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Latent thermal energy storage system of the shell-and-tube type with the phase
change material (PCM) filling the shell side, which is used as a heat storage device
in solar heating applications, has been analysed numerically and experimentally in
this paper. The heat transfer in this type of thermal energy storage system is a
conjugate problem of transient forced convective heat transfer between the heat
transfer fluid (HTF) and the wall, heat conduction through the wall and solid-liquid
phase-change of the PCM. Since phase-change heat transfer is non-linear due to the
moving phase change boundary, analytical solutions are only known for a few
problems with simple geometry and simple boundary conditions. Numerical
methods provide a more accurate approach, so various techniques have been
developed. Many authors [1] - [5] have used the enthalpy formulation, in which the
energy equation for PCM is written in terms of enthalpy. A transient heat transfer
phenomenon in a shell-and-tube latent thermal energy storage system has been
studied numerically by Bellecci and Conti in [6] - [8], and numerically and
experimentally by Lacroix in [9] and [10]. These authors have used an enthalpy
method for solving phase-change heat transfer and employed standard empirical
correlations to calculate convective heat transfer coefficient. Cao and Faghri in [11]
and [12] have simulated numerically, using the temperature transforming model for
phase-change heat transfer, the transient behaviour of the shell-and-tube thermal
energy storage system employing a low Prandtl number HTF. Ismail and Abugderah
in [13] have modelled numerically a phase change thermal energy storage system of
the same type. In both papers, the transient HTF momentum and energy equations
were solved simultaneously with the tube wall and the PCM energy equations, as
one domain, in order to avoid the errors due to the use of empirical correlations.
Zhang and Faghri in [14] have semi-analytically studied a shell-and-tube latent
thermal energy storage system employing a moderate Prandtl number HTF. They
concluded that the laminar forced convective heat transfer inside the tube never
reaches a thermally developed state and must be solved simultaneously with the
phase-change of the PCM, so the application of CFD methods is required. In [15] a
transient phase-change heat transfer with conjugate forced convection in the shell-
and-tube latent heat storage unit, with water as HTF and calcium chloride
hexahydrate as PCM has been analysed numerically. In this paper, a transient heat
transfer phenomenon during charging and discharging of the shell-and-tube latent
thermal storage unit has been analysed numerically and experimentally. The
mathematical model has been formulated. The enthalpy method for modelling
phase-change heat transfer has been used. The dimensionless conservation
equations for HTF, wall and PCM, with initial and boundary conditions, have been
discretised by fully implicit control volume approach, that has been implemented in
developed FORTRAN computer code, and solved simultaneously using an iterative
procedure. Numerical model has been validated with experimental data. Series of
numerical calculations have been performed in order to analyse transient phase-
change heat transfer during charging and discharging of the latent thermal energy
storage unit.



MATHEMATICAL MODEL OF TRANSIENT PHASE-CHANGE
HEAT TRANSFER AND NUMERICAL SOLUTION
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Fig. 1. Latent thermal energy storage
system

The latent thermal energy storage system of
the shell-and-tube type considered in the
present study is shown in Fig. 1. The HTF is
flowing by forced convection through the
tubes. The PCM is filled in the shell space
between the PCM container and the tubes.
During charging of the system, hot fluid heats
the PCM, the PCM melts and the heat is
stored. During the discharging process, the
PCM solidifies and the stored heat is
delivered to the cold fluid. The tubes are
arranged so that around each there is a
boundary of region (dashed lines) in which the
tube exchanges the heat with surrounding
PCM. As a result, the shell and tube storage
unit shown in Fig. 1, with adiabatic outer
radius boundary condition, represents the
physical system that has been analysed.

The mathematical model formulated to represent the transient behaviour of the physical
system has been adequate to treat both melting and solidification processes. The following

simplifications have been made:
« PCM is homogeneous and isotropic,

HTF is incompressible and it can be considered as a Newtonian fluid,
flow of the HTF is laminar, inlet velocity and inlet temperature of HTF are constant,
initial temperature of the latent heat storage unit is uniform and PCM is in solid state for

melting or in liquid state for solidification,

HTF, tube wall and PCM temperature variations in angle direction are assumed to be
negligible i.e. the problem is two-dimensional,

the problem is axisymmetric,

thermophysical properties of HTF, tube wall and PCM are constant,

natural convection in the liquid phase of PCM has been ignored.
Accordlng to these simplifications, it follows that the computational domain is a bold
framed part of the shell-and-tube storage unit shown in Fig. 1.
For expressing conservation equations in dimensionless form, following dimensionless

parameters have been used:
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The dimensionless continuity, momentum and energy equations, governing a transient
two-dimensional heat transfer in the latent thermal energy storage unit, for incompressible,
laminar fluid flow with no viscous dissipation, in a cylindrical coordinate system are as

follows:
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where y is the dimensionless enthalpy that is related to the temperature with equation
&,=A, x,+B, where factors A, and B, for isothermal and non-isothermal phase change

are:
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Ps - Cs

A, =0, B,=0for 0<y,<1; A, =é, Bb:—é for x, >1;

- non-isothermal phase change: A, :ip'—c' B, =0 for x,<0;
St Ps - Cs
=t P Al g _gfor0sy, <P G AT g p o 1
St py -y AT, +piq pi-q St
Bb:_.(pl C—ps-C s) ATm —— for %p>ps'cs'AT +1, AT _Tmmax

Initial and boundary conditions are as follows:
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The governing differential equations of the HTF, the tube wall and the PCM, with initial and
boundary conditions, have been solved as one domain. The computational domain has
been discretised by the control volume approach and the SIMPLER algorithm. The
formulation has been fully implicit in time and the convection-diffusion terms have been
treated using power-law scheme. Algorithm has been implemented in developed
FORTRAN computer code and the resulting discretisation equations have been solved
simultaneously using an iterative procedure. Time-wise temperature distributions of HTF,
tube wall and PCM have been obtained by numerical calculations and transient phase-
change heat transfer behaviour during charging and discharging of the shell-and-tube
thermal energy storage unit, i.e. melting and solidification of the PCM has been simulated.

EXPERIMENTAL INVESTIGATION AND
NUMERICAL CODE VALIDATION

The numerical model has been validated with experimental data. An experimental vertical
cylindrical latent thermal energy storage unit has been constructed and series of
temperature measurements have been performed. Experimental test unit and
thermocouples position inside the unit are shown in Fig. 2 and Fig. 3.
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Fig. 2. Experimental test unit Fig. 3. Thermocuples position



An experimental test unit has been made of two concentric tubes, where the inside tube
(0.033 m i.d., 0.035 m o.d. and 1 m length) has been made of copper, while the outside
tube (0.128 mi.d., 0.133 m 0.d. and 1 m length) has been made of brass. The outside tube
has been well thermally insulated to reduce the heat losses. Sixteen K-type thermocouples
have been placed inside the PCM at various locations. Two additional thermocouples have
been placed at the inlet and outlet of the HTF into inside tube. All thermocouples have
been connected to a data acquisition system. Labview commercial software has been
used to record data in a database format on the personal computer. Temperature
measurements have been recorded at a time intervals of 10 s. To maintain the
axisymmetric melting around the inside tube, the test unit has been oriented in a vertical
direction. Commercial paraffin Rubitherm RT 30, with thermophysical properties in Table
1, has been used in experimental studies as PCM, and water has been used as HTF.

Table 1. Thermophysical properties of the paraffin Rubitherm RT 30

Melting / solidification temperature K 300.7
Latent heat capacity kJ/kg 206
Thermal conductivity - solid / liquid W/(mK) 0.18/0.19
Specific heat - solid / liquid kJ/(kgK) 1.8/24
Density - solid / liquid kg/m? 789 /750

Series of melting and solidification experiments has been performed for different mass flow
rates and inlet temperatures of HTF. Computational model has been set up to reproduce
these experimental conditions. Numerical calculations have been carried out for a grid size
of 250 (axial) and 73 (radial) nodes, and dimensionless time steps of 0.06. In Figs. 4 and 5
paraffin temperature histories at locations 5 (x = 0.35 m; r=0.0265 m) and 9 (x = 0.65 m;
r = 0.0265 m) during melting, as well as at locations 2 (x = 0.05 m; r = 0.0355 m) and 15
(x = 0.95 m; r = 0.0445 m) during solidification are shown for both experiment and
simulation. Mass flow rates and inlet temperatures of the HTF as well as initial
temperatures of the PCM are indicated in figures.

The comparison between numerical predictions of time-wise temperature variations and
experimental data shows a good agreement, although the natural convection in the liquid
phase of the PCM has been ignored in the numerical model. It can be seen from Fig. 4
that melting of the applied PCM occurred non-isothermally over a certain temperature
range within the melting zone. The shape of the temperature curves indicates that the
melting dominates at about 27.7 to 35 °C. During solidification, paraffin has an isothermal
phase change temperature range and no subcooling property, as shown in Fig. 5.
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Fig. 4. Experimental and numerical time-wise PCM temperature variations during melting
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Fig. 5. Experimental and numerical time-wise PCM temperature variations during
solidification

The results of analysis have signified that a developed numerical procedure could be
efficiently used to simulate thermal behaviour of the latent thermal energy storage unit
during charging and discharging.

NUMERICAL SIMULATION AND DISCUSSION

Series of numerical calculations have been carried out in order to analyse transient heat
transfer during melting and solidification of the technical grade paraffin used in
experimental investigations. Some of the computational results are illustrated further.

Fig. 6 shows radial dimensionless temperature distribution at an axial location of X = 12.73
in different dimensionless times during melting of PCM for laminar HTF flow with Re = 657.
Melting of the PCM has occurred non-isothermally within a dimensionless temperature
interval 0 to 0.42. The regions of HTF, tube wall and a PCM are indicated in the figure.
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Fig. 6. Radial dimensionless temperature distribution at X = 12.73 in different times
during melting

Melting of the paraffin starts on the HTF tube wall surface and expands inside the PCM
storage tank. As melting front progresses, the temperature curve moves upward. The fluid
velocity profile reaches a steady state quickly, while the temperature profile never reaches
a fully developed state due to the moving melting front. This clearly approves that the use
of empirical correlations for the convective heat transfer can result in a significant error.



Radial dimensionless temperature distribution at an axial location of X = 12.73 in different
times during PCM solidification, for laminar HTF flow with Re = 657, is shown in Fig. 7.
Solidification has occurred isothermally. Solidification fronts in different times are the
intersections of the dimensionless temperature ® = 0 and the corresponding temperature
curves. Solidification of the PCM starts on the HTF tube wall surface and spreads inside
PCM tank. Temperature curve moves downward due to a solidification front progression.
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Fig. 7. Radial dimensionless temperature distribution at X = 12.73 in different times
during solidification

The propagation of the solidification front is shown in Fig. 8. The solidification front moves
in the axial direction of the PCM container faster than in the radial direction. Due to the
relatively large Prandtl numbers (small thermal conductivity) of the water as HTF, a large
amount of heat is carried downstream, while a relatively small amount of heat is
transferred directly to the paraffin as PCM upstream. The solidification zones are indicated
in the figure. At dimensionless time 7= 10909, the PCM is mainly in the solid phase.
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Fig. 8. Propagation of the solidification front



Spatial dimensionless temperature distributions of HTF, tube wall and PCM inside the
latent storage unit in different times during PCM solidification are shown in Fig. 9.
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Fig. 9. Spatial dimensionless temperature distributions in different times during
solidification



CONCLUSION

A numerical and experimental study of transient phase-change heat transfer during
charging and discharging of the shell-and-tube latent thermal energy storage unit, with
HTF circulating inside the tube and PCM filling the shell side, has been performed.
Numerical predictions coincide quite well with the experimental results. Non-isothermal
melting and isothermal solidification of technical grade paraffin, which has been used as
PCM, have been observed by experimental investigations. Unsteady temperature
distributions of HTF, tube wall and PCM have been calculated numerically. The results of
numerical analysis underline that HTF velocities reach a steady state condition quickly,
while temperatures change with moving of the melting/solidification interface, so it is
necessary to treat the phase-change and fluid flow and heat transfer as a conjugate
problem and solve them simultaneously as one domain. The usage of empirical
correlations in expressing a convective heat transfer should be avoided. Due to the
relatively large Prandtl numbers of the water as HTF, a large amount of heat is carried
downstream, while a relatively small amount of heat is transferred directly to the paraffin
as PCM upstream. The developed numerical procedure could be efficiently used for the
simulation of transient thermal behaviour during charging and discharging of a latent
thermal energy storage unit. Obtained numerical results provide guidelines for its design
optimisation.

NOMENCLATURE

Symbols Subscripts

a thermal diffusivity, m?/s f HTF

¢  specific heat, J/(kgK) i inside radius of the tube
D diameter of the tube, m in inlet

H  volume enthalpy, J/m* init initial

L length of the tube, m I liquid phase of the PCM
m mass flow rate, kg/s m  melting / solification

Nu Nusselt number o  outer surface of the latent
P dimensionless pressure storage unit

p  pressure, Pa out outlet

Pr  Prandtl number p PCM

q latent heat capacity, J/kg R  dimensionless coordinate
R  dimensionless coordinate along the radial direction along the radial direction
r coordinate along the radial direction, m r coordinate along the

Re Reynolds number radial direction

St Stefan number s solid phase of the PCM

T thermodynamic temperature, K w wall

t time, s X  dimensionless coordinate
W  dimensionless velocity along the axial direction
w  velocity, m/s X coordinate along the axial
X dimensionless coordinate along the axial direction direction

x  coordinate along the axial direction, m

a  convective heat transfer coefficient, W/(m?K)

x  dimensionless enthalpy

¥ temperature, °C

A thermal conductivity, W/(mK)

© dimensionless temperature

p density, kg/m®

t  dimensionless time

v kinematic viscosity, m%/s
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