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Abstract

A laboratory scale packed bed latent heat thermal energy storage (TES) system was designed and built to 
study its charging and discharging behavior. Encapsulated sodium nitrate spherical capsules were used as the 
storage material and air was used as the heat transfer fluid. A two-dimensional two-phase model was 
developed by assuming that the PCM capsules behave as continuous, homogeneous, and isotropic porous 
medium, and not as a medium composed of independent particles. The heat transfer coefficient was 
calculated based on the phase change process inside the capsule by enthalpy formulation model. The flow 
inside the system was predicted by solving the extended Brinkman equation. The developed model was used 
to analyze the temperature distribution inside the capsules placed at different axial positions of the bed. The 
effect of mass flow rate on the charging and discharging times and melt fraction of the packed bed during the 
charge and discharge processes were also analyzed. The results obtained from the model matched well with 
the experimentally observed results.
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1. Introduction

Even though, we have an abundance of solar energy; intermittency of the resource poses a big problem for 
continuous use. Integration of thermal energy storage with solar energy systems could be a viable solution to 
this problem, especially in CSP plants [1, 2]. Among the thermal energy storage (TES) techniques, latent 
heat thermal storage (LHTS) can provide higher storage density than the sensible heat storage that 
substantially reduces the size of the storage tank and the associated equipment leading to a significant 
reduction in the capital costs [3-5]. In spite of these benefits, latent heat based storage systems have not been 
commercially exploited in solar power plants. One of the major reasons is inefficient energy retrieval from 
the bulk system due to low thermal conductivity of the PCMs [6, 7]. Different methods have been proposed 
and explored to enhance the thermal conductivity of the PCMs such as addition of highly conductive nano or 
expanded graphite mixture [8, 9], insertion of metal particles into the PCM matrix, use of extended surface 
(fin) [10], and shell and tube heat exchanger [11]. Other methods include micro- and macro-encapsulation of 
the PCMs to reduce the path length for heat transfer [12-15]. 

Many research groups have shown interest in Macro-encapsulated spherical PCMs capsule in a packed- bed 
storage system [16-28].  Regin et al. [17] presented a review of the encapsulated PCMs, and their application 
in latent heat thermocline systems and also developed a numerical model of a paraffin wax based system 
[18]. Saitoh and Hirose [19] experimentally and analytically discussed spherical capsules of different 
diameter and HTF flow rate and their influence on overall heat transfer rate. Ozturk [20] worked with 
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paraffin as the PCM to experimentally investigate the thermal effect of LHTS on greenhouse heating. 
Michels and Pitz-Paal [21] reported an experimental and numerical investigation on a cascaded latent heat 
thermal storage system with alkali metal nitrate PCMs. Recently, Esakkimuthu et al. [22], Xiao and Zhang 
[23] performed experiments with low-temperature organic PCMs. They have investigated the performance 
characteristics of a LHTS packed bed system. Archibold et al. [24] numerically investigated the heat transfer 
performance and fluid flow during melting inside a spherical container for TES. They demonstrated the
melting dynamics of capsules of different diameters. A survey of the literature reveals only a few reports on 
the high-temperature numerical analysis of LHTS. Bellan et al.[25] developed a transient numerical model 
for an encapsulated NaNO3 PCM based  LTHS system and optimized the main parameters of storage tanks. 
Peng et al. [26] performed a numerical analysis of an LTHS system containing a high-temperature PCM 
(NaNO2). They examined the temperature distribution inside the bed and established the relationships of 
charging and discharging efficiencies with flow rate and capsule size. Nithyanandam et al. [27] also built a 
model to analyze a latent heat thermocline storage system with encapsulated PCMs and proposed guidelines 
for designing a PCM based packed bed system.

It is evident from the above literature review that there is no experimental demonstration of the packed-bed 
LHTS system available on high temperature (>300°C) encapsulated PCMs. This is in part due to non-
availability of any technique to encapsulate PCM on a large scale. We have successfully developed a non-
vacuum encapsulation technique that can fabricate encapsulated spherical high-temperature PCM capsules 
on large scale. The encapsulated PCM capsules developed by this technique have survived more than 2200 
thermal cycles without any failure. The objective of the present study was to develop a lab scale LHTS 
system containing sodium nitrate (NaNO3) capsules and air as the heat transfer fluid (HTF). We have also 
developed a two-dimensional two-phase model that was used to analyze the temperature profiles of the PCM 
capsules at various axial positions of the storage tank and at three different flow rates. The influence of the 
flow rate of HTF over the charging and discharging times, melt fraction and solid faction of the bed was also 
investigated. The developed model was validated by the experimentally observed results.

2. Experimental Setup

The experimental packed bed setup consists of a blower, a cylindrical tank, electrical heaters, and flow
measuring device (pitot tube). A schematic of the setup is illustrated in Fig. 1.

Figure 1: Schematic of the experimental setup (left hand side) and computational domain (right hand side)
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The construction material of the storage tank is carbon steel of 0.254 m (10 inches) height and diameter. The 
whole system was well-insulated with thermal insulation of 0.1524 m thickness. The packed-bed was 
randomly packed with 770 encapsulated spherical NaNO3 capsules. The average diameter and volume of the 
capsules are 2.743±0.038 cm and 10.39±0.21 cm3, respectively. The average porosity of the bed and bed-to-
particle diameter were fixed at 0.35 and 10, respectively.

In total, 24 K-type thermocouples were installed along the axial and radial directions of the bed and two 
thermocouples were used after the heaters. Axially, thermocouples were installed 0.0508 m apart from each 
other, divided into four rows across the length of the bed starting from the top. Thermocouples were also 
fitted inside some of the centrally placed capsules that are axially 0.0508 m apart from each other. One 
thermocouple was installed at 0.0254 m above the top of the bed to measure the inlet (charging) temperature 
of the bed. Another thermocouple was installed at 0.0254 m below the bottom of the bed to measure the 
outlet (charging) temperature of the bed.  

Air flow in the system was produced by a centrifugal blower and six heaters were used to heat the entering 
the bed. Figure 2 shows the complete experimental setup. 

Figure 2: Complete experimental setup

Before charging, the air-blower was connected to the top side of the packed-bed system. The whole system 
was heated to 286oC and maintained at this temperature. For the charging of the system, the inlet temperature 
of the HTF was increased to 326 C. Charging was complete when the whole TES system reached 326°C. For 
the discharging step, the blower from the top was moved down and connected with the bottom heater which 
heated the HTF to 286°C before entering the system. As the system temperature decreases from 326°C to 
286°C, the discharging step was considered to be complete. Testing of the system was performed at three
different flow rates (Table 1). Temperature data were collected by Labview Express at 60 sec interval.

Table 1: Operation parameters 

case Flow rate (m3/hr) Charging temperature (°C)

(Bed initially at 286°C)

Discharging temperature (° C)

(Bed Initially  at 326°C)

1 110 326 286

2 131 326 286

3 151 326 286
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3. Numerical Modelling

The schematic of the computational domain is shown in Fig.1. The numerical model is developed based on 
the following assumptions:

(1) The thermo-fluid flow is assumed as symmetrical about the axis. Thus, the governing equations for 
heat transfer and fluid flow within the storage tank become two-dimensional.

(2) The flow is laminar and incompressible.

(3) The PCM capsules behave as a continuous, homogeneous and isotropic porous medium.

(4) The radiation heat transfer between the capsules is negligible.

(5) The rhombic packing is assumed; the distribution of spherical capsules inside the tank is defined by 
[16].

d
rRaaar

avg
avg 3

2
1 exp1)( (eq. 1)

where, avg and d are the average porosity and diameter of the capsule respectively. The average porosity is 
0.3446, and the empirical constants a1, a2 and a3 are 0.955, 0.7 and 10 respectively. These values are found 
to be a good approximation to the experimental data. By assuming the above points, the system of the 
governing equations to simulate the fluid flow and heat transfer inside the tank are given as follows:

Continuity equation

0.V (eq. 2)

Momentum equation
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Where , , V and P are density, viscosity, velocity vector and pressure respectively. The permeability of the 

porous medium K and the Forchheimer coefficient are given as [28]. 
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Energy equation

HTF energy equation
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PCM energy equation
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where Tf and Ts represent the temperature of the heat transfer fluid and PCM capsules respectively, cp is 
specific heat capacity, U is the overall heat transfer coefficient, and ap is the superficial particle area per unit 
bed volume which is given by

d
ap

16 (eq. 8)
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Effective thermal conductivities kf eff and ks eff are given by

fefff kk (eq. 9)

seffs kk 1 (eq. 10)

The last term on the right-hand side of the energy equation, which accounts for the heat transfer between the 
PCM capsules and HTF, plays a vital role in the thermal performance of the system. Hence, the overall heat 
transfer coefficient (U) is calculated according to the packed-bed configuration, and the thermal resistance 
concept, which is described in [25, 29]. 

Table 2. Thermophysical properties of sodium nitrate

Properties Sodium Nitrate

Density (kg/m3)

solid phase 2130

mushy zone Linear interpolation
liquid phase 1908

Dynamic viscosity (Pa s) 0.0119 1.53 10

Latent heat of fusion (J/kg) 178000

Melting temperature ( ) 306.8

Specific heat (J/kg/K) 444.53 + 2.18

Thermal expansion coef.(K-1) 6.6 10

Thermal conductivity (W/m/K) 0.3057 + 4.47 10

In this investigation, the spherical capsule contains NaNO3 in a polymer shell of thickness = 0.41 mm. The 
temperature dependent thermo-physical properties of NaNO3 are given in Table 2. The thermal resistance 
caused by the shell is included in the model. Thermal conductivity of the polymer is 0.25Wm-1K-1. The 
boundary conditions are given in Table 3. The melting of the PCM is assumed between Tsol= 305 ºC and Tliq

= 307ºC (mushy zone).  Hence, the melt fraction, , at each element of the PCM domain is given by

(eq. 11)

Table 3. Boundary conditions.

Boundary HTF PCM

Inlet Tf (t)

Outlet

Wall )( TTU aw

Axial symmetry

4. Model Validation

Experiments were carried out under the operating parameters given in Table 1. Simulations were performed
for various transition (phase change range) points, such as (305-307 ºC), (306-308 ºC), (307-309 ºC), for case 
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1. Fig. 3 shows the temperature distribution of the PCM during the discharge process, at z/L= 0.8, for various 
transition points along with the experimentally measured temperatures. The error analysis of temperature 
measurements is made with 95% confidence intervals and shown in the figure. It is noticed that the phase 
change range (305-307 ºC) provides the temperature distribution close to the experimental results. Hence, by 
assuming the melting range is between 305 and 307 ºC (mushy zone) simulations were performed for various
gas flow rates (Refer Table 1).

Experimentally measured and numerically predicted PCM temperature distributions at two axial positions 
during charging and discharging modes are compared in Fig. 4. It is observed that the numerical results are 
comparable with the experimental results. The maximum difference between the predicted and numerical 
results is near the phase change range.

Fig. 3. Temperature distribution of the PCM at z/L=0.8 for various transition temperatures

Fig. 5 shows the charging time of the PCM at various heights of the bed measured experimentally, and also 
using the developed model for three different mass flow rates. The charging time refers to the time required 
for the PCM at a given height, to attain the temperature of the inlet HTF. It is seen from the figure that the 
predicted results are in good agreement with the results of the experiments in all cases. Moreover, the 
developed model was extensively validated with various experimental studies [29].

Fig. 4. Experimentally measured and numerically predicted PCM temperature distributions at two axial positions during

charging and discharging modes.
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Fig.5. Charging time of PCM at various height of the bed for various flow rates. (Uncertainty of the charging time is ±16.45 min) 

5. Uncertainty Analysis

Experiments were conducted several times to observe the repeatability of the measured data. The Root-sum-
square method was used to determine the uncertainty of the measurements [30]. The error calculations were 
computed within 95% of confidence level. The Uncertainty associated with the flow rate and temperature 
measurements were 5.78% and 2.19%, respectively.

Uc  = ( random)2 + systematic)2) (eq. 12)

Where, Uc, random and systematic are combined standard uncertainty, random error and systematic error 
respectively.

6. Results and Discussion

The temperature distribution of the PCM at various axial locations are predicted for various cases and shown 
in Fig. 6. It shows that for a fixed flow rate, the charging time of the system was less than the discharging 
time. This is because the melting process is a natural convection dominated process where solidification is a 
conduction dominant process. It was also observed that with the increase in the flow rate, the charging and 
discharging times decrease.
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The melt fraction of the packed bed during the charging and discharging processes are shown in Fig. 7 (a) 
and (b) respectively as a function of time for various HTF flow rates. As expected, the complete
melting/solidification times of the tank are decreased when the fluid flow rate is increased, due to the heat 
transfer rate. Difference between the complete melting and solidification times is noticed.

Fig. 6. Temperature distribution of the PCM at various axial locations during charging and discharging processes for various 
HTF flow rates.

Fig.7 (a) Melt fraction and (b) solidified fraction of the bed during charge and discharge processes for various HTF flow rates.
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7. Conclusion

An experimental investigation was conducted on a high-temperature LHTS system using encapsulated 
NaNO3 spherical capsules and air as the HTF. A transient two-dimensional two-phase model for spherical 
encapsulated PCM capsules was developed and validated with the experimental results. The model shows 
good agreement with the experimental results. Temperature profile of the PCM capsules at various axial 
positions of the storage was predicted. Flow rate has an influence on the heat transfer process. With the 
increase in the HTF flow rate, decrease in the complete melting/solidification time of the tank is observed.  
Also, it is observed that the melting time is shorter than the solidification time due to the heat transfer 
coefficient during melting.
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