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GRANULAR PHASE CHANGE MATERIALS FOR THERMAL ENERGY STORAGE: 

EXPERIMENTS AND NUMERICAL SIMULATIONS 
 

Mohamed Rady*  
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Benha 13 512, Benha, Egypt  
(Email:  makrady@yahoo.com) 

 
Abstract 
 

The present article reports on the utilization of granular phase change composites (GPCC) of 

small particle diameter (1-3 mm) in latent heat thermal energy storage (LHTES) systems. The phase 

changing parameters (phase change temperature, latent heat, and energy storage capacity) of GPCC 

have been determined using differential scanning calorimeter (DSC) and temperature-history methods. 

Further analysis of measurement results has been conducted to describe the evolution of latent heat 

with temperature during phase change in terms of liquid fraction-temperature relationships. Charging 

and discharging packed bed column experiments have been also carried out for different operating 

conditions to analyze the potential of GPCC for packed bed thermal energy storage. The present 

column results clearly demonstrate the dependence of temperature variation along the packed bed and 

the overall performance of the storage unit on the phase change characteristics of GPCC. Small and 

non-uniform particles diameters of GPCC and heterogeneity of the bed material complicate the 

phenomena of heat transfer and evolution of latent heat in the packed bed. Mathematical modeling of 

the packed bed that considers the GPCC and air as two separate phases with inter-phase heat transfer is 

presented. Comparisons between experimental and numerical results are used to evaluate the 

sensitivity of numerical simulations to different model parameters. 
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Nomenclature 

cp specific heat at constant pressure 
[J/(kg K)] 

T temperature (K) 

d Particle diameter (m) Tm phase change temperature (K) 
D packed bed column diameter (m) Ud Darcy velocity (m/s) 
f friction factor Z distance along the bed height (m) 
fl liquid fraction  Greek symbols 
Gγ mass flux [kg/(m2 s)] ε porosity; volume fraction 
hsa   fluid-to-particle heat transfer 

coefficient [W/(m2 K)] 
µ air dynamic viscosity (kg/m s) 

H enthalpy (J/kg) ν air kinematic viscosity (m2/s) 
Hls PCM latent heat of fusion (J/kg) ρ density (kg/m3) 
k thermal conductivity [W/(m K)]  Subscripts 
L bed height (m)   
Nu Nusselt number a air 
P pressure (Pa) d dispersion 
Pe Peclet number i inlet conditions 
Pr Prandtl number of gas 0 initial 
Re Reynolds number  s solid 
S volume specific surface area (m2/m3)   
t time (s)   
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1. Introduction 
 

Research on advanced materials and systems for latent heat thermal energy storage (LHTES) 

has been intensified in recent years as due to the increasing interest in the design and development 

of energy-efficient building and the greater use of natural and renewable energy sources for heating, 

ventilation and cooling applications [1]. Different types of storage units have been conceived and 

studied. They differ by the nature of phase change material (PCM) and geometry of the unit. Storage 

of thermal latent heat in packed bed of spheres, containing each a PCM, provides direct heat 

exchange between the PCM and the heat transfer fluid. The analysis of packed beds thermal energy 

storage has been the subject of intensive research work [2, 3]. A recent review on the heat transfer 

characteristics of thermal energy storage systems using PCM capsules [4] shows that most of the 

previous studies have been limited to packed beds of spheres or cylinders containing PCM with 

large characteristic diameter in the order of few centimetres. In recent years, granular phase 

changing composites (GPCC) obtained by micro or macro-encapsulating PCMs in highly porous 

solid structures with protecting envelopes have been developed using different encapsulation 

techniques [5]. A wide range of GPCC in the form of particles of small diameters in the order of 

few millimetres are available that are suitable for low temperature energy storage applications. 

Utilization of granular phase change composites (GPCC) of small particle diameter (1-3 mm) 

in latent heat thermal energy storage (LHTES) systems is the main concern of the present study. The 

motivations of the present interest in these materials are related to expected advantages in terms of 

heat transfer rates, flexibility, and multiplicity of applications in energy systems offered by using 

such GPCCs of small particle diameter (see Section 7 for a general overview). Potentials of their 

application have been recently investigated in desiccant cooling systems [6] and in air conditioning 

systems of buildings [7].  

RUBITHERM GR27 and GR41 GPCC materials have been chosen for the present 

investigation [8]. They are considered as two examples representative of GPCC materials and the 
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results obtained in the present study are useful in evaluating the application of such materials in 

LHTES systems and highlighting difficulties associated with characterization and modeling. The 

composition of the granule is 65% ceramics and 35% paraffin wax by weight with 1-3 mm particle 

diameter. GPCC materials offer the advantage of maintaining their macroscopic solid form during 

phase change. The PCM is bound within a secondary supporting structure (polymer or ceramic) that 

ensures that the PCM, when in the liquid form, does not leak out of the granulate. The result is that 

the bound PCM is always a "dry" solid product and liquid handling is eliminated. 

In the process development stage of a LHTES system, the knowledge of thermophysical 

properties of materials used for latent heat storage is essential for design and optimization. The 

quantity of thermal energy possible to store depends on the enthalpy variation in the working 

temperature range. Also, the enthalpy function or the apparent heat capacity of the PCM has to be 

known in order to obtain sufficiently accurate results in numerical simulations. This should take into 

account the temperature range over which the phase transition occurs under real operating conditions.  

Difficulties in the characterization of GPCC are related to the specific nature of the material and 

heterogeneity of the sample and require special care and improvements in the analysis of measurement 

results. Moreover, small and non-uniform particles diameters of GPCC and heterogeneity of the bed 

material complicate the phenomena of fluid-particle heat transfer and evolution of latent heat in the 

storage packed bed. Studies on the utilization of GPCC taking into account these phenomena are 

important for successful integration in LHTES systems. The present study aims at providing 

experimental data on the characterization of phase changing parameters of GPCC and highlights the 

difficulties and required improvements in the measurement methods. Packed bed column experiments 

during charging and discharging modes have been carried out for different operating conditions to 

analyze the potential of GPCC for packed bed thermal energy storage and provide experimental data 

for comparison with numerical simulation. Comparisons between experimental and numerical results 

have been also carried out to show the sensitivity of their agreement to parameters concerning phase 
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change characteristics of GPCC, bed porosity, heat transfer correlations between the particle and fluid, 

and axial dispersion. 

2. Materials Characterization 

Differential scanning calorimetry (DSC) and a modified T-history method have been used to 

study the phase changing behavior of granular composites. Details on the experimental set-up and 

data analysis for GR27 and GR41 can be found in [9]. Characterizing granulate PCMs using DSC 

requires special care to assure that the thermophysical properties of samples (1–10 mg) are those of 

the bulk materials. The main difficulty of DSC characterization of granular PCM lies in the 

heterogeneity and structure of the sample as it significantly affects the details of the heat transfer 

between the sample pan and PCM material. Direct utilization of the measured DSC curves could 

result in an inexact representation of the sample enthalpy change. A simple procedure has been 

advised to obtain accurate results from the DSC measurements based on the estimation of the 

thermal resistance between the sample and its enclosure [9]. The thermal resistance between the 

GPCC sample and it container is evaluated using DSC measurements obtained at three different 

values of cooling/heating rates. Estimation of the thermal resistance allows correcting the measured 

DSC heat flux and calculation of corresponding correct sample temperature. The corrections are 

found to be significant at high values of heating/cooling rates and within the phase change 

temperature range of GPCC. High DSC heating or cooling rates promote the development of 

thermal and chemical non-equilibrium effects inside the sample material and result in an increase in 

the temperature range for melting and solidification. The latent heat of phase change is found to be 

essentially independent on the DSC heating/cooling rate.  

The T-history method is an alternative simple and low cost technique for characterization of PCMs. In 

the original T-history method [10], the PCM sample and a sample with known thermal properties (distilled 

water) of the same initial homogeneous temperature are suddenly subject to ambient air with a room 

temperature which can be time dependent. Their temperature history upon cooling down is recorded. 
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Comparison of both curves, using a mathematical description of the heat transfer, allows the determination 

of the heat capacity of the solid and liquid phases and the latent heat of fusion of the PCM sample from the 

known specific heat of the reference material. 

Using the T-history method, further modifications and improvements are employed to handle 

granular materials undergoing phase change over a temperature range. The accuracy of the original 

T-history method is shown to be limited by the assumption of constant temperature independent 

specific heats and the difficulty of determining the limits of solid and liquid phases. The concept of 

enthalpy and its relationship with temperature has been employed in the analysis to overcome these 

difficulties. Enthalpy-temperature and apparent heat capacity curves similar to those obtained using 

DSC have been developed for the GPCC, see Figs. 1 and 2. Characterization results for GR27 and 

GR41 are shown in Table 1. These include the start and end temperatures of phase change (Tm1, 

Tm2), the specific heat of solid and liquid phases (cps, cpl), and the latent heat of phase change (Hls) 

which is the difference in enthalpy at temperature Tm2 and Tm1. The values of Tm1 and Tm2 are 

obtained from the apparent heat capacity curve in a manner similar to the analysis of the heat flux–

temperature curve using DSC. 

GR27 and GR41 have approximately equal values of latent heat of phase change. The phase 

change temperature range of the two materials is interesting for low temperature LHTES 

applications. It should be noted that, the evolution of latent heat with temperature during phase 

change differs for the two materials. As compared to GR41, GR27 is characterized by the evolution 

of a considerable amount of latent heat over a narrower temperature range (22-27 °C). The 

evolution of latent heat for GR41 is more distributed over the phase change temperature range (31-

45 °C). 
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3. Packed-bed Experiments 

 
A schematic diagram of the experimental set-up used in this study is illustrated in Figure 3. 

The packed column is made of cylindrical PVC tube of 45 mm inside diameter and 2.5 mm wall 

thickness. The instrumented test section is 200 mm height. The bed test section is insulated with 

glass wool of 5 cm thickness. The packing (storage medium) is GR 27 or GR41 granulates of (1-3 

mm) particle diameter. Airflow is produced by a centrifugal blower with variable mass flow rate. 

After passing thorough the PCM packed bed, it is exhausted from the top and then the flow rate is 

measured using a variable area float meter. The inlet air is heated by electrical heaters and mixed so 

that the temperature profile at the inlet bed is uniform. Copper constantan thermocouples of 0.1 mm 

diameter are used to measure the temperature at specific locations inside the test section, as shown 

in Figure 3. Air temperatures are also measured at the inlet and at the outlet of the test section. The 

bed temperature is uniform at the beginning of each experiment. For charging process, the 

experiment starts by switching on the electric heaters with the required power and allows for hot air 

flow at the desired rate to enter into the column. For discharging, the electric heater is switched off 

to allow for cold air flow into the column. Data acquisition system connected to the personal 

computer allows a continuous record of the temperature variation with time at the specified time 

interval. 

Figures 4 and 5 show the time variation of temperature of the inlet air and at 4 cm from the 

bed inlet (locations T1 and T8 in Figure 3). The Reynolds number (Re) is calculated based on the 

Darcy velocity at the inlet of the test section (Ud) and using an average particle diameter of d=2 mm, 

Re /d dU d= υ . During charging of GR27 column, see Fig. 4, the bed temperature increases 

relatively rapidly in the initial stage of the process below the melting temperature range. In the range 

between 22 °C and 27 °C, the rate of increase in bed temperature decreases as due to the phase 

change of GR27. After the end of melting process, the rate of increase in bed temperature is high. 
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During discharging (solidification of GPCC), the variation of bed temperature flatten around 27 °C 

as due to phase change. Figure 5 shows the results for GR41 column which exhibits a lower 

flattening of the temperature profile during phase change. These results are compatible with GR27 

and GR41 enthalpy-temperature variations obtained during material characterization using DSC and 

T-history methods. The observed phase change temperatures from the experiments agree with the 

results from the characterization experiments. It is also interesting to note that the measured 

temperatures T1 and T8 show negligible differences during the sensible heat change period. The 

differences between T1 and T8 are remarkable at the onset of phase change during melting and at 

the end during solidification. Small radial temperature difference during sensible heating and 

cooling periods are attributed as due to the heterogeneous nature of the bed particles that are 

manifested as local variations in the bed porosity. Minor changes in the PCM content of GPCC may 

be responsible for the remarkable temperature differences at the beginning and end of phase change. 

 
4. Mathematical Modeling 
 

Detailed modeling of the heat transfer and fluid flow processes that take place in such 

arrangement of GPCC is quite complex. The rate of heat transfer to or from the solid in the packed 

bed is a function of the physical properties of the fluid and the solid, the flow rate of the fluid, and 

the physical characteristics of the packed bed. The overall heat transfer consists of the following 

modes: (1) the convective heat transfer from the walls of the packed bed tank to the fluid; (2) the 

convective heat transfer from the particles to the fluid flowing through the bed; (3) the conduction 

heat transfer from the walls of the bed to the particles constituting the bed; (4) the conduction heat 

transfer between the individual particles in the bed;(5) radiant heat transfer and (6) heat transfer by 

mixing of the fluid. In beds with adiabatic wall conditions, the radial conduction as well as the bed 

to wall surface heat transfer may be assumed to be small and negligible. Adiabatic wall conditions, 
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often used in industrial practice, are assumed in this study as due to the employed thermal insulation 

of the wall. 

The governing equations for heat transfer in the packed bed are obtained by considering a 

representative elementary volume (REV) containing GPCC particles and air with volume fractions 

sε and aε , ( )s a 1ε + ε = . They consist of the fluid and solid (GPCC) energy equations and take into 

account the thermodynamic non-equilibrium between the two phases of different temperatures (Ta, 

Ts).  The air flow passing through the porous bed is considered to be steady and uniform with 

superficial (Darcy) velocity, Ud. Heat conduction in the wall material, of small thickness and 

thermal conductivity, and radiant heat transfer, for the present low differences in temperature, are 

assumed to be negligible. The air and GPCC energy equations are written as [11]: 

 

( )
( )a a pa a a d pa a a

a a sa sa s a

c T U c T T
k h S T T

t z z z

∂ ρ ε ∂ρ ∂∂+ = ε + −
∂ ∂ ∂ ∂

 (1) 

( )
( )s s ps s s l

s s sa sa s a s ls s

c T T f
k h S T T H

t z z t

∂ ρ ε ∂ ∂∂= ε − − − ρ ε
∂ ∂ ∂ ∂

         (2) 

The inter-phase heat transfer is described by the heat transfer coefficient (hsa). The evolution 

of latent heat during phase change of the GPCC is accounted for by using the source 

term s ls s lH f tρ ε ∂ ∂  in Eq. (2). Where fl is the liquid fraction of GPCC undergoing phase change and 

Hls is the latent heat of fusion of the PCM material. The value of fl is related to the temperature 

sT and determines the rate of evolution of latent heat during phase change.  

Knowledge of fluid-to-particle heat transfer coefficient sah is an important issue for the 

analysis of heat transfer in packed beds. A considerable amount of research work has been carried 

out in the literature to identify suitable correlations for the particle to fluid heat transfer coefficient. 

Numerous correlations for predicting heat transfer coefficients in packed beds exist in the literature 

[12-17]. A simple analysis of heat conduction from an isolated spherical particle surrounded by a 
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stagnant fluid leads to the conclusion that the limiting value of Nusselt number for low Reynolds 

number flows is 2.0. At higher Reynolds convective effects become significant and a correlation of 

the form Nu=f(Pr, Re) is to be expected. Correlations based on the Ranz model [18] and Galloway 

and Sage [19] have been widely used for heat transfer modelling in packed beds [3, 11]. The Ranz 

model provides a method of applying convection correlations for single spheres in an external flow 

to spheres in packed beds. With the Ranz model, the superficial velocity Ud is multiplied by a factor 

of 10.73 to yield an effective free stream velocity inside the packing. Thus the Reynolds number 

velocity of 10.73Ud is used with convection correlations for single spheres to predict convection 

coefficients in packed peds. Ranz determined the factor 10.73 analytically and verified it by 

comparison with experimental results. The Nusselt number correlation using Ranz model [18] is 

written as: 

( ). .. . Re Pr0 54 0 3Nu 1 2 0 53= +   (3) 

Galloway and Sage [19] developed the following correlation for fluid-to-particle heat transfer 

coefficient in packed beds. 

/ / /. Re Pr Re Pr1 2 1 3 1 2
1 d 2 dNu 2 0 c c= + +   (4) 

Where Re /d dU d= υand Pr /= υ α . For randomly packed bed of spheres c1 and c2 are 1.354 and 

0.0326, respectively. Beasley and Clark [11] used higher values of these coefficients (c1=2.031 and 

c2=0.049 ), resulting in an increase of about 50% in the heat transfer coefficient, and obtained better 

agreement between the numerical and experimental results. 

In the application of the above expressions for heat transfer, it is important to note that the 

axial dispersion coefficients as due to axial mixing must be properly estimated. There are two main 

mechanisms which contribute to axial dispersion: molecular diffusion and turbulent mixing arising 

from the splitting and recombination of flows around the particles. The effective thermal 

conductivity of the fluid phase consists of the stagnant and the dispersion conductivity. 
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aeff a dk k k= +   (5) 

The dispersive component of the longitudinal thermal conductivity in the porous media was 

evaluated as function of the Peclet number [20, 21] as follows: 

 

/

. ( )

. ( )

2
d

d a d

d
d a d1 2

Pe
k 0 022k Pe 10

1
Pe

k 2 7k Pe 10

= <
− ε

= >
ε

           (6) 

To complete the mathematical description of the present problem, the initial and boundary 

conditions are specified as follows: at t=0:  Ta=Ts=To, at z=0: Ta =Tin, =∂∂ zTs / 0, at z=L: 

/ /s aT z T z 0∂ ∂ = ∂ ∂ = . Where To is the initial bed temperature and Tin is the inlet air temperature. 

5. Numerical Solution 
 

Examination of the governing equations (1) and (2) shows that the liquid fraction fl represents 

an extra unknown that is known only after the solution for solid temperature Ts. Therefore, an 

iterative technique has been adopted for the calculation of fl as follows, 

( )ps s mi 1 i
l l

f

c T T
f f where the correction

H
+ −

= + ξ ξ =         (7) 

Where i is the iteration number and the constraints max . ,i 1 i 1
l lf 0 0 f+ +� �= � �and 

min . ,i 1 i 1
l lf 1 0 f+ +� �= � �are forced. At convergence �=0 and the temperature of phase changing nodes 

is equal to the phase change temperature Tm. It should be mentioned that the correction term � takes 

the form of Stefan number. Previous simulations of packed beds reported in the literature have been 

concerned with phase changing materials at constant temperature Tm. In such cases, the value of fl 

changes from zero to one during melting at Ts=Tm. However, the present characterization of GPCC 

shows that the phase change process takes place over a temperature range (between Tm1 and Tm2). 
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The value of Tm used in Eq.(7) is therefore function of the liquid fraction Tm=f(fl). This functional 

relationship is a characteristic of the phase change material as explained afterwards. 

Equations (1) and (2) are discretized by using the finite volume method employing an implicit 

time scheme. The upwind scheme is used for discretization of the convection terms and the central 

difference scheme is used for discretization of the diffusion terms. The resulting equations are 

solved using the Gauss–Seidel iteration method. A time step of 0.001 s and a grid mesh of 0.1 mm 

are used in the simulations to ensure numerical stability and accuracy. The simulation results are 

independent of the grid size and time step used.  

Figures 6 and 7 show complete comparisons of experimental (T1, T8, T3, T9, T7, Tout) and 

numerical simulation (T1 Sim, T3 Sim, T7 Sim, Tout Sim) results during charging of GR27 and 

GR41 columns. In these calculations, Ranz model for particle-to fluid heat transfer has been used, 

axial dispersion is calculated using Eqs. (5) and (6), an average bed porosity of 0.42 is used, and the 

phase changing characteristics resulting from the T-history method are employed for the functional 

relationship of liquid fraction and Temperature. The agreement between experimental and 

numerical results is reasonable. However, some differences are observed and need to be evaluated. 

These differences may be attributed due to uncertainty in the parameters of heat transfer model such 

as the phase change characteristics of GPCC, bed porosity, fluid-particle heat transfer coefficient, 

particle diameter, and axial dispersion. An analysis of the sensitivity of agreement between 

numerical and experimental results to these parameters is performed in next section in order to 

define the most critical model components. 

6. Sensitivity of Agreement to Model Parameters 
 

The sensitivity of numerical results to the values of particle-to-fluid heat transfer coefficient, 

dispersive component of thermal conductivity, and description of the phase change characteristics of 

GPCC are investigated. Numerical simulations have been carried out to evaluate the effects of these 

model components on the agreement between the experimental and numerical results. The effect of 
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each parameter is investigated separately and unless otherwise specified the parameters used in the 

above simulations of Figures 6 and 7 are used in the following simulations. 

Effects of phase change characteristics: 
 

The evolution of latent heat during charging and discharging of LHTES unit as function of 

temperature is an important issue for modeling, optimization, and design of the unit. This evolution 

is expressed in terms of the variation of liquid fraction fl of GPCC with temperature as follows. 

1( ) ( )
( ) s m

l
ls

H T H T
f T

H
−=             (8) 

H(T) is the enthalpy at any temperature (T) and Hs(T) is the solid phase enthalpy. Variations of fl 

with temperature for GR27 and GR41 are obtained by further analysis of T-history and DSC 

measurements. Applications of different forms for the functional variation of liquid fraction with 

temperature in numerical simulations of packed beds may affect the bed performance 

characteristics. 

Applications of different functions of fl-T results in different evolution of latent heat during 

phase change. Simulations have been also carried out using an assumed linear profile of fl-T 

between Tm1 and Tm2 , an assumption that is usually used to handle phase change over a temperature 

range, and comparisons have been made with the results obtained using measured fl-T curves 

obtained from the T-history and DSC. Figure 8 shows that the assumption of linear profiles of fl-T 

can induce remarkable differences in the predicted variation of bed temperature with time. The 

differences can be clearly distinguished during the phase change period. The results obtained using 

curves of T-history and DSC are close to the experimental measurements.  

Effects of bed porosity: 
 

Packed bed porosity has been the subject of extensive research [22, 23]. Some of this research 

work has focused on developing correlations to predict overall void fraction for use in global 

prediction of pressure drop as function of the ratio of tube diameter to some effective particle 
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diameter, D/d. The average bed porosity is modeled by deKlerk [23] as an exponential decay 

function. 

. exp .b

D
0 35 0 39

d
� �ε = ε + −� �
	 


         (9) 

The effect of the packing mode is embodied in the average bed porosity at infinite column 

diameter �b. Literature values vary for the bed voidage of a randomly packed bed of spheres at large 

column to particle diameter ratio. This variance is ascribed to the packing mode. Four random 

packing modes for spheres are distinguished: (a) very loose random packing (�b � 0.44) obtained by 

gradual defluidization of a fluidized bed or by sedimentation; (b) loose random packing (�b � 0.40-

0.41) obtained by letting spheres roll individually in place, or by dropping the spheres into the 

container as a loose mass; (c) poured random packing (�b � 0.375-0.391) obtained by pouring 

spheres into a container; and (d) dense random packing (�b � 0.359-0.375) obtained by vibrating or 

shaking down the packed bed. Due to the stochastic nature of the packing process, accurate and 

reliable predictions of bed porosity are elusive. The sensitivity of numerical predictions to the value 

of bed porosity is shown in Fig. 9. Comparisons of experimental and numerical results obtained 

using different values of bed porosity show that the effect of bed porosity is significant. The local 

changes in porosity can lead to large variations in predicted velocity profile and therefore non-

uniform head loss along the packed bed. The accurate prediction of local porosity is therefore 

important for predicting heat transfer in packed beds. This is especially true for packed beds having 

a particle size and shape distribution as the present application. It seems that some form of 

multidimensional statistical description of the packing will be necessary for performance modeling. 

The average bed to particle diameter employed in the present study � 25 provides a central region 

essentially free from the wall effect on void fraction. However, near the walls, the void fraction 

increases and may result in flow channeling. 
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Effects of fluid-to-particle heat transfer coefficient and axial dispersion: 
 

Uncertainty of the fluid-particle heat transfer coefficient is related to the correlations existing 

in the literature. For example, the widely used correlations given by Eqs.(3) and (4) for Ranz model 

and Galloway and Sage [19] result in heat transfer coefficient that differ by about 15%. Also, the 

importance of axial dispersion should be evaluated. Another source of uncertainty can be attributed 

as due to the assumption of uniform particle diameter. Screen analysis of GR27 and GR41 shows 

that they contain 0,1% of  particles with diameter dp > 4 mm,  7,5% with dp= 3,0 – 4,0 mm, 89,5% 

with dp= 1,0 – 3,0 mm,  2,3% with dp= 0,5 – 1,0 mm, and  0,6%  with dp < 0,5 mm. Therefore, a 

mean particle diameter of 2 mm has been assumed for the purpose of numerical simulations. The 

particle non-uniform shape may affect the boundary layer and probably increase the heat transfer 

coefficient. 

Simulations have been carried out to evaluate the effects of uncertainty of these model 

parameters on the agreement between numerical and experimental results. It has been found that the 

utilization of Ranz model and Galloway and Sage [19] correlation for estimation of the fluid-to-

particle heat transfer coefficient has no remarkable effect on the agreement between numerical and 

experimental results. Also, simulations results using different particle diameter of 1.5 mm are very 

similar to those obtained using a particle diameter of 2 mm as an average value. This can be 

explained by the fact that decreasing particle diameter decreases the heat transfer coefficient as due 

to the decrease of Reynolds number. On the other hand, the surface area for heat exchange between 

the particles and fluid increases with the decrease of the particle diameter. The final effect, within 

the uncertainty limits of particle diameter, is a small variation of the heat exchange rates between 

the particles and fluid that is manifested in unremarkable differences in the agreement between the 

experimental and numerical results. The effects of axial dispersion have been also evaluated by 

comparison of results obtained with and without axial dispersion. The results indicate that, for the 
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range of Reynolds number studied, the longitudinal thermal dispersion has no significant 

contribution to the overall temporal thermal response of the packed bed.  

7. General overview for LHTES applications 

An analysis of the role of the characteristic diameter of PCM capsule in a packed bed thermal 

energy storage system is an essential issue that explains the importance, limitations, and advantages 

of utilization of GPCC of small characteristic diameter. The goal of an energy storage system is to 

obtain high heat transfer rates during charging and discharging with reasonable pumping 

requirements. Applying heat exchangers principles [24] and introducing the column diameter (D) as 

a characteristic length, the number of transfer units (NTU) can be written as: 

6 (1 )
6 (1 )

a a d a

hA h D D
NTU St

m cp d U cp d
ε ε

ρ
−= = = −

�
  (10) 

Where m�  is the mass flow rate of air, A is the total surface area of heat transfer, h is the particle to 

fluid heat transfer coefficient, and St is the Stanton number (St=Nu/Re.Pr). The functional 

dependence of heat transfer coefficient on Reynolds number based on particle diameter (Re) is 

given by Eq. (4). NTU is a dimensionless parameter whose magnitude influences the unit 

performance. High values of NTU result in enhancing the unit effectiveness with high charging and 

discharging rates. The pressure gradient along the bed length can be obtained from a modified form 

of the Ergun equation [25, 26]. 

2
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2 3 3

150 (1 ) (1 )
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Equations (11) can be written in dimensionless form by introducing the definition of friction factor 

(f) and considering the pressure drop per unit length of column (�P/L) as: 

2 3

( / ) (1 ) 150(1 )
1.75

Red

P D L D
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U d
ε ε

ρ ε
∆ − −� � � �= = +� � � �	 
 � �

  (12) 

Equations (10) and (12) are used to investigate the variation of NTU and pressure drop along the 

bed considering air as the heat transfer fluid at different values of PCM capsule diameter. In order to 
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make this analysis, one has to consider a constant Reynolds number based on the column diameter 

( Re /o dU Dρ υ= ), assume different values of D/d, calculate (Re=Reod/D), and then employ Eq. 

(10) to estimate NTU and Eq. (12) to calculate  �P(D/L). 

Figure 10 shows the variation of NTU and pressure drop along the bed with D/d for different 

values of Reynolds number (Reo). It can be observed that the value of NTU increases with the 

decrease of Reynolds number (Reo). For the same value of Reo, the value of NTU increases with the 

decrease of particle diameter (increase of D/d ratio) as due to the increase of heat transfer surface 

area. The rate of increase of NTU with the increase of D/d is higher at low values of Reynolds 

number. Concerning the pressure drop, high values of pressure drop are obtained with the increase 

of Reo. The rate of increase of pressure drop with the increase of D/d ratio is lower at low values of 

Reynolds number. This analysis shows that, in general, utilization of encapsulated PCM of small 

particle diameter is advantageous in terms of heat transfer rates and pumping requirements at low 

values of Reynolds number (Reo). Limitations of high pressure drop at high values of Reynolds 

number can be overcome by employing systems of small characteristic length (compact systems). 

Using GPCCs of small particle diameter may be useful when limited volumes of energy storage are 

applicable. The storage granulate offers the clear advantage that it can be used to fill containers of 

any conceivable geometry (flexibility in applications). The granulate form of the latent heat storage 

material provides the large surface area required for effective heat transfer. 

 
CONCLUSION 
 

Utilization of granular phase change composites (GPCC) of small particle diameter (1-3 mm) 

in latent heat thermal energy storage (LHTES) systems is the main concern of the present study. 

Experimental measurements using DSC and T-history methods are carried out for characterization 

of phase changing parameters of GPCC such as phase change temperature, latent heat, and energy 

storage capacity. The evolution of latent heat with temperature during phase change in terms of 
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liquid fraction-temperature relationships is described. Difficulties and required improvements in the 

measurement methods to handle GPCC are discussed. Packed bed column experiments during 

charging and discharging modes are carried out for different operating conditions to analyze the 

potential of GPCC for packed bed thermal energy storage and provide experimental data for 

comparison with numerical simulation. 

The present column results clearly demonstrate the dependence of temperature variation along 

the packed bed and the overall performance of the storage unit on the phase change characteristics of 

GPCC. Small and non-uniform particles diameters of GPCC and heterogeneity of the bed material 

complicate the phenomena of heat transfer and evolution of latent heat in the packed bed. 

Mathematical modeling of the packed bed that considers the GPCC and air as two separate phases 

with inter-phase heat transfer is presented. Comparisons between experimental and numerical results 

show an important sensitivity of their agreement to the phase change characteristics of GPCC and 

estimation of bed porosity. The sensitivity of agreement to the estimation of particle-to- fluid heat 

transfer coefficient and the axial dispersion are found to be less important. The functional variation of 

liquid fraction of GPCC with temperature during phase change is therefore an important parameter 

that controls the dynamics of packed bed during charging and discharging processes. Also, for packed 

beds having a particle size and shape distribution as the present application, accurate prediction of 

local porosity is essential for analysis of heat transfer in the bed. It seems that some form of 

multidimensional statistical description of the packing will be necessary for performance modeling. 

The present analysis is useful for practical applications in the design and optimization of LHTES 

system using GPCC during the process development stage and for performance evaluation of packed 

bed latent heat storage columns. In general, utilization of encapsulated PCM of small particle diameter 

is advantageous in terms of heat transfer rates and pumping requirements for applications involving 

low values of Reynolds number, compact systems, and systems with limited volume of energy storage. 
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Table 1: Characterization of GR27 and GR41 using the T-history method. 

Sample Tm1(°C) Tm2 (°C) cps (J/kg.K) cpl (J/kg.K) Hls(J/kg) 

GR27 21 29 2044 1921 64850 

GR41 31 45 2784 2745 65895 

 
 

 
Figure 1: Enthalpy and apparent specific heat variation with temperature for GR27. 

 

  
Figure 2: Enthalpy and apparent specific heat variation with temperature for GR41. 
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Figure 3: Schematic of the experimental set-up for packed-bed. 

 

 
Figure 4:  Variation of bed temperature during charging and discharging of GR27 column, Re =7.29. 
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Figure 5:  Variation of bed temperature during charging and discharging of GR41 column, Re =7.29. 

 
 
 

 
Figure 6: Comparison of experimental and numerical results, (GR27, Re=7.29). 
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Figure 7: Comparison of experimental and numerical results, (GR41, Re=7.29). 

 
 

 
Figure 8: Comparison of experimental and numerical simulations using different liquid fraction functions, (GR27, 

Re=7.29). 
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Figure. 9 Comparison of experimental and numerical results, effects of bed porosity, (GR27, Re=7.29). 
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Figure 10: Variation of NTU and pressure drop with PCM capsule diameter 

 


