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Abstract

Phase change materials encapsulated inside cylindrical enclosures are analyzed for solidification and melting process. Analytical solutions for
finding the interface locations at various time steps are obtained. Transient interface positions and complete phase change time is predicted by
two models for solidification and by three models for melting. To validate the analytical results, experiments are carried out to find the transient
positions of the front. The agreement was found to be good for model with conduction and heat generation in solidification process, but in
melting the model with conduction, convection and heat generation gives a better prediction. Validated analytical model is extended to study
the phase change behavior and heat transfer characteristics inside PCM. Presence of heat generation increases the total solidification time of the
cylinder, though it accelerates melting. Total solidification time depends on Stefan number and heat generation parameter β, whereas complete
melting time depends on equivalent thermal conductivity. This paper also analyzes the behavior of three paraffins, 60% n-tetradecane + 40%
n-hexadecane, n-tetradecane, and n-pentadecane. Since the model considered the influence of heat generation, analytical predictions are also
helpful in applications such as nuclear fuel freezing, microwave thawing, and vacuum freeze drying.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Phase change materials (PCMs) have a strong ability to store
energy and have an excellent characteristic of constant temper-
ature in the course of absorbing or releasing energy. For the
inward solidification processes, a number of researches have
been revealed for the heat transfer as well as phase change phe-
nomena. Solidification is normally considered as a pure con-
duction problem. On the other hand, melting process involves
the natural convection effect of the liquid phase. But a liter-
ature inferred that there is a significant reduction in melting
time for slab of ice due to the presence of heat generation [1],
hence it is important to consider the presence of heat genera-
tion inside PCM. The influence of volumetric heat generation
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in PCM is of great importance in applications like laser melting
of materials [2], vacuum freeze drying [3], microwave heat-
ing/thawing [4,5], nuclear fuel freezing [6,7] phase change solar
collectors, biological tissues freezing. In spite of the impres-
sive number of articles published on the subject over the last
15 years, only few publications deal with the effect of volu-
metric heat generation. Due to the nonlinearities of solid–liquid
front, and limiting factors such as geometry, temperature vari-
ations, motions in the liquid phase, most of the research uses
numerical or finite difference techniques. A numerical model
to simulate a storage system and operational geometrical pa-
rameters of that system was investigated [8]. Finite difference
method is applied to resolve the enthalpy equation [9–11]. Gen-
erally, transient heat equation was found to be best suited for
addressing phase change phenomena. Solutions to the solid–
liquid phase change phenomena are commonly referred as Ste-
fan problem [1,3,12,13]. The application of moving boundary
to single droplet drying was recently addressed and the tem-
perature distribution was found to be significant inside the
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Nomenclature

c Specific heat . . . . . . . . . . . . . . . . . . . . . . . . . . . J/kg K

Fo Fourier number

H Latent heat of fusion . . . . . . . . . . . . . . . . . . . . . kJ/kg

k Thermal conductivity . . . . . . . . . . . . . . . . . . . W/mK

keq(t) Ratio of transferred heat rate by natural convection

to that by thermal conduction

Nu Nusselt number

q ′′′ Volumetric heat generation. . . . . . . . . . . . . . . W/m3

R Radius of cylindrical capsule . . . . . . . . . . . . . . . . . m

s Dimensionless position of the solid–liquid inter-

face, defined in Eq. (6)

Ste Stefan number

T Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦C

t Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s

x Dimensionless co-ordinate

Greek symbols

α Thermal diffusivity . . . . . . . . . . . . . . . . . . . . . . . m2/s
β Dimensionless heat generation parameter
θ Dimensionless temperature
λleq(t) Equivalent thermal conductivity of the liquid PCM
ξ Spatial variable . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
ρ Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

σ Position of the interface in spatial variable . . . . . m

Subscripts

0 External fluid
cond Conduction
conv Convection
f Fusion
L Liquid phase
mel Complete melting
S Solid phase
sol Complete solidification
droplet [14]. A simplified analytical model which predicts the
solid–liquid interface location and temperature distribution of
the fin in the solidification process is developed [15]. The ef-
fect of energy generation on freezing and melting in a semi-
infinite region [16] and in slab geometry [1] was recently ex-
amined. There are numerous approximate analytical solutions
based on various mathematical techniques such as variational
approach, Megerlin method, perturbation, heat balance integral
method and quasi-steady approximation for phase change prob-
lems with out considering heat generation. Almost all analytical
solutions are limited to phase change materials initially at its
melting temperature. But in actual, phase change materials will
be at initial temperature greater than melting point or fusion
temperature. Hence there is a need for analytic solutions to ex-
amine the effect of important parameters on solidification and
melting of PCM in general, and on the solid–liquid interface
motion in particular.

This paper considers the temperature of PCM initially above
its fusion temperature. Phase change problems can be simpli-
fied by neglecting transient terms in the governing heat equa-
tion. The quasi-steady model developed in this paper is used
to examine the effect of volumetric energy generation on one-
dimensional solidification and melting of cylinder. Presence of
energy generation reduces total melting time but it significantly
increases total solidification time. The influence of Stefan num-
ber on the complete solidification time is also examined. Ana-
lytical solutions for finding the position of the moving interface
at various time steps is given for both solidification and melt-
ing of cylinders with and without considering heat generation.
Natural convection effect is also taken into account for melting
problem. The solutions shows that complete solidification time
depend on Stefan number and energy generation parameter. De-
veloped analytical solutions are also validated experimentally,
and it shows a good agreement between the experimental re-
sults and that predicted analytically. These analytical solutions
can also be used to find complete solidification and melting time
which helps in selection of phase change material with good
charging and discharging characteristics.

2. Solidification analysis

Phase change materials can be encapsulated inside various
cylindrical containments made up of glass, stainless steel, poly-
ethylene, aluminum, or copper. To predict the characteristics
behavior of moving boundary in the cylindrical capsules, sin-
gle capsule of finite radius R is considered for the analysis.
Initially, cylinder is at a temperature Ti above fusion temper-
ature Tf , the surfaces of the cylinder ξ = ±R are maintained
at a temperature T0 < Tf . This problem can be resolved in
two methods. Model I consists conduction and heat genera-
tion whereas model II assumes only conduction heat transfer.
According to model I, the energy is generated throughout the
cylinder at a constant volumetric rate q ′′′. Due to symmetry, the
center line at x = 0 is insulated, and hence half of the cylinder is
considered for analysis as shown in Fig. 1. Solidification starts
on the surface of the cylinder, and moving solidification front
forms instantaneously and propagates through the liquid phase.
To simplify the problem, the changes of volume on solidifica-
tion are neglected and the properties are same in both solid and
liquid phases.

2.1. Model I (conduction and heat generation)

Based on these assumptions, the governing heat equations
for solidification are,

α

(
∂2TS

2
+ 1 ∂TS

)
+ q ′′′

= ∂TS
, σ � ξ � R (1)
∂ξ ξ ∂ξ ρc ∂t
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Fig. 1. Sectional model of the cylindrical PCM.

and

α

(
∂2TL

∂ξ2
+ 1

ξ

∂TL

∂ξ

)
+ q ′′′

ρc
= ∂TL

∂t
, 0 � ξ � σ (2)

where α is thermal diffusivity, ρ is density, c is specific heat,
and the subscripts S and L represents solid and liquid phase,
respectively. The boundary conditions are,

(1) TS(ξ = R, t) = T0.
(2) TS(ξ = σ, t) = Tf .
(3) TL(ξ = σ, t) = Tf .
(4) ∂TL(ξ=0,t)

∂x
= 0.

The initial conditions are,

(1) TL(ξ, t = 0) = Ti .
(2) σ(t = 0) = R.

The interface energy balance between the solid and liquid phase
along the solidification front,

k
∂TS(ξ = σ, t)

∂ξ
− k

∂TL(ξ = σ, t)

∂ξ
= ρH

dσ

dt
(3)

where k is thermal conductivity, H is latent heat of fusion, and
σ is solidification front position.

The dimensionless variables are adopted and the governing
equation, boundary conditions, initial conditions and interface
energy balance equation are cast in dimensionless form. The
dimensionless quantities are,

x = ξ

R
, θS = Tf − TS

Tf − T0
, θL = Tf − TL

Tf − T0
, s = σ

R

Fo = αt

R2
, β = R2q ′′′

k(Tf − T0)
(4)

Substituting non-dimensional quantities (4) in governing equa-
tions (1), (2) gives non-dimensional governing equations (5)
and (6)

∂2θS + 1 ∂θS − β = ∂θS
, s � x � 1 (5)
∂x2 x ∂x ∂Fo
∂2θL

∂x2
+ 1

x

∂θL

∂x
− β = ∂θL

∂Fo
, 0 � x � s (6)

Similarly the non-dimensional boundary and initial conditions,

(1) θS(x = 1,Fo) = 1.
(2) θS(x = s,Fo) = 0.
(3) θL(x = s,Fo) = 0.

(4) ∂θL(x=0,Fo)
∂x

= 0.

(5) θL(x,Fo = 0) = Tf −Ti

Tf −T0
= θi .

(6) s(Fo = 0) = 1.

Interface energy equation (3) transforms to,

Ste

(
∂θS(s,Fo)

∂x
− ∂θL(s,Fo)

∂x

)
= − ds

dFo
, (7)

where, Ste is the Stefan number defined as, Ste = c(Tf −T0)

H
.

Solidification solutions of the above differential equation de-
pend on the dimensionless energy generation parameter β . It
is very difficult to arrive at an exact analytical solution. The
transient terms can be neglected by assuming quasi-stationarity.
The quasi-steady model is valid for low values of Stefan num-
ber. Interface energy equation is unchanged in the model. Hence
the interface motion, temperature distribution are time depen-
dent. Since transient terms are negligible, steady state tempera-
ture distribution are achieved instantaneously as the interface
moves. Neglecting the transient terms, and direct integration
of Eqs. (5) and (6) and application of corresponding boundary
conditions, gives the solution to the temperature distribution in
the solid and liquid phase as,

θS(x,Fo) = lnx

4 ln s
(β − 4 − βs2) +

(
1 − β

4

)
+ β

4
x2 (8)

θL(x,Fo) = β

4
s2 + β

4
x2 (9)

Differentiating Eqs. (8) and (9), and substituting into interface
equation (7), with applying the initial condition s(Fo = 0) = 1,
results in

Ste

Fo∫
0

dFo = 4

β

S∫
1

s ln s ds

s2 + (4/β − 1)
(10)

From Eq. (10), it is clear that the above integral has to be eval-
uated in three cases (β > 4.0, β < 4.0, β = 4.0).

2.1.1. Analytical solutions—transient interface position
Case 1: β < 4.0

Ste Fo = 4

β

[
1

2
dilog

(
a1 + si

a1

)
+ 1

2
dilog

(
a1 − si

a1

)

+ 1

2
ln s ln

(
a1 + si

a1

)
+ 1

2
ln s ln

(
a1 − si

a1

)

− 1

2
dilog

(
a1 − i

a1

)
− 1

2
dilog

(
a1 + i

a1

)]
(11)

where a1 = √
4/β − 1, dilog(x) is a special mathematical func-

tion defined by the analytical continuation of the following in-
tegral [17].



S. Kalaiselvam et al. / International Journal of Thermal Sciences 47 (2008) 858–874 861
dilog(x) = − ∫ x

0
log(1−t)

t
dt for a real number x < 1. These

functions are evaluated by using mfun function of MATLAB
v7.0 (R14), with an accuracy of 10−16.

For β < 4, entire cylinder is solidified at Fosol, before the
steady state is reached. Even after the complete solidification,
the temperature of the PCM continues to decrease, because
of sensible heat release by the PCM, and its heat generation.
Hence the above solution is applicable when Fo < Fosol. Com-
plete solidification time of cylinders can be calculated by,

Ste Fosol = 4

β

[
−1

2
dilog

(
a1 − i

a1

)
− 1

2
dilog

(
a1 + i

a1

)]
(12)

Case 2: β > 4.0

Ste Fo = 4

β

S∫
1

s ln s ds

s2 − (1 − 4/β)

Ste Fo = 4

β

[
1

2
dilog

(
a2 + s

a2

)
+ 1

2
dilog

(
a2 − s

a2

)

+ 1

2
ln s ln

(
a2 + s

a2

)
+ 1

2
ln s ln

(
a2 − s

a2

)

− 1

2
dilog

(
a2 − 1

a2

)
− 1

2
dilog

(
a2 + 1

a2

)]
(13)

where a2 = √
1 − 4/β .

In this case, cylinder will not completely solidify even when
the equilibrium is reached. Instead at steady state, it reaches a
particular interface position sST as defined in (14) at which, all
the energy generated is conducted out to the cold water.

sST =
√

1 − 4

β
(14)

Case 3: β = 4.0

Ste Fo = 1

2
(ln s)2 (15)

This is a very special case, at which the cylinder will com-
pletely solidify only when the steady state is reached. At equi-
librium state, the interface is at s = 0, and all the energy gener-
ated is conducted out to the cold surface.

2.2. Model II (conduction)

Analytical solutions for finding the transient interface posi-
tions is [18],

4 Ste Fo = 1 − s2(1 − 2 ln s) (16)

3. Melting analysis

The PCM inside the cylinder encapsulation is initially solid
at phase change temperature (Tf ). The surfaces of the cylinder
ξ = ±R are maintained at a temperature T0 > Tf . Melting of
PCM starts from the surface and the interface moves inward.
Due to the temperature rise and presence of heat generation,
solid phase will result in partial melting and hence solid–liquid
region is formed instead of solid phase. Since quasi-steady ap-
proximation method is used, it is assumed that the mixture
forms immediately and the temperature of the solid phase rises
instantaneously to the fusion temperature. Temperature of the
mixture will be at its fusion temperature. But the proportion of
liquid in the mixture increases due to energy generation, and
sensible heat addition from the warm surface. Once the entire
cylinder melts, liquid temperature will rise until steady state is
reached.

3.1. Model I (conduction and heat generation)

In the dimensionless formulation, the energy generation pa-
rameter β , Stefan number Ste and dimensionless temperature
θL are redefined as,

β = R2q ′′′

k(T0 − Tf )
, Ste = c(T0 − Tf )

H

θL = T0 − T (ξ, t)

T0 − Tf

(17)

Transient heat equation with energy generation for the liquid
phase is,

α

(
∂2TL

∂ξ2
+ 1

ξ

∂TL

∂ξ

)
+ q ′′′

ρc
= ∂TL

∂t
(18)

where α—thermal diffusivity of PCM.
The boundary conditions and initial condition includes,

(1) TL(ξ = R, t) = T0.
(2) TL(ξ = σ, t) = Tf .
(3) σ(t = 0) = R.

Dimensionless heat equation, boundary and initial condi-
tions are,

∂2θL

∂ξ2
+ 1

x

∂θL

∂x
− β = ∂θL

∂Fo
, s � x � 1 (19)

θL(x = 1,Fo) = 0

θL(x = s,Fo) = 1

s(Fo = 0) = 1

Assuming quasi-stationarity, transient terms from the governing
equation can be neglected and solving the differential equation,
yields,

θL(x,Fo) = lnx

ln s

(
1 + β

4
− β

4
s2

)
− β

4
+ β

4
x2 (20)

As explained a mixture of solid and liquid phases are formed
during melting instead of solid phase because of partial melting.
Hence the interface energy equation is reformulated with an ad-
dition of a factor γ which defines the mass proportion of liquid
in the mixture.

The conservation of energy for the mixture is represented in
Eq. (21)

q ′′′ = ρH
dγ

(21)

dt
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Integrating the above equation and using the initial condition
γ (0) = 0

γ = q ′′′

ρH
t (22)

Assuming, no heat is transferred through the mixture by con-
duction and from Eq. (22), the interface energy equation is
modified into,

−k
∂TL(ξ = σ, t)

∂ξ
= ρH(1 − γ )

dσ

dt
(23)

where γ is the mass ratio of liquid in the mixture to the total
mass of mixture.

Dimensionless interface energy equation is,

Ste
∂θL

∂x

∣∣∣∣
x=s

= (1 − Ste Foβ)
ds

dFo
(24)

Resorting to the analytical solution (20),

∂θL

∂x

∣∣∣∣
x=s

= 4 + β − βs2

4s ln s
+ β

2
s (25)

Substituting (25) in (24) yields,

4 = (4 + β − βs2 + 2βs2 ln s)(1 − Ste Foβ) (26)

Complete melting time of the cylinder can be computed by
[i.e. s = 0, Fo = Fomel],

Ste Fomel = 1

β + 4
(27)

3.2. Model II (conduction)

Limiting case of β = 0, results in

Fomel = 1

4
Ste−1 (28)

It is evident from the two equations (27) and (28); the pres-
ence of energy generation reduces total melting time.

3.3. Model III (conduction, convection and heat generation)

During melting, as the melted region grows, the influence of
natural convection has a considerable impact. As proposed [19]
the natural convection effect of PCM can be merged with the
thermal conductivity of the liquid by using a relation (29),

λleq(t) = keq(t) ∗ k (29)

where

• k is thermal conductivity of PCM.
• keq(t)—ratio of transferred heat rate by natural convection

to that by thermal conduction.
• λleq(t)—equivalent thermal conductivity of the liquid

PCM.
• Overall equivalent conductivity

keq(t) = Nu/Nucond

• Overall Nusselt number is given by,

Nu = [Nu15
cond + Nu15

conv](1/15)

where
Nucond = 2

ln(R/σ)

Nuconv =
[

1

Nuσ

+ 1

NuR

]−1

The non-dimensional analytical solutions given are same for
models I and III. But for model III, at each time step the equiv-
alent thermal conductivity λleq(t) has to be calculated. This
equivalent thermal conductivity λleq(t) is substituted instead of
the conductivity k.

4. Experimental setup and test procedure

The experiments consists of two insulated section namely
test tank and auxiliary unit. At the centre of the tank a cylinder
is filled with PCM as shown in Fig. 2. The auxiliary unit is pro-
vided with a heating coil and a cooling coil in order to heat or
cool the circulating fluid based on the condition required. The
water with additive ethylene glycol (73:27 % by wt) is used as
circulation fluid. The temperature of the fluid can be varied be-
tween −25 to 50 ◦C. Constant wall temperature of the cylinder
can be maintained during the experiment through the circula-
tion of the external fluid from the constant temperature bath.
Temperature controller with electrical stirrer is used to maintain
the uniformity of the temperature inside the tank and the bath.
The estimated uncertainty in the temperature measurement is
±1.8 ◦C and the resolution of digital temperature controller is
0.1 ◦C. Initially both temperature controllers (tank, bath) are
set at the same temperature. Also thermocouples are evenly
spaced and fixed at the external surface of the PCM at several
locations to check the uniformity of the temperature boundary
condition. These thermocouples are connected to the temper-
ature controller. This ensures uniform surface temperature at
the beginning of the test within 0.5 ◦C. The storage capsule
is a copper capsule with inner diameter of 70 and 350 mm
long with a wall thickness of 1 mm. Digital camera is used to
record the solidification and melting images at various stages
of the process. Refractive index of the external fluid is found
to be 1.36 whereas refractive index of the HC mixture is 1.434
which is comparable. Even then slight distortion effects will be
present due to the refraction. Transient interface positions are
measured by digital image processing methods such as contrast
enhancement, and filtering operations which minimizes the un-
certainties in the position measurements. PCM chosen for the
experiment is a 60% n-tetradecane + 40% n-hexadecane mix-
ture, claimed to be suitable for cool thermal energy storage.
Since HC mixture contains air particles, during preparation of
sample air particles are removed by repeating solidification and
melting under vacuum. Some properties of HC mixture chosen
are taken from literature while others are determined by DSC
measurements. The top and bottom of the test tank were fitted
with double glazed plexiglass windows to enable photographic
and visual observations of the test cylinder. For solidification,
only 76% of the liquid PCM is filled inside the test cylinder. An
overflow tube is provided at the top in order to remove the ex-
cessive PCM during filling. During the test, the phase change
process is monitored and the light projector was switched on.
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Fig. 2. Experimental setup.

Fig. 3. Comparison between experimental study and analytical solutions (solidification, radius of the cylindrical capsule = 35 mm, external fluid temperature =
−8 ◦C).
5. Results and discussion

5.1. Solidification

5.1.1. Experimental validation
Experimentations were conducted using HC mixture (60%

n-tetradecane + 40% n-hexadecane) with external fluid temper-
ature of −8 ◦C. To determine the solidification front, periodi-
cally the digital images of the test cylinder were extracted. Thus
obtained results are compared with the analytical solution and
it is shown in Fig. 3. Analytically, transient interface positions
and complete solidification time is predicted by two models.
Model I involves conduction and energy generation, whereas
model II is a pure conduction model. The time for complete
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solidification predicted from conduction model (model II) is
30% lower than the experimental results. But the time predicted
by the model I is about 11% lower than experimentally mea-
sured values. The agreement between experimental and analyt-
ical values is quite good for lower values of non-dimensional
parameter (Ste Fo).
5.1.2. Analytical solution
Having validated the conduction and heat generation model,

the same model is extended to study the heat transfer charac-
teristics and phase change behavior of PCM inside the contain-
ment. The transient solid and liquid temperature profiles for var-
ious values of β are shown in Fig. 4. Low-dimensionless heat
(a)

(b)

Fig. 4. (a) Transient temperature profiles (solidification) β = 1.0. (b) Transient temperature profiles (solidification) β = 2.5. (c) Transient temperature profiles
(solidification) β = 4.0. (d) Transient temperature profiles (solidification) β = 6.0.
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(c)

(d)

Fig. 4. (Continued.)
generation (β) will have lower solid phase temperatures (TS ).
This shows that lower β terms, will have faster solidification.
Similarly, it is evident that higher Ste values will have rapid
solidifying rates. Since quasi-steady condition is assumed, as
expected variations in temperature in the liquid phase are ob-
served. Discontinuities in the temperature gradient at the inter-
face at lower β values can be found. But these discontinuities
almost disappear when β > 4.0 for cylinder.

The effect of heat generation parameter on transient inter-
face positions is shown in Fig. 5. Heat generation slows down
the motion of the interface, because high heat generation re-
quires higher heat extraction from the surface, in order to have
a growth in the solidification layer. For higher heat genera-
tion values β > 4.0, steady state is reached, even without total
solidification. Where as for low heat generation β < 4.0, to-
tal solidification takes place without reaching steady state. The
unique case of β = 4.0, total solidification will takes place at
the steady state, but for slab it is at β = 2.0 [1]. The effect of
heat generation on percentage solidification is represented in
Fig. 6. For thermal energy storage (TES) applications, it can be
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Fig. 5. Transient interface positions for various heat generation parameter β (solidification).

Fig. 6. Effect of heat generation on percentage solidification.
inferred that TES storage can be solidified approximately 80%
instead of complete solidification. Since thermal energy storage
should always be characterized by rapid charging and discharg-
ing rates. Fig. 7 shows steady state interface position for various
heat generation β . The steady state percentage solidification of
the PCM decreases as β increases.
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Fig. 7. Steady state interface positions (solidification).

Fig. 8. Transient temperature profiles for 60% n-tetradecane + 40% n-hexadecane (solidification, radius of the capsule = 35 mm, external fluid temperature
= −8 ◦C).
5.1.3. Application
Transient temperature profile for the chosen mixture is rep-

resented in Fig. 8. The influence of external fluid tempera-
ture and radius of the capsule on total solidification time is
presented in Fig. 9. It shows that smaller capsules will so-
lidify quickly, since heat has to travel only smaller distance
and hence charging rate will be higher for smaller capsules.
It is also noted that for lower external fluid temperature, rapid
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Fig. 9. Influence of external fluid temperature and radius of the capsule on total solidification time for 60% n-tetradecane + 40% n-hexadecane.

Fig. 10. Influence of external fluid temperature on percentage solidification (radius of the capsule = 35 mm).
charging takes place resulting in faster solidification. Hence
complete solidification time is lower for higher Stefan num-
bers (or lower heat transfer fluid temperature).This fact is more
precisely given in Fig. 10. It shows that higher heat trans-
fer fluid temperature will have low percentage of solidifica-
tion.
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Fig. 11. Solidification characteristics of the PCMs (60% n-tetradecane + 40% n-hexadecane, n-tetradecane, and n-pentadecane, radius of the capsule = 35 mm,
external fluid temperature = −8 ◦C).

Table 1
Thermo-physical properties of the PCM

Properties n-tetradecane : n-hexadecane (6 : 4) n-tetradecane n-pentadecane

Melting point, ◦C 5.0 5.5 9.6
Latent heat of melting, kJ/kg 121.8 227 168
Specific heat of liquid, kJ/kg K 2.13 2.16 3.53
Specific heat of solid, kJ/kg K 1.64 1.64 3.08
Thermal conductivity of liquid, W/mK 0.146 0.15 0.15
Thermal conductivity of solid, W/mK 0.34 0.35 0.182
Dynamic viscosity, Pa S 0.0023 0.0023 0.00262
Density of liquid, kg/m3 765 759 727.2
Density of solid, kg/m3 795 884 776.1
5.1.4. Comparisons
Validated analytical solution is used to study the behavior of

PCMs 60% n-tetradecane + 40% n-hexadecane, n-tetradecane,
and n-pentadecane. Transient interface plots for correspond-
ing PCMs are presented in Fig. 11. The properties of the
PCMs are given in Table 1. The 60% n-tetradecane + 40%
n-hexadecane mixture solidifies faster than the other two mate-
rials. n-pentadecane and n-tetradecane requires double the time
to solidify than the chosen mixture. Total solidification time of
cylinder for the selected mixture is 8015 s. Hence PCM 1 can
be a suitable candidate for cool thermal storage since it has a
rapid charging rate.

5.2. Melting

5.2.1. Experimental validation
Melting front position comparisons for derived analytical

models and experimental results have been shown in Fig. 12.
Melting characteristics are analyzed by three analytical models.
Model I consists of conduction and energy generation; model II
represents a pure conduction model and model III includes con-
duction, convection and heat generation. A comparison of ana-
lytical solutions with experimental results shows that model III
is good in predicting front positions. Initially the experimental
values closely match with the model I, because at the begin-
ning the conduction is the dominant mode of heat transfer. After
that, melting is also influenced by natural convection phenom-
ena. Pure conduction model over predicts the complete melting
time. Model I predicts total melting time 47.59% higher than
the experimental values. But complete melting time predicted
by model III, is only 16.11% higher than experimentally ob-
served values. Hence, it is clear that melting process involves
natural convection effect in liquid phase. Analytical solution
presented for model III, is quite good in predicting the posi-
tions at lower Fo values.

5.2.2. Analytical solution
Melting is characterized by a pure liquid phase and a solid–

liquid mixture at the fusion temperature. Transient temperature
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Fig. 12. Comparison between experimental study and analytical solutions (melting, radius of the capsule = 35 mm, external fluid temperature = 15 ◦C).

(a)

Fig. 13. (a) Transient temperature profiles (melting) β = 1.0. (b) Transient temperature profiles (melting) β = 2.5. (c) Transient temperature profiles (melting)

β = 5.0.
profiles of liquid PCM for various values of β is given in
Fig. 13. Some times due to high heat generation, the temper-
ature inside the liquid PCM will be higher when compared with
warm surface. Hence it has negative values of θL. Similar to so-
lidification, higher Stefan number characterizes rapid melting.
Fig. 14 shows transient interface positions for various dimen-
sionless time steps. Unlike solidification, higher heat generation
shortens melting time. Complete melting time for various val-
ues of β is illustrated in Fig. 15. It is observed that the presence
of heat generation reduces total melting time significantly. The
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(b)

(c)

Fig. 13. (Continued.)
validated analytical model is used to study the behavior of PCM
inside cylindrical capsule. Transient temperature profiles of the
PCM 60% n-tetradecane and 40% n-pentadecane is given in
Fig. 16.
5.2.3. Comparisons
Melting characteristics of the PCMs are compared in Fig. 17.

The discharge characteristics of n-tetradecane and n-pentadec-
ane show that melting rate of n-tetradecane is initially higher,
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Fig. 14. Transient interface positions (melting).

Fig. 15. Total melting time for various heat generation parameter β .
but n-pentadecane melts faster. 60% n-tetradecane + 40%
n-hexadecane melts very quickly when compared with the other
two PCMs. So the chosen PCM also have excellent melting
characteristics.
6. Conclusion

Solidification and melting characteristics of PCMs encap-
sulated inside cylinders are analyzed based on the obtained
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Fig. 16. Transient temperature profiles for 60% n-tetradecane + 40% n-hexadecane (melting, radius of the capsule = 35 mm, external fluid temperature = 15 ◦C).

Fig. 17. Melting characteristics of the PCMs (60% n-tetradecane + 40% n-hexadecane, n-tetradecane, and n-pentadecane, radius of the capsule = 35 mm, external
fluid temperature = 15 ◦C).
analytical models. Front positions are compared for derived an-
alytical models with experimental values. For solidification, the
analytical model with conduction and heat generation is good
in predicting interface positions. The analytical result is 11%
lower than experimentally measured values. Melting process is
initially dominated by conduction and later characterized by
natural convection. Deviations between analytical and experi-
mental results are 16.11%. Total solidification time depends on
parameters like Stefan number (Ste) and heat generation para-
meter (β), however total melting time also depends on equiva-
lent thermal conductivity (λleq(t)).

For higher heat generation values β > 4.0, steady state is
reached, even without total solidification, where as for low
heat generation β < 4.0, total solidification takes place without
reaching steady state. The unique case of β = 4.0, total solid-
ification will takes place at the steady state. However, melting
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is characterized by the absence of steady state condition prior
to total melting of cylinder. Higher Stefan number characterizes
rapid solidifying and melting rates. But, presence of heat gen-
eration, delays the solidification, whereas it accelerate melting.
During solidification, heat generation slows down the motion
of the interface. Influence of size of the cylinder, and exter-
nal fluid temperatures are also investigated. The tetradecane–
hexadecane (6:4) mixture solidifies at 8015 s whereas the other
two PCMs n-tetradecane, n-pentadecane solidifies at 16 220 s,
17 700 s respectively. The HC mixture also shows excellent
melting characteristics.
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