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Abstract— Latent thermal storage systems are more 

efficient and more compact than the sensible type. The heat 

transfer fluid (HTF) temperature profile along the bed 

exists with higher temperature at the entrance and lower 

temperature at the exit section in charging process and the 

opposite in the discharging process. Recognizing the fact 

that the rate of heat transfer between HTF and the phase 

change material (PCM) depends on the temperature 

difference between the two, researchers recently proposed 

using multiple PCM’s instead of single PCM in the bed to 

match the variation in the HTF temperature profile, thus 

maximizing the heat transfer rate. This new design is called 

cascaded PCM distribution. The question then rose how 

many stages the cascading should be. This work comes to 

answer this question by considering the limiting case of 

cascading that is the continuous linear cascading. 

Comparing the performance of the three cascaded stages 

with the linear continuous case, it is found that the three 

stages do approach the linear reference case with no need 

for more stages. 

 

Index Terms— cascaded thermal storage; multiple PCM’s; 

cylindrical pellets; cross flow heat exchanger 

 

I. INTRODUCTION 

Solar energy is intermittent in nature, like other 

renewable kind of energy resources. Thermal energy 

storage system becomes an essential part of such a system 

to manage harvesting the energy, store it when available, 

and reuse the stored energy back when the source of 

energy is out of reach. Two types of thermal energy 

storage systems are available, the sensible type, which 

depends on heating materials to a higher temperature 

without involving any phase change process. The other 

type is the latent thermal storage systems where the latent 

heat of the storage material is used. In the later type as the 

material is heated at its melting temperature, the material 

would store the added energy at constant temperature, but 

on the expense of changing its phase, from solid to liquid 

or liquid to vapor. In this case, the amount of the stored 

energy is proportional to the heat of fusion in the first 

type and the heat of vaporization in the second type. The 

second type (liquid/vapor) is not practical because of the 

large volume expansion involved. Latent thermal storage 

method is considered superior to the sensible thermal 

storage type; it is more compact and more economical. 

                                                           
, 2017. 

To protect the system from corrosion, chemical reactions, 

or agglomeration of the PCM material during 

solidification process, encapsulation of PCM is 

introduced.   Containers in this case can take different 

shapes and are made of different materials.  

The effectiveness of the thermal energy storage system 

is measured via the rate of charging and discharging 

processes. One essential limitation affecting the rate of 

charging and discharging process is the low thermal 

conductivity of the PCM. Most paraffin waxes thermal 

conductivity is around 0.2 W/m-K and that of most 

inorganic salts of 0.5 W/kg-K. [1]. One way of affecting 

such processes is by increasing the conductivity of the 

PCM material, using metal fins, metal beads, and metal 

powders [2, 3].  Heat transfer rate between HTF and bed 

PCM material is higher at the entrance section of the bed. 

Using one PCM at constant melting temperature will not 

enable maximizing the heat transfer process. Using 

different PCM’s at different melting temperatures along 

the bed would maintain approximately same temperature 

difference between the HTF and the PCM which can lead 

to a higher heat transfer rate, thus improving the 

performance of the thermal energy storage system.  

Thermal energy storage systems using multiple PCM’s 

of different properties are called Cascaded Thermal 

Energy Storage System (CTES). Researchers 

implemented CTES technology and showed an 

improvement at different levels [4, 5]. The investigations 

covered both the quantity and the quality aspects of the 

stored energy use exergy analysis [6, 7].  One of the most 

affecting parameter is found to be the number of cascades 

or stages to use. Michels and Pitz-Paal [8] investigated a 

three-stage PCM’s system, and Gong and Mujumdar [9] 

investigated five-stage PCM system. Sharma et al. [10] 

summarizes different types of PCM’s that can potentially 

be used for TES. One can generate from the same type of 

PCM derivatives that have different properties. As an 

example, when changing the number of carbon atoms in 

Paraffin, one can change its melting temperature, latent 

heat, and other physiochemical properties. The same is 

true for other types of PCMs [10]. Selecting different 

composition of Eutectics of PCM thus can get the 

required PCM specifications that suit best the cascaded 

type of thermal energy storage system.       

This paper considers a latent energy storage system 

with cylindrical PCM pellets with a continuously varying 

melting temperature distributed. The performance of such 
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CTES is investigated numerically. Results in terms of 

charging and discharging time and the PCM and HTF 

temperature profiles are presented. The comparison of the 

CTES bed performance with a reference one stage bed 

using a single PCM at the average properties is performed 

to examine how effective the continuous cascading can 

be. Comparing the number of cascading stages with the 

reference linear continuous cascading case is also 

presented. The later exercise is meant to answer the 

question about how many stages is necessary to achieve 

the highest and most economical CTES performance.  

Verification of the present model is carried out and 

presented against the experimental works available in the 

literatures. 

II. ANALYSIS 

In this work, a rectangular thermal energy storage tank 

of H x W x Z dimensions is considered as shown in Fig. 1. 

The tank is assumed to be filled with N number of 

cylindrical pellets of outer diameter Dco and Z is the 

length of the bed itself. These pellets are filled with PCM 

material of the right selected properties. The cylindrical 

pellets are arranged in rows and columns to fill the 

available volume in the storage tank. These pellets can be 

packed in-line or in staggered arrangement. Between 

these pellets an appropriate transverse and axial pitches, P, 

are allowed to enable the HTF to flow smoothly in 

between.  

A well-insulated storage tank with no gradients in the 

velocity and temperature but in one direction along the 

height of the tank is assumed. Consider a control volume 

of width W and height (Dco + P) surrounding one row of 

the cylindrical pellets. Apply the energy balance over this 

control volume; thus, the energy transferred from the 

HTF is equal to that received by the row of pellets, and 

the pellets will store the energy transferred sensibly and 

latently. Mathematically this is presented as follows: 

mf  Cpf (Tf,x1 - Tf,x2) = ρf Vf Cpf (Tf,t2 – Tf,t1)/Δt + Qf-p

     (1) 

Qf-p = he Asp (Tf –Tp) = ρp Vp Cpp (Tp,t2 – Tp,t1)/Δt 

     (2) 

Vf = ε.H.W.Z and Vp = (1 - ε).

 

Figure 1. Schematic of thermal storage tank under investigation. 

Here Vf and Vp are the volumes of the fluid and PCM 

in the control volume respectively and ε is the void 

fraction available between the pellets, and H.W.Z is the 

volume of the storage tank.  

To incorporate the PCM latent effect in the analysis, 

enthalpy method is used, where the specific heat of the 

PCM assumes the regular Cp of material during the 

sensible heat transfer and an equivalent Cpe during the 

melting or solidification as follows: 

 

Cpe = CPs if  Tp < TmS 

Cpe = CpL       if Tp > TmL 

Cpe = (CpS + CpL)/2 + LH/(TmL – TmS)   

   if  TmS ≤ Tp ≤ TmL 

     

(4)

 

Here CpS and CpL are the specific heats of PCM in solid 

and liquid phases respectively. TmS and TmL are the 

solidus and liquidus PCM temperatures, and the 

difference between these two temperatures represent the 

temperature range over which the melting/solidification 

process occurs, the mushy zone. A correlation for Nusselt 

number (Nu) as a function of Reynolds number (Re) and 

Prandtl number (Pr) for forced convection across bundles 

of tubes is calculated as follows [11]. 

Nu = 0.8 Re
0.4

 Pr
0.36

; and he = Nu.kf /Dco  (5) 

When the PCM is in the melting process, the solid core 

is assumed at Tm of the PCM and a natural convection is 

assumed in the cylindrical annulus between the pellets 

container and the solid core. The heat transferred here is 

calculated using the equivalent thermal conductivity, kpe, 

concept as described in [12].  

 

Kpe = kpL[0.386 (Pr/(0.861 + Pr)]
0.25

 [log(Dci/DS)
4
/{(Dci 

- DS)
3
(DS-0.6 + Dci-0.6)]

0.25
Ra

0.25

  (6) 
 

Ra = g.βp.L.(Tf  – Tm).(Rci - RS)
3
/να              (7) 

 

where DS = Dci (1 - LFt)/2; and LFt is the liquid fraction 

at time t. 

When the PCM is in the solidification process, the 

thickness of the solid annulus is increasing with time. In 

this case the radius of the melted core, Rm = Rci.LFt
1/2

; 

and the thermal resistance of the solid annulus, TR = 

log(Rci/Rm)/(2πL.kpS). The total thermal resistance 

between the HTF and the PCM inside the pellets is the 

combination of thermal resistances due to the external 

HTF film, pellet container wall and the equivalent 

thermal resistance of the melted or solid PCM inside the 

pellet respectively. The above equations are solved using 

finite difference method for the HTF and PCM 

temperatures as function of time and axial location along 

the bed. From these results, the charging and discharging 

times are calculated and presented as below.  

III. RESULTS AND VALIDATION 

A rectangular bed of 500 x 250 x 250 mm dimensions 

is assumed. The pellets of cylindrical copper tubes of 

thickness 1 mm are assumed filled with the appropriate 
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PCM and packed in-linear or in staggered arrangement 

inside the storage bed. Properties of PCMs used in this 

study are summarized in Table I. To validate the 

mathematical model, calculations were run first using 

same dimensions and parameters as reported in the 

experimental work of Watanabe et al. [4]. The 

comparison between the charging/discharging time 

reported by [4] and the one calculated using the present 

model is presented in Table II. The model predicts the 

experimental results within 12.5 % in case of uniform 

PCM distribution and within 9 % in case of cascaded 

PCM distribution. The average liquid fraction (ALF) of 

the PCM, the HTF temperature at the exit section of the 

bed, and the exit temperature of the PCM in the last pellet 

row in the bed, all as functions of charging/discharging 

time are shown in Figs. 2, 3, and 4 respectively. The time 

for charging and discharging process is improved 

substantially when using cascading. The PCM melts and 

solidifies in shorter time as demonstrated in Fig. 2. This 

proves that higher rate of heat transfer between HTF and 

PCM in case of cascading. In Fig. 3, the exit HTF 

temperature approaches the HTF inlet temperature faster 

in case of cascading. Fig. 4, demonstrates that PCM melts 

in case of charging process and solidifies in case of 

discharging process significantly faster in cascading case. 

With cascading, the rate of heat transfer is increased and 

thus the dynamic performance of the thermal energy 

storage system is improved. 

 
 

Figure 2. Average liquid fraction, the effect of cascading. 

 

 

 
 

Figure 3. HTF exit temperature, the effect of cascading. 

 

 

 

 
 

Figure 4. Last-row PCM temperature, the effect of cascading. 

 

TABLE I. PROPERTIES OF THE PCMS USED IN THIS STUDY; PCMS PROPERTIES 

PCM-type ρS/ρL CpS/CpL KS/kL Tm LH μ β 

 Kg/m3 W/kg-C W/m-C C kJ/kg Pa.s 1/K 

PCM40 844/760 2052/2411 0.4/0.15 42 – 44 168 4.9E-03 8.3E-04 

PCM50 848/767 1650/1863 0.4/0.15 50 – 52 200 6.6E-03 7.7E-04 

PCM60 861/778 1850/2384 0.4/0.15 60 – 62 209 6.3E-03 7.1E-04 
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TABLE II. VALIDATION OF THE PRESENT MODEL AGAINST THE EXPERIMENTAL RESULTS OF WATANABE ET AL [4] 

 Experiment Present model 

Charging/discharging time [min] Charging/discharging time [min] 

Flow rate [L/min] 0.5 1.0 1.5 0.5 1.0 1.5 

Charging/uniform 40 22 17 35 25 20 

Charging/cascaded 35 20 16 38 28 24 

Discharging/uniform 41 22 18 34 24 20 

Discharging/cascaded 36 18 16 34 24 23 

TABLE III. PCMS AND OPERATING PARAMETERS FOR DIFFERENT RUN CASES 

 PCMs used 
HTF Tinlet [C] 

Charg./Disch.. 

Tinit [C] 

Charg./Disch

. 

Pellets 

diameter [mm] 

HTF flow 

rate, Qf [L/min] 

Pellets 

arrangement 

Uniform 

case 
PCM50 75/25 25/75 20 0.5 Inline 

Cascaded 

case 

PCMs 

40/50/60 
75/25 25/75 20 0.5 Inline 

2-stage 

case 
PCMs 40/60 75/25 25/75 20 0.5 Inline 

3-stage 

case 

PCMs 

40/50/60 
75/25 25/75 20 0.5 Inline 

Linear 

case 

PCM50 

with varying Tm 

70,75*,80/20,2

5*,30 
25*/75* 10,20*,30 

0.5*,1.0,1.

5 

Inline & 

Staggered* 

 Reference operating conditions 

 

A similar thing is obvious from figure 5 which shows 

the variation of average liquid fraction in the bed as a 

function of charging/discharging time. From figure 5 it is 

clear that increasing the number of stages improves the 

dynamic performance of the bed. Comparing the three-

stage case and the reference linear case the difference in 

performance is very minimal. This suggests that 3-stages 

is good enough and economical to achieve the best from 

the cascading technique. 

The effect of other parameters such as pellet diameter, 

flow rate of HTF, HTF inlet temperature, and pellets 

arrangement on the performance of thermal energy 

storage system using cascading technique are studied and 

presented in Figs. 6-9. Decreasing the size of the pellets 

actually increases the surface area-volume ratio and thus 

increases the heat transfer rate, as shown by Fig. 6.  

Increasing the mass flow rate increases the heat transfer 

rate and thus decreases both charging and discharging 

time. This is quite clear from figure 6. Admitting the 

HTF at a higher inlet temperature reduces substantially 

the charging time, while using colder HTF reduces the 

discharging time, as demonstrated in Fig. 8. Figure 9 

demonstrates the effect of pellets arrangement due to 

changes in the external heat transfer coefficient around 

the pellets.With cascading, the rate of heat transfer is 

increased and thus the dynamic performance of the 

thermal energy storage system is better. This is obvious 

from figure 10 which shows the variation of heat transfer 

rate in the bed as a function of charging/discharging time.  

Cases calculated and presented here are summarized in 

Table III. 

IV. CONCLUSIONS 

Latent Heat Thermal Energy Storage System with 

cascading arrangements, using different PCM’s prove to 

have advantages over the uniform case. One expects to 

have more improvement as number of stages increases. 

Comparing with the limiting case of continuous linear 

cascading, the three stages case seems to approach the 

maximum limit. Further increase in stages thus is not 

required. Using smaller pellets size, at higher HTF mass 

flow rate and at higher inlet temperature in case of 

charging and at lower inlet temperature in case of 

discharging will improve the performance further. Using 

staggered arrangements also shows an improvement in 

the bed performance. 

 

Figure 5. Average liquid fraction, the effect of number of cascading 
stages. 
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Figure 6. Average liquid fraction, the effect of pellet diameter. 

 
 

Figure 7. Average liquid fraction, the effect of HTF flow rate. 

 
 

Figure 8. Average liquid fraction, the effect of HTF inlet    temperature. 

 

 
 

Figure 9. Average liquid fraction, the effect of pellets arrangement. 

 

 
 

Figure 10. Rate of stored/extracted energy, the effect of cascading. 

NOMENCLATURE

 
ALF average liquid fraction 

Asp  outer surface area of the pellet, m
2 

Cpe equivalent specific heat of PCM, J/kg-K 

Cpf HTF specific heat, J/kg-K 

CpS specific heat of PCM in solid state, J/kg-K 

CpL specific heat of PCM in liquid state, J/kg-K 

D diameter, m 

Dco  the pellet outer diameter, m 

Dci  the pellet inside diameter, m 

DS Diameter of the solidified portion of PCM, m 

K thermal conductivity, W/m-K 

kf HTF thermal conductivity, W/m-K 

kp thermal conductivity of PCM, W/m-C 

kpe equivalent thermal conductivity, W/m-K 

h heat transfer coefficient, W/m
2
-K 

ho heat transfer coefficient, W/m
2
-K 

he equivalent heat transfer coefficient, W/m
2
-K 

LH  Latent heat of fusion of PCM, J/kg 
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mof HTF mass flow rate, kg/s 

N number of the cylindrical pellets 

Nu Nusselt number, hD/k, dimensionless 

Qf flow rate of HTF, L/min 

P pitch distance between pellets, m 

Pr Prandtl number 

Rc thermal resistance of the pellet cover, m-K/W 

Rf thermal resistance of the fluid, m-K/W 

Rp thermal resistance of PCM, m-K/W 

Re Reynolds number, ρuD/μ, dimensionless 

Rm radius of the melted portion PCM,ess, m 

Rs radius of the solidified portion of PCM, m 

Tfin HTF inlet temperature, 
o
C 

Tinit tank initial temperature,
 o
C 

Tm  PCM melting temperature, 
o
C 

TmS  solidus temperature of PCM, 
o
C 

TmL liquidus temperature of PCM, 
o
C 

Tp temperature of PCM, 
o
C 

TRP total equivalent thermal resistant, m-K/W 

Vf volume of the HTF, m
3
 

Vp volume of the pellets, m
3
 

u flow velocity, m/s 

Greek Symbols 

α thermal diffusivity,  m
2
/s 

β thermal expansion coefficient, 1/K 

Δt time interval, s 

ε storage bed porosity 

ρ density, kg/m
3
 

ρf HTF density, kg/m
3
 

ρp PCM density, kg/m
3
 

μ dynamic viscosity, Pa-s  

ν kinematic viscosity, m
2
/s 

Subscripts 

f HTF, heat transfer fluid 

x location along the bed height, m 

t time, s 

p PCM 

 

 

REFERENCES 

[1] B. Zalba, J. M. Marin, L. F. Cabeza, and H. Mehling, “Review on 

thermal energy storage with phase change: materials, heat 

transfer analysis and applications,” Applied Thermal Engineering, 

vol. 23, pp. 251–283, 2003.  
[2] A. Mills, M. Farid, J. R. Selman, and S. Al-Hallaj, “Thermal 

conductivity enhancement of phase change materials using a 
graphite matrix,” Applied Thermal Engineering, vol. 26, pp. 

1652–1661, 2006. 

[3] C. Y. Zhao, W. Lu, and Y. Tian, “Heat transfer enhancement for 
thermal energy storage using metal foams embedded within 

phase change materials (PCMs),” Solar Energy, vol. 84, pp. 
1402–1412, 2010. 

[4] T. Watanabe, H. Kikuchi, and T. Kanazawa, “Enhancement of 

charging and discharging rate in a latent heat storage System by 
use of PCM with different melting temperatures,” Heat Recovery 

Systems & CHP, vol. 13, pp. 57-66, 1993. 
[5] Y. Tian, C. Y. Zhao, and A. Lapkin, “Exergy optimization for 

cascaded thermal storage,” in: Proc. the 12th International 

Conference on Energy Storage (Innostock 2012), University of 

Lleida, Lleida, Spain, 2012. 

[6] T. Watanabe and A. Kanazawa, “Second law optimization of a 
latent heat storage system with PCMs having different melting 

points,” Heat Recovery Systems & CHP, vol.  15, pp. 641–653, 

1995. 

[7] H. Shabgard, C. W. Robak, T. Bergman, and A. Faghri, “Heat 
transfer and exergy analysis of cascaded latent heat storage with 

gravity-assisted heat pipes for concentrating solar power 

applications,” Solar Energy, vol. 86, pp. 816–830, 2012. 
[8] H. Michels and R. Pitz-Paal, “Cascaded latent heat storage for 

parabolic trough solar power plants,” Solar Energy, vol. 81, pp. 
829–837, 2007. 

[9] Z X. Gong and A. S. Mujumdar, “Thermodynamic optimization 

of the thermal process in energy storage using multiple phase 
change materials,” Applied Thermal Engineering, vol. 17, pp. 

1067–1083, 1997. 
[10] A. Sharma, V. V. Tyagi, C. R. Chen, and D. Buddhi, “Review on 

thermal energy storage with phase change materials and 

applications,” Renewable and Sustainable Energy Reviews, vol. 
13, pp. 318-345, 2009. 

[11] A. Zukauskas, Heat Transfer from Tubes in Cross Flow. 
Handbook of Single Phase Convective Heat Transfer, Eds.S. 

Kakac, R.K. Shah, and Win Aung. New York: Wiley Interscience, 

1987. 

[12]  G. D. Raithby, K. G. T. Hollands, A General Method of 
Obtaining Approximate Solutions to Laminar and Turbulent Free 

Convection Problems. Advances in Heat Transfer, Eds. F. Irvine, 

and J.P. Hartnett, New York: Academic Press, 1975, vol. II, pp 
265-315. 

 

 

 

 

118

International Journal of Mechanical Engineering and Robotics Research Vol. 7, No. 2, March 2018

© 2018 Int. J. Mech. Eng. Rob. Res.

Taha K. Aldoss was born in Jordan in 1951. 

He finished Ph.D. in Thermo-Fluid 
Engineering, from Case Western Reserve 

University, Cleveland, Ohio in 1982. The 

major field of study is heat transfer in porous 
media and thermal heat storage systems. 

He has academic as well as industrial 
experience that has to do with delivering short 

courses and workshop to engineers in the 

field. Prof. Aldoss is a member of ASME. He 
currently work at Wichita State University in Kansas as Engineering 

Educator. In the following are a list of recent publication of Aldoss:
1. T.K. Aldoss, M.M. Rahman, “Comparison between the single-

PCM and multi-PCM thermal energy storage design,” Energy 

Conversion and Management, vol. 83, pp. 79–87, 2014.
2. T.K. Aldoss, “Maximizing the usage of PCM materials in 

buildings,” in proceedings of ES2011-54029, Aug, 2011, WDC, US. 
3. T.K. Aldoss. “Natural convection from a horizontal annulus filled 

with porous medium of variable permeability,” Journal of Porous Media, 

vol. 12, pp. 715-724, 2009. 
Currently Dr. Aldoss is working on Thermal Energy Systems and 

Buildings Sustainability and Efficiency. 

Muhammad M. Rahman was born in 

Bangladesh in 1957. He earned the Bachelor 
of Science in Mechanical Engineering 

degree from Bangladesh University of 
Engineering and Technology in Dhaka, 

Bangladesh; the Masters of Science degree 

from University of Manitoba in Winnipeg, 
Manitoba, Canada; and PhD from University 

of California, Berkeley. The major field of 
study is in heat transfer and fluid mechanics 

including thermal energy storage.

He is working in Wichita State University since August 2014 as 
Bloomfield Endowed Chair of Engineering and Chair of the Mechanical 

Engineering Department. Before that he was a faculty member in the 
Department of Mechanical Engineering at the University of South 

Florida (USF) for 21 years. He has served as the Principal or Co-

Principal Investigator in research contracts funded by National 
Aeronautics and Space Administration (NASA), United States 

Department of Energy and Department of Defense, Sun Hydraulics 

Corporation, Tampa Electric Company, Honeywell Space Systems, and 
E.ON Corporation in Europe. He has published 85 journal papers and 

133 articles in peer-reviewed conference proceedings. 
Dr. Rahman has served as the Chair of the Advanced Energy 

Systems Division, Technical Program Chair of the Energy 

Sustainability Conference, and the Chair of the Strategic Planning 



 

119

International Journal of Mechanical Engineering and Robotics Research Vol. 7, No. 2, March 2018

© 2018 Int. J. Mech. Eng. Rob. Res.

Committee of the Technical Communities Operating Board in the 
American Society of Mechanical Engineers (ASME). He has also 

served as an Associate Technical Editor for the Journal of Solar Energy 

Engineering (1998-2004) and for the Journal of Energy Resources 
Technology (2007-2013). He was also a member of the Editorial Board 

of the International Journal of Energy Research (2007 – 2009). Dr. 

Rahman received the USF Outstanding Teaching Award in 1997, 
ASME Advanced Energy System Division Best Paper Award in 1999 

and 2007, and SAE (Society for Automotive Engineers) Teeter 

Educational Award in 1999. He also got selected as the ASME Florida 
West Coast Engineer of the Year in 2004. He is an ASME Fellow since 

2007 and received ASME Dedicated Service Award in 2011.




