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Abstract

Latent heat thermal storage (LHTS) system has been attractive over the years as an effective energy
storage and retrieval device especially in solar thermal applications. However, the performance of LHTS
systems is limited by the poor thermal conductivity of phase change materials (PCMs) employed. A
numerical study is carried out to investigate the performance enhancement of a LHTS unit of shell and
tube configuration due to the dispersion of high conductivity particles in the PCM during charging
process (melting). Temperature based governing equations have been formulated and solved numerically
following an alternate iteration between the temperature and thermal resistance. Exergy based
performance evaluation is taken as a main aspect. The numerical results are presented for several mass
flow rates and inlet temperatures of heat transfer fluid (HTF). The results indicate a significant
improvement in the performance of the LHTS unit when high conductivity particles are dispersed.
Copyright © 2010 International Energy and Environment Foundation - All rights reserved.
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1. Introduction

The large scale utilization of the many sources of thermal energy like solar thermal energy, hot waste
streams available in industries etc., may be handicapped, if not properly managed. The major problem in
managing energy from the above-mentioned sources is the time gap between availability and need. The
storage of thermal energy has been emphasized as an attractive solution for such kind of problems on
energy management and conservation, in both industrial and domestic sectors. For the last three decades,
there has been a growing interest in latent heat thermal storage (LHTS) technique, which has been
proved as a better engineering option over sensible heat storage. They offer several advantages such as
high energy storage, uniform temperature of operation, simple configuration, etc. In spite of the relative
merits, the phase change material (PCM) loaded in the LHTS unit possesses a very low thermal
conductivity, which drastically affects the performance of the unit. The various performance techniques
proposed and studied are employing fins [1-3], multiple PCMs [4, 5] and increasing the thermal
conductivity of conventional PCMs with the help of additives [6-8]. For the recent review on the various
performance enhancement techniques employed for LHTS units, readers are referred to the paper by
Jegadheeswaran and Pohekar [9]. However, only a limited number of works is reported on dispersion of
high conductivity particles, although a large number of studies have focused on other performance
enhancement techniques. Seeniraj et al. [6] investigated the effect of high conductivity particles
dispersed in the PCM on the performance during the melting process. It is reported that though the
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dispersion enhances the performance considerably, there exists an optimum fraction for the particles
beyond which, the energy storage capacity would reduce. Khodadadi and Hosseinizadeh [7] have
reported that nano copper particles could enhance the heat release rate of PCM (water) significantly
during the solidification. Mettawee and Assassa [8] carried out experimental study to investigate the
influence of aluminium particles on melting and solidification processes of paraffin used in solar
collector. The results revealed that the time required for charging and discharging processes could be
reduced substantially by adding the aluminium particles. Hence, the mean daily efficiency of the solar
collector with composite PCM was much higher than that of with pure paraffin. The studies on LHTS
units employing performance enhancement techniques have mainly focused on evaluation of
melting/solidification time, heat transfer rate and amount of energy stored/retrieved in comparison with
those of system without enhancement techniques. Recently, Verma et al. [10] have pointed out that
thermal analysis of LHTS systems based on only first law of thermodynamics (energy analysis) may not
produce a system with highest possible thermodynamic efficiency although workable designs may be
possible. This indicates that energy analysis becomes inadequate as information on quality of energy
stored/recovered cannot be obtained. In other words, energy analysis does not reflect the usefulness of
energy. Hence, an ‘optimized LHTS unit’ based on first law is not necessarily an optimum system. This
inadequacy can be overcome, if an analysis based on second law of thermodynamics (exergy) is carried
out for LHTS units. Exergy based performance evaluation of LHTS units has been reported by few
researchers [11-14]. To the best of the authors’ knowledge, however, exergy analysis is carried out only
for multiple PCMs technique [15, 16] and no exergy work is reported for high conductivity particles.

In this work, an attempt is made to study the effect of the dispersion of high conductivity particles on the
melting rate and energy /exergy storage in a LHTS unit through mathematical modelling. The
comparison between the performance of particle dispersed unit and that of conventional pure PCM
charged unit is presented for different mass flow rates and inlet temperatures of HTF.

2. Physical model

The LHTS system consists of a bank of tubes arranged in a particular pattern inside an insulated shell.
The shell side is loaded with either pure PCM or PCM dispersed with high conductivity particles and the
tube side carries the HTF that flows at a constant inlet temperature higher than the fusion temperature of
the PCM. This initiates the melting process. As symmetry is assumed to prevail around a single tube with
PCM-particle mix surrounding it, the present analysis has been restricted to the region shown in Figure 1
with the symmetry line taken to be adiabatic. The entire PCM is assumed to be at its fusion temperature
(solid phase) initially. The selected materials for PCM and high conductivity particles are technical grade
paraffin and copper. The thermophysical properties of PCM [17] and copper [7] are given in Table 1.
Water is used as HTF as the system corresponds to that one used for solar water heaters.

Table 1. Thermophysical properties of technical grade paraftin and copper

Properties Paraffin Copper
Fusion temperature (K) 300.7 -
Latent heat of fusion (kJ/kg) 206 -
Thermal conductivity (W/m.K) 0.18(solid)/0.19(liquid) 400
Specific heat (kJ/kg.K) 1.8 (solid)/2.4(liquid) 0.383
Density (kg/m’) 789(solid)/750(liquid) 8954

3. Mathematical modelling

The performance evaluation of LHTS systems requires thorough knowledge of the transient thermal
characteristics during the phase change process. Phase change problems are examples of what are closely
referred to as moving boundary problems and their study presents one of the most exciting and
challenging areas of current applied mathematical research. The existence of a moving boundary
generally means that the problem does not admit a simple closed form analytical solution and
accordingly much research has focused on approximate solution techniques. In general, phase change
problems involve a transient, non-linear phenomenon with a moving liquid-solid interface whose
position is unknown a priori and also flow problems associated with HTF. In addition, the two phases of
PCM may have different properties and configuration of the LHTS unit may differ with the applications.
Substantial number of numerical based studies on LHTS units employing enhancement techniques and
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on their performance measurement is available in literature. The numerical formulation widely
implemented so far is enthalpy method. However, in the present study a relatively simpler method called
alternate temperature and thermal resistance method proposed by Yinggiu et al. [18] has been employed.
The details of the mathematical approach are discussed in this section.

3.1 Assumptions
The following assumptions / statements are made to enable the mathematical modelling of the LHTS
unit:
e Physical properties of the PCM in both liquid and solid phase are constant and however, may be
different for different phases
e Natural convection in the liquid PCM is neglected i.e the heat transfer within PCM is purely by
conduction [5]
e As the length of the tube is large compared to its diameter, thermal entrance effects are neglected
in the HTF. The flow of HTF is turbulent and fully developed
e No settlement of particles on the tube surface due to density effects

e The particles are in local thermodynamic equilibrium with the surrounding PCM

_/— Line of symmetry

I[. . - . . A - o
. 7, Pure PCM / PCM-Particlemixture - o 9
[b . . L - L] * - - . ™ - -
1
| |HTF ri' -
1511 Tmlt
I L P
X=0 X=1

Figure 1. Schematic of LHTS unit

3.2 Formulation
The following equations are arrived by establishing energy balances at the respective regions of HTF,
wall and PCM.
oT r (x,1)
cfme=27z7”,-hf[Tf(x,t)—Tw(x,t)] (1)

where ¢y is the specific heat of HTF (J/kg.K), m, is the mass flow rate of HTF (kg/s), T and T, are
temperatures (K) of HTF and wall respectively, r; is the tube inner radius (m), 4, is the HTF side heat
transfer coefficient (W/m>.K), x is the axial distance (m), ¢ is the time (s). Since the rate of energy
transfer through the tube wall to the PCM is equal to that from HTF to tube wall, we have,

Ty (x,) =T, (x,1) _ R, ,
T,(x0)—T, R, +R,+R,(x0) 2)
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where T, is the fusion temperature of PCM (K), R/ R,, R,, are the thermal resistances (K/W) in HTF, wall
and PCM respectively.

Rate of change of latent heat stored in a given time interval is equal to the heat convected during that
time interval, hence

(1=e)oy,, T80 = 27 17, (20) = T (0] )

where e is the volume fraction of particles in the PCM, p,, is the density of the PCM (kg/m’), H,, is the
latent heat of fusion of PCM (J/kg), 7, is the radial interface location (m).

The following initial and boundary conditions are specified in the analysis. Initial conditions:
Ty(x,t= 0)=T,, (4a)

where T}, is the inlet temperature of HTF (K).
Vi (X,0=0) =17, (4b)

where r,,is the tube outer radius (m).

Boundary conditions:

Tp(x=0,0)=T, (4¢)
To simplify the formulation, the following dimensionless variables are employed:
™ Tin = Tf « Iip—T,, X = * _lint
Tr= Ty —Tm W Ty —Tm’ L’mt rO’
ot h 2. L h ,r; c (T. -T. ) (4d)
Fo=—2;NTU = S i ST e in " m
r mfcf k (or)kmlx Hm

where T *f and 7", are the dimensionless temperatures of HTF and wall respectively, Xis the
dimensionless axial coordinate, L is the length of the tube (m), #m is the dimensionless radial interface
location, Fois the Fourier number, a,, is the thermal diffusivity of PCM (m?/s), NTU is the number of
transfer units, Bi is the Biot number, Ste is the Stefan number, ¢, is the specific heat of PCM (J/kg.K), &,
is the thermal conductivity of pure PCM (W/m.K), ;. is the thermal conductivity of PCM-particle
mixture (W/m.K) which can be calculated as a function of particle volume fraction as,

oy K2k ~2elk,, k)
I ke 4 2k, + ek, — k) (%e)

where £, is the thermal conductivity of high particles dispersed (W/m.K).

Using the above dimensionless variables, equations (1)-(3) are written in dimensionless form as,

aT; (X, Fo) - R, .
ox (NTU)_R SR, R, (x, t)}(l AR Fo)j )
X, F e R
1nt ( 0)  2Bi [k e y (1 o . Fo)) "
oFo  (-e)l k, Ry +R, +R, (x,0) A

Equations (5) and (6) and subjected to the following dimensionless initial and boundary conditions,
Initial conditions:
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%k

Tf (X,Fo=0)=0 for 0<X<1 (7a)
LS

Fipt (X, Fo=0)=1" for 0<X<l1 (7b)

Boundary conditions:

*
Tf (X =0,Fo)=0 for Fo>0 (7¢)

3.3 Solution

The dimensionless expressions for the axial variation of HTF temperature and interface location at any
instant can be easily obtained by integrating equations (5) and (6) with respect to X and Fo respectively
and subsequent application of the initial and boundary conditions and are given as follows:

f(X Fo)=1—exp| - NTUAXZ !

3
"= 1+ Bi ln( o (X, Fo)) ; B{kk J(’;’"J h{m}
m w ri |

L 2Bi [km,.x (1 =T ; (X ,FO))AFO

lnt(X Fo)= |1+ Z(l_e) . jSte Vi - )
1+len( nt (X Fo)j+Bz . k—m In| r—”

n=i
w i

The solution can be obtained by solving the above equations alternatively at each time step until a
desired convergence. For the numerical solution, a computational mesh was created with grid size (AX )
of 0.1. The unsteady analysis was carried out with a time step size of 0.01 s. The grid size and time step
were selected after a careful grid and time step independence study. The converged results were assumed
to be reached when the relative change between the values of T’ *f (X, Fo) and ", (X, Fo) in subsequent
iterations was less than 1x10”. Initial condition for the iteration is as given in equation (7b).

4. Energy and exergy analysis
At any time, the cumulative energy stored in the PCM is given by,

E-= /(mt 2 -e)p,H, (10)

where F is the cumulative energy stored (J).
Subsequently, the cumulative exergy stored in the PCM at any time can be calculated as follows:

T
Ex, = E[1-—%
X [ 7 } (11)

m

where EX,, is the cumulative exergy stored in the PCM(J), 7, is the temperature of environment (K).
The exergy transferred by the HTF can be written as,

Exf:mfcf[(Tout ~T,,)-T, 111( T HW (12)

where Ex;is the exergy transferred by the HTF (J),T,,, is the temperature of the HTF at the outlet (K).
The present system studied is assumed as an adiabatic and hence, the heat transferred by the HTF is
completely stored in the PCM. As a result, the efficiency of the system becomes unity all the time.
Hence, the calculation of energy efficiency does not indicate the true performance of the system. This
shortcoming can be overcome, if exergy efficiency is computed.
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The exergy efficiency can be expressed as,
Ex

Ex r

m

Y= (13)

where 1 is the exergy efficiency.

5. Results and discussion

The present formulation takes into account the tube wall resistance unlike Yingqiu et al. [18]. For the
validation of the computer code, the present results upon setting wall resistance and particle fraction to
zero are compared with those of Yingqiu et al. [18]. The comparison is presented in Figure 2 and it is
clear from the Figure 2 that the present results agree well with those of Yingqiu et al. [18].

038 . T = 1 : ' ' :
Present work Bi=5
7 Yingqiu et al.[18] Ste=1
NTU=0.6

Dimensionless interface location - 1

0.0 L 1 " 1 " [l r . T
0 20 40 60 80 100

xIr;

Figure 2. Comparison of interface locations obtained in the present work with that of Yingqiu et al. [18]

In the present study, series of parametric studies were carried out with different design and operating
parameters. The identified design and operating parameters are listed in Table 2.

Table 2. Design and operating parameters used in the analysis

Parameter Value

Inner radius of the tube, »; (m) 0.0365

Outer radius of the tube, 7, (m) 0.0375

Radius of the shell, 7, (m) 0.075

Length of the unit, L (m) 1

Particle volume fraction, e 0.1,0.2,0.3,0.4,0.5 and 0.6
Biot number, Bi 0.1,0.3,0.5

Stefan number, Ste 0.2,0.3,04

Number of transfer units, NTU 0.01

Environment temperature, 7, (K) 298

5.1 Interface location

Figure 3 shows the influence of particle fraction, on the variation of interface location with time. An
appreciable increase in dimensionless interface location is obtained with the dispersion of high
conductivity particles in the PCM even for a small Biot number. Thus the addition of particles increases
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the melting rate due to the increase in heat transfer rate. The influence of particles is more pronounced at
the later stages of the melting than at the initial stages. It is seen that at the initial stages of the charging
process, the interface location increases about 5 % with e = 0.1 and 25 % with e = 0.4. As the melting
process continues, the growth of the melt layer is enhanced by 29 % with e = 0.1 and 72 % with e = 0.4.
This represents an appreciable enhancement in the heat conduction inside the PCM with dispersed high
conductivity particles as time progresses. Similarly, the advancement of the melt layer can be accelerated
by increasing the Biot number as well as Stefan number. This can be seen from Figure 4 and Figure 5
respectively. Higher Biot number corresponds to the increase in mass flow rate of HTF and higher Stefan
number reflects the increased HTF inlet temperature. Hence, the heat transfer rate increases with the
increase of Biot number or Stefan number. However, as it can be seen from Figure 4, the increase in
growth of interface is more pronounced between the Biot numbers from 0.1 to 0.3 than between 0.3 to
0.5. The average increment in growth of melt layer is 25% when the Biot number is increased from 0.1 to
0.3 with volume fraction 0.4 and Stefan number 0.2. On the other hand, under the same conditions the
increase is around 13% when the Biot number is increased from 0.3 to 0.5. Similar results are observed
for the effect of Stefan number on the growth of interface.

The faster growth of interface leads to decrease in the time required for complete melting of the PCM.
Hence, the addition of high conductivity particles gives the immediate benefit of reduction in melting
time. This is clear from the Table 3 in which the influence of Biot number and Stefan number on the
melting time is also presented. As it can be seen, the percentage decrease in melting time increases as the
particle fraction increases for all Biot numbers and Stefan numbers. However, beyond a value of 0.3
fraction, no significant increase could be achieved.

Table 3. Percentage decrease in melting time due to addition of particles for various Bi and Ste

Ste=0.2 Ste=0.3
Bi=0.1 Bi=03 Bi=0.1 Bi=03
e=0.1 47% 48% 48% 48%
e=0.2 73% 72% 73% 73%
e=03 81% 81% 81% 81%
e=04 85% 86% 86% 86%
e=0.5 88% 88% 88% 88%
e=0.6 90% 90% 90% 90%
2.0 —
| e=0
—es—e=0.1
bl —a—e=0.2
1 —+—e=0.3
16 —e—e=04
—x—e=0.5

—a—ea=0.6

Dimensionless interface location

10 % r T 111 1T ' 1T T T '™ 1T "™ 1 * 1
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Fourier number (Fo)

Figure 3. Effect of particle fraction on the time-wise radial interface location
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Figure 4. Effect of Biot number on the time-wise radial interface location
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Figure 5. Effect of Stefan number on the time-wise radial interface location

5.2 HTF outlet temperature

The HTF enters the system at a constant inlet temperature (7 *f =0) and causes the melting. Figure 6
shows the combined effect of particle fraction and Biot number on the time-wise variation of
dimensionless HTF outlet temperature. It is seen that for any Biot number and particle fraction, there is
continual drop in dimensionless HTF outlet temperature (7 ,,) as the time progresses. In the present
formulation, the definition of T',. is such that a decrease in T corresponds to an increase in
dimensional temperature of HTF at outlet (7,,,). At any time, the value of T",.. decreases as the particle
fraction increases. Though there is a sudden drop in 7, in pure PCM case (e = 0) in the beginning, the
drop becomes only marginal as the melting progresses. However, the addition of particles could maintain
the drop in 7", considerably through out the process. This means the HTF outlet temperature can be
maintained as high as possible by the addition of high conductivity particles. The higher HTF outlet
temperature even after storing the energy is beneficial as the application can receive the HTF with
minimal temperature drop. It can also be noticed from Figure 6 that no appreciable change in 7", with
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increase in Biot number for any value of particle fraction. This indicates that mass flow rate of HTF does
not contribute to the HTF outlet temperature.

The influence of Stefan number on 7, for various particle fractions is shown in Figure 7. The results
indicate that for any particle fraction, the effect of Stefan number at all times is almost negligible. Hence,
the contribution of Stefan number to the increase of HTF outlet temperature is negligible even with the
presence of high conductivity particles.

0.0074

0.0072 3 Bi=0.1
0.0070 —ae— Bi=0.3 -

—— Bi=0.5

0.0068

0.0066

-9
A .
Ao a
e

‘‘‘‘‘‘‘‘‘
-

0.0064 -}
0.0062
0.0060
0.0058

0.0056

Dimensionless HTF outlet temperature

— T 7 T T T T
10 12 14 16 18 20 22 24

Fourier number(Fo)

Figure 6. Effect of particle fraction and Biot number on the time-wise dimensionless HTF outlet
temperature
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Figure 7. Effect of particle fraction and Stefan number on the time-wise dimensionless HTF outlet
temperature

5.3 Cumulative energy stored and exergy stored

It has already been stated that the energy stored in the unit is in the form of latent heat as the sensible
heating of the liquid PCM is neglected for the sake of simplifying the analysis. Figure 8 and Figure 9
show the influence of particles as well as the Biot number on the cumulative energy stored and
cumulative exergy stored respectively as the melting progresses. It is observed that an appreciable
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enhancement in both the energy storage and exergy stored is obtained in the LHTS unit containing
dispersed high conductivity particles in the PCM. Also it is noted that combined effect of higher Biot
number and particle fraction value results in a higher amount of energy/exergy stored during any time
interval. Hence, addition of high conductivity particles and increased HTF mass flow rate not only
increase the energy stored but, also the quality of energy stored. The increment of energy storage or
exergy storage due to increase in Biot number is observed as consistent for all particle fractions.
However, as the particle fraction increases the increase in energy/exergy stored becomes less and less. It
should also be mentioned that total amount of energy or exergy stored in the unit after the complete
melting decreases as the particle fraction increases. For example, when Bi = 0.1 and Ste = 0.2, the total
amount of both the energy and exergy stored are reduced by 30% with e = 0.3 and 50% with e = 0.5. This
is attributed to the fact that the volume occupied by the PCM is lowered due to the addition of particles.

— Bi=0.1 | gte=0.3 ]

—s=— Bi=0.5

2

g
1

e=0.3

Cumulative energy stored (kJ)

; , T , ' ,
0 5 10 15 20
Fourier number(Fo)

Figure 8. Effect of particle fraction and Biot number on cumulative energy stored

Cumulative exergy stored(kJ)

Fourier number(Fo)

Figure 9. Effect of particle fraction and Biot number on the cumulative exergy stored
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The effect of Stefan number on energy storage and exergy storage has also been investigated and the
results are presented in Figure 10 and Figure 11. The increase in Stefan number indicates more sensible
heat contribution over the latent heat stored in the unit due the higher HTF inlet temperature and thus
more energy and exergy stored. However, this increase is appreciable only with lower particle fraction
values. For higher particle fractions, the influence of Stefan number seems to be less significant.
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Figure 10. Effect of particle fraction and Stefan number on cumulative energy stored
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Figure 11. Effect of particle fraction and Stefan number on cumulative energy stored

5.4 Exergy efficiency

The exergy efficiency is introduced in this analysis to measure the internal irreversibilities (entropy
generation) which destroy the portion of input exergy. Figure 12 shows the effect of particle fraction and
Biot number on the exergy efficiency. For all values of Biot number and particle fraction, the exergy
efficiency increases with time. This is due to the fact that the cumulative exergy stored increases as the
time advances. The exergy efficiency at any time is increased by addition of particles. In case of pure
PCM, the maximum exergy efficiency is only 8% for Bi = 0.1 and Ste = 0.2. Under the same conditions,
a maximum efficiency of 15% is possible even with e = 0.1 and it can be as high as 40% with e = 0.5. At
any time, the presence of particles in the PCM promotes the heat transfer rate due to the improvement of
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thermal conductivity. This results in reduction in irreversibility and thus higher exergy efficiency. Since
the increase in Biot number also promotes the heat transfer rate, the exergy efficiency at time is higher
for higher Biot numbers. However, the impact of Biot number on exergy efficiency is more pronounced
in case of particle dispersed PCM case as compared to pure PCM case. Hence, a combination of higher
Biot number and higher particle fraction would lead to reduction in destroyed exergy input.
Figure 13 presents the variation of exergy efficiency under the influence of Stefan number for various
particle fractions. At any time and for any particle fraction, the exergy efficiency of the system decreases
as the Stefan number increases. As stated earlier, the inlet temperature of the HTF is higher at higher
Stefan number. If the inlet temperature of HTF is increased, then the temperature difference at which the
heat is transferred remains higher. The heat transfer with higher temperature difference results in more
destruction of input exergy. This is the reason why the exergy efficiency remains low for higher Stefan
numbers. Moreover, the decrease in exergy efficiency due to increase in Stefan number becomes more
and more as the particle fraction is increased. Hence, lower HTF inlet temperature is recommended to
enhance the quality of energy stored.
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Figure 12. Effect of particle fraction and Biot number on exergy efficiency
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Figure 13. Effect of particle fraction and Stefan number on exergy efficiency
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6. Conclusion

In the present work, the performance characteristics of a shell and tube LHTS unit charged with high
conductivity particles dispersed PCM during charging mode were investigated numerically. The transient
numerical calculations were performed using alternate temperature and thermal resistance method.
Exergy analysis was taken as a main aspect in order to assess the performance of the system. From the
results obtained, the following conclusions are drawn.

The addition of high conductivity particles into PCM enhances the melting rate considerably,
due to the improvement in the thermal conductivity of PCM. Particle dispersed unit provides
better performance also in terms of exergy efficiency as compared to pure PCM unit despite the
fact that the total energy or exergy stored is reduced. From thermoeconomics point of view,
higher exergy efficiency is always preferred.

Increasing mass flow rate of HTF also has a significant influence on performance enhancement.
Higher mass flow rates along with higher particle fraction would lead to enhanced performance
as the system irreversibility could be reduced. However, higher mass flow rates of HTF require
high pumping power. Hence, the addition of high conductivity particles is better option than
increasing the mass flow rate of HTF.

Although higher HTF inlet temperatures can enhance the melting rate, the exergy efficiency
becomes low as compared to that for lower values. Moreover, operating the system with lower
HTF inlet temperature provides less temperature drop.This is preferable from application point
of view.

Exergy based performance evaluation of LHTS system can be stated as more perspective
measure than energy based one as it reflects the true potential of the system.
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