298.15 k
K 1.381110% JK1
k1 51104 -
Cp.ent,Cpp 600, 765 J/kg.K
Cp,pem,parafiin(S,L) (1934,2196) J/kg.K
Cp,pem,hydrated salt(S,L) (1832,2207) J/kg.K
kne, kent 36, Eq. (15) W/m.K
k,PCM,paraﬁin(S,L) (0358, 0.148) W/im.K
K pcMm,hydrated sait(S, L) (0.82, 0.58) W/m.K
p,PCM paraffin(S, L) (865,770) kg/m3
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Thermal properties of PCM including latent heat, density,
specific heat capacity were predicted. The density of PCMis
obtained by:

Petr = (1 - (DVOI)pPCM + (Dvolep(l)

Where, @, denotes the content of the NPs (vol.%). The
specific heat capacity of the PCM is obtained by:

@)

the effective latent heat of the PCM is obtained by:

®)

The models developed by Zheng et al. [10] and Nan et al. [9]
were used to predict the thermal conductivity of PCM based
on the non-circular geometry of CNTSs.

NANs model for solid phase [9]:

song et al defined a model based on effective length for
thermal conductivity [13]. The model developed by Zheng et
al. [14] can be regarded as aimproved version of Yamada-

Ota’s model as follows:
Kp,m
Keff __ Kp
- K K
K pm _ Kpm
b K +o+Dp[1—( Xy )]

+u—a<pN[1—(K§—'bm)]

6)

In comparison with experimental results, the value of 2.1x5-
2
g—mW'K is large. This value was taken as the thermal resistance.

The spherical aluminum oxide NPs were also considered.
Except for the thermal conductivity, other thermophysical
features of the PCM containing Al.Os NPs are similar to the
one comprising CNTs. The thermal conductivity of the
modified PCMobtained by [15]:

Ko 2(kpem — knp)®
kn—pcm pr

Pk o+
Knp + 2Kpem + (Kpem = knp )0y T

KT
ﬁklsppcmcp,pcm /m f(T: Q)np)(6)

The first term of this formula is related to the Maxwell model.
second sectionrelated to the Brownian motion.

The following equation was employed to calculate the
conductivity of CNTSs [16]:

k=1[9.7%x10719T2 + 3.7 x 107’T + 9.3(1 +

.5 27—
LT

2.3. Dominant Equations

The following hypotheses were considered:

* The thermal conductivity is the major mechanism involved
in the heat transfer.
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« 2-D heat transfer occurs in x and y directions of the storage
wall.
» Thermophysical properties are constant.
* Constant phase change if it happens
* No supercooling and overheating
* change in the volume of the material are ignored
Therefore, the heat transfer in a storage wall equipped with
NP-improved phase change materials can be described by
[6,17]:

aT kesr 0T kesr 0T

= o e B
0t PorrCperr 0%%  PepsCperr y? 47

In the above equation, T, X, Y, t, kerr , Cperr aNA poss
respectively  represent temperature, thickness, local
dimension perpendicular to thickness, time, thermal
conductivity, specific heat capacity [17], and density.

The boundary conditions can be expressed by[17]:

oH aT
pEffLE =q,— U[T(O.y,t) N Tl] _ keffa
x=0 9
" aT‘ k aT ©)
—kepro| —Keprao
ay y ay y+Ay
Lo o BT (L, ) = Toan] — kopp ok
Pesrlar = kerr 5 o meang " e 6y|y 5
; T (10)
-
“royl,, .,
LaH N aT‘ A aT‘ i aT o
Pe a7 = Kefr 3] T el f x| T eff 5y
T ot 7y y=0 7 9x, 71 9] v L
LaH_k aT| A aT i aT
Perrl g = Kerr, e Bk, T Bl (12)
LaH— U[T(0,0,t) — T,] — k, al k 2z
Perrb 3y =@ o e el gy - eff 6x|x )
oH oT
peffLE =q, = U[T(0,H2,t) = T,] — kegf a_|
Yy (14)
aT
—keffa‘x
oH oT
,DeffLE =q:— U[Tmean " T(L' 0, t)] o keff @|
Y 15
> (15)
- keffaL
oH ar
peffLE =q; — U[Tpean — T(L, H2,t)] — kéff @|
Y 16
o7 (16)
—keffa‘x

In Egs. (9)-(16), q; <H <U <T; <Tyeqn, and ho show absorbed
solar flux, enthalpy, total heat transfer coefficient, ambient air
temperature, average air temperature within the channel, and
heat transfer coefficient.

The phase change materials have variable boundaries as their
phase alters from solid to liquid and from liquid to solid. In
the enthalpy method, variable boundaries are equated as the
mass flow of input or output energies. The transition terms of
Egs. (9)-(16) signify the entrance or exit of the mass-energy
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flow equivalent to the energy at the beginning and end of the
phase change material.

After determining T(L,,t), the heat flux transferred to the
room obtained by:

qin = h; (T(Llﬂ b2 t) — Tmean) an

2.4, Numerical solution

An explicit finite difference numerical approach based on
enthalpy method was utilized regarding the nonlinear nature
of the governing equations [30,31]. The governing
equationswere discretized by the finite difference method:

ks At (18)
P+l _ 4p eff P __ oD 14
Hon SHept Doy rAx? (T(i+1,j) 2T + T(i—l,j))

kerrAt (
peffAyZ

14
+ T(i.f+1))

2At
HY ' =HP  +—|q, +U(T,— TP
(@ Perrlx [th ( 3

P _ omp
U= A

) 19

an = an
+ (korr /D) (T = TP .
eff e~ Tap
+ (keps X Ax
/By Z)(Tg.f—l) - 2T + Tﬁ.jﬂ))]

2h, At (20)
p+l _ P 2 _ TP
Hawjy = Houn + 7~ 2% (e S
KeprAt 17 p »
+ Doy By [( -1 ~ 2Tau )
14
+ T(M,j+1>)
2 2 14 14
+(28y°/bx )(T(M—u) 5 T(M.j))]
koAt @1
+1 _ eff
Higyy = Hip + por X [(T5+1.1) —2TG, + T(z;—l.l))
+ 2057 /8y?) (T8 — T8 )]
ko AL 22)
p+l _ yp eff P P P
Haujy = Howp + - - Ax? [(T<i+1w) = 2Ty t+ T(i—LN))
+ @ax*/8y?) (T — T )]
2At (23)
p+1 _ 14
Hiy =Hay + peff_Ax a1
2keppAtry »
+ peffoz [(T(Z,l) - T(l,l))
+ (sz/Ayz)(T(zi,z) - T(Ii,l))]
2At (24)
p+1 _ 14
H(l,N) S H(l,N) its peffo q1
2k, AL
+ Thm—Th
Peyrhx? (7 = T6)
+ (AXZ/A)’Z)(Tﬁ,N_l) - Tﬁ,m)]
2h, At (25)
p+1 _ 14 2 _ TP
H(M,l) - H(M,l) + peffo (Tmean T(M,l))
2k, At
P [(Tmsy = Thu)
+ (sz/Ayz)(T(ﬁr,z) - T(g/i,l))]
2h, At (26)
+1 2
H(pM,N) = H(pM,N) + PerrBx (Tmean - T(ﬁuv))
e
2koppAtr, )
+ peffoz [( M-1,N) T(M,N))
+ (A /8y?)(Thyn—1y = T )|
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Using the enthalpy method, the governing equation (Eq. (1))
and boundary conditions were transformed into Egs. (17)-
(25) where, the enthalpy term is obtained based on the
temperature of the PCM in terms of tangible and latent heats
(phase change).[30] A computational code was developed
based on Egs. (17) to (25) for prediction of the thermal
behavior of the PCM layer.

The temporal and spatial steps of the numerical solution were
determined according to network independence. Since the
explicit method is utilized for numerical solution of the
problem, the temporal and spatial steps should apply to the
Courant stability criterion in the following two-dimensional
formalation [30].

PCyppcm - kpcydt  kpeydt
2 7 dx? dy?
Where, At represents the temporal step while Ax = L, /N
andAy = H,/Mdenote the spatial steps of the numerical
solution network. Based on Fig. 2, the storage wall can be
divided into N x M nodes.
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Figure.2 Discrete grid of a solar wall used in the two-
dimensional numerical solution

let that air enter the airflow channel at room temperature
(RT). Assuming one-dimensional heat transfer of the airflow
along the the length of the channel, the temperature of the
output hot air entering the chamber can be obtained by [32]:

hyb

Tyy = (Tyy — TD)exp "oair * 477 (28)

Tmean = (TLV + TUV)/2 (29)

= A 0.59Bair(Tyy — Try)Hy + AP/ pgyr (30)
Pairls 10 21Gro%8% [, /D, + 2.5(A,/A,)?

Where, Ty, TpyStand for air temperature at the channel outlet
and inlet , respectively. Moreover, T, Shows bulk
temperature in the right channel.h, <b «m <C,, and H,, also
represent heat transfer coefficient of airflow, channel width,
mass flow rate within the channel, the air specific heat
capacity, and height of the channel, respectively. The free
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convection coefficient h, can be numerically determined
based on the mean Nusselt relation [13]. Here, the Rayleigh
number (Ray)can be determined based on T and Tpeqn-

0.67Ral?s

Nuy, = 0.68
Uy + [1 + (0.492/Pr)9/16]4/9

(€29

Il. Results and discussions:

A two-dimensional scalar simulation was studied in this
paper to assess the effect of NPs on the freeze-thaw process
of PCMs. To this end, a computational code was developed
in MATLAB software based on the mentioned equations, to
evaluated the influence of the nanoparticles on the PCMs,
once thegyyre PCM and then the CNT-PCM and Al;0s-PCM
systems were assessed. The content of the CNTs was 5 vol.%.
fig. 3 presented the freezing of various material at the same
moment, as seen, the temperature reduction was higher in the
case with CNTSs; while the lowest temperature decrement was
for the pure PCM.

a) PCM
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301 4
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P
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¢) PCM+5%CNT

Nodes In X Direction 0

Fig. 3: A view of paraffin layer with various nodes a) PCM,
b)PCM+AI,03, c)PCM+CNT

The rate of the freeze-thaw process was evaluated in the NP-
enhanced PCMs containing 5 vol% CNT or Al,O3; NPs.
Higher NP contents were not considered as the stability of the
system may be disturbed at higher contents of nanoparticles.
The durations of the thawing and freezing processes of
paraffin containing various NPs contents were determined as
presented in Figs. 4 and 5.

1.5

0.5

Liquid Fraction

0 100 300 500 600 750 800 900 1000
Time (s)

=@==[Base Paraffin =@==Paraffin With 5% Al203

Paraffin With 5% CNT

Fig. 4: Thawing rate of pure and NP-enhanced paraffin
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Fig. 5: Freezing rate of pure and NP-enhanced paraffin
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According to Figs. 4 and 5, the incorporation of CNTs and
Al;O3 NPs enhanced the thaw and freezing process in the
paraffin. Meanwhile, CNT caused a higher enhancement
which can be assigned to its far higher thermal conductivity
compared to Al,Os NPs. The thawing rate of paraffin was
enhanced by 30 and 16% upon adding CNTs and Al,O3 NPs,
respectively. For the freezing process the increment in the
rate of freezing was 14.5 and 5.5%, respectively. Figs 6 and
7 also illustrate the thawing and freezing durations for the
other PCM (a combination of hydrated salts). Based on these
two figures, similar to the case of paraffin, the rate of the
thawing-freezing processes was enhanced upon adding the
mentioned NPs.

1.5
c
.©
5
§ 1
[N
©
5 0.5
k=)
-
0
0 200 300 500 600 700 850 950 1000
Time (s)
e=@==Base PCM ==@==PCM With 5% Al203

PCM With 5% CNT

Fig. 6: Thawing process of NP-modified hydrated salts
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v o0
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Time (s)
«=@==Base PCM ==@==PCM With 5% Al203
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Fig. 7: Freezing process of NP-modified hydrated salts
In this research, the process time curves were plotted by

assigning the longest duration to 100 and normalizing the
other results based on that.
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Fig. 8: The effect of NPs on the thaw-freeze rate of PCMs
compared to the pure states.

According to Fig. 8, the highest increment in the process rate
was for the case where CNT was added to paraffin. This
behavior can be assigned to two major reasons:

1- low conductivity of paraffin
2-ultrahigh conductivity of CNT.

Moreover, lowest rise in the process rate compared to the
pure cases was for the system comprising Al203 NPs and
hydrated salts. For better understanding of the reasons behind
the acceleration of the heat transfer, Table 3 lists the thermal
conductivity of different materials.
according to Table 2 and the results of the thaw-freeze rate of
various materials, the enhancement of the thermal
conductivity directly affects the thaw-freeze rate.

Table 3: Thermal conductivity of various materials

Material K (W/mK)
Paraffin 0.148
Paraffin+CNT 5% 4.8
Paraffin+ Al,O3 NPs 5% 0.85
Hydrated salts 0.58
Hydrated salts+CNT 5% 5.1
Hydrated salt+ Al,O3 NPs 5% 0.93

V. Conclusions

In this article, a numerical study carried out to determine the
speed of fusion and freezing process of pure PCM and
improved PCM.

Based on the simulation results a decrease on the duration of
the thawing and freezing processes upon the incorporation of
NPs to PCMs was shown. For both PCMs, CNTs exhibited
better performance in accelerating the heat transfer as
compared to Al,Os. The highest (28%) and lowest (6%)
acceleration in the freeze-thaw processes compared to the
pure condition was for paraffin+CNT and hydrated
salt+Al,Os. Therefore, thermal performance of the PCMs was
improved with the presence of Al,Oz and CNTs. For both
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improved states, the thermal performance of the modified
PCM was better than the base state; however, the
incorporation of CNTs led to better outcomes compared to
Al,Os. generally the use of NPs accelerated the freeze-thaw
process. However using of NPs has no economicjustification
for energystorage operations which can be achieved at low
costs using the conventional methods.

List of Symbols
. Lo . j
Cp: Specific heat capacity, Py
K: Thermal conductivity coefficient, %
H: enthalpy or total energy content , é
H: heat transfer coefficient, 4
me.k
L w
Qq: input flux, -
T: temperature, C

Greek signs
P: density, kg / m3

Subtitle

Nepcm: nanoparticle-enhancedPCM

PCM: phase-change material

I: node number

Np: nano particle

1: Parameters related to the left closed channel
2: Parameters related to the open right channel

Superscript
P: Time step
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