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ABSTRACT 

NANO-COMPOSITE MATERIALS FOR VARIOUS THERMAL 

ENERGY STORAGE SYSTEMS FOR SUSTAINABLE AND 

RENEWABLE ENERGY APPLICATIONS 
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University of Guelph, 2018

Advisors: 

Dr. Shohel Mahmud 

Dr. Hussein Abdullah

Phase change materials (PCMs) have been under investigation for a considerable amount of time 

due to their high latent energy storage capacity during constant temperature phase change 

processes. Although PCMs have characteristic features to be used in Latent Heat Thermal 

Energy Storage (LHTES) systems, their low thermal conductivity degrades the performance of 

LHTES systems. To solve this issue, dispersing conductive metal nanoparticles into PCM, 

inserting highly conductive fins, and use of a porous material as a thermal enhancer has been 

suggested by researchers. In the present thesis, the effects of using nano-PCM and metal fins on 

the thermal performance of an LHTES system during charging and discharging processes have 

been investigated. Different experimental setups for the purposes of thermal energy storage and 

air conditioning applications have been developed. The results indicated that by using a nano-

PCM/ combination of PCM and metal fin, the time requires for the charging/discharging process 

was reduced. 
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Chapter 1: Introduction  

Phase change materials (PCMs) are extensively used as thermal energy storage materials because 

of their capability of storing and releasing large amounts of thermal energy during the phase 

change processes (i.e., melting and solidification) [1]. Due to the environmental concerns and the 

rising cost of fossil fuels, PCMs become increasingly vital for many engineering applications 

such as, buildings space heating and cooling. The use of PCMs leads to (i) excellent fuels 

savings, (ii) environmentally friendly, and (iii) cost-effective alternate energy production and 

storage systems development, by reducing the waste of energy and capital costs and use of 

environmentally benign working fluids [2, 3]. PCMs can be used for many waste heat recovery 

applications, such as buildings envelopes and equipment, buildings space heating and cooling, 

refrigeration systems, solar collectors, and electronic products. Cylindrical geometry is 

considered most promising for commercial heat exchangers, because of their high efficiency in a 

minimum volume [3]. The disadvantage of PCMs is that they have relatively low thermal 

conductivity. Therefore, the rate of melting and solidification of the PCMs is reduced [1-3]. 

Subsequently delays the phase change processes and slow down the charging/discharging rates. 

This seriously affects energy storage and recovery times and limits the use of the PCMs for 

energy saving and management.  Researchers continue investigating a number of techniques to 

resolve this issue including; dispersing conductive metal nanoparticles into PCM, inserting 

highly conductive fins, and the use of a porous material as a thermal enhancer has been 

suggested by researchers. This work explores the effects of using a nano-PCM and metal fins 

combination on the thermal performance of an LHTES system during charging and discharging 

processes. 
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Chapter 2: Literature Review  

Many studies investigated heat transfer enhancement of PCMs in cylindrical enclosures [4-69]. 

Table 2-1 represents a summary of experimental and numerical studies that have considered 

different PCMs including porous media and nanoparticles that were reported in the literature.  

Table  0-1: Summary of research literature review and applications. 

A u t h o r /  y e a r 

Numerical/ 

Experimental/ 

Analytical 

Melting/ 

Solidification 

PCM / Melting 

Temp.  

Nano-

particles 

Porous 

media / 

Porosity 

Isoflux / 

Isothermal 

(Heat transfer 

fluid HTF) 

Purpose Results 

Jourabian et al. 

[4] 2013 
Numerical Melting Water / 0°C 

Copper / 

2 & 4 

vol.% 

× Heat flux 

Enhancing 

heat transfer 

by 2-D 

analytical 

analysis 

Nanofluid 

removes heat 

faster than 

pure liquid 

Dhaidan et al. 

[5] 

2013 

Numerical & 

Experimental 
Melting 

n-octadecane / 

28°C 

Copper 

Oxide 

9nm / 0, 

1, 3 & 5 

wt.% 

× Heat flux 

Enhancing 

heat transfer 

by adding 

different 

weight 

fractions of 

nanoparticles 

More 

nanoparticles 

improve 

charging time, 

heat transfer 

rate and 

thermal 

conductivity 

Chen et al. [6] 

2014 

Numerical & 

Experimental 
Melting 

Paraffin wax / 55-

60°C 
× 

Aluminum 

foam / 

91.37% 

and 9 PPI 

Heat flux 

Enhancing 

heat transfer 

by metal 

porous media 

Porous media 

improves 

charging time, 

heat transfer 

rate and 

thermal 

conductivity 

Tasnim et al. 

[7] 

2015 

Numerical Melting Cyclohexane 

Copper 

Oxide/ 0 

& 10 

vol.% 

Aluminum 

10% 
Heat flux 

Convection 

effect on 

nano-PCM + 

porous 

medium 

PCM + 

nanoparticles 

& PCM + 

porous media 

have similar 

melting 

effects. 

Alipanah and 

Li [8] 2016 
Numerical Melting 

Octadecane and 

Gallium 
× 

Aluminum 

& Copper 

/ 97%, 

92.5%, 

and 88% 

Heat flux 

Examine the 

effective 

parameters on 

lithium-ion 

battery surface 

temperature 

88% porosity 

of aluminum + 

octadecane 

improved 7.3 

times longer 

discharge time 

compared to 

the pure 

octadecane 

Darzi et al. [9] 

2016 
Numerical 

Melting & 

Solidification 

N-eicosane / 

6.85°C 

Copper / 

100nm 
× Heat flux 

Enhancing 

heat transfer 

by adding 

nanoparticles 

and fins 

Adding more 

fins increases 

the heat 

transfer rate in 

the tube 

Parsazadeh and 

Duan [10] 

2017 

Numerical & 

Experimental 
Melting 

Paraffin wax / 53-

57°C 

Copper 

Oxide 

10nm / 0 

- 7 vol.% 

× Water 

Improving 

heat transfer 

by adding 

nanoparticles 

in HTF 

The overall 

heat transfer 

rate between 

the HTF and 

the PCM 

increased with 

adding 

nanoparticles 

into the HTF 
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A u t h o r /  y e a r 

Numerical/ 

Experimental/ 

Analytical 

Melting/ 

Solidification 

PCM / Melting 

Temp.  

Nano-

particles 

Porous 

media / 

Porosity 

Isoflux / 

Isothermal 

(Heat transfer 

fluid HTF) 

Purpose Results 

Nada & 

Alshaer [11] 

2015 

Numerical & 

Experimental 
Melting 

Range of PCM 

heat of fusion 
× 

Carbon 

foam / 60 

- 85% 

Heat flux 

Study the 

performance 

of a carbon 

foam with 

PCMs for 

thermal 

management 

of electronic 

equipment 

Increasing 

carbon 

porosity 

decreases heat 

transfer rate 

Mahdi & 

Nsofor [12] 

2016 

Numerical Solidification 
Paraffin RT82 / 

76.85 - 84.85°C 

Alumina 

/ 3-8 

vol.% 

× Water 

Investigate 

Aluminum 

Oxide with 

Paraffin RT82 

PCM 

performance 

Heat transfer 

faster 8% and 

20% with time 

passes and or 

volume 

fraction 

increased 

Arasu et al. 

[13] 

2011 

Numerical 
Melting & 

Solidification 
Paraffin wax / × 

Alumina 

and 

Copper 

Oxide / 

1-5 

vol.% 

× Water 

Enhancing 

heat transfer 

by adding 

nanoparticles 

Heat transfer 

rate increased 

with 

dispersing 

nanoparticles 

in smaller 

volumetric 

fractions 

Kashani et al. 

[14] 2014 
Numerical Melting 

CaCl2·6H2 

O / 29.9°C 

Copper / 

10nm / 

0-8 

vol.% 

× Air 

Investigate 

heat transfer in 

nano-PCM 

rectangular 

and cylindrical 

containers 

Cylindrical 

container of 

the same 

nanoPCM 

takes two 

times longer 

period than 

rectangular 

container 

Mostafavinia et 

al. [15] 

2015 

Numerical Melting 
Paraffin wax / 

45.85- 47.85°C 

Alumina 

/ 0, 2 & 5 

wt.% 

× 
Heat source-

sink pair 

Investigate 

heat transfer in 

nano-PCM 

nanoparticles 

with 2% 

volume 

fraction gave 

the best results 

over all 

orientations 

Jourabian et al. 

[16] 

2016 

Numerical Melting 
Water / 0°C 

paraffin wax / × 
× 

steel-Ni 

porous 

matrix / × 

× 

2-D numerical 

investigation 

on porous 

foam in PCM 

Porous foam 

increased the 

heat transfer in 

water 

Zhang et al. 

[17] 

2015 

Numerical Melting 
Eicosane / 35-

37°C 
× × 

Constant 

temperature 

3-D 

investigation 

on melting 

PCM in a 

plain and 

triangular 

tubes 

Triangular 

tube presented 

more melting 

fraction than 

the plain tube 

but caused 

turbulence 

flow 

Guo et al. [18] 

2015 
Numerical Melting 

(POCO-HTC) 

PCM / 57.85- 

59.85°C 

Paraffin wax / 

46.45- 48.68°C 

Graphite 

foam / 

72.8% 

Copper 

foam / 

95% 

× 
Constant 

temperature 

Investigate 

inlet 

temperature of 

the HTF and 

velocity on 

melting 

process 

HTF 

significantly 

plays a role on 

PCM melting 

period and 

liquid fraction 

Buonomo et al. 

[19] 2016 
Numerical Melting 

Paraffin wax 

(RT58) / 47.85 - 

61.85 °C 

× 

Aluminum 

foam 

20ppi/ 80 

– 90% 

porosity 

Constant 

temperature 

Study 2-D 

metal foam + 

vertical PCM 

tube 

Metal foam 

improves heat 

transfer in 

PCM 

Sciacovelli et 

al. [20] 2012 
Numerical Melting 

paraffin wax / 

37.80 -44.23°C 

Copper / 

15nm / 0 

- 4 vol.% 

× Water 

Investigate 

vertical PCM 

+ 

nanoparticles 

cylinder 

4 vol.% nano 

particles 

reduce the 

melting period 

in the PCM 
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A u t h o r /  y e a r 

Numerical/ 

Experimental/ 

Analytical 

Melting/ 

Solidification 

PCM / Melting 

Temp.  

Nano-

particles 

Porous 

media / 

Porosity 

Isoflux / 

Isothermal 

(Heat transfer 

fluid HTF) 

Purpose Results 

Medrano et al. 

[21] 

2009 

Experimental 
Melting & 

Solidification 

Paraffin RT35 / 

35°C 

 

 

 

 

 

 

 

× 
Porous 

media / × 
Water 

Investigate 

heat storage 

charging and 

discharging 

characteristics 

in different 

enclosures 

The designed 

porous media 

+ PCM 

enclosure is 

not suitable as 

heat storage 

for small 

applications 

Parameshwaran 

& Kalaiselvam 

[22] 

2014 

Numerical & 

Experimental 

Melting & 

Solidification 
PCM / × 

Silver 

(AgNP) / 

46 nm & 

54 nm / 1 

wt% 

× Water 

Enhancing 

heat transfer 

by adding 

nanoparticles 

+ PCM 

The system 

achieved an 

on-peak 

energy savings 

potential of 

58% (per day 

average) 

compared to 

conventional 

air 

conditioning 

system 

Agyenim et al. 

[23] 

2009 

Numerical & 

Experimental 

Melting & 

Solidification 

Erythritol / 

117.7°C 
× × Water 

Enhancing 

heat transfer 

by adding fins 

Heat transfer 

of finned tubes 

was enhanced 

Hosseini et al. 

[24] 

2012 

Numerical & 

Experimental 
Melting Paraffin / 51°C × × Water 

Investigating 

melting 

process of 

PCM in a tube 

37% 

encampment 

with 

increasing 

HTF to 80°C 

numerically 

Trp [25] 

2005 

Numerical & 

Experimental 

Melting & 

Solidification 

Rubitherm RT-30 

/ 

27.55°C 

× × Water 

Investigating 

heat transfer 

from HTF to 

PCM 

Thermal 

behaviour of 

melting and 

solidification 

were same 

numerically & 

experimentally 

Zhao et al. [26] 

2013 
Numerical Melting NaNO3 / 34.85°C × × 

Therminol/VP-

1 & air 

Investigating 

melting PCM 

by front-

tracking 

method & an 

enthalpy 

porosity 

approach 

Both 

numerical 

approaches 

have similar 

results 

Zhu et al. [27] 

2014 
Numerical Melting PCM / × × × 

Water / Heat 

flux 

Investigating 

heat transfer in 

building 

envelops 

Generic 

algorithm & 

Frequency-

Domain Finite 

Difference 

methods were 

verified 

Kousksou et al. 

[28] 

2010 

Numerical Solidification 
Microencapsulated 

PCM / × 
× × Heat flux 

Investigating 

melting of 

PCM 

numerically 

Results 

obtained by 

different 

authors were 

compeered 

and verified 
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A u t h o r /  y e a r 

Numerical/ 

Experimental/ 

Analytical 

Melting/ 

Solidification 

PCM / Melting 

Temp.  

Nano-

particles 

Porous 

media / 

Porosity 

Isoflux / 

Isothermal 

(Heat transfer 

fluid HTF) 

Purpose Results 

Wu et al. [29] Numerical Melting 
N-tetradecane / 

7.79°C 
× × 

Water + 25% 

glycol 

volumetric 

concentration 

Investigating 

heat transfer 

from HTF to 

PCM 

With higher 

flow rate of 

the HTF 

results in less 

time PCM 

melting 

process 

Diaconu et al. 

[30] 

2010 

Experimental Solidification 
Rubitherm RT6 / 

6°C 
× × Water 

Investigating 

heat transfer 

characteristics 

of PCM and 

water 

Phase change 

period values 

of the heat 

transfer 

coefficient of 

PCM was 

significantly 

higher than 

water 

Pandiyarajan et 

al. [31] 

2011 

Experimental Melting 
Paraffin wax / 58-

60°C 
× × Castor oil 

Investigating 

heat storage in 

diesel engine 

exhaust with a 

finned 

cylinder 

15% of 

system’s heat 

was stored 

Turnpenny et 

al. [32] 

2000 

Analytical & 

Experimental 
Melting 

Glauber's Salt / 

24.5-27°C 
× × 

Constant 

temperature 

Investigating 

heat transfer 

and model 

behavior 

With a 

temperature 

deference of 

5°C, the heat 

transfer rate 

was 40 W 

over melting 

period of 19 h 

Zhao et al. [33] 

2014 

Numerical & 

Experimental 
Melting 

Magnesium 

chloride 

/ 714°C 

× 

Graphite 

foam / 

90% 

porosity 

Liquid 

FLiNaK & 

Inconel alloy 

Enhancing 

heat transfer 

by metal foam 

+ PCM 

Heat transfer 

performance 

enhanced with 

metal foam 

Gracia et al. 

[34] 

2011 

Numerical & 

Experimental 

Melting & 

Solidification 

Hydrated salts 

TH58 / 58°C 
× × Heat flux 

Investigate 

heat transfer 

from PCM to 

water in a 

vertical 

cylinder 

The 

distribution of 

PCM is 

optimized in 

the hot water 

cylinder 

Singh et al. 

[35] 

2015 

Numerical 
Melting & 

Solidification 

Sodium chloride / 

800°C 
× 

Graphite 

foam / 80-

90% 

porosity 

Water 

Enhancing 

heat transfer 

by adding 

metal foam in 

a cylinder for 

concentrated 

solar power 

system 

Enhanced heat 

transfer and 

reduced HTF 

pipes bypasses 

by a factor of 

12 

Tay et al. [36] 

2012 

Numerical & 

Experimental 

Melting & 

Solidification 

Salt hydrate / -

27°C 
× × 

Aqueous based 

fluid 

Investigating 

melting & 

solidification 

of a PCM 

70% of useful 

energy can be 

stored in the 

PCM 

Liu et al. [37] 

2014 
Numerical Melting 

Paraffin RT27 / 

29°C 
× × Water 

Investigating 

heat transfer 

by adding 

hierarchical 

heat sink 

inside a 

cylinder 

melting the 

PCM becomes 

faster with 

smaller outer 

layer heat sink 

diameter 

Tay et al. [38] 

2012 

Numerical & 

Experimental 
Melting Water / 0°C × × 

Aqueous based 

fluid 

Investigating 

and comparing 

PCM melting 

by a CFD 

model and 

experimental 

validation 

CFD model 

predicted the 

system’s 

behavior 

during 

charging and 

discharging 
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A u t h o r /  y e a r 

Numerical/ 

Experimental/ 

Analytical 

Melting/ 

Solidification 

PCM / Melting 

Temp.  

Nano-

particles 

Porous 

media / 

Porosity 

Isoflux / 

Isothermal 

(Heat transfer 

fluid HTF) 

Purpose Results 

Shmueli et al. 

[39] 

2010 

Numerical Melting 

Rubitherm GmbH 

/ 

26-28°C 

× × 
Constant 

temperature 

Investigating 

PCM 

numerical 

modal to 

previous 

experimental 

results 

PCM 

numerical 

modal results 

agreed with 

previous 

experimental 

results 

Pavel et al. [40] 

2012 

Theoretical & 

Numerical 
Solidification 

Polyethylene 

glycol 1500 / 34-

42°C 

× × Water 

Investigating 

PCM 

solidification 

behavior 

theoretically 

and 

experimentally 

Theoretical 

results agreed 

with 

experimental 

results 

Hosseini et al. 

[41] 

2015 

Numerical & 

Experimental 
Melting 

Rubitherm GmbH 

RT-50 / 45-51°C 
× × Water 

Enhancing 

heat transfer 

by vertical fins 

on a cylinder 

Adding fins 

accelerated the 

melting 

process 

Esen et al. [42] 

1997 

Theoretical 

& Numerical 
Melting 

Paraffin / 32°C 

& 

P-wax / 46.7°C 

× × 
Constant 

temperature 

Investigating 

different 

PCMs heating 

in a cylinder 

for a domestic 

heating system 

The melting 

time of a PCM 

depends on 

geometric 

parameters, 

thermal 

parameters 

and thermo-

physical 

properties of 

the PCM 

Liu et al. [43] 

2014 
Numerical 

Melting & 

Solidification 

Calcium chloride 

hexahydrate / 

29.7°C 

× × 
Constant 

temperature 

Enhancing 

heat transfer 

by adding 

aluminum fins 

for building 

air 

conditioning 

systems 

Analytical 

model 

predicted the 

system’s 

performance 

significantly 

Sharifi et al. 

[44] 

2012 

Numerical Melting 
Sodium nitrate / 

580°C 
× × 

Constant 

temperature 

Investigating 

heat transfer 

by heat pipes 

in a cylindrical 

tube 

Heat pipes 

were effective 

for 

applications 

require 

heating from 

the top of the 

PCM 

Allen et al. [45] 

2015 
Experimental 

Melting & 

Solidification 

N-octadecane / 

27.85°C 
× × Water 

Investigating 

heat transfer 

by adding 

foam or foils 

with a heat 

pipe 

Complete 

melting period 

of the (PCM + 

heat pipe + 

foil) was 

reduced to 

11% 

compared to a 

heat pipe 

system 

Mahdavi et al. 

[46] 

2015 

Numerical × Salt PCM / × × × 
Constant 

temperature 

Investigating 

heat pipe 

performance 

in a PCM 

cylinder 

Numerical 

results were 

validated with 

previous 

experimental 

study 

Hosseini et al. 

[47] 

2014 

Numerical & 

Experimental 

Melting & 

Solidification 

Paraffin RT50 / 

50°C 
× × Water 

Investigating 

heat transfer in 

a tube of PCM 

with fins 

Increasing the 

temperature of 

the HTF 

enhances the 

melting 

process 
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A u t h o r /  y e a r 

Numerical/ 

Experimental/ 

Analytical 

Melting/ 

Solidification 

PCM / Melting 

Temp.  

Nano-

particles 

Porous 

media / 

Porosity 

Isoflux / 

Isothermal 

(Heat transfer 

fluid HTF) 

Purpose Results 

Tay et al. [48] 

2012 

Numerical & 

Experimental 

Melting & 

Solidification 

Salt hydrate PCM 

/ 

-27°C 

× × Water 

Investigating 

CFD model 

with 

experimental 

results 

CFD model 

predicted the 

experimental 

melting and 

solidification 

process 

accurately 

Sharifi et al. 

[49] 

2015 

Numerical 
Melting & 

Solidification 

Sodium PCM / 

802.85°C 
× × 

Constant 

temperature 

Investigating 

PCM charging 

and 

discharging 

processes by a 

single heat 

pipe 

Increasing the 

input, output, 

or both heat 

transfer rates 

influences the 

bottom and 

top 

temperature of 

the heat pipe 

Mosaffa et al. 

[50] 

2012 

Theoretical Solidification 

Calcium chloride 

hexahydrate / 18-

30°C 

× × 
Constant 

temperature 

Enhancing 

heat transfer 

by adding 

aluminum fins 

HTF 

temperature 

has a 

significant 

influence on 

solidification 

process 

Akgun et al. 

[51] 

2008 

Experimental 
Melting & 

Solidification 

Paraffin / 37.80-

58.06°C 
× × Water 

Investigating 

heat transfer in 

a tube shell of 

PCM 

The designed 

PCM tube 

shell 

suggested 

promising 

results 

Robak et al. 

[52] 

2011 

Experimental 
Melting & 

Solidification 

N-octadecane / 

27.5°C 
× × Distilled water 

Enhancing 

heat transfer 

by adding 5 

heat pipes 

Heat pipes 

increased 

melting and 

solidification 

process 

Li and Kong 

[53] 

2014 

Numerical & 

Experimental 
Melting 

Paraffin wax / 

41°C 
× × Air & water 

Investigating 

PCM melting 

process 

numerically in 

a horizontal 

cylindrical 

shell 

Experimental 

results agreed 

with 

numerical 

results 

Zhao and Tan 

[54] 

2015 

Numerical & 

Experimental 

Melting & 

Solidification 
RT-22 / 22°C × × Air & water 

Investigating 

PCM melting 

and 

solidification 

process in a 

horizontal 

cylinder with 

fins 

Adding a 

PCM finned 

cylinder in 

HVAC 

systems 

suggested 

promising 

results 

Esapoura et al. 

[55] 

2016 

Numerical Melting RT-35 / 35°C × × Water 

Studying the 

effects of heat 

transfer in a 

PCM tube 

with different 

numbers of 

HTF pipes 

PCM melting 

rate increased 

with 

increasing the 

numbers of 

HTF pipes 

Ravi et al. [56] 

2009 
Numerical Solidification 

n-Eicosane 

/ × 
× × Heat flux 

Investigating 

forced 

convection g 

heat transfer 

performance 

of PCM in a 

finned 

cylinder 

Numerical 

results agreed 

with a 

previous study 
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A u t h o r /  y e a r 

Numerical/ 

Experimental/ 

Analytical 

Melting/ 

Solidification 

PCM / Melting 

Temp.  

Nano-

particles 

Porous 

media / 

Porosity 

Isoflux / 

Isothermal 

(Heat transfer 

fluid HTF) 

Purpose Results 

Chiu and V. 

Martin [57] 

2013 

Numerical 
Melting & 

Solidification 

Different PCMs / 

6-12°C 
× × 

Constant 

temperature 

Investigating 

heat transfer 

performance 

of PCM in one 

and multi-

stage in a 

cylinder 

Multi-stage 

PCM showed 

a significant 

improve 

during melting 

process 

Kozak et al. 

[58] 

2014 

Numerical & 

Experimental 
Melting Eicosane / 36.7°C × × Water 

Investigating 

the effects of 

PCM melting 

on finned tube 

Numerical 

results 

predicted the 

experimental 

results 

accurately 

Ho et al. [59] 

2011 

Numerical & 

Experimental 
Melting 

Water / 0°C 

N-eicosane / 30°C 

Alumina 

/ 10wt.% 

& 

18.2wt.% 

× Water 

Enhancing 

heat transfer 

by adding 

nanoparticles 

Numerical 

results 

predicted the 

experimental 

results well 

Wanga et al. 

[60] 

2013 

Numerical & 

Experimental 

Melting & 

Solidification 

N-octadecane / 

27.55°C 
× × Water 

Investigating 

the effect of 

melting and 

solidification 

PCM in a tube 

Numerical 

results 

predicted the 

experimental 

results 

Yazici et al. 

[61] 

2014 

Experimental Solidification 
Paraffin wax / 

58.06°C 
× × Distilled water 

Investigating 

the stored 

energy 

transition to 

the desired 

location as fast 

as possible in 

a horizontal 

tube 

HTF should be 

concentric 

inside the 

PCM tube 

Samanta et al. 

[62] 

2015 

Numerical & 

Experimental 
Solidification 

Calcium Chloride 

hexahydrate / 

29.7°C 

× × Heat flux 

Investigating 

the 

solidification 

behavior in a 

tube filled 

with a PCM 

Numerical 

results 

predicted the 

experimental 

results 

Rathod and 

Banerjee [63] 

2015 

Experimental 
Melting & 

Solidification 

Stearic acid / 

57.5°C 
× × Water 

Enhancing 

heat transfer 

by adding 

longitudinal 

fins 

Heat transfer 

enhanced 

significantly 

after adding 

the fins 

Alawadhi [64] 

2008 
Numerical 

Melting & 

Solidification 

n-Octadecane / 

27°C 
× × Water 

Investigating 

thermal 

characteristics 

of an insulated 

tube filled 

with PCM to 

avoid heat 

losses 

Heat losses 

reduced 

especially 

with 

increasing the 

PCM amounts 

Li and Wu [65] 

2015 
Numerical 

Melting & 

Solidification 
Graphite / 30.7°C × × Water 

Investigating 

behavior of 

heat transfer 

between HTF 

and PCM by 

adding 

different sizes 

of longitudinal 

fins 

Melting and 

solidification 

times could be 

shortened 

Parry et al. [66] 

2014 
Numerical 

Melting & 

Solidification 

Erythritol / 

117.7°C 
× × 

Constant 

temperature 

Investigating 

behavior of 

heat transfer in 

PCM by 

adding 

different sizes 

and shapes of 

fins 

Fins increased 

heat transfer 

and 

accelerates the 

melting and 

solidification 

period 
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A u t h o r /  y e a r 

Numerical/ 

Experimental/ 

Analytical 

Melting/ 

Solidification 

PCM / Melting 

Temp.  

Nano-

particles 

Porous 

media / 

Porosity 

Isoflux / 

Isothermal 

(Heat transfer 

fluid HTF) 

Purpose Results 

Robak [67] 

2011 
Numerical 

Melting & 

Solidification 

Six different 

PCMs / 307-

380°C 

× × Water 

Investigating 

economic 

savings by 

using PCMs in 

solar power 

applications 

The system 

could reduce 

capital costs 

by at least 

15% 

Navarroa et al. 

[68] 

2016 

Experimental 
Melting & 

Solidification 

Paraffin RT-21 / 

21-22°C 
× × Air 

Investigating 

capsulated 

PCM for solar 

air collectors 

for heating 

systems 

The system 

compared to a 

conventional 

heating system 

and showed 

better results 

Lorente et al. 

[69] 

2014 

Analytical & 

Numerical 
Melting 

Paraffin wax / 

29.85°C 
× × Heat flux 

Investigating 

heat transfer 

performance 

of PCM in a 

vertical 

cylinder 

Analytical 

results showed 

accurate 

agreement 

with the 

simulation 

results 

2.1 Research Gaps 

Up to our knowledge, the literature reviews we conducted suggests that there is no work 

available that considers nano-PCM (nanoparticles dispersed in base-PCM) in non-porous and 

porous media as a method of enhancement of thermal conductivity of PCM inside cylindrical 

enclosures or energy storage systems in general. This is the motivation behind pursing present 

study which considers the inclusion of nano-PCM inside non-porous and porous medium 

cylindrical thermal energy storage system; as a method of enhancement of thermal conductivity 

of base-PCM. Both experimental and numerical works were carried out in the current research 

work to examine the influence of nano-PCM on the melting and solidification rates, 

instantaneous and average heat transfer rates, and transient and total energy storage rates. Two 

PCMs, RT-18 (Rubitherm-18) and coconut oil are used as base-PCMs, and water is used as a 

heat transfer fluid (HTF). Also, it is necessary to improve the understanding of the fundamental 

of the solid-liquid phase transition during melting dynamical behavior, and a better 

characterization of the related heat transfer. Charging and discharging time, periodic melting and 

solidification visualization, Nusselt number and melting fraction are investigated in this study. 

2.2 Objectives  

The overall objective of this dissertation is to numerically and experimentally investigate PCM 

and nano-PCM in cylindrical and encapsulated enclosures. The motivation of this dissertation is 
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to numerically and experimentally investigate the performance and enhancement of latent 

thermal storage system. In order to fulfil this motivation, the following sub-objectives are 

targeted:  

▪ Numerical modeling of different types of cylindrical energy storage systems 

o Modeling and solution of comprehensive phase change process of nano-PCM 

inside cylindrical geometry using COMSOL Multi-physics software  

o Analysis of flow field, thermal field, and interface movement 

o Calculation of melting and solidification fractions 

o Calculation of the rate of heat transfer during the melting and solidification 

processes  

o Calculation of the energy stored during the melting and solidification processes 

▪ Experimental setup development of different geometries of energy storage systems in line 

of the numerical models 

o Developing of comprehensive different experimental setups, i. e. cylindrical, 

hemicylindrical, and rectangular. 

o Equipping each experimental setup with thermocouples, flow meter, heat flux 

sensors, digital camera, and DAQ systems 

▪ Nano-PCM preparation 

o Systemization of paraffin-based and bio-based nano-PCM 

o Testing the sedimentation, stability, and cycling of nano-PCM 

o Measuring the thermophysical properties of nano-PCM 

 

  



 

 

11 

 

Chapter 3: Analyses of Bio-Based Nano-PCM Filled Concentric 

Cylindrical Energy Storage System in Vertical Orientation  

This chapter was submitted to the Journal of Energy Storage in January 2018 and currently 

under review. Also, part of this chapter was presented at the Guelph Engineering Symposium in 

Guelph, ON, CA on June 1, 2017. The title of the presentation was “Experimental and numerical 

analysis of PCM based energy storage system for renewable energy applications”. 

3.1 Introduction  

Phase change materials (PCMs) are extensively used as thermal energy storage materials because 

of their ability to store and release large amounts of thermal energy during the phase change (i.e., 

melting and solidification) processes [1]. Due to environmental concerns and the rising cost of 

fossil fuels, PCMs become increasingly vital for many engineering applications, such as, 

electronic cooling, air-conditioning, food refrigeration, and space heating [1]. A large number of 

PCMs are environmentally friendly, cost-effective and, can be utilized for developing alternative 

energy production and storage systems as well [1-3]. For example, PCMs can be used for waste 

heat recovery from low potential sources (e.g., shower water heat recovery) and subsequently 

utilize the stored energy for air pre-heating application for building thermal management. PCM 

based thermal energy storage systems are typically termed as latent heat thermal energy storage 

(LHTES) systems. To improve the melting/solidification performance of PCM inside the LHTES 

system, several techniques are reported in the literature [2]. Dispersion of metallic nanoparticles 

inside a PCM is one of the techniques [4, 5] to improve the thermal conductivity of the PCM 

which usually leads to enhance the melting and solidification rates of such composite PCM (i.e., 

nano-PCM. Among different geometrical configurations used to design LHTES systems, 

cylindrical geometries are considered most promising for ease of their manufacturing and 

maintenance during operation and which will be a primary focus of this paper. Several recent 

studies have reported the use of nano-PCMs inside cylindrical geometries of different 

configurations and orientations [4-18]. Table 3-1 presents a brief review of recent research works 

on nano-PCMs filled cylindrical geometry:  
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Table 0-1: A summary of phase change processes of nano-PCM inside cylindrical geometries   

Reference Nano-PCM Highlights Findings 

Krishna et 

al. [4]  

Al2O3 

nanoparticles in 

Tricosane 

Cylindrical 

storage tank and 

heat pipe in the 

center 

▪ A 25.75% reduction of evaporator temperature was 

obtained with 1% volume fraction of Al2O3 

▪ Maximum energy stored observed with 2% volume 

fraction of Al2O3 

Das et al. [5] carbon based 

nanocomposites 

(nano-diamond, 

SWCNT, graphene 

nanoplatelets GnP) 

in n-eicosane 

Vertical 

cylindrical 

storage with 

isothermal inner 

tube 

▪ A 1.5% increase of melting rate is observed for 1% 

volume fraction of nano-diamond 

▪ A 15% increase of melting rate is observed for 1% 

volume fraction of SWCNT 

▪ A 25% increase of melting rate is observed for 1% 

volume fraction of GnP 

Das et al. [6] carbon based 

nanocomposites 

(nano-diamond, 

SWCNT, graphene 

nanoplatelets GnP) 

in n-eicosane 

Horizontal shell 

and tube heat 

exchanger 

▪ A 2% increase of melting rate is observed for 1% 

volume fraction of nano-diamond 

▪ A 27% increase of melting rate is observed for 1% 

volume fraction of SWCNT 

▪ A 40% increase of melting rate is observed for 1% 

volume fraction of GnP 

Alshaer et al. 

[7] 

Multi wall carbon 

nanotubes 

(MWCNTs) in 

Rubitherm-65 

(RT65)   

Vertical 

container filled 

with carbon 

foam; bottom 

heating 

▪ Authors reported a significant heat transfer 

enhancement in the composite nano-PCM 

 

Mahdi and 

Nsofor [8] 

Al2O3 

nanoparticles in 

Rubitherm 82 

(RT82) 

Horizontal 

concentric tubes 

with internal 

fins; isothermal 

walls 

▪ Authors reported an improvement in the melting 

process with nano-PCM 

▪ The improvement in the melting process is better in 

nano-PCM and fin combination than nano-PCM 

alone 

Bechiri and 

Mansouri [9] 

Copper 

nanoparticles in 

Rubitherm 27 

(RT27) 

Horizontal 

cylinder with 

internal heat 

generation 

▪ The effect of an internal heat generation is 

insignificant for higher values of the volume fraction 

of the nanoparticles 

Mastiani et 

al. [10] 

Copper 

nanoparticles in n-

Paraffin 

2-D cylindrical 

annulus; 

isothermal inner 

surface 

▪ Authors reported an improvement in the melting 

process and heat transfer rate with nano-PCM 

Fan et al. 

[11] 

Graphene 

nanoparticles in 1-

tetradecanol 

Vertical 

cylindrical 

enclosure; 

heating from 

bottom 

▪ Authors reported an improvement in the melting 

process using nano-PCM  

 

Zeng et al. 

[12] 

Carbon nanotubes 

in 1-dodecanol 

Vertical 

cylindrical 

cavity; heating 

▪ Authors reported a reduction in the melting rate due 

to the weak natural convection caused by much 

higher viscosity of the nano-PCM in the presence of 
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from bottom carbon nanotubes  

Dhaidan et 

al. [13] 

CuO nanoparticles 

in n-Octadecane 

Horizontal 

cylindrical 

enclosure with 

constant heat 

flux  

▪ Authors reported an enhancement in the in the 

melting rate at low nanoparticles concentration and 

comparatively deteriorating melting rate as 

nanoparticles concentration increases  

 

Sciacovelli 

et al. [14] 

Copper 

nanoparticles in 

paraffin wax 

Vertical shell 

and tube 

thermal storage 

system 

▪ Authors reported 16% improvement in heat flux and 

15% reduction in melting rate by using nano-PCM 

with 4% volume fraction of nanoparticles  

 

Arasu et al. 

[15] 

Al2O3 

nanoparticles in 

Paraffin wax 

2-D cylindrical 

annulus; 

isothermal inner 

surface 

▪ Authors reported a significant improvement in 

melting and freezing rates by using nano-PCM  

 

Dhaidan et 

al. [16] 

CuO nanoparticles 

in n-Octadecane 

Cylindrical 

annulus; isoflux 

surface 

▪ Authors reported an enhancement in the in the 

melting rate at lower nanoparticles concentration  

Jourabian et 

al. [17] 

Copper 

nanoparticles in 

ice/water 

Horizontal 

cylindrical tube 

▪ Authors reported an improvement in the melting 

process using the nano-PCM with higher volume 

fractions of nanoparticles except at the beginning of 

the melting process 

Wu et al. 

[18] 

Copper 

nanoparticles in 

paraffin wax 

Vertical 

cylindrical 

enclosure; 

heating from 

bottom 

▪ Authors reported an enhancement of melting rate 

using nano-PCM 

▪ A 13.1% melting time is reported by using nano-PCM 

with 1wt% of nanoparticles  

An excellent review of nano-PCM filled different types of geometrical configurations (e.g., 

spherical, cylindrical, and rectangular) is available in Dhaidan [19]. Curious readers are referred 

to the review article by Dhaidan and Khodadadi [20] for different types of geometrical 

configurations filled with pure PCM. PCM in the pure form also applied to many important 

application problems. For example, Oró et al. [21] experimentally studied the performance of 

latent heat thermal energy storage on outdoors parked cars during the summer days. The results 

showed the importance of using PCMs to avoid thermal discomfort inside cars during the  

summer season. Other studies [22, 23] performed comprehensive reviews on PCMs stability, 

effective load management, and buildings cooling towards achieving sustainability.   

Based on the literature reviewed, it can be concluded that a limited number of articles 

investigated different aspects of phase change processes of nano-PCM inside cylindrical 

geometries and a few of them considered vertical concentric cylindrical enclosure with bio-
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based nano-PCM, but not with the bio-based nano-PCM. Therefore, the main focus of this paper 

is to study the melting process of a bio-based nano-PCM inside a concentric cylindrical thermal 

energy storage (C-TES) system using both numerically and experimentally.  

3.2 Experimental Work  

In this section, detailed descriptions of the prototype C-TES system, experimental test rig, 

preparation of nano-PCM, and experimental procedure are presented.    

3.2.1 Description of the Prototype (C-TES) system 
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Figure 0-1: Schematic diagram of the (a) experimental setup and (b) cylindrical energy storage 

system (C-TES); (c) photograph showing a portion of the experimental test stand. 
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An experimental setup was developed to visualize the melting process and measure the 

temperature of the base-PCM and nano-PCM at different locations inside the cylindrical energy 

storage (C-TES) systems. The schematic diagram of the experimental setup is presented in Fig. 

3-1(a), while Fig. 3-1(b) shows the prototype C-TES system. In this work, two different 

dimensions prototype C-TES systems were constructed and tested. The outer surface of the first 

C-TES system (C-TES-1) was made of a 4.45 cm inner diameter and 8.96 cm height transparent 

acrylic cylinder (supplier: McMaster Carr). The thickness of the cylinder was 0.32 cm. The top 

and bottom surfaces of the cylinder were firmly glued to two square acrylic sheets 10.16 cm  

10.16 cm using acrylic cement (supplier: WEL-ON-3). A copper pipe of diameter 0.95 cm, 

representing the heater, was passed through the center of the square acrylic sheets and the 

cylinder which was firmly glued to the acrylic sheets. This copper pipe carried the heat transfer 

fluid during the experiment. Two vents were created by drilling and attaching two copper 

connectors at the upper acrylic sheet. Plastic pipe was installed on the top of each vent to allow 

expansion and contraction of the PCM and nano-PCM at atmospheric pressure. The inner 

diameter and height of the second C-TES system (C-TES-2) are 6.98 cm and 3.53 cm, 

respectively. Both prototype C-TES systems (i.e., C-TES-1 and C-TES-2) have equal volumes 

for the nano-PCM storage materials.  

3.2.2 Description of the Experimental Setup  

A test stand was constructed using aluminum extrusion bars of 2.54 cm  2.54 cm cross-section 

(supplier: McMaster Carr). The overall dimension of the test stand was 50 cm  50 cm  50 cm. 

The test stand was designed to hold two C-TES systems simultaneously (see Fig. 3-1(c)). 

Therefore, two C-TES-1 and two C-TES-2 (see the previous section) systems were constructed. 

Balancing mechanisms and level meters were installed in the horizontal and vertical frames of 

the test stand to ensure proper alignment of C-TES systems during experiments. The inlet and 

outlet of the copper pipe of the C-TES system were connected to a thermal regulator (Polystat 

recirculator, model: 13042-01, supplier: Cole-Parmer). The thermal regulator was used to 

provide deionized water at a constant temperature to the C-TES system through the properly 

insulated plastic pipe. The flow meter (model: RT-375MI-LPM2, supplier: Blue-White), pump 
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(model: FP1, supplier: Cole Parmer), and flow regulating valves (model: PISV0412S, supplier: 

John Guest) were installed at different locations of the pipe as shown in Fig. 3-1(a). K-type 

thermocouples (model: 5TC-TT-K-30-36, supplier: Omega) were installed at different locations 

inside the C-TES system and the water carrying pipes to measure temperatures at different times. 

Thermocouples were connected to a 16-Channel DAQ system (model: NI9213, supplier: 

National Instruments) which was further connected to a computer to record data using LabView 

software (version: 15, supplier: National Instruments). A digital camera (model: EOS rebel T5, 

supplier: Canon), also connected to and controlled by the computer, was used to capture the 

images during the experiment periodically. 

3.2.3 Nano-PCM Preparation  

Initially, a predetermined amount of coconut oil (edible) PCM was melted in a high-temperature 

resistance glass container using a hot plate electrical heater. Next, a required amount of CuO 

nanoparticles (<50nm particle size, supplier: Sigma-Aldrich, Canada) was measured in a 

precision Analytical Balance (model: MS204S, supplier: Mettler Toledo, Canada) and mixed 

with the liquid coconut oil to obtain nano-PCM with required volume or mass fraction of 

nanoparticles. This mixture was stirred over a magnetic stirrer (Cimarec Ceramic Digital 

Hotplate Stirrer, model: SP88854100, supplier: Thermo Scientific, Canada) for 24 hours by 

setting the temperature of the mixture 25 °C above the melting temperature of the coconut oil 

(24°C). The mixing process was further intensified by using a sonicator (model: Q500, 

supplier: Qsonica) for 30 minutes. To test the stability and observe any sedimentation, the 

prepared nano-PCM was subsequently solidified and melted multiple times using a temperature-

controlled bath (HCTB-3020 and BATH-12 from Omega). Some selected samples of prepared 

nano-PCM with different volume fractions (0.5% to 3%) were stored in the lab in a glass 

container for an extended period of time (approximately six months). These samples were 

periodically tested for sedimentation by melting and solidifying them in a temperature-controlled 

environment created by thermal regulators. A very small trace of sedimentation is observed for 

the nano-PCM with high volume fractions. Subsequently, the nano-PCM was poured into the 
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cylindrical thermal energy storage system through one of its vents using a pressure syringe by 

multiple steps to ensure no air trapped inside the enclosure.  
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Figure 0-2: Thermophysical properties of PCM at different temperatures 

Many factors affect the thermophysical properties of coconut oil, e.g., processing, preservation, 

aging, presence of contamination, food grade vs. industrial grade, even geographic locations. 

Several articles are available in the literature those discussed the thermophysical properties of 

coconut oil. The reported thermophysical properties show wide range of discrepancies [24]. The 

edible coconut oil was purchased from a chemical supplier and its properties were measured for 
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selected temperatures in the Advanced Energy Conversion and Control lab and Bio-Renewable 

Innovation Lab at the University of Guelph. Selected thermophysical properties of coconut oil 

and CuO nanoparticle are presented in Table 3-2 and also in Fig. 3-2. Additional discussions on 

the properties are available at the end of Section 3. 

Table 0-2: Thermophysical properties of copper oxide nanoparticles and coconut oil 

Thermophysical 

Properties 

CuO nanoparticles 

[13]  

Coconut Oil (Measured) 

Solid (15oC) Liquid (32oC) 

ρ (kg/m3) 6500.0 920 914 

μ (Pa.s) - - 0.0326  

cp (kJ/kg K) 5.4 3.75 2.01 

k (W/m K) 18.0 0.228 0.166 

β (1/K) 8.510-6 0.710-3 

hsf (kJ/kg) - 103 

Tm (oC) - 24 

 

3.2.4 Experimental Procedure  

The overall experiments included multiple steps. Initially, one prototype C-TES system was 

filled with base-PCM (i.e., coconut oil) and the second similar prototype with nano-PCM (i.e., 

coconut oil + CuO nanoparticles). The filling process was described earlier in this paper. 

Deionized water was used as a heat transfer fluid in the current work. The deionized water at a 

temperature of 10oC was supplied from a thermal regulator for approximately 10 hours to lower 

the temperature of entire base-PCM and nano-PCM inside the prototype C-TES systems. The 

temperatures at different location inside both base-PCM and nano-PCM were monitored 

periodically at each 1-minute interval to make sure a nearly constant temperature was achieved. 

The C-TES systems where insulated properly to minimize heat gain through their wall. Towards 

the end of setting the initial temperate inside the C-TES systems, a second thermal regulator was 

set to 40oC (+0.2 °C) and operated individually for an hour. During the next step, the first 
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thermal regulator was switched with the second regulator quickly so that 40°C deionized water 

can pass through the C-TES system to initiate the melting process. During the melting process, 

the temperatures were recorded at each second and images of the prototypes were captured 

carefully after removing the insulation at each 10 minutes interval. Each set of experiment was 

repeated three times to confirm the repeatability and accuracy of the experiments.  

The results obtained from the experimental works are summarized and discussed in the results 

and discussion section.   

3.3 Numerical Work  

A simplified geometry of the modeled C-TES system is presented in Fig. 3-1(b). The modeled 

geometry is made of a concentric cylinder with inner diameter ind , outer diameter outd
, and 

height H . The modeled geometry is assumed initially filled with a nano-PCM (i.e., CuO 

nanoparticles dispersed uniformly in coconut oil PCM). The initial temperature of the nano-PCM 

is 0T
 which is lower than its melting temperature mT

. The surface temperature of the inner 

cylinder suddenly increases to a temperature hT
 which is higher than mT

. Thermal energy will 

flow from the inner cylinder to the nano-PCM, thus initiating the melting process. As time 

advances further, distinct layers of liquid and solid nano-PCM will be appeared and separated by 

a liquid-solid interface. The liquid phase of nano-PCM is assumed Newtonian incompressible in 

this paper. Thermophysical properties of liquid and solid phases are assumed constant except the 

density term in the liquid phase where the Boussinesq approximation is adopted. Local thermal 

equilibrium is assumed between the PCM and the nanoparticles. To reduce the computational 

time, the problem is solved as a 2-D axisymmetric problem. The governing equations, 

representing the conservation of mass, momentum, and energy, are presented below:     
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z -momentum equation: 
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energy equation: 
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where u , w , t , 


, p , 


, g , 


, T , mT
, 

k
, and 

pC
 are the velocity component in the r -

direction, velocity component in the z -direction, time, density of the nano-PCM, pressure,  

dynamic viscosity of nano-PCM, gravitational acceleration, coefficient of thermal expansion of 

the nano-PCM, temperature, melting temperature of the nano-PCM, thermal conductivity of the 

nano-PCM, and specific heat at constant pressure of the nano-PCM, respectively. 

Thermophysical properties in both solid and liquid phases of nano-PCM depend on the volume 

fraction of nanoparticles ( ) and are summarized in Table 3-3, where subscripts ‘ nf ’, ‘ ns ’, 

‘ n ’, ‘ f ’, and ‘ s ’ refer to the properties of liquid nano-PCM, solid nano-PCM, nanoparticles, 

liquid PCM, and solid PCM, respectively.   

Table 0-3: Thermophysical property-relationships for nano-PCM [13, 16] 

Properties Liquid nano-PCM Solid nano-PCM 

Density  
nfnf  +−= )1(
 nsns  +−= )1(

 

Heat capacity  
npfpnfp CCC )()()1()(  +−=

 npspnsp CCC )()()1()(  +−=
 

Expansion 

coefficient  

nfnf )()()1()(  +−=
 nsns )()()1()(  +−=

 

Thermal 

conductivity  
f
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Dynamic 

viscosity  ( ) 5.2
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It is observed from Table 3-2 that the thermophysical properties have different values in liquid 

and solid phases of PCM, hence these properties will be different for nano-PCM as well.  
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For some selected temperatures, the thermophysical properties of nano-PCM ( =0 to 3%) were 

measured in our labs to justify the use of property model equations presented in Table 3-3:  

▪ KD2-Pro (Decagon Devices, Inc.) was used to measure thermal conductivity and a maximum 

discrepancy of 5% was observed with the modeled equation.  

▪ A Vibration Viscometer was used to measure viscosity and a maximum discrepancy of 

2.5% was observed with the modeled equation.  

▪ DMA 35 Density meter (Anton Paar Inc.) and Solid Density Meter (Mettler Toledo) were 

used to measure density and a maximum discrepancy of 1.0% was observed with the 

modeled equation. 

▪ A Differential Scanning Calorimeter was used to measure specific heat and heat of fusion 

and a maximum discrepancy of 1.0% were observed with the modeled equations. 

The transition between the solid and liquid phases does not occur instantaneously, rather it 

occurs within a small temperature interval ( mT
), which was identified approximately 1oC for 

the PCM. However, the value of mT
 may be several degrees centigrade for many PCMs. The 

transition for the nano-PCM’s density (


) can be approximated by [13, 16] 
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Similarly, for the transition for the nano-PCM’s thermal conductivity (
k

) can be approximated 

by 
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Finally, transition for the heat capacity ( pC
) can be approximated by 
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(7) 

In the above equation, nsfh ,  is the latent heat of fusion of nano-PCM and can be evaluated from 

sfnsf hh )1(, −=
. 

(8) 

Now, the dynamic viscosity follows the relationship presented in Table 3-3 in the liquid nano-

PCM only, while its value is assumed very large in the solid nano-PCM 
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(9) 

The boundary and initial conditions of the C-TES system is discussed in detail in the following 

section. 

3.3.1 Boundary and Initial Conditions  

At the beginning of the melting process ( 0=t ), the computational domain of the C-TES system 

is assumed filled with a nano-PCM at an initial temperature 0T
 which is lower than its melting 

temperature mT
. The inner cylindrical wall of the C-TES system (i.e., 2/indr = ) is suddenly 
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increases to a temperature hT
 (> mT

) to initiate the melting process. The surfaces of the top wall 

(i.e, Hz = ), the bottom wall (i.e., 0=z ), and the outer cylinder (i.e., 
2/outdr =

) are assumed 

thermally insulated for both liquid and solid phases of nano-PCM. No slip boundary condition 

(i.e., 0== vu ) is also applied to all solid walls. The initial and boundary conditions are 

summarized below: 

Inner cylindrical wall: hTTwu === ,0
 

Outer cylindrical wall: 
0,0 =




==

r

T
wu

 

Top and bottom walls: 
0,0 =




==

z

T
wu

 

Initial condition: mTTTwu === 0,0
 

 

 

 

(10) 

Equations (1) to (4) are solved numerically using the boundary and initial conditions given in Eq. 

(10). The detailed numerical procedure is available in reference [21] and is not repeated here.   

3.4 Results and Discussion  

Governing differential equations, Eq. (1) to Eq. (4), along with the boundary/initial conditions 

(Eq. (10)) were solved using control volume based finite element method. A detailed description 

of the method is available in Jethelah et al. [25]. 
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Figure 0-3: Grid dependency and time step tests for numerical simulation 
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Figure 0-4: Comparison between Nusselt number obtained from the current simulation and result 

predicted by Jany and Bejan [26] 

Three different mesh sizes with 6280, 11422, and 26564 elements were used to test the 

dependency of result on prescribed mesh. The melting fraction (MF) (see Eq. (12)) was selected 

to test the mesh dependency at 
Ra

=106 and  =5% and the corresponding result of MF is 

presented in Fig. 3-3. It is observed from the figure that the differences between the MF profiles 

are insignificant at the beginning of the melting point and a small difference is observed towards 

the end of the melting process. Therefore, the mesh size of 11422 elements is used in this paper. 
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In addition, Fig. 3-4 presented the variation in the Nusselt number with dimensionless time 

parameter (i.e., FoSte ) for an enclosed space used in Jany and Bejan [26]. Results obtained for 

pure PCM for two Rayleigh numbers and compared to the predicted results in [26]. A good 

agreement is obtained.  

3.4.1 Tall C-TES system (C-TES-1 system)  

Figures 3-5 (a) to (f) present the progression of the melting process of nano-PCM inside the C-

TES-1 system for six selected times (i.e., =t 500, 2000, 3200, 4000, 5000, and 8500 s) and three 

select volume fractions (i.e.,  =0%, 3%, and 5%) of nanoparticles. Isothermal floods are used to 

represent thermal fields in Figs. 3-5 (a) to (f). Thermophysical properties of nano-PCM depend 

on   as can be observed from the property relationships presented in Table 3-3. Therefore, the 

magnitudes of both Rayleigh number ( Ra ) and Stefan number ( Ste ) change with changing  . 

For the present problem, Ra  and Ste  are defined based on the thermophysical properties of 

nano-PCM instead of the base-PCM as shown below:  



 3)( HTTg
Ra mh −=

 and nsf

mhp

h

TTC
Ste

,

)( −
=

. 

(11) 

Based on the thermophysical properties (see Table 3-2) and property relationships (see Table 3-

3), one can calculate Ra =
7105.2   and Ste =0.26 for  =0%, Ra =

71015.2   and Ste =0.28 for 

 =3%, and  Ra =
71095.1  and Ste =0.29 for  =5%, which show that both Ra  and Ste  have 

decreasing trend with increasing  .  
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 =0%  =3%  =5%  =0%  =3%  =5% 

  
(a) 500 s (b) 2000 s 

  
(c) 3200 s (d) 4000 s 

  
(e) 5000 s (f) 8500 s 

Figure 0-5: Progression of melting process in C-TES-1 system at six selected times and three 

selected volume fractions of nano-particles. 
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The C-TES system is initially filled with a solid form of nano-PCM at an initial temperature 

(=10C) which is below the melting point (=24C) of the nano-CPM. At the time 0=t , the inner 

heater surface is raised to a temperature (=40C) which is higher than the melting point of the 

nano-PCM. Due to the established temperature difference thermal energy is transferred from the 

heater surface to the nano-PCM. This energy transfer raises the temperature of the nano-PCM 

and initiates the melting process inside the C-TES system. At the very early stage of this energy 

transfer process ( =t 0s), the temperature of the solid nano-PCM, adjacent to the heater surface, 

increases sensibly from its initial temperature to the melting temperature and subsequently 

melting process starts. At the initial stage of this melting process (e.g., =t 500s), the heat transfer 

is dominated by conduction. A very thin layer of liquid nano-PCM appears adjacent to the heater 

surface which is nearly motionless due to the dominance of the viscous force over the buoyancy 

force. This motionless liquid nano-PCM layer conforms a thin-walled cylinder as can be 

observed from Fig. 3-5 (a).  
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Figure 0-6: The effect of nano-particle volume fractions on the temporal variation in the melt 

fraction (MF) of nano-PCM inside the tall C-TES system. 

Dispersing more nanoparticles (i.e., higher values of  ) shows a small impact on the melting 

process. To assist the discussion on the melting process further, melt fraction ( MF ) is plotted as 

a function of time in Fig. 3-6 for  =0%, 3%, and 5%. MF can be calculated from the following 

equation:  
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PCM-nano solidPCM-nano liquid

PCM-nano liquid

+


=MF

 

(12) 

where   represents the volume of the nano-PCM in solid or liquid form as indicated in the 

subscript. Figure 3-6 also confirm a small improvement in the melting process at higher   at the 

beginning of the melting process. Melting process continued as time advances further. The initial 

stage of the melting process, where conduction dominates, can be termed as ‘conduction regime’ 

of melting [22].     

Essentially, at a particular time during the ongoing melting process, buoyancy force starts 

dominating over the viscous force in the liquid nano-PCM region. Figure 3-5 (b) shows a 

snapshot of melting stage at =t 2000s where a small region at the upper part of C-TES system 

holds circulatory liquid nano-PCM. This small region is the indication of the initiation of the 

convection followed by a large conduction dominated region below. This convective region is 

characterized by the formation of velocity and thermal boundary layers with relatively wider 

melting region compared to the conduction dominated region. Liquid nano-PCM at the close 

proximity of the heater wall moves upward direction by continuously absorbing thermal energy 

from the heater wall. After turning radially outward along the upper adiabatic wall, liquid nano-

PCM moves down along the solid-liquid interface of the nano-PCM by continuously releasing 

the thermal energy to the solid nano-PCM. This particular stage of melting process, where both 

conduction and convection modes exist, can be termed as a ‘mixed regime’ of melting [22]. Note 

that at =t 2000s, conduction is still dominating for a significant portion of the melting region. 

Dispersing more nanoparticles shows a slight improvement in the melting process at this stage 

which can be observed clearly in Fig. 3-6.    

The upper convective region opens up further in both radial and axial directions as melting 

process continued. At the same time, the conduction dominated regime grows radially and 

shrinks axially as well. At =t 3200s (Fig. 3-5 (c)), the liquid nano-PCM region touches the upper 

outer corner of the C-TES system when  =0%. Beyond this point, the height of the solid nano-

PCM shrinks as the melting process continued and this regime of melting can be termed as 
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‘shrinking solid’ regime. Effect of dispersing more nanoparticles is clearly evident from Fig. 3-5 

(c), where the shrinking solid regime is clearly observed for  =3% and 5% with melt fraction at 

5% is higher than 3% and can be verified from Fig. 3-6.    

As time advances further, the convection dominated regime grows at the top of the C-TES 

system towards axial direction and the height of the shrinking solid regime reduces at the bottom 

as can be seen from Figs. 3-5 (d) to (f). The growth of the convection regime accelerates the 

melting process at all  s, which can be observed in Fig. 3-6 from the relatively steeper slope at 

=t 4000s and 5000s with higher melt fraction for the higher value of  . Towards the end of the 

melting process, a large upper portion of the C-TES system is occupied by relatively hotter liquid 

nano-PCM followed by the colder nano-PCM and remaining amount of solid nano-PCM at the 

bottom. Therefore, melting process slows down towards the end. Slopes for all  s at this stage 

(see Fig. 3-5 (f) and Fig. 3-6 at =t 8500s) are less steeper than the slope at earlier melting stages 

already described. Once the melting process is completed the thermal energy transfer from the 

heater wall to the liquid nano-PCM will be continued at a slower rate until the temperature of 

entire liquid nano-PCM reaches to the heater wall temperature.  

In summary, the dispersion of more nanoparticles enhances the melting rate. Therefore,   is an 

indicator of the slope of the transient melt fraction curve in Fig. 3-6. The type of melting regime 

has considerable influence on the melting progression. 
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Figure 0-7: Effect of nano-particle volume fractions on the transient temperature variation inside 

the C-TES-1 system at 5 selected points: 
4/)( outin ddr +=
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Figure 0-8: Effect of nano-particle volume fractions on the surface averaged temperature 

variation inside the tall C-TES. 

For the same C-TES system, transient temperature variations at five selected locations (i.e., 

probe points) are plotted in Fig. 3-7 for  =0%, 3%, and 5%. The radial positions of the 

temperature probe points are kept fixed at the halfway between the heater and outer walls, while 

five equidistant positions are selected for their axial locations as indicated in the title of Fig. 3-7 

by 1z  to 5z
.  
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In addition, the surface average temperatures ( avT
) for three selected  s are plotted in Fig. 3-8. 

Following integration is performed to obtain avT
.     
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Three distinct patterns in the transient temperature variations are observed in Fig. 3-7:  

(i) Sensible heating inside solid nano-PCM: temperatures at all probe points increase from 0T
 to 

TTm −
sensibly with a relatively faster rate. For a small period of time ( st 5000  ) 

temperatures increase linearly with time as these points are still in the solid nano-PCM region 

and melting process is concentrated very close to the heater wall. Temperatures are almost same 

at all probe points and nearly unaffected by any change in  . Nonlinearity in the temperature-

time curves appears as melting font approaches close to the probe points. Temperature 

magnitudes are distinctly different at different probe points with minimum and maximum values 

occur at 1z  and 5z
, respectively. In addition, the temperature at 1z  approaches to 

TTm −
slower 

than the temperature at 5z
. Effect of   is distinct here with slightly higher temperature is 

observed for the higher value of   at any probe points.            

(ii) Latent heating inside the mushy nano-PCM: temperatures remain within the phase transition 

range (i.e., 
TTTTT mm +−

) and their variation is slow in this latent heat exchange 

mushy zone. Such pattern in the temperature variation occurs as the melting front passes over the 

probe points. Probe location 1z  remains within the transition zone for a prolong period of time 

due to the slowest progression of the melting front at this location, while the temperature 



 

 

36 

 

transition is the quickest for 5z
 due to the early formation of boundary layers and convection 

current at this location. The temperature at any probe location is slightly higher for the higher 

value of   in the transition zone as observed from Fig. 3-7.          

(iii) Sensible heating inside liquid nano-PCM: temperatures at all probe points increase from 

TTm +
 to a few degrees below hotT

 sensibly with a relatively faster rate due to the well-

established natural convection current. Effect of   is the greatest here with relatively higher 

temperature is observed for the higher value of   at any probe point. Towards the end of the 

melting process liquid nano-PCM reaches close to the heater wall temperature. This slows down 

the thermal energy transfer from the heater wall to the liquid nano-PCM. Therefore, temperatures 

at all probe points increase extremely slowly at this stage towards the hot wall temperature. 

Beyond this point, no variation in temperature is observed with time or  .  

Variation in avT
 with time, as reported in Fig. 3-8, follows a pattern similar to the transient melt 

fraction variation pattern as observed in Fig. 3-7. At a given time avT
 is higher for higher values 

of  . This assists relatively faster melting at high   as observed already in Fig. 3-6.  
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Figure 0-9: The effect of nano-particle volume fractions on the temporal variation in the average 

Nusselt number for the tall C-TES system. 

Heat transfer through the heater wall can be approximated by the dimensionless Nusselt number. 

For the proposed C-TES system, the average Nusselt number can be calculated based on either 

by the thermal conductivity of nano-PCM ( nfk
) or base-PCM ( fk

) as shown in Eq. (14) below: 
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Nusselt number based on nfk
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(14a) 

 

 

(14b) 

where, h  is the surface averaged convective heat transfer coefficient. Note that magnitude of 

nNu
 and fNu

 may be different for an identical melting case, however, the magnitude of h  will 

remain same irrespective of the definitions of nNu
 and fNu

. In this paper nNu
 is used. At the 

beginning of the melting process, where conduction dominates significantly, the very thin melt 

layer is concentrated around the heater surface resulting in a high near wall temperature gradient. 

Therefore, the magnitude of nNu
 is very high at the beginning of the melting process. nNu

 

drops rapidly as conduction dominated melting zone increases in thickness as time advances. A 

nearly insignificant variation in the magnitude of nNu
 is observed as   changes in the 

conduction dominated melting regime. In the mixed regime, melting process is dominated by 

two competitive modes: convection at the top and conduction at the bottom of the C-TES system 

with growing convection regime and shrinking conduction regime with time. nNu
- t  distribution 

pattern conforms an upward concave shape due to the decreasing tendency of nNu
in the 

conduction regime and opposite tendency in the convection regime. The mixed regime ends 

around t =3200s for  =0 and at earlier times for  =3% and 5%. A complete convection regime 

of melting does not exist for the C-TES-1 system as already observed in Fig. 3-5. Therefore, 

towards the end of the mixed regime, nNu
 remains unchanged for a small period of time. 

Subsequently, nNu
 drops gradually in the shrinking solid regime as the amount of liquid nano-

PCM grows with time. At the end nNu
reaches to zero once all nano-PCM is melted and a 

thermal equilibrium is achieved inside the C-TES-1 system. To assist our discussion on the 

impact of   on the Nusselt number further, fNu
 and h  are plotted in Fig. 3-9 for the time range 
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0 to 5000s. It is clear from th −  a relationship that the dispersing more nanoparticles in the base-

PCM improve convection heat transfer coefficient. As fNu
 is directly proportional to h  (see Eq. 

(14b)) the magnitude of fNu
 is higher for the higher value of  . In contrast, nNu

 is 

proportional to nfkh /
 and both h  and nfk

 changes with changing   resulting in an increasing 

(or decreasing) tendency of  nNu
 with larger (or smaller)  .                 
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Figure 0-10: The effect of nano-particle volume fractions on the temporal variation in the 

dimensionless energy transfer through the hot wall during the melting process inside tall C-TES 

system. 

The cumulative energy transfer ( E ) from the heater surface to the nano-PCM up to a specified 

time during the melting process is a way to present energy stored inside the C-TES system. E  

can be calculated using the time integration given in Eq. (15a). The instantaneous heat transfer, 

)(tQh


 in Eq. (15a), can be estimated from Eq. (15b). E  can be put into its dimensionless form 

by using 0E
 (Eq. (15c)), which represent maximum possible energy that can store inside the C-

TES system during the melting process.  
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(15a) 

 

 

(15b) 

 

(15c) 

For the C-TES-1 system, the dimensionless cumulative energy ( 0/ EE
) is presented in Fig. 3-10 

for  =0%, 3%, and 5%. 0/ EE
 increases linearly as melting process progresses with time. Close 

to the end of the melting process, where heat transfer from the heater wall significantly reduces, 

tEE −0/
 the profile becomes non-liner and 0/ EE

 approaches to 1 once the thermal equilibrium 

is established inside the C-TES system. Addition of nanoparticles to the base-PCM decreases the 

latent heat capacity ( sfh
) but increases the sensible heat capacity (i.e., pC

). Therefore, nano-

PCM inside C-TES system can store more sensible heat but less latent heat with increasing     

volume fraction of nanoparticles. Dispersion of more nanoparticles in the base-PCM exhibit 

increase in the energy storing rate inside the C-TES system.    
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Nano-PCM PCM Nano-PCM PCM 

                     
(a) 3000s (b) 4200s 

                     
(c) 5400s (d) 6600s 

                   
(e) 7200s (f) 7800s 

Figure 0-11: Experimental visualization of melting processes inside the C-TES-1 system using 

nano-PCM and base-PCM. 
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Experimentally obtained images during the melting process of the base-PCM and nano-PCM are 

presented in Fig. 3-11 for six selected times. As mentioned earlier in this paper, two identical C-

TES systems are filled with base-PCM and nano-PCM, respectively, for the visualization 

experiments.  Both of the systems are charged simultaneously to obtain same initial, boundary, 

and surrounding environmental conditions. C-TES systems are filled in multiple steps and cooled 

to the initial temperature before the charging experiment. The outer surfaces of the C-TES 

systems are properly insulated during this charging process except for the predetermined times 

when images are captured. As the melting process starts from inside (i.e., close to the heater 

surface) it is very difficult and challenging to capture any image of liquid base-PCM or nano-

PCM during the conduction dominated and mixed regimes of melting process. Therefore, images 

captured in the shrinking solid regime are presented in Fig. 3-11. Another challenge is to 

synthesize a nano-PCM with the exact value of   because of the difficulties in measuring the 

correct volume of the nanoparticles. Instead, a mass fraction ( wt
) is measured (see the definition 

in Eq. (16a)) and subsequently converted to the volume fraction ( ) using Eq. (16b).  

%100
PCM-nano liquidparticles-nano

particles-nano


+
=

mm

m
wt

 

nwtnfwt

nfwt






)1( −+
=
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(16a) 

 

 

(16b) 

The approximate value of the   for the nano-PCM in Fig. 3-11 is 0.25 %. The visualization 

process for nano-PCM becomes increasingly difficult at higher volume fraction because of the 

dark color of the nano-PCM in both solid and liquid phases. Therefore, a low volume fraction 

was selected to ensure to track the melting interface.   

The progression of the upper edge of the shrinking solid is clearly identifiable from the images in 

Fig. 3-11. It is evident that nano-PCM melts faster and completes the melting process earlier than 

the base-PCM. Therefore, the melt fraction is qualitatively identified higher for nano-PCM at a 

given time which supports images obtained from numerical simulation. Melting process slows 

down towards the end because of small contact between the large warm liquid at the top of the 
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solid PCM/nano-PCM and also between the heater surface and solid PCM/nano-PCM. It was 

observed that a small amount of gradually shrinking solid PCM/nano-PCM remained at the 

bottom of the C-TES system for prolonged time. The melting process ends for pure PCM 

approximately 10920s which is 130s later than the numerical obtained data (approximately 

10790s). 

3.4.2 Short C-TES system (C-TES-2 system)  

Figures 3-10 (a) to (f) present the progression of the melting process of nano-PCM inside the C-

TES-2 system for six selected times ( =t 300, 15000, 4000, 8000, 10000, and 14000s) and three 

select volume fractions ( =0%, 3%, and 5%) of nanoparticles. Again, isothermal floods are used 

to represent thermal fields in Figs. 3-10 (a) to (f). Based on the thermophysical properties (see 

Table 3-2) and property relationships (see Table 3-3), one can calculate Ra =
61053.1   and 

Ste =0.26 for  =0%, Ra =
61031.1   and Ste =0.28 for  =3%, and  Ra =

61019.1  and 

Ste =0.29 for  =5%, which show that both Ra  and Ste  have decreasing trend with increasing 

 . Note that dimensions of the C-TES-1 and C-TES-2 systems are adjusted to achieve the same 

volume inside both systems.   
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                             =0%                        =3%                          =5% 

(a) 300 s  

(b) 1500 s  

(c) 4000 s  

(d) 8000 s  

(e) 10000 s  
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(f) 14000 s  

Figure 0-12: Progression of melting process in C-TES-2 system at six selected times and three selected 

volume fractions of nano-particles. 
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Figure 0-13: The effect of nano-particle volume fractions on the temporal variation in the melt fraction 

(MF) of nano-PCM inside the short C-TES system. 
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At the initial stage of this melting process (e.g., =t 300s), a thin layer of nearly motionless liquid 

nano-PCM appears adjacent to the heater surface as conduction dominates the heat transfer 

process at this stage. This motionless liquid nano-PCM layer conforms a thin-walled cylinder as 

can be observed from Fig. 3-12 (a) and the thickness of this liquid cylinder is nearly unaffected 

by dispersion of more nanoparticles (i.e., higher values of  ) at this stage of melting process. 

Transient melt fraction ( MF ) is introduced in Fig. 3-13 to assist the discussion on the melting 

process further. MF  is plotted as a function of time in Fig. 3-13 for C-TES-2 system at  =0%, 

3%, and 5%.  

Figure 3-12 (b) shows a snapshot of melting stage at =t 1500s where a small region at the upper 

part of C-TES system holds circulatory liquid nano-PCM. This small region is the indication of 

the initiation of the convection where buoyancy force starts dominating over the viscous force in 

the liquid nano-PCM region. As time advances further, the convection dominated region grows 

in both radial and the axial direction (see Fig. 3-12 (c)) and the effect of   is clearly identifiable 

which can be observed from Fig. 3-13. The effect of   is more pronounced from Fig. 3-12 (d) 

where it is clearly evident that more liquid nano-PCM occupies the C-TES-2 system at higher  . 

It is also noticed in Fig. 3-12 (d) that the liquid nano-PCM region touches the upper outer corner 

of the C-TES system when  =0%, however, in the case of  =3% and 5%, melting process 

already reaches to the shrinking solid regime. As oppose to the C-TES-1 system, convection 

dominates melting process for a relatively longer period of time. As time advances further, the 

remaining solid nano-PCM continues shrinking and the rate of melting is faster at higher   

which can be observed from Figs. 3-10 (e) and (f). Both values and slopes of tMF −  curves 

(Fig. 3-13) conclude that changing   has more effect on the melting process in the shrinking 

solid regime than the earlier regimes of melting. However, the overall melting process is slower 

for the C-TES-2 system than the C-TES-1 system.   
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Figure 0-14: The effect of nano-particle volume fractions on the temporal variation in the average Nusselt 

number for the short C-TES system. 
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Figure 0-15: The effect of nano-particle volume fractions on the temporal variation in the dimensionless 

energy transfer through the hot wall during the melting process inside short C-TES system. 

For the C-TES-2 system, the dimensionless nNu
is plotted as a function of time in Fig. 3-14 for 

three different values of   (=0%, 3%, and 5%). In the conduction dominated zone of melting 

process, nNu
is very high at the beginning of the melting process and then drops rapidly as time 

advances. A similar pattern is observed for the C-TES-1 system (Fig. 3-9) as discussed before. 

The influence of   on the variation of nNu
is nearly insignificant variation in the conduction 
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dominated melting regime. The mixed regime of melting extends approximately up to 8000s for 

 =0 and less than 8000s for  =3% and 5% (see Fig. 3-12). Therefore, the upward concave 

shape profile of nNu
- t  in the mixed regime is due to the combination of increasing nNu

 in the 

upper convection dominated zone and decreasing nNu
in the lower conduction dominated zone. 

In the shrinking solid regime, nNu
 drops gradually as the height of the solid nano-PCM 

decreases with time. At the end nNu
reaches to zero once all nano-PCM is melted and a thermal 

equilibrium is achieved inside the C-TES-2 system. It can be concluded from Fig. 3-15 that 

effect of   on nNu
 is more pronounced in the shrinking solid regime than the earlier regimes of 

melting. At any given time, the magnitude of nNu
 is lower for C-TES-2 in comparison with C-

TES-1 as C-TES-2 represents a case with lower Ra .  

For the C-TES-2 system, the dimensionless cumulative energy ( 0/ EE
) transfer to the system is 

calculated using Eq. (15a) to Eq. (15c) and is presented in Fig. 3-15 for  =0%, 3%, and 5%, 

respectively. Similar to the C-TES-1 system, 0/ EE
 increases almost linearly as melting process 

progresses with time. Close to the end of the melting process, where heat transfer from the heater 

wall significantly reduces, some nonlinearity is observed in the  
tEE −0/
 profile while 

0/ EE
approaches to 1 once the thermal equilibrium is established inside the C-TES system. 

Similar to C-TES1- system, nano-PCM inside C-TES-2 system can store more sensible heat but 

less latent heat with increasing volume fraction of nanoparticles. Dispersion of more 

nanoparticles in the base-PCM exhibit increase in the energy storing rate inside the C-TES- 

system as well.    
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Figure 0-16: Experimental visualization of melting processes inside the C-TES-2 system using nano-PCM 

and base-PCM. 

For the C-TES-2 system, experimentally obtained images during the melting process of the base-

PCM and nano-PCM are presented in Fig. 3-16 for six selected times. Again, mass fraction ( wt
) 

is measured during the preparation of the nano-PCM and subsequently converted to the volume 

fraction ( ). The approximate value of the   for the nano-PCM in Fig. 3-16 is 0.22. The 

progression of the upper edge of the shrinking solid is clearly identifiable from the images in Fig. 

3-16. It is evident that nano-PCM melts faster and completes the melting process earlier than the 

base-PCM. Therefore, the melt fraction is qualitatively identified higher for nano-PCM at a 

given time which supports images obtained from numerical simulation. It was observed that a 

small amount of gradually shrinking solid PCM/nano-PCM remained at the bottom of the C-TES 

system for prolonged time.  

3.5 Conclusion  

In this paper, vertical cylindrical thermal energy storage (C-TES) systems were investigated both 

numerically and experimentally. C-TES systems were filled with a bio-based nano-PCM (i.e., 

CuO nanoparticles dispersed in the coconut oil PCM). Numerical simulation was carried out on 

two different prototype C-TES systems: (i) C-TES-1 represented a case of Ra =
7105.2   at 

 =0%, while Ra =
71015.2   and Ra =

71095.1  at  =3% and  =5%, respectively and (ii) C-

TES-2 represented a case of Ra =
61053.1   at  =0%, while Ra =

61031.1   and 

Ra =
61019.1  at  =3% and  =5%, respectively. Numerically obtained melting process 

visualization images confirmed conduction dominated melting regime, mixed conduction and 

convection dominated melting regime, and shrinking solid melting regime for both C-TES-1 and 

C-TES-2 systems. An increase in   showed clear indication of the improvement in the melting 

process. Energy storing rate remained linear until the end of the melting process where 

nonlinearity appeared due the relatively slower melting rate. An increase in   showed clear 

indication of the improvement in the charging rate. The variation of Nusselt number with time 

showed three distinct patters based on the regimes of melting. Two prototype C-TES systems 
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were constructed to replicate the cases considered during numerical simulation. A 

comprehensive experimental setup was developed to carry out visualization experiment on the 

constructed prototypes. Nano-PCM of  =0.25% was prepared using magnetic stirring and 

sonication techniques for the visualization experiments. Visualization experiment became 

difficult at higher values of    because of the dark color of the nano-PCM.  Experimentally 

obtained images of the melting process confirmed that the melting rate was faster in the nano-

PCM in comparison with the pure PCM. Additionally, in case of pure PCM ( =0%), a fair 

agreement was observed between the melting progression images obtained numerically and 

experimentally.     

3.6 Nomenclature  

CP specific heat at constant pressure, kJ/kg K 

0/ EE
 

the cumulative energy transfer through the hot wall during the melting process 

inside tall C-TES system, dimensionless 

g gravitational acceleration, m s–2 

H the height of the cylinder, m 

h convective heat transfer coefficient, W/ m-2K 

hsf latent heat of fusion, kJ/kg 

k thermal conductivity, W/m K 

MF melting Fraction 

Nu Nusselt number, dimensionless 

p pressure, N m-2 

q constant wall heat flux, W/m2 

r inner radius of the cylinder, m  

Ra  Rayleigh number, dimensionless 

Ste  Stefan number, dimensionless 

Ste Fo  Stefan Fourier number, dimensionless 

T temperature, °C 
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0T
 initial temperature of the PCM, °C 

t time, s 

T temperature difference, Tliquid - Tsolid, °C 

u velocity components in r-direction, m sec.–1 

w velocity components in z-direction, m sec.–1 

x, y Cartesian coordinates, cm 

Greek symbols 

 thermal diffusivity, m2sec.–1 

 thermal expansion coefficient, 1/K 

 dynamic viscosity, Pa.s 

 density, kg/m3 

  volume of the nano-PCM, m3 

  volume fraction of nanoparticles, % 

wt
 mass fraction, % 

Subscripts 

av average  

b water bulk mean temperature 

f liquid PCM 

h hot 

L liquid PCM 

m melting 

n nanoparticles 

nf liquid nano-PCM 

ns solid nano-PCM 

PCM phase change material  

S solid PCM 
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Chapter 4: Experimental Investigation of the Melting Behavior and 

Transient Heat Transfer in an Annular Enclosure Filled with 

Bio-Based PCM 

This chapter was published in the Proceedings of the International Conference of Energy 

Harvesting, Storage, and Transfer in Toronto, ON, on August 21-23, 2017. The title of the 

published paper is “Experimental Investigation of Cylindrical Thermal Energy Storage System 

using Bio-Based Phase Change Materials”. The paper was awarded the best paper in the 

conference, and it was suggested by the conference authorities that the paper should be 

submitted to the Journal of Fluid Flow Heat and Mass Transfer. This chapter was submitted to 

the Journal of Fluid Flow Heat and Mass Transfer and currently under review.  

4.1 Introduction  

Buildings use approximately 40% of the total energy consumed in USA followed by 

industry and transportation [1]. Approximately $370 billion US dollar is spent each year to 

supply this energy and thus reduction in energy consumption is extremely important. One of 

the most efficient and reliable ways to reduce energy consumption is the use of PCMs in 

latent heat thermal energy storage (LHTES) system to store and release thermal energy. 

Several works have been done recently considering diverse types of PCMs and different heat 

exchanger geometries [2-16]. The shell and finned tubes [6] and [7] is the only one tested on 

a prototype scale. A few works [8-10] also modelled shell and tubes heat exchanger as a sum 

of annular PCM storages to simplify the studies on the subject. Two concentric tubes 

constitute an annular PCM storage. The PCM fills the annular space and the heat transfer 

fluid circulates inside the inner tubes. Several authors further explored the heat transfer 

characteristics in annular tube heat exchangers experimentally [8, 11, 12] and numerically 

[13, 14]. They found that especially during the charging period, natural convection plays a 

major role. Chiu and Martin [15] conducted an experimental study and validated their 

experimental results with numerical simulations without considering convection heat transfer 

and found very good agreement between the experimental and numerical results. This can be 

explained by the fact that heat transfer during melting and solidification processes in annular 

geometry is affected by several factors, such as, the PCM properties, thickness of the PCM, 

and on the injection configuration.  
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Yao and Cherney [16] further reported that the effect of natural convection in an annular zone 

increases quickly with the size of the melted region. Alomair et al. [17] experimentally 

investigated the melting of Bio-based PCM in two spherical enclosures with varied sizes. 

Alomair et al. experimentally investigated the melting behavior of nano enhanced phase change 

material. The melting behavior of Copper Oxide and Aluminum Oxide nanoparticles submerged 

in a petroleum based PCM were studied. Studies [4, 13, 14 and 15] have shown the melting 

process numerically.  

There has been no study concerning phase change processes of bio-based PCM in cylindrical or 

annular geometry. Moreover, none of the studies has visualized and analyzed the internal melting 

behaviour of PCM around a heating source experimentally. Therefore, the motivation of this 

study is to investigate phase change processes of bio-based PCM in cylindrical or annular 

geometry, and to experimentally visualize and analyses the melting behaviour around a copper 

pipe. Bio-based PCMs are made from renewable and underused feedstock, such as coconut oil, 

palm oil, and soybean oil. Bio-based PCMs are less flammable and cheaper than widely used 

paraffin and can be mass produced and this is the reason for selecting coconut oil (melting 

temperature 24°C) a bio-based PCM in the present study. Cylindrical geometry is considered 

most promising for commercial heat exchangers, because of their high efficiency in a minimum 

volume [2] and this is the reason for selecting a cylindrical LHTES for the present investigation. 

4.2 Experimental Work 

4.2.1 Experimental Setup 
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Figure 0-1: Image of the experimental setup with the cylindrical TES system containing coconut oil. 

 

An experimental setup is developed to carry out the experiments as shown in figure 4-1 with 

different components. The experimental setup consists of a test stand, cylindrical energy storage 

system, thermal regulator, K-type thermocouples, camera, NI data acquisition system, pump, 

flow meter, flow regulating valves, and a computer. The test stand accommodates a cylindrical 

TES system. The Plexiglas cylindrical energy storage system has a copper pipe located in the 

center for bypassing heat transfer fluid (HTF). Water is used as a HTF. The cavity between the 

Plexiglas cylinder and the copper pipe is filled up with coconut oil PCM. The Plexiglas cylinder 

has 4.45 cm internal diameter and 8.96 cm height. The diameter of the copper pipe which is 

representing heater is 0.95 cm. The Plexiglas cylinder has a thickness of 0.315 cm. Two plastic 

pipes are installed on the top of the cylinder to allow expanding and shrinking the PCMs at 

atmospheric pressure. A Cole-Parmer Polystat thermal regulator is used to provide deionized 

water at a constant temperature to the cylindrical TES system through properly insulated plastic 

pipes. The water is continuously circulated by flow meter, flow regulating valve, and a built-in 

force/suction pump which has a maximum flow rate of 21 L/min. The experimental average 
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water flow rate is 6 L/min. The water capacity of the pump is 2.8L.  The Polystat thermal 

regulator has a temperature range of 5-80°C, and it maintains the temperature to ±0.1°C. The 

thermal regulator requires 115V and 250W input power. To measure temperatures at different 

times, K-type 0.5 mm calibrated thermocouples (±0.1°C) are installed at different locations 

inside the cylindrical TES system and the water carrying pipes. A computer is used to record the 

thermal field data through a 16-Channel DAQ system which is connected to the thermocouples. 

A high definition Canon camera “EOS Rebel T2i model” is used to capture the images of the 

melting process periodically. 

4.2.2 Experimental Procedures  

The PCM is poured using a pressure syringe into the cylindrical TES system. The PCM is poured 

by multiple steps through one of its vents as shown in figure 4-2 (a) and figure 4-2 (b) to ensure 

no air trapped inside the enclosure.  

 

  

(a) (b) 

Figure 0-2 Images of the annular (a) and half annular (b) TES systems with the copper heated pipes in the 

center and vents in the sides. 

Next, the temperature of the deionized water inside the thermal regulator is raised to a temperature higher 

than the melting temperature 24°C to initiate the melting process. During the melting process, the 
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temperatures are recorded at every one second interval and images of the melting are captured at every 

one minute.  

Table 0-1: Operating conditions of thermal field and visualizing melting experiments of 

cylindrical TES system. 

Experiment 

number 
Enclosure shape 

Initial temperature 

of PCM 

Temperature of 

HTF (water) 

Experimental 

Duration 

1 Annular 20°C 34°C 262 min 

2 Annular 5°C 40°C 40 min 

3 Half annular 0°C 50°C 79 min 

 

Table 4-1 presents three different experiments of PCM melting inside the cylindrical TES system. 

Experiments 1 and 2 are conducted inside identical cylindrical enclosure as shown in figure 4-2 (a) with 

different experimental conditions. The captured images and thermal field data obtained from the 

experiments 1 and 2 are summarized and discussed in the results and discussion section. Experiment 3 is 

conducted inside a half cylinder covered by a 1-inch thick transparent acrylic plate as shown in figure 4-2 

(b) to ease visualizing the melting process around the copper pipe regardless of the thermal field data. 

Experiment 3 is incomparable to experiments 1 and 2 because of the size of the enclosure and PCM 

volume difference. The heat source is exposed to the half cylinder, so it is expected to melt faster than an 

enclosure that has double the amount of the PCM at fixed thermal conditions. The captured images and 

melting behaviour obtained from experiment 3 is further summarized and discussed in the results and 

discussion section. 
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4.3 Results and Discussion 

    

Time = 2 min Time = 76 min Time = 102 min Time = 126 min 

    

Time = 146 min Time = 188 min Time = 228 min Time = 260 min 

Figure 0-3: Images of melting front at eight different times for experiment 1. 

Figure 4-3 and figure 4-4 show the images of melting for experiments 1 and 2 along with the melting 

front location at different times. Figure 4-3 represents experiment 1 when the initial temperature in the 

heater is 34°C and the PCM is in solid phase at 20°C. As the PCM comes in contact with the heated pipe, 

the temperature of the PCM especially that are in contact with the heater increases (sensible heating) until 

the PCM reaches its melting temperature. Then the PCM surrounding the heater heats up (latent heating) 

absorbing thermal energy in terms of conduction heat. At the beginning of the melting process, 

conduction dominates the thermal energy transfer from the heater to the PCM as shown in figure 4-3. As 
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the melting continues, the thickness of the liquid PCM increases, and a weak circulation of liquid PCM is 

observed indicating the presence of natural convection heat transfer along with conduction heat transfer. 

The effect of natural convection intensifies as the melting progresses with strong circulation of liquid 

PCM. Hot liquid PCM moves upward due to this anti-clockwise circulation, thus increasing the rate of 

radial melting at the top of the cylindrical TES along with the heating from the heater. Therefore, PCM 

located in the upper layer melts first, and the melting front moves downward with the vessel shape; hence, 

this is the only behaviour of PCM melting visualized in figures 4-3 and 4-4. Images presented in figures 

4-7 is intended to visualize all melting behaviours of the PCM from inside. Figure 4-4 represents 

experiment 2 when the initial temperature in the heater is 40°C and the PCM is in solid phase at 10°C.  
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Time = 2 min Time = 14 min Time = 18 min Time = 20 min 

    

Time = 29 min Time = 33 min Time = 35 min Time = 39 min 

Figure 0-4: Images of melting front at eight different times for experiment 2. 
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Figure 0-5: Evolution of temperatures at different locations in the TES system and the heater for 

experiment 1. 
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Figure 0-6: Evolution of temperatures at different locations in the TES system and the heater for 

experiment 2. 
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Identical melting behaviour is observed for experiment 2, but less melting time is required due to larger 

temperature difference between the heater and the PCM for experiment 2. Also, the temperature 

difference between the heater and the melting temperature of the PCM is larger. In figure 4-6, almost 

identical trend in thermal field measurement is observed as in figure 4-5. But due to a higher temperature 

difference in experiment 2 between the PCM and the heater, the differences in slopes among the three 

temperatures at the beginning of melting is less compared to that of experiment 1. But the temperature at 

the bottom exceeds the melting temperature once melting is completed since higher heater temperature is 

set for experiment 2. In conclusion, a higher temperature difference between the PCM and the heater 

requires less time for melting and creates less temperature gradient in the axial direction compared to a 

less temperature gradient. 

    
Time = 0 min Time = 1 min Time = 4 min Time = 9 min 

    
Time = 14 min Time = 28 min Time = 42 min Time = 79 min 

Figure 0-7: Images of PCM melting around the copper pipe at eight different times for experiment 3. 
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Figure 4-7 shows the images of PCM melting around the copper pipe for experiment 3 at different times. 

The water inside the thermal regulator is heated up to 50°C, and the initial temperature of the solid PCM 

and the copper pipe is 0°C as shown in figure 4-7 at time = 0 minute. Once the heated water is bypassed 

to the copper pipe, the temperature of the PCM especially that are in contact with the heater increases 

(sensible heating) in a fraction of seconds until the PCM reaches its melting temperature. Then the PCM 

surrounding the heater heats up (latent heating) absorbing thermal energy in terms of conduction heat. At 

the beginning of the melting process, conduction dominates the thermal energy transfer from the heater to 

the PCM as shown in figure 4-7 at time = 1 minute. As the melting continues, the thickness of the liquid 

PCM increases, and a weak circulation of liquid PCM is observed indicating the presence of natural 

convection heat transfer along with conduction heat transfer as shown in figure 4-7 at times = 4, 9, 14 and 

28 minutes. The effect of natural convection intensifies as the melting progresses with strong circulation 

of liquid PCM. Hot liquid PCM moves upward due to this anti-clockwise circulation, thus increasing the 

rate of radial melting at the top of the cylindrical TES along with the heating from the heater. Therefore, 

PCM located in the upper layer melts first, and the melting front moves downward with the vessel shape 

as shown in figure 4-7 at times = 42 and 78 minutes. 

4.5 Conclusion 

Thermal energy storage is an excellent method to store thermal energy. PCMs are becoming increasingly 

vital for many engineering applications because of environmental concerns and the rising cost of fossil 

fuels. PCMs can be used for many waste heat recovery applications, such as buildings envelopes and 

equipment, buildings space heating and cooling, refrigeration systems, solar collectors and electronic 

products. The present study aims to improve the understanding of the fundamental of solid-liquid phase 

transition during melting, and a better characterization of the related heat transfer. To achieve this goal, an 

experimental setup was built up for the visualization of melting, melt front location, and the measurement 

of thermal field. The PCM melting behaviour around a heated copper pipe is influenced by conduction 

heat transfer between the heat source and the PCM, mixture of conduction and convection heat transfer 

and then dominated by convection heat transfer until the melting process completed. In future, 

nanoparticles will be added along with porous medium to study the complex heat transfer during phase 

change processes of PCMs. The feasibility of using nanoparticle in porous medium during phase change 

process will also be examined. 
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Chapter 5: Nanoparticle Enhanced Phase Change Material in 

Latent Heat Thermal Energy Storage System: An Experimental 

Study 

This chapter was published in the Proceedings of the International Conference of Energy 

Harvesting, Storage, and Transfer in Toronto, ON, on August 21-23, 2017. 

5.1 Introduction  

Phase change materials (PCMs) are extensively used as thermal energy storage materials 

because of their capability of storing and releasing large amounts of thermal energy during the 

phase change melting and solidification [1]. Due to environmental concerns and rise of fossil 

fuels cost, PCMs are becoming increasingly vital for many engineering applications such as, 

battery thermal management, electronic cooling, buildings space heating and cooling. In the 

current study, a cylindrical geometry is selected as it is considered most promising for 

commercial heat exchangers, because of its high efficiency in a minimum volume [2]. The 

primary disadvantage of PCMs is that they have relatively low thermal conductivity, which 

reduces their melting and solidification rates [1-2]. Many studies investigated heat transfer 

enhancement of PCMs in cylindrical enclosures [3 to 13]. Table 5-1 represents a summary of 

experimental and/or numerical studies that investigate different PCMs incorporating 

nanoparticles.  

Table 0-1: A summary of literature review. 

Authors 

Numerical/ 

Experimental/ 

Analytical 

Melting/ 

Solidification 

PCM / 

Melting 

Temperature 

Nanoparticles Purpose Results 

Jourabian et al. 

[3]  
Numerical Melting Water / 0°C 

Copper /  

2 & 4 vol.% 

Enhancing 

heat transfer 

by 2-D 

analytical 

analysis 

Nanofluid 

removes heat 

faster than pure 

liquid 

Dhaidan et al. 

[4]  

2013 

Numerical & 

Experimental 
Melting 

n-

octadecane / 

28°C 

Copper 

Oxide, 9nm / 

0, 1, 3 & 5 

wt.% 

Enhancing 

heat transfer 

by adding 

different 

weight 

fractions of 

nanoparticles  

 

More 

nanoparticles 

improve 

charging time, 

heat transfer 

rate, and 

thermal 
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Authors 

Numerical/ 

Experimental/ 

Analytical 

Melting/ 

Solidification 

PCM / 

Melting 

Temperature 

Nanoparticles Purpose Results 

conductivity 

 

Parsazadeh and 

Duan [5]   

Numerical & 

Experimental 
Melting 

Paraffin 

wax / 53-

57°C 

Copper 

Oxide 10nm / 

0 - 7 vol.% 

Improving 

heat transfer 

by adding 

nanoparticles 

in HTF 

The overall 

heat 

transfer rate 

between the 

HTF and the 

PCM increases 

with adding 

nanoparticles 

into the HTF 

Mahdi & 

Nsofor [6]  
Numerical Solidification 

Paraffin 

RT82 / 

76.85 - 

84.85°C 

Alumina / 3-

8 vol.% 

Investigating 

Paraffin RT82 

PCM 

performance 

by adding 

Aluminum 

Oxide  

Faster heat 

transfer rate 

with increase 

in volume 

fraction of 

nanoparticles 

Parameshwaran 

& Kalaiselvam 

[7] 

 

Numerical & 

Experimental 

Melting & 

Solidification 
 PCM / × 

Silver 

(AgNP) / 46 

nm & 54 nm 

/ 1 wt% 

Enhancing 

heat transfer 

by adding 

nanoparticles 

in PCM 

The system 

achieves an on-

peak 

energy savings 

potential of 

58% (per day 

average) 

compared to 

conventional 

air 

conditioning 

system 

Agyenim et al. 

[8] 

 

Numerical & 

Experimental 

Melting & 

Solidification 

Erythritol / 

117.7°C 
× 

Enhancing 

heat transfer 

by adding fins 

Heat transfer of 

finned tubes is 

enhanced 

Hosseini et al. 

[9] 

 

Numerical & 

Experimental 
Melting 

Paraffin / 

51°C 
× 

Investigating 

melting 

process of 

PCM in a tube 

37% 

encampment 

with increasing 

HTF to 80°C 

numerically 

Trp [10] 

 

Numerical & 

Experimental 

Melting & 

Solidification 

Rubitherm 

RT-30 / 

 27.55°C 

× 

Investigating 

heat transfer 

from HTF to 

PCM 

Thermal 

behaviour of 

melting and 

solidification 

are identical 

numerically & 

experimentally 

Diaconu et al. 

[11] 

 

Experimental Solidification 
Rubitherm 

RT6 / 6°C 
× 

Investigating 

heat transfer 

characteristics 

of PCM and 

water 

Phase change 

period values 

of the heat 

transfer 

coefficient of 
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Authors 

Numerical/ 

Experimental/ 

Analytical 

Melting/ 

Solidification 

PCM / 

Melting 

Temperature 

Nanoparticles Purpose Results 

PCM was 

significantly 

higher than 

water 

Pandiyarajan et 

al. [12] 

 

Experimental Melting 

Paraffin 

wax / 58-

60°C 

× 

Investigating 

heat storage in 

diesel engine 

exhaust with a 

finned 

cylinder 

15% of 

system’s heat 

is stored 

Turnpenny et 

al. [13] 

 

Analytical & 

Experimental 
Melting 

Glauber's 

Salt / 24.5-

27°C 

× 

Investigating 

heat transfer 

and model 

behaviour 

With a 

temperature 

deference of 

5°C, the heat 

transfer rate 

was 40 W for a 

melting 

period of 19 h 

The objective of the current study is to visualize transient melting when nano-PCM is used 

as a thermal energy storage medium instead of base PCM.  This study will further improve our 

understanding of the fundamental of solid-liquid phase transition during melting dynamical 

behaviour, and a better characterization of the related heat transfer.  

5.2 Experimental Setup and Procedures 

An experimental setup is built to carry out series of experiments for visualization. The 

experimental setup consists of two cylindrical LHTES systems, temperature regulator, K-type 

thermocouples, camera, NI data acquisition system, and a computer. Fig. 5-1 shows the 

experimental setup with all the different components. 
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Figure 0-1: Experimental setup showing Rubitherm and Copper Oxide nanoparticles on the left-

hand side and Rubitherm and Aluminum Oxide nanoparticles on the right of the test stand. 

The experimental setup is built to carry out two experiments with nano-PCM at the same 

time for comparison of transient melting using two different nanoparticles. In the current study, 

we consider two nano-PCMs in two different cylindrical LHTES systems. The vertical 

cylindrical LHTES is composed of two concentric pipes; the copper pipe (inner one), carrying 

water as a heat transfer fluid at a constant temperature and the annular space containing a nano-

PCM. The Plexiglas vertical cylinder has 4.45 cm internal diameter and 8.96 cm height. The 

water is continuously circulated by a built-in force/suction pump which has a maximum flow rate 

of 21 L/min. The water capacity is 2.8L. Also, the Polystat temperature regulator has a 

temperature range of 5-80°C, and it maintains the temperature to ±0.1°C. The temperature 

regulator requires 115V and 250W input power. A high definition Canon camera “EOS Rebel 

T2i model” is used to capture the melting images periodically. The laptop monitor is used to 

extract and save the periodic images through a wire connected to the camera. For the 

experimental procedure, the initial temperature of nano-PCM in the LHTES is 5°C. The 
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temperature regulator heats the water to 40°C. Then, it passes the heated water through the 

copper pipe in the centre of the cylindrical LHTES system. Meanwhile, the camera is capturing 

the melting process every 1 minute until the nano-PCM is completely melted. The captured 

images obtained from the experimental works are summarized and discussed in the results and 

discussion section. The detailed description of the experimental set up and procedure is also 

available in Muath et al. [14].  The mass fraction of Aluminum and Copper Oxide nanoparticles 

is 1%. The preparation of nano-PCM is completed in 2 steps: in step (1), nano-PCMs are 

prepared by mixing the liquid RT-18 with Aluminum or Copper Oxide with required mass 

fraction in a magnetic stirrer for 24 hours. In step (2), the mixture of PCM and nanoparticles is 

sonicated for 30 minutes in a sonicator. The nano-PCM is poured into the cylindrical LHTES 

system through the vent using a pressure syringe in multiple steps to ensure no air is trapped 

inside the enclosure. 

5.3 Results and Discussion 

Fig. 5-2 shows the images of melting of RT-18 when the temperature of water is 40°C and 

the initial temperature of solid phase RT-18 is 5°C. The overall images of Fig. 5-2 shows that 

solid PCM located in the upper layer melts first and the melting front moves downward with the 

cylindrical shape until the melting is completed.   

    

Time =1 min Time = 21 min Time = 35 min Time = 58 min 

Figure 0-2: Transient images of melting of RT-18. 

Fig. 5-3 shows the images of melting for the identical experimental conditions to that of Fig. 

5-2 for two different cases at different times. In Fig. 5-3, the right-hand side of the test stand 
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contains a mixture of Aluminum Oxide and RT-18 while the left-hand side contains a mixture of 

Copper Oxide and RT-18.  Melting behaviour remains the same to that of base PCM, RT-18 in 

Fig. 5-2. The qualitative results show a faster melting in Fig. 5-3, i.e., for both nano-PCMs. For 

base PCM, i.e., RT-18, 66 minutes is required for complete melting of solid PCM, while 

incorporating nanoparticles in PCM reduces the melting time to 58 minutes. But, a faster melting 

is observed while Copper Oxide nanoparticle is used compared to Aluminum Oxide 

nanoparticles. 
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Time=7 min Time=17 min 

  

Time=28 min Time=46 min 

  

Time=50 min Time=58 min 

Figure 0-3: Visualization of transient melting; left hand side of the test stand contains RT-18 and Copper Oxide 

nanoparticles and on the right-hand side contains RT-18 and Aluminum Oxide nanoparticles. 
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5.4 Conclusion 

The current study aims to qualitatively observe the transient melting of RT-18 and compare 

the melting process and melting time while Copper and Aluminum Oxide nanoparticles are 

mixed with RT-18. To achieve this goal, an experimental setup is built up for the visualization of 

melting and melt front location. The results show that melting behaviour remains the same for 

the base PCM and nano-PCMs, while a faster melting rate is observed for Copper Oxide 

nanoparticles than Aluminum Oxide. In future, different nanoparticles with different volume 

fractions will be incorporated along with porous medium to further enhance the heat transfer 

during phase change processes of PCMs.  
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Chapter 6: Solidification of Paraffin-Based Phase Change Materials 

Inside an Annular Space 

The abstract of this chapter was submitted for the "American Society of Mechanical Engineers 

ASME 2017 Summer Heat Transfer Conference SHTC in USA, WA, Seattle on July 2017". The 

detail research work was presented on July 10, 2017. The abstract is presented in this chapter, 

and the presentation slides are presented in the appendices (A). 

6.1 Abstract 

The primary objective of this study is to investigate both experimentally and numerically the 

transient behaviour of the solidification process and the dynamic of the solid-liquid interface in a 

vertical cylindrical thermal energy storage system (TESS) containing a paraffin-based phase 

change material (PCM). Experimental studies are performed using Rubitherm (RT-18) from 

Rubitherm GmbH and compared with numerical simulations using COMSOL Multiphysics 

software. The cylindrical TESS is composed of two concentric pipes; with the inner one carrying 

a heat transfer fluid at a constant temperature and the annular space containing a PCM. The 

initial temperature of the PCM is 30C while the temperature of the heat transfer fluid is 10 C. 

The experiment shows that solidification process of RT-18 follows five distinct patterns. At the 

beginning, solidification process is dominated by conduction heat transfer; PCM solidifies along 

the inner pipe and conforms a shape of a vertical cylinder. This region is called conduction 

region. As time advances, natural convection appears at the bottom of the cylindrical TESS. A 

thicker region of solid PCM at the bottom of the cylindrical TESS occurs due to the natural 

convection boundary layer formation. But, above this natural convection region, heat transfer is 

still dominated by conduction heat transfer. This region where heat transfer is due to a 

combination of conduction at the top and convection at the bottom is called mixed region. In the 

mixed region, the vertical height of the natural convection dominated region grows as time 

advances and reaches to the top end of the TESS. At this point, solid PCM region conforms a 

“nearly inverted shape of truncated cone”. Solidification process of liquid PCM is entirely 

dominated by natural convection cooling beyond this point, which is called convection region. 

As time advances further, the bottom part of solid PCM touches the outer wall of cylindrical 

TESS. From this point the height of the liquid PCM shrinks as cooling continues while the heat 
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transfer is still dominated by natural convection heat transfer until the solidification process 

completes. This region is called shrinking liquid region. Beyond this point, the temperature of 

the solid PCM drops sensibly to the temperature of the heat transfer fluid and conduction is the 

only mode of heat transfer. This region is called sensible solid region. Results obtain from 

numerical simulations exhibit similar solidification patterns however, the time requires for 

solidification is longer in numerical simulations.  
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Chapter 7: Investigation of Latent Heat Thermal Energy Storage 

System for Air-Conditioning Application 

This chapter is published in the Proceedings of The Canadian Society for Mechanical 

Engineering International Congress on May 27-30, 2018 Toronto, ON, Canada. 

7.1 Introduction 

Buildings use approximately 40% of the total energy consumed in USA followed by industry 

and transportation [1]. Approximately $370 billion US dollar is spent each year to supply this 

energy and thus reduction in energy consumption is extremely important [2]. One of the most 

efficient and reliable ways to reduce energy consumption is the use of PCMs in LHTES system 

[3]. Solid-liquid PCM have long been adopted as a thermal energy storage medium in LHTES 

system. Typically, a LHTES system consists of: (a) a PCM, (b) a container and (c) a thermal 

conductive surface for exchanging heat with the PCM [4, 5], a heat exchanger. In a typical 

LHTES system, a large amount of thermal energy is absorbed or released by the PCM during its 

nearly constant temperature phase change processes.  

PCMs can be classified into (i) non-organic compounds (e.g., salt hydrate, metals, alloys) and 

(ii) organic compounds (e.g., wax). Organic PCMs can be further divided into (i) paraffinic 

PCMs (e.g., wax) and (ii) non-paraffinic PCMs (e.g., fatty acid). Paraffinic PCMs have 

extensively been used in LHTES system design because of their high latent heat of fusion, wide 

range of phase change temperatures, and good chemical stability [6]. Another advantage of 

paraffinic PCMs is that they have unlimited numbers of cycles [7]. However, PCMs have low 

thermal conductivity which results in reduction of the rate of melting and solidification of the 

PCMs [3]. Therefore, there are several ways to increase the performance of PCMs, such as using 

fins [8].  

Bechiri and Mansouri [9] analyzed charging and discharging paraffin PCM in a shell and tube 

heat exchanger analytically. Anisur et al. [10] performed a 2-D analysis on a double wall circular 

tube heat exchanger with paraffin PCM for air cooling application. Heat Transfer Fluid (HTF) 

flow, pipes sizes and different radius of the PCM container were investigated analytically. Air 
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was used as HTF, and the highest co-efficient of performance (COP) of the system was 

calculated to be 8.79.  

Anisur et al. [11] analytically and experimentally studied melting of PCM in a shell and tube 

heat exchanger for air cooling applications. They used Heptadecane PCM which had a melting 

point temperature of 22.33°C. The analytical result was validated with the experimental result, 

and the COP of the system was calculated to be 4.16. Nithyanandam and Pitchumani [12] 

performed a numerical analysis on charging and discharging of PCM in finned heat pipes for 

concentrated solar power applications. The authors observed an enhancement of heat transfer by 

adding vertical fins, the larger the number of fins, the higher the heat transfer. Liu et al. [13] 

investigated melting characteristics of Paraffin PCM surrounding heat pipes. They found that 

when the inlet temperature of the heat pipe is increased, the total heat storage capacity and heat 

storage rates are increased. Also, the total heat storage capacity and heat storage rates are 

increased with decreasing the initial temperature of heat storage material. Khalifa et al. [14] 

performed an experimental and numerical study on PCM solidification around tube integrated 

with vertical fins versus a bare tube for solar thermal power generation application. Their 

findings illustrated that heat transfer performance was improved 24% compared to a bare tube.  

Khalifa et al. [15] performed an experimental investigation on solidification of a high 

temperature PCM in a finned heat pipe duct. A significant improvement in the heat transfer rate 

was observed for the finned heat pipe case especially during later times of the solidification 

process. Li et al. [16] experimentally studied the melting and solidification of PCM in a flat heat 

exchanger with heat pipes. The system’s performance showed a uniform temperature across the 

heat exchanger and an increase in the heat transfer inside the PCM. Rahimi et al. [8] performed 

an experimental analysis on melting and solidification of PCM inside a thermal energy storage 

system using copper pipes and aluminum fins. They found that when the aluminum fins were 

added to their system, the heat transfer in the PCM was increased. Other studies [17, 18] 

experimentally investigated melting performance of PCMs by using heat pipes. They studied the 

performance of their systems with increasing the heat pipe numbers and increasing the power 

input of the heat pipes. An enhancement of heat transfer was observed with increase in the 

numbers of heat pipes and input power of heat pipes.  
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Based on the literature review above, there is a lack of experimental studies that examined the 

effect of solidification (heat discharging) of PCMs with copper fins. The objective of this study 

is to compare the performance of a tube heat exchanger and finned-tube heat exchanger 

experimentally. RT-18 Rubitherm is used as PCM, and water is used as a heat transfer fluid 

(HTF). To compare the performance, transient temperatures are measured at different locations 

and visualization of the solidification process is performed. This information will enable us to 

assess the performance of heat exchanger with fins and help to able to understand the 

fundamental of liquid-solid phase transition and heat transfer during solidification of PCM. 
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7.2 Experimental Setup and Procedures  

7.2.1 Description of the Experimental Setup 

 

Figure 0-1: Schematic diagram of the (a) experimental setup and (b) components of thermal energy storage system 

(TES). 

An experimental set-up was designed and built in order to visualize and investigate the 

solidification process of the PCM in LHTES system. Figure 6-1(a) shows a schematic diagram of 

the experimental set-up, and figure 6-1(b) shows the finned TES system. The experimental set-

up in figure 6-1(a) consists of a (Polystat recirculator, model: 13042-01, supplier: Cole-Parmer) 

that controls water inlet temperature; a water pump (model: FP1, supplier: Cole Parmer), and a 
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series of valves to regulate water flow rate; a digital flow meter (model: RT-375MI-LPM2, 

supplier: Blue-White) and the heat storage system. The set-up allows replacing readily the heat 

exchanger with no changes in the rest of equipment. 32 K-type thermocouples (model: 5TC-TT-

K-30-36, supplier: Omega) were installed at different locations inside the TES system and the 

copper pipes to record temperatures at different times. These measurements were performed to 

ensure that the PCM was well distributed within all pipes and sheets. Temperatures were 

recorded as function of time in a computer via the DAQ system (model: NI9213, supplier: 

National Instruments) using LabView software (version: 15, supplier: National Instruments). A 

digital camera (model: EOS rebel T5, supplier: Canon) is connected to the computer to capture 

the images during the experiment periodically. The external surface of the TES system was 

totally covered with insulation foam to minimize heat losses. For both pipes and finned-pipes 

heat exchangers, the following temperatures measurements were taken: ambient temperature; 

water inlet and outlet temperatures of the TES system; water inlet and outlet temperatures for 

each U-shaped copper pipe; and halfway between water inlet and outlet of each U-shaped copper 

pipe (at the bottom point). The rest of the 17 thermocouples were distributed evenly through the 

PCM for the pipes heat exchanger. To measure the temperature distribution across the copper 

sheet wall for the finned-pipes heat exchanger, 5 thermocouples were distributed in the middle 

copper sheet (4 corners and 1 in the center). To measure the temperature distribution across the 

PCM, 12 thermocouples were evenly distributed in three elevations (4 corners for each 

elevation). The TES system in figure 6-1(b) consists of a transparent acrylic container filled with 

a PCM, copper pipes and copper sheets. The outer surface of the TES system was made of a 30-

cm height, 24.5-cm width and 20-cm depth. The thickness of the transparent acrylic wall is 1-cm 

(supplier: McMaster Carr). The used PCM is Rubitherm (RT-18) (supplier: Rubitherm) that has a 

solidifying range of 19°C-17°C, heat storage capacity of 250 kJ/kg, and a max operation 

temperature of 48°C. The volume of PCM was 0.01 m3. Four U-shaped vertical copper pipes of 

a diameter of 0.9525 cm (0.375 inch) were passed through the center of the PCM. Pipes were 

distributed evenly from each side: 6-cm away from the front and back walls and 1-cm away from 

right and left side walls. These copper pipes carried water as the heat transfer fluid during the 

experiment. Eight horizontal copper sheets of 21.5-cm width, 16.5-cm depth, and 1-mm 
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thickness are aligned on the base with 3-cm spacing between them. The fins were soldered to the 

pipes to minimize the thermal contact resistance between the heat exchanger parts. 

7.2.2 Experimental Procedures  

The experiments were conducted in several steps. First, the TES system was filled with RT-18 

PCM. Second, the temperature of the PCM was heated up to about 20°C (liquid phase). Third, 

the water of thermal regulator was cooled down to 5°C and supplied to the TES system through 

the copper pipes. Meanwhile, the temperatures of the water flow, copper sheets and PCM were 

recorded at each 10 second. Also, images of the solidification process were captured at each 10-

minute interval.  

7.3 Results and Discussion 

7.3.1 Temperature Distribution of the Solidification Process   
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(a) (b) 

Figure 0-2: (a) Temperature distribution (°C) versus time (second) for solidification process inside the pipe heat 

exchanger and (b) Temperature distribution (°C) versus time (second) for solidification process inside the finned-

pipe heat exchanger. 

Figures 6-2 (a) and (b) present periodic average temperature variation of the pipes, PCM and 

fins at different locations inside the TES system. The red curve represents the average PCM 

temperature while the average temperature of the pipes is presented in the blue curve. For the 
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finned-pipes heat exchanger, the green curve represents the fins temperature. In general, the 

PCM is liquid when its temperature is higher than the melting point temperature (18°C), and it 

solidifies when its temperature is lower. Initially, the PCM is liquid, and the temperature of the 

PCM is 20°C. The solidification process is initiated when cold water at 5°C is bypassed through 

the copper pipes. The liquid PCM around the tube absorbs thermal energy from the cold water 

(HTF) via the tube surface, removes the sensible heat of the PCM and drops the temperature 

down to the freezing point. The PCM starts solidifying around the tube in the radial direction 

when the temperature drops below freezing point temperature. The thickness of the solid PCM 

grows with time around the tube. This solid PCM around the tube then behaves as an insulation 

material due to its low thermal conductivity compared to the copper tube material and slowed 

down the solidification process. Heat transfer through the solid PCM is dominated by conduction 

and as the thickness of the solid PCM increases around the tube, the heat transfer from the tube 

surface is further reduced. This reduction in heat transfer enhances the solidification time for a 

bare tube case. Adding horizontal copper fins decreases the thermal resistance during the 

solidification process and enhances the solidification time. The average PCM temperature of 

pipe heat exchanger results shown in figure 6-2 (a) reached to 8.5°C after 75000 seconds of 

cooling. The results of the finned-pipe heat exchanger in figure 6-2 (b) showed that the average 

PCM temperature reached to 8.5°C after 19000 seconds of cooling. When the fins were added to 

the TES system, 54000 seconds was reduced which was equivalent to a reduction of 75% time 

for solidification for the experimental conditions. 
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7.3.2 Visualization of the Solidification Process 

Pipe Heat Exchanger 
Finned-pipe Heat 

Exchanger 

Pipe Heat Exchanger Finned-pipe Heat 

Exchanger 

    
(a): 0 s (e): 9000 s 

    
(b): 1800 s (f): 12600 s 

    
(c): 5400 s (g): 19800 s 

   

 

(d): 7200 s (h): 79200 s 

Figure 0-3: Different visualization captures for different times of the solidification experiments of the pipe heat 

exchanger versus finned-pipe heat exchanger. For the finned-pipe heat exchanger, the solidification process ends at 

19800 s and that is why no figure is provided to the last row (h) in the right column. 
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Figure 6-3 shows visualization pictures captured of the solidification experiments of the pipe 

heat exchanger versus finned-pipe heat exchanger for different times from 0 second to 79200 

seconds (a-h). The left column represents the pipe heat exchanger experiment, and right column 

represents finned-pipe heat exchanger experiment. Each row represents a visualization 

comparison between pipe heat exchanger versus finned-pipe heat exchanger for the same 

boundary and thermal conditions at a certain time. In general, the PCM is liquid when its 

temperature is higher than the melting point temperature (18°C), and it solidifies when its 

temperature is lower. At 0 second, the PCM is liquid, and the temperature of the PCM is 20°C. 

The solidification process is initiated when cold water at 5°C is bypassed through the copper 

pipes any time after 0 second. It is observed that the amount of the solid PCM increases with 

time progression for both heat exchangers. Also, it is noticed that the amount of the solid PCM in 

finned-pipe heat exchanger is higher than the pipe heat exchanger.  

7.4 Conclusion  

Thermal performance of tube and finned tube heat exchanger was performed experimentally. An 

experimental set-up was constructed to investigate the solidification process of two heat 

exchangers (pipe heat exchanger versus finned-pipe heat exchanger). The PCM used in this study 

was RT-18 that has a melting point temperature of 18°C. Water was used as heat transfer fluid. 

Two experiments were performed under identical initial, thermal and boundary conditions to 

investigate the performance of pipe heat exchanger versus finned-pipe heat exchanger. Periodic 

temperature distribution and visualization results of the solidification process inside the TES 

system were presented. Generally, the PCM is liquid when its temperature is higher than the 

melting point temperature (18°C), and it solidifies when its temperature is lower. Also, PCM 

releases heat as it solidifies. Results for both heat exchangers showed that the amount of the solid 

PCM increases with time progression. Temperature distribution results indicated that the amount 

of the solid PCM in finned-pipe heat exchanger is higher than the pipe heat exchanger at a fixed 

time. To reach 8.5°C in the solidification process, the average PCM temperature of pipe heat 

exchanger needed 75000 seconds and the average PCM temperature of finned-pipe heat 

exchanger needed 19000 seconds. Therefore, 54000 seconds is reduced once the fins were added 
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to the TES system which is equivalent to a reduction of 75% time for solidification for the 

experimental conditions. In future the effects of fin number, height, and thickness on the 

solidification process will be investigated. 
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Chapter 8: PCM Integrated Thermoelectric Medicine Cooling 

System for Remote Applications 

This chapter was presented in Guelph Engineering Symposium in Guelph, ON, CA, on 2016. The 

title of the presentation is “Cold Chain Solution for Medical Industry”.  

8.1 Introduction 

Medical products can lose their quality when they are stored in the uncontrolled temperature 

storage. Medical products such as medications and vaccines must be stored within the specified 

temperature range to ensure their quality during storage and transportation [1]. Therefore, it is 

recommended by the World Health Organization that medications and vaccines must be kept in 

the temperature-controlled storage from their production until their usage [1]. Chatterjee and 

Pandey [2] performed experiments on a thermoelectric (TE) cold-chain vaccine cooler for remote 

applications. A TE vaccine cooler was able to maintain the storage temperature from +2°C to -

17°C with ambient temperature at 45°C. Güler and Ahiska [3] developed microprocessor 

controlled portable TE medical cooling kit. Their [3] experiments showed that temperature inside 

cooling kit was maintained between 6°C to 10°C during transportation.   Field [4] investigated a 

small TE – Photovoltaic (PV) medical storage refrigerator for developing world where electric 

power is not available. Combined TE – PV cooling system had a Coefficient of Performance 

(COP) of 0.018 at the temperature difference of 40°C [4]. Sofrata [5] experimentally investigated 

a small TE refrigerator powered by solar PV collectors. Results showed that at 25°C of ambient 

temperature, TE cooler maintained the refrigerator's temperature at -3°C with a 12V power input. 

Onyegegbu [6] performed theoretical and experimental investigation of a TE refrigerator 

powered by solar PV panel.  Results showed that when the mean intensity of the solar radiation 

is 785 W/m2, the TE refrigerator maintained the temperature at 16°C while the ambient 

temperature was at 26°C [6].  He et al. [7] experimentally and theoretically analyzed TE air 

conditioning in different climate situations assisted by the solar PV-thermal panel. The system 

was able to maintain the temperature at 22°C in the winter time when the ambient temperature 

was 3°C [7]. Also, results showed that the system obtained a COP of 1.7 [7]. Alomair et al. [8] 

performed theoretical analysis and conducted experiments on the TE cooler system driven by 

solar PV panel. In 47 minutes, the system was able to remove heat from 0.6 m3 cooled space 

http://www.sciencedirect.com/science/article/pii/S135943110200039X
http://www.researchgate.net/researcher/2018084994_Rasit_Ahiska
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with a temperature difference of 12.8°C [8]. The system was able to maintain the cooled space 

temperature at 9°C, when the ambient temperature was 21.8°C [8]. Faraji et al. [9] performed 

experiments on TE liquid chiller system with 430 ml capacity.  Results [9] showed that COP in 

the range of 0.2 to 1.4 could be obtained using forced convection.  Cheng et al. [10] performed a 

3-D theoretical analysis and numerical simulations to investigate the time dependent thermal 

behavior of TE coolers. Cheng et al. [10] concluded that the COP of cooler increases with 

increasing input current. However, heat losses from the side surfaces to the surrounding 

environment significantly reduced the COP. Du and Wen [11] conducted numerical analysis for 

a single stage TE cooler considering Thomson effect. Their [11] study concluded that by 

maintaining positive Thomson heat, the cooling performance of a single stage TE cooler could 

be improved. Huang et al. [12] conducted theoretical and experimental studies to identify the 

performance characteristics of a TE water cooling system for electronic cooling applications. 

Huang et al. [12] concluded that the TE cooler could enhance the thermal performance of 

conventional water-cooling device for a heat load below 57 W. Alomair et al. [13] theoretically 

analyzed and experimentally investigated a chiller system driven by solar PV panel. Results 

indicated that the TE chiller was able to reach a temperature difference of 16°C while the 

ambient temperature was at 24°C. Wahab et al. [14] performed experiments on a portable low- 

cost TE refrigerator driven by the solar PV panel to maintain perishable food in remote areas in 

Oman. The refrigerator temperature decreased to 5°C from an initial temperature of 27°C in 44 

minutes of the operation with a COP of 0.16 [14].  

Additionally, TE based cooling systems have been investigated with a variety of different other 

applications. For example, TE based cooling system was used to maintain laser temperature 

inside solar space power system [15]. Results [15] showed that the heat pumping capacity of a 

TE cooling system increased with the increase in an electric current input but a COP of the 

system decreased significantly. Wang et al. [16] optimized TE materials and different heat sink 

configurations, Hwang et al. [17] developed a multistage micro TE cooler to cool Micro-Electro-

Mechanical Systems (MEMS), Lee and Kim [18] performed numerical analysis of a micro TE 

cooler, and Da Silva and Kaviany [19] studied interfacial thermal and electrical transport at the 

interfaces of TE and metal films. Other studies [20-25] theoretically analyzed different TE cooler 

systems. 
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Based on the literature reviewed, it can be concluded that the research work on a solar TE 

medicine cooling system with energy storage system is very limited. Therefore, in this paper, a 

portable TE medicine cooler with the energy storage system driven by solar energy is 

investigated. A liquid energy storage system is added to the system to maintain the medicine 

cooler temperature at the desired temperature for the longer time period. An experimental 

analysis is performed to identify the performance characteristics of the proposed system.  

8.2 Experimental set-up 

 

Figure 0-1: Schematic diagram of the solar-TE medicine cooler system. 

 

Figure 8-1 shows the schematic diagram of a solar TE medicine cooler system with main 

components. The main components of the solar TE medicine cooler system are solar PV panel, 

TE cooler, battery package, and medicine storage. The solar PV system consists of a PV panel, 

power controller and a power storage system. For the solar panel, a polycrystalline solar 

photovoltaic panel is used with a size of 1638 mm  982 mm  40 mm. The solar photovoltaic 
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panel operates an optimum voltage of 29.4 V with 225 W of maximum power generation. 

Through the power controller, the solar PV panel is connected to the power storage system. The 

power collector specifications are as follow: total battery voltage of 60 VDC, maximum output 

current of 80 A at 40 °C, maximum voltage of 150 VDC, and a power conversion efficiency of 

97.5%.  Four batteries in the power storage system are connected in series and in parallel for the 

solar PV panel. The power storage system has a total voltage of 48 V. Each battery has 

specifications of 12V, 210Ah/20HR, float charge: 13.6~13.8V/25 °C, cycle charge: 

14.5~14.9V/25 °C, maximum charging current is 42A.  

 

 

Figure 0-2: Schematic diagram of the TE medicine cooler system. 

 

Figure 8-2 shows the schematic diagram of the used TE medicine cooler system with all 

components. The TE cooler consists of a condenser fan, a condenser heat sink, a TE module, a 

heat spreader in the evaporator side surrounded by a thermal insulation, an evaporator heat sink, 

and an evaporator fan. TE module used in the medicine cooler system is made of Bismuth 
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Telluride (Bi-Te) semiconductor material. Bi-Te possesses the Seebeck coefficient, thermal 

conductance, and electrical resistance of 455 V/K , 2.04 KmW / , and of 32 m , respectively. 

TE module is covered with ceramic plates at hot and cold junctions with one end thermally 

conductive and electrically non-conductive. The TE module is pressed between two aluminum 

heat spreaders blocks at the condenser side and the evaporator side. Two aluminum heat sinks 

are attached tightly to the aluminum heat spreader blocks. An aluminum fin heat sink is attached 

to the evaporator side of the TE cooler with cross-sectional area of 2.1  2.1 mm2 and height of 

17.5 mm. On the evaporator side of the TE module, the overall dimensions of heat spreader 

metal block, heat sink pins and the fan is 80 mm  80 mm  25 mm. The condenser side of the 

aluminum heat spreader block with diameter of 2.1 mm and height of 32.5 mm is attached. On 

the condenser side of the TE cooler, the overall dimensions of heat spreader metal block, heat 

sink pins and the fan is 80 mm  80 mm  40 mm.  

 

 

Figure 0-3: Experimental setup with different components of the system. 

 

Figure 8-3 shows the experimental setup with different equipment of the system including power 

supplies. Medicine cooler has an overall dimension of 104.16 m3. The medicine cooling space 

has dimensions of 31 cm  21 cm  16 cm with wall thickness of 4 cm. Walls of medicine cooler 

are made of styrofoam material with thermal conductivity of 0.033 Wm-1k-1. The TE cooler is 
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installed on the lid of the medicine cooler. A temperature controller is used to maintain the 

temperature at a desired level by a thermocouple located in the center of the medicine cooler. 

The TE medicine cooler system is turned on until the cooled space reaches the desired 

temperature. Whenever the cooled space reaches the desired temperature, the temperature 

controller turns off the TEMC system. This cooling and natural heating process takes time so that 

a computer is used to monitor the experimental data. National Instrument 2013 LabView 

(Version 13.0F1) software is installed in the computer to assist recording experimental data. 

Through the LabView software, a National Instrument (NI-USB-9162) 4 channel DAQ system 

(k-type thermocouples) is conducted to monitor temperatures. The 4 channel DAQ system 

monitors temperatures in different levels in the cooled space located from the base (1st 7 cm 2nd 

15 cm 3rd 22 cm), and the 4th is located outside for the ambient temperature.  

8.3 Results and discussions 

The medicine cooler system is proposed to carry out series of experiments with different voltages 

and electric currents to test the performance. Variations of temperature with time of the solar-

TEMC system for different conditions are presented below. Also, power input and cooling down 

period of the medicine cooler system is investigated. 
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Figure 0-4: Shows air temperature variation in the cooled space with time for multiple 

experiments. 

 

Figure 8-4 shows air temperature fluctuations of cooled space with time for different 

experiments at different voltages and currents. An average air temperature is obtained and 

plotted in the figure for each experiment. For all experiments, the average ambient temperature is 

TH = 22oC while the set temperature of the cooled space is TL= 5oC. Small temperature 

fluctuations are observed. In general, the controller’s thermostat is placed inside the cooled space 

in the center. The temperature controller turns on the TE module when the controller’s 

thermostat senses the cooled space temperature over the set temperature (5oC). The temperature 

controller has an accuracy of  1oC. Through the walls, heat gain slightly increases the 
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temperature of the cooled space. Moreover, fans of the evaporator and condenser continuously 

turned on to remove additional heat as long as the TE module surface of the evaporator side is 

cooler than the cooled space temperature. The temperature controller turns off the TE module 

when the controller’s thermostat senses the desired temperature (5oC).  

The black line represents the first experiment at 4 volts and 1.1 amperes. It can be seen that the 

temperature decreased to its maximum temperature drop of (9oC). Therefore, TEMC never 

reaches the desired temperature (5oC) in the cooled space. Moreover, fans of the evaporator and 

condenser continuously turned on to remove additional heat as long as the TE module surface of 

the evaporator side is cooler than the cooled space temperature. Under these conditions, in 01:38 

hour the medicine cooler creates a temperature difference (∆T) of 11oC. The green line 

represents the second experiment at 6 volts and 1.7 amperes. In this condition, the TEMC 

reaches the desired temperature in the cooled space in 01:16 hour. The medicine cooler creates a 

temperature difference (∆T) of 17oC. The blue line represents the third experiment at 8 volts and 

2.6 amperes. In 44 minutes, the medicine cooler reaches the desired temperature in the cooled 

space with a temperature difference (∆T) of 17oC. The fourth experiment is presented in the light 

blue line at 10 volts and 2.7 amperes. Under this condition, in 34 minutes the medicine cooler 

creates a temperature difference (∆T) of 17oC. Fifth experiment is presented in the yellow line at 

12 volts and 3.5 amperes. In this condition, the TEMC reaches the desired temperature in the 

cooled space in 38 minutes with a temperature difference (∆T) of 17oC. The next experiment is 

presented in the pink line at 12 volts and 4 amperes. To create a temperature difference (∆T) of 

17oC, the medicine cooler required 30 minutes. The red line presents experiment number 7 at 16 

volts and 4.6 amperes. In 27 minutes, the medicine cooler creates a temperature difference (∆T) 

of 17oC. 
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Figure 0-5: Shows the heat removal rate LQ as a function of temperature difference T between 

ambient temperature and cooled space temperature at different power input values. 

 

Figure 8-5 shows the heat removal rate LQ  as a function of temperature difference T between 

ambient temperature and cooled space air temperature at different values of voltages and 

currents. It can be seen that most experiments have the same curve trend. If the system runs with 

4V or 16V, the cooling system is able to remove different values of maximum heat from the 

Medicine Cooler. For example, the red curve with red circles represents a fixed power input of 

Pin=73.6W. It can be observed that an inverse relationship occurs between heat removal rate 

LQ and the temperature difference T . Heat removal rate LQ increases with decreasing the 
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temperature difference T  until reaching the maximum removable heat from the system LQ = 

1.66 W. It is noticed that more heat can be removed from the system with increasing the power 

input.  
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Figure 0-6: Shows the heat removal rat LQ  as a function of temperature difference T  between 

ambient temperature and cooled space temperature at 4 volts and 1.1 ampere. 



 

 

95 

 

T (
o
C )

Q
L

(W
)

0 5 10 15 20
1.2

1.3

1.4

1.5

1.6

1.7

Exp7: 16V , 4.6A , P
in

=73.6W

 

Figure 0-7: Shows the heat removal rate LQ as a function of temperature difference T between 

ambient temperature and cooled space temperature at 16 volts and 4.6 ampere. 

 

Figure 8-6 and figure 8-7 show the heat removal rate LQ  as a function of temperature difference 

T between ambient temperature and cooled space temperature at maximum and minimum 

voltages and currents for each figure. For figure 8-6, power input is fixed to be Pin=4.4W, and 

power input is fixed for figure 8-7 at Pin=73.6W. It can be observed that an inverse relationship 

occurs between heat removal rate LQ and the temperature difference T . In figure 8-6, heat 

removal rate LQ increases with decreasing the temperature difference T  until reaching the 
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maximum removable heat from the system LQ = 1.43 W. From figures 8-6 and 8-7, it is noticed 

that more heat can be removed from the system with increasing the power input.  
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Figure 0-8: Shows air temperature variation in the cooled space with time for a set temperature 

of (0oC). 

 

Figure 8-8 shows air temperature fluctuations of air at different location levels inside the cooled 

space with time at 12V and 3.5amp. The ambient temperature is TH = 21.5oC while the set 

temperature of the cooled space is TL= 0oC. A small temperature fluctuation is observed. The 

colored lines represent the air temperature in deferent levels inside the cooled space. The red 
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line, green line and blue line represent top thermocouple, center thermocouple and bottom 

thermocouple respectively.  In this case, the controller’s thermostat is placed inside the cooled 

space in the center. The temperature controller turns on the TE module when the controller’s 

thermostat senses the cooled space temperature over the set temperature (0oC). The temperature 

controller has an accuracy of  1oC. It can be seen that temperature controller never senses the 

desired temperature (0oC). Through the walls, heat gain increases the temperature of the cooled 

space. Therefore, fans of the evaporator and condenser continuously turned on to remove 

additional heat as long as the TE module surface of the evaporator side is cooler than the cooled 

space temperature. However, the TEMC reaches (5oC) in the cooled space in 38 minutes with a 

temperature difference (∆T) of 17oC. 
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Figure 0-9: Shows air temperature variation and medicine temperature variation in the cooled 

space with time for a fixed power input (Pin) of 10.2W. 

 

Figure 8-9 shows temperature fluctuations of air and temperature fluctuations of 100ml of 

medicine (Water) with time for a fixed power input (Pin) of 10.2W. An average room air 

temperature is obtained and plotted in red curve in the figure. The green curve represents the 

liquid medicine temperature. The ambient temperature is TH = 22.2oC while the set temperature 

of the cooled space is TL= 5oC. Small temperature fluctuations are observed. In general, the 

controller’s thermostat is placed inside the cooled space in the center. The temperature controller 

turns on the TE module when the controller’s thermostat senses the cooled space temperature 

over the set temperature (5oC). The temperature controller has an accuracy of  1oC. Through 
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the walls, heat gain slightly increases the temperature of the cooled space. Moreover, fans of the 

evaporator and condenser continuously turned on to remove additional heat as long as the TE 

module surface of the evaporator side is cooler than the cooled space temperature. The 

temperature controller turns off the TE module when the controller’s thermostat senses the 

desired temperature (5oC). Series of similar experiments were conducted for variations of power 

inputs which will be discussed in the following graph.  
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Figure 0-10: Shows medicine temperature variation in the cooled space with time for multiple 

power inputs (Pin) 10.2W- 70.4W. 

Figure 8-10 shows temperature fluctuations of 100ml of medicine (Water) with time for multiple 

power inputs (Pin) of 10.2W- 70.4W. Series of experiments were conducted for variations of 

power inputs. The average ambient temperature is TH = 22.5oC while the set temperature of the 

cooled space is TL= 5oC. Small temperature fluctuations are observed. In general, the controller’s 

thermostat is placed inside the cooled space in the center. The temperature controller turns on the 
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TE module when the controller’s thermostat senses the cooled space temperature over the set 

temperature (5oC). The temperature controller has an accuracy of  1oC. Through the walls, heat 

gain slightly increases the temperature of the cooled space. Moreover, fans of the evaporator and 

condenser continuously turned on to remove additional heat as long as the TE module surface of 

the evaporator side is cooler than the cooled space temperature. The temperature controller turns 

off the TE module when the controller’s thermostat senses the desired temperature (5oC).  

 

The green line represents the first experiment at power inputs (Pin) of 10.2W. In this condition, 

the liquid medicine reaches the desired temperature in the cooled space in 04:02 hour. The 

cooled medicine creates a temperature difference (∆T) of 17.5oC. The blue line represents the 

second experiment at power inputs (Pin) of 18.4W. In 03:00 hours, the liquid medicine reaches a 

temperature (T) of 7oC in the cooled space with a temperature difference (∆T) of 15.5oC. The 

third experiment is presented in the light blue line at power inputs (Pin) of 28W. Under this 

condition, in 03:17 hours the liquid medicine creates a temperature difference (∆T) of 15.5oC. 

Furth experiment is presented in the yellow line at power inputs (Pin) of 38.4W. In this condition, 

the liquid medicine reaches a temperature (T) of 7oC in the cooled space in 03:17 hours with a 

temperature difference (∆T) of 15.5oC. The next experiment is presented in the pink line at 

power inputs (Pin) of 56W. To create a temperature difference (∆T) of 15.5oC, the liquid 

medicine required 03:17 hours. The red line presents experiment number six at power inputs 

(Pin) of 70.4W. In 03.33 hours, the liquid medicine creates a temperature difference (∆T) of 

15.5oC. A practical scenario was created to check the medicine cooling space temperature 

behavior. The practical scenario is presented in figures 8-11.  
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Figure 0-11: Shows air temperature variation and a variation of 100ml of medicine temperature 

in the cooled space with time for a fixed power input (Pin) of 64W. 

 

Figure 8-11 shows temperature fluctuations of air and a variation of 100ml of medicine 

temperature in the cooled space with time for a fixed power input (Pin) 64W. An average room 

temperature is obtained and plotted in red curve in the figure. The green curve represents the 

liquid medicine temperature. The ambient temperature is TH = 22.5oC while the set temperature 

of the cooled space is TL= 5oC. Small temperature fluctuations are observed. In general, the 

temperature controller turns off the TE module when the controller’s thermostat senses the 

desired temperature (5oC). The temperature controller has an accuracy of  1oC. Through the 

walls, heat gain increases the temperature of the cooled space. When the controller’s thermostat 
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senses that the temperature increases over the set temperature (5oC), the temperature controller 

turns on the TE module again. Moreover, fans of the evaporator and condenser continuously 

turned on to remove additional heat as long as the TE module surface of the evaporator side is 

cooler than the cooled space temperature. In figure 8-11, a scenario was created to check the 

medicine cooling space temperature behavior practically. The medicine cooling space was 

cooled down reaching the desired temperature of (5oC). After reaching the desired temperature, 

the lid of the medicine cooling space was opened to place a 100ml of medicine in a medicine 

container inside for 30 seconds. TEMC system cooled the medicine cooling space again after the 

lid was covered until the desired temperature was reached in the medicine liquid. Then the 

phenomenon of natural heating through the walls occurred after turning off the TEMC system 

until reaching the ambient temperature of (22.5oC). A wide strike is observed during opening the 

medicine cooler’s lid. The strike created a temperature difference (∆T) of about 10oC. To avoid 

wide strikes, different amounts of liquid storage system are proposed to keep the space cooled 

down even during opening the medicine cooler.   

 

Figure 0-12: Shows various numbers of encapsulated TES systems inside the cooled space. 
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Figure 0-13: Shows temperature variations versus time for different numbers of encapsulated 

TES systems inside the cooled space. 
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Figure 8-13 Shows liquid storage temperature, average air temperature, medicine temperature 

(100ml of water) and medicine temperature (100ml of PCM) variations in the cooled space with 

time for different amounts of encapsulated liquid storage. The liquid storage amounts vary from 

0 to 522.5ml. All experiments were conducted in a fixed power input (Pin) of 73.6W. An average 

air temperature is obtained and plotted in blue curve in the figure for each figure. The average 

ambient temperature is TH = 24oC while the set temperature of the cooled space is TL= 5oC. 

Small temperature fluctuations are observed. In general, the temperature controller turns off the 

TE module when the controller’s thermostat senses the desired temperature (5oC). The 

temperature controller has an accuracy of  1°C. Through the walls, heat gain increases the 

temperature of the cooled space. When the controller’s thermostat senses that the temperature 

increases over the set temperature (5oC), the temperature controller turns on the TE module 

again. Moreover, fans of the evaporator and condenser continuously turned on to remove 

additional heat as long as the TE module surface of the evaporator side is cooler than the cooled 

space temperature. A scenario was created to check the medicine cooling space temperature 

behavior practically. The medicine cooling space was cooled down reaching the desired 

temperature of (5oC). After reaching the desired temperature, the lid of the medicine cooling 

space was opened to place a 100ml of medicine (water) and a 100ml of medicine (PCM) in a 

medicine container inside for 30 seconds. TE-MC system cooled the medicine cooling space 

again after the lid was covered until the desired temperature was reached in the medicine liquid. 

Then the phenomenon of natural heating through the walls occurred after turning off the TE-MC 

system until reaching the ambient temperature. A temperature strike created a temperature 

difference (∆T) of about 3oC when the medicine cooler’s lid was opened.  

Table 8-1 shows the summary of all experiments conducted to minimize the spike when the 

medicine cooler is opened within 30 seconds. The first, second and third columns represent 

number of experiments, number of encapsulated TES units used in each experiment and the 

spike temperature difference from opening to closing the cooled space within 30 seconds. The 

results show an optimum solution of 25 units that has the minimum temperature difference spike 

of 2.1 oC for this case. More encapsulated units could be needed when the time exceeds 30 

seconds of opening. However, further investigation will be needed for other cases.  
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Table 0-1: summary of all experiments of encapsulated PCM 

Experiment # PCM Units # Air temp increase from opening MC until closing (°C) 

1 0 10 

2 5 3.5 

3 10 3 

4 15 4 

5 20 3 

6 25 2.1 

7 30 3.3 

8 35 2.25 

9 40 3.3 

10 45 2.2 

11 50 3 

12 55 3.3 

 

8.4 Uncertainty Analysis: 

From the manufacturers, the accuracy/absolute measurement uncertainty () value for K-type 

thermocouples is ±1oC ( TCT= ) and DAQ system is ±0.02oC ( DQT= ). Based on the 

propagation of uncertainty, the quantity of the relative uncertainty is estimated. For instance, the 

relative uncertainty of the temperature measurement inside the cooled space of the medicine 

cooler can be given by equation (1) by 
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The corresponding relative uncertainty for measured temperature of 21°C is ±4.76% and for 

measured temperature of 54°C is ±1.85%. 

8.5 Conclusion 

The medicine cooler system is proposed to carry out series of experiments with different voltages 

and electric currents to test the performance. Variations of temperature with time of the solar-
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TE-MC system for different conditions are presented. Also, power input and cooling down 

period of the medicine cooler system is investigated. It is observed that heat removal rate 

increases with increasing the power input to the TE cooling system. Also, adding encapsulated 

PCM, minimizes the temperature difference when the medicine cooler is opened within 30 

seconds.  
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Chapter 9: Conclusion and Future Work  

9.1 Conclusion 

The latent heat thermal energy storage (LHTES) is an outstanding technique to store a high 

amount of thermal energy with smaller space requirement in comparison to sensible thermal 

storage. In this dissertation, the performance of cylindrical and rectangular thermal storages was 

investigated. Experimental and numerical studies for melting and solidifying processes were 

performed under isothermal boundary condition. Coconut oil and RT-18 were investigated as 

phase change materials PCMs. To investigate the potential enhancement of the latent thermal 

storage, the influence of utilizing nanoparticles, CuO and Al2O3 and fins, i.e. finned-pipe heat 

exchanger, were studied. The novel contribution of this dissertation is the built numerical model 

since it predicted the periodic melting and solidification processes of the bio-based PCM.  

The major outcomes and results based on the experimental and numerical results are 

i. Throughout the melting process, three distinct regimes were observed: conduction 

dominated melting regime, mixed conduction and convection dominated melting regime, 

and shrinking solid melting regime. 

ii. The energy storing rate showed a linear trend before the end of the melting process. At 

the end of the melting process, a non-linear trend was observed for the energy storing rate 

nonlinearity appeared because of the relatively slower melting rate. 

iii. The meting process, i.e. charging rate, was accelerated by adding nanoparticles into the 

pure PCM. This improvement increased with adding more nanoparticles. Also, it was 

observed that the melting process became faster by utilizing CuO nanoparticles compared 

to Al2O3.  

iv. The solidification process was accelerated by using fins. The solidification process was 

completed about 54000 seconds earlier than for the case without fins, i.e. 75% reduction 

in solidification time. 



 

 

108 

 

9.2 Future Work  

Investigate the following:  

• Porous media with nanoparticles imbedded in bio-based-PCM in an annular enclosure.  

• The melting and solidification behaviors of PCM with different porosities of copper 

mesh. 

• The melting and solidification behaviors in different geometries of enclosures.  
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APPENDICES (A) PRESENTATION SLIDES  

The following presentation slides were presented in "American Society of Mechanical Engineers 

ASME 2017 Summer Heat Transfer Conference SHTC in USA, WA, Seattle" on July 10th, 2017. 

The abstract is presented previously in chapter 6.  

 

Solidification of Paraffin-based Phase Change 
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Outline

• Background 

• Advantages of PCMs

• Applications and objectives

• Cylindrical thermal energy storage prototype

• Experimental setup and procedure 

• Experimental results

• Numerical results

• Future work
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Literature Review 

• In USA, buildings use about 40% of the total energy consumed [1].

• Approximately $370 billion US dollar is spent each year to supply this energy
and thus reduction in energy consumption is extremely important [2].

• One of the most efficient and reliable ways to reduce energy consumption is the
use of PCMs in latent heat thermal energy storage (LHTES) system to store and
release thermal energy [3].

• Organic PCMs are made from petroleum, and they have unlimited numbers of
cycles [4].

• Cylindrical geometry is considered most promising for commercial heat
exchangers, because of their high efficiency in a minimum volume [3].

• This is the reason for selecting a cylindrical LHTES filled with an organic PCM in
this present investigation.
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What is phase change material?
Called PCM or latent heat storage 

Inorganic: engineered

natural solutions, such as,
salt hydrate

Bio-based: natural
fatty acids, such as,

vegetable oils 

Organic: petroleum based,
such as, paraffin wax
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What are the advantages of PCM?

• Capable of storing and 
releasing large 
amounts of energy 
during liquid-to-solid or 
solid-to-liquid phase 
change in latent heat

• Have different melting 
points

• Have hundreds, 
thousands or unlimited 
cycles

5
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6

Applications:

Aerospace

[7]

Residential

[6] [6]

[7]

Objective:
Improve our understanding of the fundamental of liquid-solid phase
transition during solidification, and a better characterization of the
related heat transfer during phase change processes in an organic PCM.
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Annular Thermal Energy Storage 
Prototype

7

Prototype dimensions 
Outer diameter of the 

heater (dout)

0.95cm

Height of the thermal 

energy storage (h)

8.96cm

Inner diameter of the 

energy storage (din)

4.45cm
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Experimental 
Setup for 
Visualizing 
the 
Solidification 
Process
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Experimental Procedure 
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Visualization Experiment 

10

2,280 sec 5,280 sec 13,980 sec

0

0 sec 60 sec 1,080 sec

Experimental details

PCM Rubitherm RT-18
Milting point 18°C
Outer diameter of the energy 

storage

4.45cm

Height of the energy storage 8.96cm
Heater diameter 0.95cm
Initial temperature 30°C
Cooling temperature 10°C
Experiment period 13,980 seconds 

(4:24 hr)

1st region 2nd region

4th region3rd region 5th region
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Numerical Results and Solidification 
Regions for Rubitherm RT-18 PCM

11

COMSOL Modeling:

PCM Rubitherm RT-18

Milting point 18°C

Outer diameter of the energy storage 4.45cm

Height of the energy storage 8.96cm

Heater diameter 0.95cm

Initial temperature 30°C

Cooling temperature 10°C

Simulation period 70,000 seconds
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Future work

• Add nanoparticles and fins to enhance heat
transfer in the PCM.

• Analyze solidification regions. 
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APPENDICES (B) UNCERTAINTY ANALYSIS  

 

Experimental Uncertainty of the Temperature Measurements: 

From the manufacturers, the accuracy/absolute measurement uncertainty () value for K-type 

thermocouples is ±1oC ( TCT= ), DAQ system is ±0.02oC ( DQT= ), and thermal regulator is 

±0.01oC ( RGT= ). Based on the propagation of uncertainty, the quantity of the relative 

uncertainty is estimated. For instance, the relative uncertainty of the temperature measurement 

inside the cylindrical enclosure related to the nano-PCM can be given by 

22














+








=

DQ

DQ

TC

TC

c

c

T

T

T

T

T

T 
. 

 

(1) 

The corresponding relative uncertainty for measured temperature of 21°C is ±4.76% and for 

measured temperature of 54°C is ±1.85%. Likewise, the relative uncertainty of the temperature 

measurement on the copper pipe hot surface can be given by 
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(2) 

The corresponding relative uncertainty for measured temperature of 34oC is ±0.03% and for 

measured temperature of 54oC is ±0.02%. Uncertainty of the temperature measurements is 

obtained from Ebadi et al [1].  

[1] S. Ebadi, S. H. Tasnim, A. A. Aliabadi, S. Mahmud, Geometry and nanoparticle loading 

effects on the bio-based nano-PCM filled cylindrical thermal energy storage system, Applied thermal 

engineering, 141 (2018), 724-740. 
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APPENDICES (C) VISUALIZATION EXPERIMENT OF 

ENCAPSULATED TES 

Case 1 
Specifications: 

▪ Diameter of the Copper pipe: 0.57 inch 

▪ PCM: RT18 

▪ Low Temperature: 0°C 

▪ High Temperature: 35°C 

▪ Experimental duration: 20 minutes  

▪ Camera shooting interval: each 30 seconds 

▪ Melting Temperature: 18°C 

▪ Plane no any fixes 
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(a) t= 0 minute (d) t= 7:30 minute (g) t= 15 minute 

   
(b) t= 2:30 minute (e) t=10 minute (h) t= 17:30 minute 

   
(c) t= 5 minute (f) t=12:30 minute (i) t= 20 minute 

   

Encapsulated thermal energy battery 
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Case 2 
Specifications: 

▪ Diameter of the Copper pipe: 1.51inch 

▪ PCM: coconut oil 

▪ Low Temperature: 0°C 

▪ High Temperature: 40°C 

▪ Experimental duration: 32 minutes  

▪ Camera shooting interval: each 30 seconds 

▪ Melting Temperature: 25°C 

▪ With extraction pipe in the back 

 

   
(a) t= 0 minute (d) t= 12 minute (g) t= 24 minute 

   
(b) t= 4 minute (e) t= 16 minute (h) t= 28 minute 
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(c) t= 8 minute (f) t= 20 minute (i) t= 32 minute 

 

Encapsulated thermal energy battery 

 

Case 3 
Specifications: 

▪ Diameter of the Copper pipe: 1.51inch 

▪ PCM: coconut oil 

▪ Low Temperature: 0°C 

▪ High Temperature: 50°C 

▪ Experimental duration: 22:30 minutes  

▪ Camera shooting interval: each 30 seconds 

▪ Melting Temperature: 25°C 

▪ With extraction pipe in the back 
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(a) t= 0 minute (d) t= 7:30 minute (g) t= 15 minute 

   
(b) t= 2:30 minute (e) t= 10 minute (h) t= 17:30 minute 

   
(c) t= 5 minute (f) t= 12:30 minute (i) t= 22:30 minute 

 

Encapsulated thermal energy battery 
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Case 4 
Specifications: 

▪ Diameter of the Copper pipe: 1.51inch 

▪ PCM: (Coconut oil (Left side) RT-18 (Right side)) 

▪ Low Temperature: 0°C 

▪ High Temperature: 45°C 

▪ Experimental duration: 20 minutes  

▪ Camera shooting interval: each 10 seconds 

▪ Melting Temperature: 25°C - 18°C 

▪ with extraction pipe in the back for each 

 

   
(a) t= 0 minute (d) t= 6:30 minute (g) t= 13 minute 

   
(b) t= 2:10 minute (e) t= 8:40 minute (h) t= 15:10 minute 

   
(c) t= 4:20 minute (f) t= 10:50 minute (i) t= 17:20 minute 

 

Encapsulated thermal energy battery 
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APPENDICES (D) SAFETY PROCEDURES USED IN THE RESEARCH 

 

While dealing with nanoparticles, suitable proper preparations such as, mask (mask with assisted 

ventilation is preferred), gloves (chemical resistance and powdered free is preferred), safety 

glasses (close fitting safety goggles is preferred) must be used. Spills must be cleaned up 

immediately with the use of HEAPAFILTER VACUUM equipment or wet wipe (towels) or the 

combination of both methods. If storage in waste containers must be built to handle 

nanoparticles. The containers must be in good condition and prevent leaks. Storage of 

nanomaterial in plastic bags labeled and colored coded to ensure proper disposal. Must have a 

waste Disposal Operations procedures (WDOP) for workers. In case of waste disposal 

procedures, all nanoparticle waste (solid material and liquids) should be conservatively managed 

as hazardous waste. Nanoparticles waste must be placed in an appropriate container and labeled 

for chemical content in compliance the hazardous waste management requirements [1].  

References 

[1] Groso, A., Petri-Fink, A., Magrez, A., Riediker, M., & Meyer, T. (2010). Management of nanomaterials 

safety in research environment. Particle and Fibre Toxicology, 7(1), 1. 

MSDS Sheets 

MSDS sheets for Copper Oxide, Aluminum Oxide and Titanium Oxide nanoparticles are 

presented below.  
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SIGMA-ALDRICH sigma-aldrich.com 
SAFETY DATA SHEET 

Version 4.6 
Revision Date 09/29/2017 

Print Date 08/17/2018 

 

1. PRODUCT AND COMPANY IDENTIFICATION 

1.1 Product identifiers 
Product name : Copper(II) oxide 

 
Product Number : 450812 
Brand : Aldrich 
   
CAS-No. : 1317-38-0 

1.2 Relevant identified uses of the substance or mixture and uses advised against 

Identified uses : Laboratory chemicals, Synthesis of substances 
 

1.3 Details of the supplier of the safety data sheet 

Company : Sigma-Aldrich Canada Co. 
2149 Winston Park Drive 
OAKVILLE ON  L6H 6J8 
CANADA 

 
Telephone : +1 9058299500 
Fax : +1 9058299292 

1.4 Emergency telephone number 

Emergency Phone # : +1-703-527-3887 (CHEMTREC) 
 

2. HAZARDS IDENTIFICATION 

2.1 Classification of the substance or mixture 

GHS Classification in accordance with Hazardous Products Regulations (HPR) (SOR/2015-17) 
Acute aquatic toxicity (Category 1), H400 
Chronic aquatic toxicity (Category 3), H412 

For the full text of the H-Statements mentioned in this Section, see Section 16. 

2.2 GHS Label elements, including precautionary statements 

Pictogram 

  
Signal word Warning 

 
Hazard statement(s) 

H400 Very toxic to aquatic life. 
H412 Harmful to aquatic life with long lasting effects. 

 
Precautionary statement(s) 
P273 Avoid release to the environment. 
P391 Collect spillage. 
P501 Dispose of contents/ container to an approved waste disposal plant. 

 

2.3 Hazards not otherwise classified (HNOC) or not covered by GHS - none 
 

3. COMPOSITION/INFORMATION ON INGREDIENTS 

3.1 Substances 
Synonyms : Cupric oxide 
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Formula : CuO 
Molecular weight : 79.55 g/mol 
CAS-No. : 1317-38-0 
EC-No. : 215-269-1 

 
Hazardous components 

Component Classification Concentration* 

Copper oxide 

   Aquatic Acute 1; Aquatic 
Chronic 3; H400, H412 

90 - 100 % 

* Weight percent 

For the full text of the H-Statements mentioned in this Section, see Section 16. 

 

 

 
 

4. FIRST AID MEASURES 

4.1 Description of first aid measures 

General advice 
Consult a physician. Show this safety data sheet to the doctor in attendance. 

If inhaled 
If breathed in, move person into fresh air. If not breathing, give artificial respiration. Consult a physician. 

In case of skin contact 
Wash off with soap and plenty of water. Consult a physician. 

In case of eye contact 
Rinse thoroughly with plenty of water for at least 15 minutes and consult a physician. 

If swallowed 
Never give anything by mouth to an unconscious person. Rinse mouth with water. Consult a physician. 

4.2 Most important symptoms and effects, both acute and delayed 
The most important known symptoms and effects are described in the labelling (see section 2.2) and/or in section 11 
 

4.3 Indication of any immediate medical attention and special treatment needed 
No data available 

 

5. FIREFIGHTING MEASURES 

5.1 Extinguishing media 

Suitable extinguishing media 
Use water spray, alcohol-resistant foam, dry chemical or carbon dioxide. 

5.2 Special hazards arising from the substance or mixture 
No data available 

5.3 Advice for firefighters 
Wear self-contained breathing apparatus for firefighting if necessary. 

5.4 Further information 
No data available 

 

6. ACCIDENTAL RELEASE MEASURES 

6.1 Personal precautions, protective equipment and emergency procedures 
Use personal protective equipment. Avoid dust formation. Avoid breathing vapours, mist or gas. Ensure adequate 
ventilation. Evacuate personnel to safe areas. Avoid breathing dust. 
For personal protection see section 8. 
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6.2 Environmental precautions 
Prevent further leakage or spillage if safe to do so. Do not let product enter drains. Discharge into the environment 
must be avoided. 

6.3 Methods and materials for containment and cleaning up 
Pick up and arrange disposal without creating dust. Sweep up and shovel. Keep in suitable, closed containers for 
disposal. 

6.4 Reference to other sections 
For disposal see section 13. 

 

7. HANDLING AND STORAGE 

7.1 Precautions for safe handling 
Avoid contact with skin and eyes. Avoid formation of dust and aerosols. 
Provide appropriate exhaust ventilation at places where dust is formed. 
For precautions see section 2.2. 

7.2 Conditions for safe storage, including any incompatibilities 
Keep container tightly closed in a dry and well-ventilated place.  

Keep in a dry place.  

7.3 Specific end use(s) 
Apart from the uses mentioned in section 1.2 no other specific uses are stipulated 

 

8. EXPOSURE CONTROLS/PERSONAL PROTECTION 

8.1 Control parameters 

8.2 Exposure controls 

Appropriate engineering controls 
Handle in accordance with good industrial hygiene and safety practice. Wash hands before breaks and at the end of 
workday. 

Personal protective equipment 

Eye/face protection 
Safety glasses with side-shields conforming to EN166 Use equipment for eye protection tested and approved 
under appropriate government standards such as NIOSH (US) or EN 166(EU). 

Skin protection 
Handle with gloves. Gloves must be inspected prior to use. Use proper glove removal technique (without 
touching glove's outer surface) to avoid skin contact with this product. Dispose of contaminated gloves after 
use in accordance with applicable laws and good laboratory practices. Wash and dry hands. 
 
Full contact 
Material: Nitrile rubber 
Minimum layer thickness: 0.11 mm 
Break through time: 480 min 
Material tested:Dermatril® (KCL 740 / Aldrich Z677272, Size M) 
 
Splash contact 
Material: Nitrile rubber 
Minimum layer thickness: 0.11 mm 
Break through time: 480 min 
Material tested:Dermatril® (KCL 740 / Aldrich Z677272, Size M) 
 
data source: KCL GmbH, D-36124 Eichenzell, phone +49 (0)6659 87300, e-mail sales@kcl.de, test method: 
EN374 
If used in solution, or mixed with other substances, and under conditions which differ from EN 374, contact the 
supplier of the CE approved gloves. This recommendation is advisory only and must be evaluated by an 
industrial hygienist and safety officer familiar with the specific situation of anticipated use by our customers. It 
should not be construed as offering an approval for any specific use scenario. 
 
Body Protection 
Impervious clothing, The type of protective equipment must be selected according to the concentration and 
amount of the dangerous substance at the specific workplace. 
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Respiratory protection 
For nuisance exposures use type P95 (US) or type P1 (EU EN 143) particle respirator.For higher level 
protection use type OV/AG/P99 (US) or type ABEK-P2 (EU EN 143) respirator cartridges. Use respirators and 
components tested and approved under appropriate government standards such as NIOSH (US) or CEN (EU). 

Control of environmental exposure 
Prevent further leakage or spillage if safe to do so. Do not let product enter drains. Discharge into the 
environment must be avoided. 

 

9. PHYSICAL AND CHEMICAL PROPERTIES 

9.1 Information on basic physical and chemical properties 

a) Appearance Form: powder 
Colour: black 

b) Odour No data available 

c) Odour Threshold No data available 

d) pH No data available 

e) Melting point/freezing 
point 

Melting point/range: 1,336 °C (2,437 °F) 

f) Initial boiling point and 
boiling range 

No data available 

g) Flash point Not applicable 

h) Evaporation rate No data available 

i) Flammability (solid, gas) No data available 

j) Upper/lower 
flammability or 
explosive limits 

No data available 

k) Vapour pressure No data available 

l) Vapour density No data available 

m) Relative density 6.320 g/cm3 

n) Water solubility 0.0001 g/l - insoluble 

o) Partition coefficient: n-
octanol/water 

No data available 

p) Auto-ignition 
temperature 

No data available 

q) Decomposition 
temperature 

No data available 

r) Viscosity No data available 

s) Explosive properties No data available 

t) Oxidizing properties The substance or mixture is not classified as oxidizing. 

9.2 Other safety information 

 Bulk density 1.25 g/l 
 

10. STABILITY AND REACTIVITY 

10.1 Reactivity 
No data available 

10.2 Chemical stability 
Stable under recommended storage conditions. 

10.3 Possibility of hazardous reactions 
No data available 
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10.4 Conditions to avoid 
No data available 

10.5 Incompatible materials 
Reducing agents, Hydrogen sulfide gas, Aluminum, Alkali metals, Powdered metals 

10.6 Hazardous decomposition products 
Hazardous decomposition products formed under fire conditions. - Copper oxides 
Other decomposition products - No data available 
In the event of fire: see section 5 

 

11. TOXICOLOGICAL INFORMATION 

11.1 Information on toxicological effects 

Acute toxicity 
LD50 Oral - Rat - > 2,500 mg/kg 
(OECD Test Guideline 423) 
 
Inhalation: No data available 

LD50 Dermal - Rat - > 2,000 mg/kg 
(OECD Test Guideline 402) 
 
No data available 

Skin corrosion/irritation 
Skin - Rabbit 
Result: No skin irritation 
(OECD Test Guideline 404) 
 
Serious eye damage/eye irritation 
Eyes - Rabbit 
Result: Mild eye irritation 
(OECD Test Guideline 405) 
 
Respiratory or skin sensitisation 
Maximisation Test - Guinea pig 
Does not cause skin sensitisation. 
(OECD Test Guideline 406) 
 
Germ cell mutagenicity 
No data available 
 

Carcinogenicity 

IARC: No component of this product present at levels greater than or equal to 0.1% is identified as 
probable, possible or confirmed human carcinogen by IARC. 

 No component of this product present at levels greater than or equal to 0.1% is identified as 
probable, possible or confirmed human carcinogen by IARC. 

ACGIH: No component of this product present at levels greater than or equal to 0.1% is identified as a 
carcinogen or potential carcinogen by ACGIH. 

 No component of this product present at levels greater than or equal to 0.1% is identified as a 
carcinogen or potential carcinogen by ACGIH. 

Reproductive toxicity 
No data available 

No data available 

Specific target organ toxicity - single exposure 
No data available 

Specific target organ toxicity - repeated exposure 
No data available 

Aspiration hazard 
No data available 
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Additional Information 
RTECS: GL7900000 
 
Symptoms of systemic copper poisoning may include: capillary damage, headache, cold sweat, weak pulse, and kidney 
and liver damage, central nervous system excitation followed by depression, jaundice, convulsions, paralysis, and coma. 
Death may occur from shock or renal failure. Chronic copper poisoning is typified by hepatic cirrhosis, brain damage and 
demyelination, kidney defects, and copper deposition in the cornea as exemplified by humans with Wilson's disease. It 
has also been reported that copper poisoning has lead to hemolytic anemia and accelerates arteriosclerosis., To the best 
of our knowledge, the chemical, physical, and toxicological properties have not been thoroughly investigated. 
 

 

12. ECOLOGICAL INFORMATION 

12.1 Toxicity 
 

Toxicity to fish LC50 - Oncorhynchus mykiss (rainbow trout) - 0.19 - 0.21 mg/l  - 96 h 
 

Toxicity to daphnia and 
other aquatic 
invertebrates 

EC50 - Daphnia magna (Water flea) - 0.011 - 0.039 mg/l  - 48 h 

 
 NOEC - Lamellibranchia (mussel) - 0.007 mg/l  - 288 h 

 
Toxicity to algae NOEC - Phaeodactylum tricornutum - 0.0057 mg/l  - 72 h 

12.2 Persistence and degradability 
The methods for determining the biological degradability are not applicable to inorganic substances. 

12.3 Bioaccumulative potential 
No data available 

12.4 Mobility in soil 
No data available 

12.5 Results of PBT and vPvB assessment 
PBT/vPvB assessment not available as chemical safety assessment not required/not conducted 

12.6 Other adverse effects 
An environmental hazard cannot be excluded in the event of unprofessional handling or disposal. 
Very toxic to aquatic life. 
 
An environmental hazard cannot be excluded in the event of unprofessional handling or disposal. 

 

13. DISPOSAL CONSIDERATIONS 

13.1 Waste treatment methods 

Product 
Offer surplus and non-recyclable solutions to a licensed disposal company.  

Contaminated packaging 
Dispose of as unused product.  

 

14. TRANSPORT INFORMATION 

TDG (Canada) 
UN number: 3077 Class: 9 Packing group: III 
Proper shipping name: ENVIRONMENTALLY HAZARDOUS SUBSTANCE, SOLID, N.O.S. 

yes 

Poison Inhalation Hazard: No 
 
IMDG 
UN number: 3077 Class: 9 Packing group: III EMS-No: F-A, S-F 
Proper shipping name: ENVIRONMENTALLY HAZARDOUS SUBSTANCE, SOLID, N.O.S. (Copper oxide) 
Marine pollutant:yes   
 
IATA 
UN number: 3077 Class: 9 Packing group: III 
Proper shipping name: Environmentally hazardous substance, solid, n.o.s. (Copper oxide) 
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Further information 
EHS-Mark required (ADR 2.2.9.1.10, IMDG code 2.10.3) for single packagings and combination packagings containing 
inner packagings with Dangerous Goods > 5L for liquids or > 5kg for solids. 

 

15. REGULATORY INFORMATION 

This product has been classified in accordance with the hazard criteria of the Hazardous Products Regulations (HPR) 
and the SDS contains all the information required by the HPR. 

 

 
 

16. OTHER INFORMATION 

Full text of H-Statements referred to under sections 2 and 3. 

Aquatic Acute Acute aquatic toxicity 
Aquatic Chronic Chronic aquatic toxicity  
H400 Very toxic to aquatic life. 
H412 Harmful to aquatic life with long lasting effects. 

Further information 
Copyright 2016 Sigma-Aldrich Co. LLC. License granted to make unlimited paper copies for internal use only. 
The above information is believed to be correct but does not purport to be all inclusive and shall be used only as a 
guide. The information in this document is based on the present state of our knowledge and is applicable to the 
product with regard to appropriate safety precautions. It does not represent any guarantee of the properties of the 
product. Sigma-Aldrich Corporation and its Affiliates shall not be held liable for any damage resulting from handling 
or from contact with the above product. See www.sigma-aldrich.com and/or the reverse side of invoice or packing 
slip for additional terms and conditions of sale. 
 
 
Version: 4.6 Revision Date: 09/29/2017 Print Date: 08/17/2018 
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SIGMA-ALDRICH sigma-aldrich.com 
SAFETY DATA SHEET 

Version 4.11 
Revision Date 06/12/2018 

Print Date 08/31/2018 

 

1. PRODUCT AND COMPANY IDENTIFICATION 

1.1 Product identifiers 
Product name : Aluminum oxide 

 
Product Number : 544833 
Brand : Aldrich 
   
CAS-No. : 1344-28-1 

1.2 Relevant identified uses of the substance or mixture and uses advised against 

Identified uses : Laboratory chemicals, Synthesis of substances 
 

1.3 Details of the supplier of the safety data sheet 

Company : Sigma-Aldrich Canada Co. 
2149 Winston Park Drive 
OAKVILLE ON  L6H 6J8 
CANADA 

 
Telephone : +1 9058299500 
Fax : +1 9058299292 

1.4 Emergency telephone number 

Emergency Phone # : +1-703-527-3887 (CHEMTREC) 
 

2. HAZARDS IDENTIFICATION 

2.1 Classification of the substance or mixture 
 
Not a hazardous substance or mixture. 

2.2 GHS Label elements, including precautionary statements 

Not a hazardous substance or mixture. 

2.3 Hazards not otherwise classified (HNOC) or not covered by GHS - none 
 

3. COMPOSITION/INFORMATION ON INGREDIENTS 

3.1 Substances 
Synonyms : Alumina 

 
Formula : Al2O3 

Molecular weight : 101.96 g/mol 
CAS-No. : 1344-28-1 
EC-No. : 215-691-6 
Registration number : 01-2119529248-35-XXXX 

 
Hazardous components 

Component Classification Concentration* 

Aluminium oxide 

     90 - 100 % 

* Weight percent 
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4. FIRST AID MEASURES 

4.1 Description of first aid measures 

General advice 
Move out of dangerous area. 

If inhaled 
If breathed in, move person into fresh air. If not breathing, give artificial respiration. 

In case of skin contact 
Wash off with soap and plenty of water. 

In case of eye contact 
Flush eyes with water as a precaution. 

If swallowed 
Never give anything by mouth to an unconscious person. Rinse mouth with water. 

4.2 Most important symptoms and effects, both acute and delayed 
The most important known symptoms and effects are described in the labelling (see section 2.2) and/or in section 11 
 

4.3 Indication of any immediate medical attention and special treatment needed 
No data available 

 

5. FIREFIGHTING MEASURES 

5.1 Extinguishing media 

Suitable extinguishing media 
Use water spray, alcohol-resistant foam, dry chemical or carbon dioxide. 

5.2 Special hazards arising from the substance or mixture 
No data available 

5.3 Advice for firefighters 
Wear self-contained breathing apparatus for firefighting if necessary. 

5.4 Further information 
Do not use halocarbon extinguishers. 

 

6. ACCIDENTAL RELEASE MEASURES 

6.1 Personal precautions, protective equipment and emergency procedures 
Avoid dust formation. Avoid breathing vapours, mist or gas. 
For personal protection see section 8. 

6.2 Environmental precautions 
No special environmental precautions required. 

6.3 Methods and materials for containment and cleaning up 
Sweep up and shovel. Keep in suitable, closed containers for disposal. 

6.4 Reference to other sections 
For disposal see section 13. 

 

7. HANDLING AND STORAGE 

7.1 Precautions for safe handling 
Provide appropriate exhaust ventilation at places where dust is formed. 
For precautions see section 2.2. 

7.2 Conditions for safe storage, including any incompatibilities 
Keep container tightly closed in a dry and well-ventilated place.  

strongly hygroscopic Keep in a dry place.  
Storage class (TRGS 510): 13: Non Combustible Solids 
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7.3 Specific end use(s) 
Apart from the uses mentioned in section 1.2 no other specific uses are stipulated 

 

8. EXPOSURE CONTROLS/PERSONAL PROTECTION 

8.1 Control parameters 
Components with workplace control parameters 

Components CAS-No. Value Control 
parameters 

Basis 

Aluminium oxide 
 

1344-28-1 
 

TWA 
 

10 mg/m3 Canada. Alberta, Occupational Health and 
Safety Code (table 2: OEL)  
 

  TWAEV 
 

10 mg/m3 Québec. Regulation respecting occupational 
health and safety, Schedule 1, Part 1: 
Permissible exposure values for airborne 
contaminants  
 

Remarks The standard corresponds to dust containing no asbestos and the percentage in crystalline 
silica is less than 1 %. 
 

  TWA 
 

1 mg/m3 Canada. British Columbia OEL  
 

  

  TWA 
 

1 mg/m3 USA. ACGIH Threshold Limit Values (TLV)  
 

8.2 Exposure controls 

Appropriate engineering controls 
General industrial hygiene practice. 

Personal protective equipment 

Eye/face protection 
Use equipment for eye protection tested and approved under appropriate government standards such as 
NIOSH (US) or EN 166(EU). 

Skin protection 
Handle with gloves. Gloves must be inspected prior to use. Use proper glove removal technique (without 
touching glove's outer surface) to avoid skin contact with this product. Dispose of contaminated gloves after 
use in accordance with applicable laws and good laboratory practices. Wash and dry hands. 
 
Full contact 
Material: Nitrile rubber 
Minimum layer thickness: 0.11 mm 
Break through time: 480 min 
Material tested:Dermatril® (KCL 740 / Aldrich Z677272, Size M) 
 
Splash contact 
Material: Nitrile rubber 
Minimum layer thickness: 0.11 mm 
Break through time: 480 min 
Material tested:Dermatril® (KCL 740 / Aldrich Z677272, Size M) 
 
data source: KCL GmbH, D-36124 Eichenzell, phone +49 (0)6659 87300, e-mail sales@kcl.de, test method: 
EN374 
If used in solution, or mixed with other substances, and under conditions which differ from EN 374, contact the 
supplier of the CE approved gloves. This recommendation is advisory only and must be evaluated by an 
industrial hygienist and safety officer familiar with the specific situation of anticipated use by our customers. It 
should not be construed as offering an approval for any specific use scenario. 
 
Body Protection 
Choose body protection in relation to its type, to the concentration and amount of dangerous substances, and 
to the specific work-place., The type of protective equipment must be selected according to the concentration 
and amount of the dangerous substance at the specific workplace. 
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Respiratory protection 
Respiratory protection is not required. Where protection from nuisance  levels of dusts are desired, use type 
N95 (US) or type P1 (EN 143) dust masks. Use respirators and components tested and approved under 
appropriate government standards such as NIOSH (US) or CEN (EU). 

Control of environmental exposure 
No special environmental precautions required. 

 

9. PHYSICAL AND CHEMICAL PROPERTIES 

9.1 Information on basic physical and chemical properties 

a) Appearance Form: powder 

b) Odour odourless 

c) Odour Threshold No data available 

d) pH No data available 

e) Melting point/freezing 
point 

Melting point/range: 2,040 °C (3,704 °F) - lit. 

f) Initial boiling point and 
boiling range 

2,980 °C (5,396 °F) 

g) Flash point Not applicable 

h) Evaporation rate No data available 

i) Flammability (solid, gas) The product is not flammable. 

j) Upper/lower 
flammability or 
explosive limits 

No data available 

k) Vapour pressure 1 hPa (1 mmHg) at 2,158 °C (3,916 °F) 

l) Vapour density No data available 

m) Relative density 4.000 g/cm3 

n) Water solubility insoluble 

o) Partition coefficient: n-
octanol/water 

No data available 

p) Auto-ignition 
temperature 

No data available 

q) Decomposition 
temperature 

No data available 

r) Viscosity No data available 

s) Explosive properties Not explosive 

t) Oxidizing properties The substance or mixture is not classified as oxidizing. 

9.2 Other safety information 
No data available 

 

10. STABILITY AND REACTIVITY 

10.1 Reactivity 
No data available 

10.2 Chemical stability 
Stable under recommended storage conditions. 

10.3 Possibility of hazardous reactions 
No data available 

10.4 Conditions to avoid 
Exposure to moisture 
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10.5 Incompatible materials 
Strong acids, Strong bases, Chlorine trifluoride, Ethylene oxide, Halogenated hydrocarbon, Oxygen difluoride, Sodium 
nitrate, Vinyl compounds, Oxygen, Nitrates, Halogens 

10.6 Hazardous decomposition products 
Hazardous decomposition products formed under fire conditions. - Aluminum oxide 
Other decomposition products - No data available 
In the event of fire: see section 5 

 

11. TOXICOLOGICAL INFORMATION 

11.1 Information on toxicological effects 

Acute toxicity 
LD50 Oral - Rat - > 5,000 mg/kg 
(OECD Test Guideline 401) 
 
Inhalation: No data available 

Dermal: No data available 

No data available 

Skin corrosion/irritation 
Skin - Rabbit 
Result: No skin irritation 
(OECD Test Guideline 404) 
 
Serious eye damage/eye irritation 
Eyes - Rabbit 
Result: No eye irritation 
(OECD Test Guideline 405) 
 
Respiratory or skin sensitisation 
No data available 

Germ cell mutagenicity 
No data available 
 
Ames test 
Bacillus subtilis  
Result: negative 
(IUCLID) 
 

Carcinogenicity 

IARC: No component of this product present at levels greater than or equal to 0.1% is identified as 
probable, possible or confirmed human carcinogen by IARC. 

ACGIH: No component of this product present at levels greater than or equal to 0.1% is identified as a 
carcinogen or potential carcinogen by ACGIH. 

Reproductive toxicity 
No data available 

No data available 

Specific target organ toxicity - single exposure 
No data available 

Specific target organ toxicity - repeated exposure 
No data available 

Aspiration hazard 
No data available 

Additional Information 
RTECS: BD1200000 
 
Cough, chest pain, Difficulty in breathing, Gastrointestinal disturbance 
To the best of our knowledge, the chemical, physical, and toxicological properties have not been thoroughly investigated. 
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12. ECOLOGICAL INFORMATION 

12.1 Toxicity 
No data available 

12.2 Persistence and degradability 
No data available 

12.3 Bioaccumulative potential 
No data available 

12.4 Mobility in soil 
No data available 

12.5 Results of PBT and vPvB assessment 
PBT/vPvB assessment not available as chemical safety assessment not required/not conducted 

12.6 Other adverse effects 
 
No ecological problems are to be expected when the product is handled and used with due care and attention. 

 

13. DISPOSAL CONSIDERATIONS 

13.1 Waste treatment methods 

Product 
Offer surplus and non-recyclable solutions to a licensed disposal company.  

Contaminated packaging 
Dispose of as unused product.  

 

14. TRANSPORT INFORMATION 

TDG (Canada) 
Not dangerous goods 
 
IMDG 
Not dangerous goods 
 
 
IATA 
Not dangerous goods 

 

15. REGULATORY INFORMATION 

This product has been classified in accordance with the hazard criteria of the Hazardous Products Regulations (HPR) 
and the SDS contains all the information required by the HPR. 

 
 
 

16. OTHER INFORMATION 

Further information 
Copyright 2016 Sigma-Aldrich Co. LLC. License granted to make unlimited paper copies for internal use only. 
The above information is believed to be correct but does not purport to be all inclusive and shall be used only as a 
guide. The information in this document is based on the present state of our knowledge and is applicable to the 
product with regard to appropriate safety precautions. It does not represent any guarantee of the properties of the 
product. Sigma-Aldrich Corporation and its Affiliates shall not be held liable for any damage resulting from handling 
or from contact with the above product. See www.sigma-aldrich.com and/or the reverse side of invoice or packing 
slip for additional terms and conditions of sale. 
 
 
Version: 4.11 Revision Date: 06/12/2018 Print Date: 08/31/2018 
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SIGMA-ALDRICH sigma-aldrich.com 
SAFETY DATA SHEET 

Version 4.12 
Revision Date 03/07/2015 

Print Date 08/17/2018 

 
1. PRODUCT AND COMPANY IDENTIFICATION 

Product name : Titanium(IV) oxide 
 

Product Number : 718467 
Brand : Aldrich 
Product Use : For laboratory research purposes. 
 
Supplier : Sigma-Aldrich Canada Co. 

2149 Winston Park Drive 
OAKVILLE ON  L6H 6J8 
CANADA 

Manufactur
er 

: Sigma-Aldrich Corporation 
3050 Spruce St. 
St. Louis, Missouri 63103 
USA 

Telephone : +1 9058299500 
Fax : +1 9058299292 
Emergency Phone # (For 
both supplier and 
manufacturer) 

: +1-703-527-3887 (CHEMTREC) 

Preparation Information : Sigma-Aldrich Corporation 
Product Safety - Americas Region 
1-800-521-8956 

 
2. HAZARDS IDENTIFICATION 

Emergency Overview 

WHMIS Classification 

D2A Very Toxic Material Causing Other Toxic Effects Carcinogen 

GHS Classification 
Skin corrosion/irritation (Category 3) 

GHS Label elements, including precautionary statements 

Pictogram none 
 
Signal word Warning 
 
Hazard statement(s) 
H316 Causes mild skin irritation. 
 
Precautionary statement(s) none 

HMIS Classification 
Health hazard: 1 
Chronic Health Hazard: * 
Flammability: 0 
Physical hazards: 0 

Potential Health Effects 

Inhalation May be harmful if inhaled. May cause respiratory tract irritation.  
Skin May be harmful if absorbed through skin. May cause skin irritation.  
Eyes May cause eye irritation.  
Ingestion May be harmful if swallowed.  

 
3. COMPOSITION/INFORMATION ON INGREDIENTS 

Formula : O2Ti  

Molecular weight : 79.87 g/mol 
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CAS-No. EC-No. Index-No. Concentration 

Titanium dioxide, nanoparticles range in size from 1 to 150 nm 

13463-67-7 236-675-5  -   <=100%  

 

4. FIRST AID MEASURES 

General advice 
Consult a physician. Show this safety data sheet to the doctor in attendance.Move out of dangerous area. 

If inhaled 
If breathed in, move person into fresh air. If not breathing, give artificial respiration. Consult a physician. 

In case of skin contact 
Wash off with soap and plenty of water. Consult a physician. 

In case of eye contact 
Flush eyes with water as a precaution. 

If swallowed 
Never give anything by mouth to an unconscious person. Rinse mouth with water. Consult a physician. 

 

5. FIREFIGHTING MEASURES 

Conditions of flammability 
Not flammable or combustible. 

Suitable extinguishing media 
Use water spray, alcohol-resistant foam, dry chemical or carbon dioxide. 

Special protective equipment for firefighters 
Wear self-contained breathing apparatus for firefighting if necessary. 

Hazardous combustion products 
Hazardous decomposition products formed under fire conditions. - Titanium/titanium oxides 

Explosion data - sensitivity to mechanical impact 
No data available 

Explosion data - sensitivity to static discharge 
No data available 

 

6. ACCIDENTAL RELEASE MEASURES 

Personal precautions 
Use personal protective equipment. Avoid dust formation. Avoid breathing vapours, mist or gas. Ensure adequate 
ventilation. Avoid breathing dust. 

Environmental precautions 
Do not let product enter drains. 

Methods and materials for containment and cleaning up 
Pick up and arrange disposal without creating dust. Sweep up and shovel. Keep in suitable, closed containers for 
disposal. 

 

7. HANDLING AND STORAGE 

Precautions for safe handling 
Provide appropriate exhaust ventilation at places where dust is formed.  

Conditions for safe storage 
Keep container tightly closed in a dry and well-ventilated place.  

Keep in a dry place.  
 

8. EXPOSURE CONTROLS/PERSONAL PROTECTION 

Components with workplace control parameters 
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Components CAS-No. Value Control 
parameters 

Basis 

Titanium dioxide, 
nanoparticles 
range in size from 
1 to 150 nm 

13463-67-7 TWA 
 

10.000000 
mg/m3 

Canada. Alberta, Occupational Health and Safety 
Code (table 2: OEL)  
 

Remarks Occupational exposure limit is based on irritation effects and its adjustment to compensate for 
unusual work schedules is not required 
 

  TWA 
 

10.000000 
mg/m3 

Canada. British Columbia OEL  
 

 IARC '2B' applies to substances deemed possibly carcinogenic to humans. 
The 8-hour TWA listed in the Table is for the total dust. The substance also has an 8-hour TWA of 
3 mg/m3 for the respirable fraction. 
 

  TWAEV 
 

10.000000 
mg/m3 

Québec. Regulation respecting occupational health 
and safety, Schedule 1, Part 1: Permissible exposure 
values for airborne contaminants  
 

 The standard corresponds to dust containing no asbestos and the percentage in crystalline silica is 
less than 1 %. 
 

  TWAEV 
 

10.000000 
mg/m3 

Québec. Regulation respecting occupational health 
and safety, Schedule 1, Part 1: Permissible exposure 
values for airborne contaminants  
 

 The standard corresponds to dust containing no asbestos and the percentage in crystalline silica is 
less than 1 %. 
 

  TWA 
 

10.000000 
mg/m3 

USA. ACGIH Threshold Limit Values (TLV)  
 

  TWA 
 

10.000000 
mg/m3 

USA. ACGIH Threshold Limit Values (TLV)  
 

  TWA 
 

10.000000 
mg/m3 

USA. ACGIH Threshold Limit Values (TLV)  
 

  TWA 
 

10 mg/m3 USA. ACGIH Threshold Limit Values (TLV)  
 

Personal protective equipment 

Respiratory protection 
Where risk assessment shows air-purifying respirators are appropriate use a full-face particle respirator type N99 
(US) or type P2 (EN 143) respirator cartridges as a backup to engineering controls. If the respirator is the sole 
means of protection, use a full-face supplied air respirator. Use respirators and components tested and approved 
under appropriate government standards such as NIOSH (US) or CEN (EU).Respiratory protection is not required. 
Where protection from nuisance  levels of dusts are desired, use type N95 (US) or type P1 (EN 143) dust masks. 
Use respirators and components tested and approved under appropriate government standards such as NIOSH 
(US) or CEN (EU). 

Hand protection 
Handle with gloves. Gloves must be inspected prior to use. Use proper glove removal technique (without touching 
glove's outer surface) to avoid skin contact with this product. Dispose of contaminated gloves after use in 
accordance with applicable laws and good laboratory practices. Wash and dry hands. 
 
Full contact 
Material: Nitrile rubber 
Minimum layer thickness: 0.11 mm 
Break through time: 480 min 
Material tested:Dermatril® (KCL 740 / Aldrich Z677272, Size M) 
 
Splash contact 
Material: Nitrile rubber 
Minimum layer thickness: 0.11 mm 
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Break through time: 480 min 
Material tested:Dermatril® (KCL 740 / Aldrich Z677272, Size M) 
 
data source: KCL GmbH, D-36124 Eichenzell, phone +49 (0)6659 87300, e-mail sales@kcl.de, test method: EN374 
If used in solution, or mixed with other substances, and under conditions which differ from EN 374, contact the 
supplier of the CE approved gloves. This recommendation is advisory only and must be evaluated by an industrial 
hygienist and safety officer familiar with the specific situation of anticipated use by our customers. It should not be 
construed as offering an approval for any specific use scenario. 
 

Eye protection 
Safety glasses with side-shields conforming to EN166 Use equipment for eye protection tested and approved under 
appropriate government standards such as NIOSH (US) or EN 166(EU). 

Skin and body protection 
Choose body protection in relation to its type, to the concentration and amount of dangerous substances, and to the 
specific work-place., The type of protective equipment must be selected according to the concentration and amount 
of the dangerous substance at the specific workplace. 

Hygiene measures 
Handle in accordance with good industrial hygiene and safety practice. Wash hands before breaks and at the end of 
workday. 

Specific engineering controls 
Use mechanical exhaust or laboratory fumehood to avoid exposure. 

9. PHYSICAL AND CHEMICAL PROPERTIES 

Appearance 

Form nano particles 
 

Colour white 

Safety data 

pH No data available 
 

Melting 
point/freezing point 

Melting point/range: 1,850 °C (3,362 °F) 

 
Boiling point No data available 

 
Flash point No data available 

 
Ignition temperature No data available 

 
Auto-ignition 
temperature 

No data available 

 
Lower explosion limit No data available 

 
Upper explosion limit No data available 

 
Vapour pressure No data available 

 
Density No data available 

 
Water solubility No data available 

 
Partition coefficient: 
n-octanol/water 

No data available 

 
Relative vapour 
density 

No data available 

 
Odour No data available 

 
Odour Threshold No data available 

 
Evaporation rate No data available 

 
 

10. STABILITY AND REACTIVITY 
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Chemical stability 
Stable under recommended storage conditions.  

Possibility of hazardous reactions 
No data available 

Conditions to avoid 
No data available 

Materials to avoid 
Strong acids 

Hazardous decomposition products 
Hazardous decomposition products formed under fire conditions. - Titanium/titanium oxides 
Other decomposition products - No data available 

 

11. TOXICOLOGICAL INFORMATION 

Acute toxicity 

Oral LD50 
LD50 Oral - Rat - > 10,000 mg/kg 

Inhalation LC50 
No data available 

Dermal LD50 
LD50 Dermal - Rabbit - > 10,000 mg/kg 

Other information on acute toxicity 
No data available 

Skin corrosion/irritation 
Skin - Human - Mild skin irritation - 3 h 

Serious eye damage/eye irritation 
Eyes - Rabbit - No eye irritation 

Respiratory or skin sensitisation 
Will not occur 

Germ cell mutagenicity 

Genotoxicity in vitro - Hamster - ovary 
Micronucleus test 

Genotoxicity in vitro - Hamster - Lungs 
DNA inhibition 

Genotoxicity in vitro - Hamster - ovary 
Sister chromatid exchange 

Genotoxicity in vivo - Mouse - Intraperitoneal 
Micronucleus test 

Carcinogenicity 

 

Suspected human carcinogens 

IARC: No component of this product present at levels greater than or equal to 0.1% is identified as 
probable, possible or confirmed human carcinogen by IARC. 

Reproductive toxicity 

 

No data available 

Teratogenicity 

No data available 
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Specific target organ toxicity - single exposure (Globally Harmonized System) 
No data available 

Specific target organ toxicity - repeated exposure (Globally Harmonized System) 
No data available 

Aspiration hazard 
No data available 

Potential health effects 

Inhalation May be harmful if inhaled. May cause respiratory tract irritation.  
Ingestion May be harmful if swallowed.  
Skin May be harmful if absorbed through skin. May cause skin irritation.  
Eyes May cause eye irritation.  

Signs and Symptoms of Exposure 
To the best of our knowledge, the chemical, physical, and toxicological properties have not been thoroughly investigated. 

Synergistic effects 
No data available 

Additional Information 
RTECS: XR2275000 

 

12. ECOLOGICAL INFORMATION 

Toxicity 
 

Toxicity to fish LC50 - other fish - > 1,000 mg/l  - 96 h 
 

Toxicity to daphnia 
and other aquatic 
invertebrates 

EC50 - Daphnia magna (Water flea) - > 1,000 mg/l  - 48 h 

 
 EC0 - Daphnia magna (Water flea) - 1,000 mg/l  - 48 h 

Persistence and degradability 
No data available 

Bioaccumulative potential 
No data available 

Mobility in soil 
No data available 

PBT and vPvB assessment 
No data available 

Other adverse effects 

No data available 
 

13. DISPOSAL CONSIDERATIONS 

Product 
Offer surplus and non-recyclable solutions to a licensed disposal company. Contact a licensed professional waste 
disposal service to dispose of this material. Dissolve or mix the material with a combustible solvent and burn in a 
chemical incinerator equipped with an afterburner and scrubber.  

Contaminated packaging 
Dispose of as unused product.  

 
14. TRANSPORT INFORMATION 

DOT (US) 
Not dangerous goods 
 
IMDG 
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Not dangerous goods 
 
IATA 
Not dangerous goods 

 
15. REGULATORY INFORMATION 

WHMIS Classification 

D2A Very Toxic Material Causing Other Toxic Effects Carcinogen 

This product has been classified in accordance with the hazard criteria of the Controlled Products Regulations and the 
MSDS contains all the information required by the Controlled Products Regulations. 

 

16. OTHER INFORMATION 

Text of H-code(s) and R-phrase(s) mentioned in Section 3 

Further information 
Copyright 2015 Sigma-Aldrich Co. LLC. License granted to make unlimited paper copies for internal use only. 
The above information is believed to be correct but does not purport to be all inclusive and shall be used only as a 
guide. The information in this document is based on the present state of our knowledge and is applicable to the 
product with regard to appropriate safety precautions. It does not represent any guarantee of the properties of the 
product. Sigma-Aldrich Corporation and its Affiliates shall not be held liable for any damage resulting from handling or 
from contact with the above product. See www.sigma-aldrich.com and/or the reverse side of invoice or packing slip for 
additional terms and conditions of sale. 
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