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Thermal energy storage (TES) system is a promising solution to reduce the fossil fuels 

consumption which reduces the emission of CO2 that causes the global warming. In this thesis, 

engineered nano-materials (ENMs), in the form of nanofluids (e.g., TiO2 nanoparticles dispersed 

in water) and nanoparticle enhanced phase change materials or commonly known as nano-PCM 

(e.g., CuO nanoparticles dispersed in Rubitherm R-18), are investigated as potential storage 

mediums for encapsulated (e.g., spherical, conical, and pear-shaped enclosures) and composite 

(e.g., metal mesh porous medium incorporated into a cylindrical container) thermal energy storage 

(TES) systems. Use of nanofluid and porous mesh in TES exhibits enhanced heat transfer rate due 

to the improved effective thermal conductivity. Nano-PCM shows improved melting rate, while a 

slight reduction in the total energy storage is observed. Unconstrained melting process inside 

encapsulated system exhibits faster melting than the constrained melting cases. The knowledge 

obtained in this research will be very beneficial to design compact TES systems with improved 

effectiveness.         
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1 Chapter 1: Introduction 

Climate change and energy consumption have been studied more seriously by researchers and 

governments in the last several years. For energy generation, civilizations have relied on fossil 

sources such as natural gas, oil, and coal for centuries. This reliance on the fossil energy generation 

has led to a dramatic change in the climate due to CO2 emissions; an action must be taken to 

reduce such pollution, IPCC reported [1]. There are many strategies to meet this goal, one of which, 

is to use renewable energy sources or to increase the efficiency of existing energy power plants. 

For both approaches, the incorporation of thermal energy storage (TES) systems is one promising 

solution. Commonly, solar applications need to store thermal energy for different duration starting 

from minutes extending to seasonal periods depending on applications. The use of a (TES) system 

in an energy system increases the overall efficiency, reliability, economic feasibility, and it reduces 

running costs, and CO2 emissions [1, 2]. TES systems help match supply and demand by storing 

the thermal energy for later use. Also, such technology allows thermal energy to be transported [3, 

1]. Thus, TES is widely used as a thermal protection (e.g. electronics cooling) or as a storage (e.g. 

an energy supply security in hospitals). Within these two scopes, the literature lists other 

applications that use TES: spacecraft thermal systems, food thermal protection, solar power plants, 

thermal comfort in vehicles, cooling of engines (electric and combustion), medical applications: 

(e.g. blood transport, operating Tables, hot–cold therapies), and greenhouses [4]. The properties 

of a selected thermal energy storage medium (e.g. PCM, water, etc.) play a crucial role in 

determining both aspects: the performance of the TES system [5], and its appropriate application.  

A fluid with a low conductivity value could be desired in some applications of thermal protection. 

However, in some TES applications, the storage medium should have a high conductivity to 

discharge the energy in the proper time [4]. There are three ways of storing thermal energy: 

sensible heat, latent heat and thermochemical energy storage [1]. In the market, there are numerous 

liquid mediums that either lay under sensible heating or latent heating. In this project, a sensible 

heating storage medium (water) is considered. 

The objective of this dissertation is to examine the effect of Engineered Storage Medium (ESM) 

on different types of TES systems. The contribution of this dissertation is to enhance heat transfer 



 

 

2 

 

in thermal energy storage systems by incorporating engineered nano-materials (ENMs) for 

encapsulated (e.g., spherical, conical, and pear-shaped enclosures). Furthermore, a composite (e.g., 

metal mesh porous medium incorporated into a cylindrical and cubical containers) is used to 

enhance heat transfer rate of thermal energy storage (TES) systems. The main motivation of this 

work is to enhance heat transfer of TES systems. In this work, a novel investigation of PCM 

melting process inside encapsulated conical and pear-shaped enclosures as well as a cylindrical 

sensible thermal energy storage is experimentally investigated. For the proposed systems, in the 

form of nanofluids, (TiO2 nanoparticles dispersed in water) (CuO nanoparticles dispersed in 

Rubitherm R-18) is considered in this work as potential storage mediums. As well, a composite of 

water and metal mesh porous medium incorporated into a cylindrical thermal energy storage 

system is investigated with different inclination angels. In addition, RT-18 imbedded a finned heat 

pipe that acts as a heat sink is experimentally examined.  
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2 Chapter 2: Encapsulated PCM: PCM and Nano-PCM inside 

Spherical Container 

2.1 Introduction  

Encapsulated PCMs are have been getting popularity in the recent days because of its important 

applications in the numerous fields; for example, food preservation, building thermal management, 

electronic cooling, power generation, energy storage, and hybrid-electric vehicle battery thermal 

management. The properties of PCM are different at the solid and liquid phases. Thermophysical 

properties change with temperature change as well. Many PCMs also show high volume expansion 

(or contraction) rate during melting (or solidification) process. This may cause some unavoidable 

situation like leakage and contamination during the operation. Further, use of nanoparticles 

exhibits many advantages, however, nanoparticles may become toxic for some delicate 

applications. Therefore, encapsulating the nano-PCM and PCM is a viable option. Further, 

encapsulation increases the heat transfer surface area of the PCM which increase the melting and 

solidification rate for particular application. It is identified in the literature that the researchers 

have been studying different encapsulated geometry over the year, many of them are spherical in 

nature. A brief literature review on the PCM encapsulated spherical geometry and relevant studies 

are summarized in Table 2-1 below.   

Table 2-1: Literature review of recent studies on melting/solidification performance inside sphere like shapes 

filled with Nano PCM. 

Cavity 

shape 
Ref. 

PCM/storage 

medium 
Nano Type of study Objectives Results 

Sphere [1] - 
Graphite 

nanosheets 

Experimental 

study 

This paper studies 

the melting process 

in unconstrained 

spherical container. 

0.5 wt.% of graphite 

nanosheets has resulted 

10% faster melting process 

in comparison to a pure 

PCM. 

Sphere [2] 
Paraffin wax/ 

n-octadecane 
- 

Numerical 

Study/ 

experimental 

study 

This paper examines 

the role of 

buoyancy-driven 

convection during 

melting of a 

constrained PCM in 

a sphere. 

The computational analysis 

suggests that the convictive 

heat transfer is dominant in 

the upper half of the sphere 

because of the warm liquid 

PCM replacing the colder 

liquid. In the experimental 

results, the waviness in the 

bottom of the PCM is 

underestimated because of 

the support structure used 

to hold the sphere. 
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Cavity 

shape 
Ref. 

PCM/storage 

medium 
Nano Type of study Objectives Results 

Sphere [3] N-Octadecane - 
Experimental 

study 

This paper 

investigates PCM 

melting process in a 

spherical container 

under constrained 

and unconstrained 

conditions at three 

constant surface 

temperatures (35,40, 

and 45°C). 

In unconstrained cases, the 

PCM melts first by mean of 

conduction heat transfer. 

Then, it sinks down the 

container. Consequently, 

the warm liquid PCM will 

raise to the top. Thus, the 

PCM melts from top by 

natural conviction and from 

the bottom by conduction. 

In the constrained melting 

cases, the PCM melts by 

mean of conduction heat 

transfer only at the 

beginning of the melting 

process. As PCM melts, the 

natural convection heat 

transfer will shape the solid 

PCM in an oval shape at 

the top half. At the bottom 

half, natural convection 

will form waviness shape. 

Sphere [4] N-octadecane - 

Numerical 

Study/ 

experimental 

study 

This paper 

investigates PCM 

melting process in a 

This paper 

investigates PCM 

melting process in a 

spherical container 

under unconstrained 

conditions at three 

constant surface 

temperatures (35,40, 

and 45°C). 

It was reported that because 

of the perfect contact 

between the wall and solid 

PCM, the melting rate is 

high at the beginning of the 

melting process; the 

process decreases when a 

liquid PCM layer is formed 

around the solid PCM. 

Then, it sinks down the 

container. Thus, the PCM 

melts from top and both 

sides by natural conviction 

and from the bottom by 

conduction. 

Sphere [5] N-octadecane - 
Experimental 

study 

This paper 

investigates PCM 

melting process in a 

spherical container 

under unconstrained 

condition at three 

constant surface 

heat rates (690 W, 

850 W and 950 W ). 

It was reported that the 

melting depends largely on 

temperature and surface 

contact area. Conduction 

heat transfer from flask 

walls dominates initial 

melting condition with 

increasing liquid boundary 

layer shifting dominant 

heat transfer mode to 

internal convection. 

Decreasing solid volume 

with increasing heat 

transfer contact surface 

area from both conductive 

flask walls and convective 

liquid layers accelerate 

melting rate. 

Spherical 

capsules 
[6] 

N-octadecane 

28 
- 

Experimentally 

and numerically 

The authors study 

unconstrained PCM  

It was found that within the 

bulk melt region above the 
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Cavity 

shape 
Ref. 

PCM/storage 

medium 
Nano Type of study Objectives Results 

melting process.  solid, convective currents 

arising from the dropping 

of the solid mass generally 

cannot be neglected. 

 

Spherical 

capsules 
[7] - - 

Experimentally 

and numerically 

The authors study 

the unconstrained 

melting process  

The effect of natural 

convection on the melting 

process was neglected. 

 [8] - - 
Analytical 

Numerical 

The authors study 

an analytical 

solution for the 

melting rate on the 

bottom surface of 

the solid core 

The effect of natural 

convection on the melting 

process was neglected. 

Sphere [9] - - Numerical 

The effect of natural 

convection within 

the thin melting 

layer in the bottom 

of the sphere and 

within the top part 

of the sphere during 

the unconstrained 

melting process was 

studied 

The results show that 

marked melting took place 

at the upper surface due to 

the significance of natural 

convection. 

Sphere [10] - - Numerical 

The authors study 

the contact melting 

of an unconstrained 

solid in a spherical 

capsule with a non-

isothermal wall. 

The analytical results show 

a good agreement with 

numerical solution. 

 

Sphere 
[11] 

N-tetradecane 

& 

(n-tetradecane 

(40%) and n-

hexadecane 

(60%) and 

water) 

- Experimental 

The authors study 

unconstrained PCM  

melting process. 

The capsules made a 7-

layer thermal storage 

system. 

Sphere [12] Wax - Numerical 

The authors study 

the effects of 

buoyancy-driven 

convection during 

melting of 

constrained PCM 

within spherical 

containers. 

As buoyancy-driven 

convection became more 

dominant due to the growth 

of the melt zone, 

accelerated melting in the 

top region of the sphere in 

comparison to the bottom 

zone was observed.  

Sphere [13] Paraffin wax - Experimental 

The authors 

performed both 

melting and 

solidification 

experiments of 

commercial grade 

paraffin wax within 

copper spherical 

capsules. 

Nusselt number for melting 

has a strong dependence on 

the sphere diameter, lower 

dependence on the air 

temperature, and 

a negligible dependence on 

the air velocity. 
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It is identified from the literature review that very limited research work is performed on bio-based 

PCM and nano-PCM encapsulated in spherical geometry with or without constraints in the 

symmetry axis both numerically and experimentally. Therefore, the primary objective of this study 

is to investigate both numerically and experimentally transient heat transfer and the behavior of 

melting process inside spherical thermal energy storage (TES) systems containing a bio-based 

phase change material (PCM). Numerical and experimental studies are performed using coconut 

oil, a bio-based PCM, for two different spherical volumes (250 and 150 ml) and two different 

temperatures of the spherical wall (50C and 40C).  

2.2 Numerical Modeling  

A simplified geometry of the modeled spherical container filled with PCM is presented in Figure 

2-1. The diameter of the spherical container is 0d , while the thickness of the container is neglected 

in the numerical model. The modeled geometry is assumed initially filled with a bio-based 

PCM/nano-PCM. The initial temperature of the nano-PCM is 0T  while the melting  
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Figure 2-1: Schematic diagram of the (a) spherical encapsulated system with dimension (unconstrained) and 

(b) the axisymmetric computation domain with PCM location and boundary condition (unconstrained), (c) 

spherical encapsulated system with dimension (constrained) and (d) the axisymmetric computation domain 

with PCM location and boundary condition (constrained). 

The surface temperature of the sphere is suddenly increases to a temperature hT  which is higher 

than mT . This will initiate the melting process by transferring thermal energy from outside to inside 

of the sphere. With the increase of time, amount of liquid PCM will increase and solid PCM will 

decrease and the layers of liquid and solid PCMs will be separated by a thin mushy layer of PCM. 
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It is assumed during the modeling that liquid phase of nano-PCM is assumed Newtonian and 

Boussinesq incompressible. The conservation equations of mass, momentum, and energy are 

presented below:     

Conservation of mass: 0=
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Conservation of z -momentum equation: 
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Conservation of energy: 
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where u  is the velocity component in the r -direction, w  is the velocity component in the z -

direction, t  is the time,  is the density of the nano-PCM, p  is the pressure,  is the dynamic 

viscosity of nano-PCM, g is the gravitational acceleration,  is the coefficient of thermal 

expansion of the nano-PCM, T is the temperature, mT  is the melting temperature of the nano-PCM, 

k is the thermal conductivity of the nano-PCM, and  pC is the 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 2-2, 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. To reduce the computational time, 

the problem is solved as a 2-D axisymmetric problem. 

Table 2-2: Thermophysical property-relationships for nano-PCM [14, 15]. 

Properties Property Relationship 

Density  Solid PCM: nsns  +−= )1(  

Liquid PCM: nfnf  +−= )1(   

Heat capacity  Solid PCM: npspnsp CCC )()()1()(  +−=   

Liquid PCM: npfpnfp CCC )()()1()(  +−=  
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Expansion coefficient  Solid PCM: nsns )()()1()(  +−=  

Liquid PCM: nfnf )()()1()(  +−=  

Thermal conductivity  
Solid PCM: s

nssn

nssn
ns k

kkkk

kkkk
k

)(2

)(22

−++

−−+
=




 

Liquid PCM: f

nffn

nffn

nf k
kkkk

kkkk
k

)(2

)(22

−++

−−+
=




 

Dynamic viscosity  
Liquid PCM:

( ) 5.2
1 




−
=

f

nf  

It is further assumed that the transition between the solid and liquid phases occurs within a 

temperature interval ( mT ) which may vary from PCM to PCM. 

Density transition in the Mushy Layer: The transition for the nano-PCM’s density (  ) can be 

approximated by [14, 15] 
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Conductivity transition in the Mushy Layer: The transition for the nano-PCM’s thermal 

conductivity ( k ) can be approximated by 
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Heat Capacity transition in the Mushy Layer: The transition for the heat capacity ( pC ) can be 

approximated by 
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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 2-2 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 spherical system is discussed in detail in the following 

section. 

2.2.1 Boundary and Initial Conditions 

At the beginning of the melting process ( 0=t ), the computational domain of the spherical system 

is assumed filled with a nano-PCM at an initial temperature 0T . The outer surface of the sphere is 

suddenly increases to a temperature hT  (> mT ) to initiate the melting process. The constrained 

cylinder is assumed adiabatic in case of the cylindrical constrained case, while for the non-

constrained case the symmetry boundary condition is applied at the axisymmetric plane. The 

boundary conditions for the unconstrained case are given below: 

Outer spherical wall: 
hTTwu

d
r ==== ,0,

2

0  

Unconstrained wall: 0,0 =



=




==

r

T

r

u
wr  

Initial condition: 0,0 TTwu ===  

 

(10a) 

The boundary conditions for the constrained case are given below: 

Outer spherical wall: 
hTTwu

d
r ==== ,0,

2

0  

Constrained wall: 0, =



===

r

T
wurr c

 

Initial condition: 0,0 TTwu ===  

 

 

(10b) 

where cr  is the radius of the constrained cylinder placed at the axis of symmetry of the sphere.    

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

Equations (10a) and (10b) using the COMSOL Multiphysics software. 
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2.2.2 Numerical Results and Discussion 

COMSOL simulations were performed to identify the melting process for 4 unconstrained cases 

and 4 constrained cases as summarized in Table 2-3.  

Table 2-3: Different parameters used in eight different simulation cases  

 

Unconstrained 

 

Cases 
0d  hT  mT  iT  nRa  Ra  

1 (Figure 2-2) 4 cm 40oC 24oC 24oC 1.73106 2.22106 

2 (Figure 2-3) 6.59 cm 40oC 24oC 24oC 7.74106 1.00107 

3 (Figure 2-4) 8 cm 40oC 24oC 24oC 1.38107 1.78107 

4 (Figure 2-5) 10 cm 40oC 24oC 24oC 2.70107 3.47107 

 

Constrained 

 

Cases 
0d  hT  mT  iT  nRa  Ra  

5 (Figure 2-6) 4 cm 40oC 24oC 24oC 1.73106 2.22106 

6 (Figure 2-7) 6.59 cm 40oC 24oC 24oC 7.74106 1.00107 

7 (Figure 2-8) 8 cm 40oC 24oC 24oC 1.38107 1.78107 

8 (Figure 2-9) 10 cm 40oC 24oC 24oC 2.70107 3.47107 

Images obtained from the numerical simulations are presented in Figure 2-2 to Figure 2-9. For 

each image presented in Figure 2-2 to Figure 2-9, solid PCM/nano-PCM is identified using dark 

blue color, while PCM/nano-PCM in the liquid form is identified with the remaining color. In other 

word, the blue represents the coldest region in the simulated zone and red represents the hottest 

zone.   

Unconstrained Melting: Figure 2-2 to Figure 2-5 represent the 4 cases of unconstrained melting 

where PCM/nano-PCM is not restricted by any means inside the spherical container. The 

corresponding Rayleigh number for each case is available in the figure title and in Table 2-3 as 

well. Figure 2-2 shows the evolution of the melting process with time when  nRa =1.73106 where 

nRa  represents the Rayleigh number based on the nano-PCM properties. The corresponding 

Rayleigh number based on the base-PCM properties is Ra =2.22106.  
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The initial temperature of the PCM is kept at its melting temperature during the simulation, as 

sensible heat transfer occurs when the PCM temperature is below the meting temperature which 

is well understood in the literature. To save the computation time the simulation is started from 

the melting temperature. However, this restriction is relaxed during the experimental work.  

The spherical container is exposed to an environment with high temperature ( hT ) which is higher 

than the melting point of the PCM. This stage is shown in the image at t=0 sec. Thermal energy 

will transfer in the form of heat from the surrounding environment to the PCM due to the 

temperature difference. At the beginning of the melting process, heat will transfer in the form of 

conduction. This will melt a very thin layer of PCM attached to the spherical wall. At this stage, 

this thin liquid layer will conform a shape similar to a hollow shell sphere (t=100 sec.). Due to 

high viscous resistance, the liquid layer will considerably remain motionless. Thermal resistance 

in the liquid layer will high at this stage.  

As time advances further, the thin liquid layer will grow in size, thus reducing the thermal 

resistance. In addition, the bigger thickness of the liquid layer will experience less viscous 

resistance. Motion in the liquid PCM will be established and this motion will be more evident at 

the top of the spherical shell where warmer PCM will be gathered due to the natural convection 

(t=170 sec.). Heat transfer will be dominated by convection in the upper part of the spherical 

enclosure, while conduction will be still the dominant at the bottom part. 

  As time advances further, two simultaneous effects will be dominant: growing natural convection 

region at the top and shrinking conduction region at the bottom. Due to the high natural convection 

current and thermal stratification effects, a large portion of the liquid PCM will be exposed at the 

top of the spherical enclosure. While at the same time a thin layer will occupy underneath the solid 

PCM due to the close contact melting. This thin layer will always be squeezed by the heavier solid 

PCM at the top ensuring conduction dominated heat transfer. During this melting process, the 

bottom part of the solid-liquid interface will always follow the contour of a spherical shell due to 

the close contact melting and conduction dominated heat transfer, while the shape of the interface 

will more flatter in the upper part due to the natural convection effect.  
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As this melting process continued further, the remaining solid PCM will become smaller and 

smaller in size while maintain the shape until the last drop of the solid PCM melts. For the higher 

Rayleigh numbers, no significant change is observed in the melting regimes. However, as 

expected, the melting time increases for higher Rayleigh number because the amount of PCM is 

higher for higher Rayleigh.    

   
(a)  0 sec. (b) 100 sec. (c) 170 sec. 

   
(d) 250 sec. (e) 300 sec. (f) 400 sec. 

   
(g) 500 sec. (h) 550 sec. (i) 600 sec. 
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(j) 650 sec. (k) 740 sec. (l) 700 sec. 

Figure 2-2: do=4cm, Th=40°C, Tm=24°C, Ti=24°C, Ra=1.73×106, Ra0=2.22×106 (unconstrained) 

   
(a) 0 sec. (b) 100 sec. (c) 200 sec. 

   
(d) 300 sec. (e) 450 sec. (f) 600 sec. 

   
(g) 700 sec. (h) 850 sec. (i) 1050 sec. 
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(j) 1250 sec. (k) 1350 sec. (l) 1500 sec. 

Figure 2-3: do=6.59cm, Th=40°C, Tm=24°C, Ti=24°C, Ra=7.74×106, Ra0=1.0×107 (unconstrained) 

   
(a)  0 sec. (b) 100 sec. (c) 250 sec. 

   
(d) 350 sec. (e) 450 sec. (f) 600 sec. 

   
(g) 750 sec. (h) 900 sec. (i) 1200 sec. 
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(j) 1600 sec. (k) 1900 sec. (l) 2000 sec. 

Figure 2-4: do=8cm, Th=40°C, Tm=24°C, Ti=24°C, Ra=1.38×107, Ra0=1.78×107 (unconstrained) 

   
(a)  0 sec. (b) 100 sec. (c) 300 sec. 

   
(d) 450 sec. (e) 600 sec. (f) 800 sec. 

   
(g) 1000 sec. (h) 1250 sec. (i) 1500 sec. 
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(j) 2000 sec. (k) 2500 sec. (l) 2800 sec. 

Figure 2-5: do=10cm, Th=40°C, Tm=24°C, Ti=24°C, Ra=2.70×107, Ra0=3.47×107 (unconstrained) 

Constrained Melting: Figure 2-6 to Figure 2-9 represent the 4 cases of constrained melting where 

PCM/nano-PCM is restricted by a think cylindrical rod inside the spherical container. The 

corresponding Rayleigh number for each case is available in the figure title and in Table 2-3 as 

well. Figure 2-6 shows the evolution of the melting process with time when  nRa =1.73106 where 

nRa  represents the Rayleigh number based on the nano-PCM properties. The corresponding 

Rayleigh number based on the base-PCM properties is Ra =2.22106.  

The initial temperature of the PCM is kept at its melting temperature during the simulation, as 

sensible heat transfer occurs when the PCM temperature is below the meting temperature which 

is well understood in the literature. To save the computation time the simulation is started from 

the melting temperature. However, this restriction is relaxed during the experimental work.  

The spherical container is exposed to an environment with high temperature ( hT ) which is higher 

than the melting point of the PCM. This stage is shown in the image at t=0 sec. Thermal energy 

will transfer in the form of heat from the surrounding environment to the PCM due to the 

temperature difference. At the beginning of the melting process, heat will transfer in the form of 

conduction. This will melt a very thin layer of PCM attached to the spherical wall. At this stage, 

this thin liquid layer will conform a shape similar to a hollow shell sphere (t=100 sec.). Due to 

high viscous resistance, the liquid layer will considerably remain motionless. Thermal resistance 

in the liquid layer will high at this stage. Note that the shape of the liquid layer at this stage is more 

spherical than the unconstrained case we have seen before. 
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As time advances further, the thin liquid layer will grow in size, thus reducing the thermal 

resistance. In addition, the bigger thickness of the liquid layer will experience less viscous 

resistance. Motion in the liquid PCM will be established and this motion will be more evident at 

the top of the spherical shell where warmer PCM will be gathered due the to natural convection 

(t=250 sec.). Heat transfer will be dominated by convection in the upper part of the spherical 

enclosure, while conduction will be still the dominant at the bottom part, but less than the 

unconstrained case. 

  As time advances further, two simultaneous effects will be dominant: growing natural convection 

region at the top and shrinking conduction region at the bottom. Due to the high natural convection 

current and thermal stratification effects, a large portion of the liquid PCM will be exposed at the 

top of the spherical enclosure. While at the same time a growing layer will occupy underneath the 

solid PCM due to the increasing rate of Benard like convection, which will be clearly evident from 

the liquid region with apparent vortex formation. A pair of Benard cell is observed for nRa

=1.73106 which essential disappeared as this layer grows in size as time advances. This Benard 

cell will significantly affect the solid-liquid interface shape at the bottom of the remaining solid 

PCM. The total shape is therefore distinctly different than the unconstrained case during this 

melting process.  

As this melting process continued further, the remaining solid PCM will become smaller and 

smaller in size while maintain the shape until the last drop of the solid PCM melts. For the higher 

Rayleigh numbers, significant change is observed in the melting regimes, specifically, the number 

of Benard cell increases with increasing Rayleigh number. However, as expected, the melting time 

increases for higher Rayleigh number because the amount of PCM is higher for higher Rayleigh.  
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(a)  0 sec. (b) 100 sec. (c) 250 sec. 

   
(d) 350 sec. (e) 450 sec. (f) 500 sec. 

   
(g) 600 sec. (h) 650 sec. (i) 700 sec. 

   
(j) 730 sec. (k) 740 sec. (l) 800 sec. 

Figure 2-6: do=4cm, Th=40°C, Tm=24°C, Ti=24°C, Ra=1.73×106, Ra0=2.22×106 (constrained) 
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(a) 0 sec. (b) 100 sec. (c) 300 sec. 

   
(d) 400 sec. (e) 500 sec. (f) 650 sec. 

   
(g) 800 sec. (h) 1000 sec. (i) 1100 sec. 

   
(j) 1200 sec. (k) 1400 sec. (l) 1600 sec. 

Figure 2-7: do=6.59cm, Th=40°C, Tm=24°C, Ti=24°C, Ra=7.74×106, Ra0=1.0×107 (constrained) 
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(a)  0 sec. (b) 100 sec. (c) 300 sec. 

   
(d) 500 sec. (e) 700 sec. (f) 850 sec. 

   
(g) 1000 sec. (h) 1250 sec. (i) 1500 sec. 

   
(j) 1750 sec. (k) 1900 sec. (l) 2000 sec. 

Figure 2-8: do=8cm, Th=40°C, Tm=24°C, Ti=24°C, Ra=1.38×107, Ra0=1.78×107 (constrained) 
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(a)  0 sec. (b) 100 sec. (c) 300 sec. 

   
(d) 500 sec. (e) 700 sec. (f) 1000 sec. 

   
(g) 1200 sec. (h) 1550 sec. (i) 1900 sec. 

   
(j) 2250 sec. (k) 2600 sec. (l) 3000 sec. 

Figure 2-9: do=10cm, Th=40°C, Tm=24°C, Ti=24°C, Ra=2.70×107, Ra0=3.47×107 (constrained). The melt 

fraction and Nusselt number for both constrained and unconstrained cases are plotted in Figure 2-10 to 

Figure 2-13. Additional information is provided in the figures and figure titles.      
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Figure 2-10: Melt fraction of PCM as a function of time at different diameters of the spherical enclosure 

(unconstrained case) 
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Figure 2-11: Transient Nusselt number at different diameters of the spherical enclosure (unconstrained case) 
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Figure 2-12: Melt fraction of PCM as a function of time at different diameters of the spherical enclosure 

(constrained case) 
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Figure 2-13: Transient Nusselt number at different diameters of the spherical enclosure (constrained case) 
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2.3 Experimental Work 

 

Figure 2-14: Schematic diagram of the experimental setup. 

The major reason behind the proposed experimental work is to understand the melting behavior of 

coconut oil PCM/nano-PCM placed inside a spherical container under constant temperature 

boundary condition. Once the melting front is tracked at different wall temperatures, the melting 

fraction, heat transfer through the enclosure wall, and energy stored inside the PCM/nano-PCM is 

calculated. In the following subsections, a brief description of the spherical enclosure, material 

preparation, experimental setup, experimental methodology, and data acquisition are provided.       

2.3.1 Experimental Setup 

In order to perform detailed experimental analysis of the melting process of the PCM/nano-PCM 

inside the spherical enclosure an experimental setup is constructed and equipped with appropriate 

sensors. A schematic diagram of this experimental setup is presented in Figure 2-14 where the 

main components consist of the following: 

Thermocouples 

Digital Camera 

 De-ionized Water            Enclosure 

H
e
a

te
r 

B
a

ff
le

 

PCM 

 

 
30.00 °C 

 
DAQ 

Thermal Regulator 

Computer 
Acrylic Container 

 



 

 

28 

 

▪ A water tank made of 8 mm thick clear acrylic sheets, which are glued together with acrylic 

cement. The bottom wall of the tank is raised 8cm above to accommodate a magnetic stirring 

mechanism and electrical illumination system. This tank is filled with deionized water which 

is heated to 60oC and then cooled down to room temperature multiple times. During this 

process small bubbles are appeared at the tank walls which are manually cleaned.    

▪ The 250ml spherical enclosure, made of Pyrex glass, having 84.5mm diameter and 2mm wall 

thickness, while the 150ml spherical enclosure, made of Pyrex glass, having 75.2mm diameter 

and 2mm wall thickness.  The enclosure is open at its top side. A rubber made cylinder, having 

diameter slightly larger than 26.5mm, is instead into this opening to create a tight fit. A small 

acrylic rod of diameter 2mm is passed through the center of the rubber cylinder in a way that 

can touch the bottom of the enclosure. This rod will create the cylindrical obstruction at the 

center of the enclosure. One small tube is inserted through the rubber cylinder at a position 

halfway between the center and the edge of the cylinder. This tube will work as a vent to allow 

liquid PCM to move up slightly during melting process.      

▪ A coil type immersion liquid heater controlled by a digital temperature controller (model: 

HCTB-3020, manufacturer: Omega). This digital controller is used to create an isothermal 

environment by setting the water temperature and maintaining it within 0.1oC precision level. 

The liquid heater is placed close to the one vertical wall of the tank, while the spherical 

enclosure is placed near the opposite vertical wall. In order to avoid the effect of direct fluid 

circulation and turbulence, a 30 cm × 20 cm acrylic sheet is installed close to the heater and 

5cm above the bottom surface of the water tank.  

▪ A low head and variable discharge pump to circulate water to maintain uniform temperature 

inside the tank for longer operation.  

▪ T-type thermocouples (model: TT-T-30-36, manufacturer: Omega) to monitor the water 

temperature at selected locations to ensure the required water temperature before and during 

the experiments. Additional thermocouples are installed inside the spherical enclosure. A 16-

channel DAQ system (model: NI9213, manufacturer: National Instruments) is connected to 

the thermocouples, and  

▪ A digital camera (model: EOS rebel T5, manufacturer: Canon) to capture the melting images 

at regular interval.  
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2.3.2 PCM and Nano-PCM Preparation  

In this work, food grade coconut oil (Coconut oil from Cocos Nucifera, supplier: Sigma-Aldrich) 

is used as a base PCM. The supplier has provided us with only two information: melting point  

23 – 27 oC and flash point > 113oC. Therefore, the thermophysical properties of the PCM are 

carefully measured in the lab at some selected temperatures.  

A melting point apparatus (MPS10 from Omega) is primarily used to measure the melting point 

of the PCM/nano-PCM. MPS10 can measure two samples of PCM simultaneously with ±1oC 

resolution. 

A Differential Scanning Calorimeter (DSC 4000 from PerkinElmer) system is used to measure the 

specific heat and heat of fusion of the PCM. Additionally, the DSC system gives the melting 

temperature which is compared with the result obtained from MPS10 system earlier.  

Thermal conductivity is measured using a handheld thermal conductivity meter (KD2PRO from 

Decagon Devices). TR-1 and KS-1 sensors (from Decagon Devices) are used to measure the 

conductivity of solid and liquid PCM, respectively.    

A portable density meter (DMA 35 from Anton Paar) is used to measure the density of the liquid 

PCM/nano-PCM.   

A rotational viscometer (NDJ-85 from Boshi Electronic Instrument) is used to measure the 

viscosity of the liquid PCM/nano-PCM. 

Before each experiment, solid PCM is melted by placing the PCM filled glass container (obtained 

from the manufacturer) inside a constant temperature bath by setting the bath temperature above 

the melting point of the PCM. The Liquid PCM is degasified inside a vacuum chamber (bell jar 

type) for few minutes. The melted PCM is then poured into the spherical enclosure in multiple 

steps. In each step, a small amount of liquid PCM is filled into the spherical enclosure placed inside 

a second constant temperature bath and then allowed it to be solidified. The temperature of the 

second constant temperature bath is set below the melting temperature of the PCM for 

solidification. This process is continued until the solid PCM filled until the upper part of the 
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enclosure. Subsequently, the PCM filled spherical enclosure is left inside the cold constant 

temperature bath for 24 hours to ensure a constant and uniform internal temperature distribution 

for the solidified PCM. In the meantime, the temperature of the deionized water is raised to a 

temperature higher than the melting temperature of the PCM and maintained at this temperature 

using the digitally controlled thermal regulator. The melting experiment is started after removing 

the spherical enclosure from the constant temperature bath and placing it inside the water 

container.  

In case of nano-PCM, the required amount of nanoparticles is measured in a precise balance (model 

XP6 from Mettler Toledo) and then added to a pre-determined amount of liquid PCM in a beaker. 

The prepared nano-PCM thus is raised to 60◦C by a heater and then stirred for 12 hours by a 

magnetic stirrer (model SP88854100 from Thermo Scientific). To enhance the mixing process 

further and to remove the trapped air, the stirred mixture is sonicated for 30 minutes using a 

sonicator (model Q500 from Qsonica). Subsequently, similar procedure, as described for the pure 

PCM earlier, is followed to the spherical enclosure with the nano-PCM to run the melting 

experiments.                  

2.3.3 Experimental Procedure  

The experimental work was carried out in several steps. At the beginning, the PCM spherical 

enclosure is placed inside a controlled environment to reach a certain temperature bellow the 

melting point temperature (Tm) of the PCM. Then, the thermo-regulator heats the water to a 

temperature (Th) above the melting point temperature (Tm) of the PCM. Then, the cooled-enclosure 

is submerged inside the heated water, and a Circular Bubble Level tool is used to ensure that the 

enclosure is placed vertically. Instantly, the camera starts capturing the melting behavior of the 

PCM within 1-minute interval, and the DAQ system starts recording the changes of the 

temperature inside the PCM every second in three different locations: (1-cm away from the neck, 

the center and 1-cm from the base). 
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Table 2-4: Properties of Coconut Oil. 

Property (unit) solid liquid 

Tm (oC) 24 oC 

ρ (kg/m3) 920 

(assumed) 
918 

μ (Pa.s) --- 0.0268 

cp (J/kg K) 3750 1670 

k (W/m K)  0.166 

hsf (J/kg) 103,000 

2.3.4 Experimental Results and Discussion 

A large number experiments were conducted observe the effect of enclosure size and wall 

temperature on the melting process. Selected cases are presented here. Two constrained melting 

cases are presented in Figure 2-15 and Figure 2-16. In the case of constrained melting the PCM is 

constrained by a rigid cylindrical rod at the center of the spherical container. The transparent glass 

spherical enclosure is kept in a transparent tank containing water at two different but constant 

temperatures. The experimental investigation shows three different regions of melting. During the 

initial stage, melting occurs due to conduction heat transfer through the wall of the sphere. At this 

stage, melting occurs in a symmetrical manner all around the solid PCM inwards towards the center 

of the sphere. Therefore, a spherical shape of the solid PCM is observed. This region is called 

conduction dominated region. As melting progresses, natural convection starts to develop into the 

molten PCM region. The rise of the warm liquid PCM in between the solid PCM and the spherical 

wall due to natural convection along with conduction heat transfer through the wall result in a 

faster melting at the top and sides of the solid PCM than at the bottom. At this region, heat transfer 

is dominated by conduction at the bottom and by convection at the top and sides of the solid PCM. 

This is called a mixed region and this region is identified by an asymmetrical melting retaining the 

spherical shape. As melting progresses further, convection dominates the heat transfer all around 

the solid PCM and the solid fraction loses its spherical shape and becomes elongated at the top and 

shows an irregular pattern at the bottom until it melts completely. This last region of melting is 

called convection dominated region. Note that in the last region, the bottom of the solid sphere 

remains almost smooth for 40C temperature for both of the spherical containers. Thus, the 

experimental results show that transient melting in a spherical container is affected more by 
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temperature difference between the wall and the PCM than its size. The findings will benefit better 

designing PCM encapsulated spherical shells for TES systems applications. Figure 2-17 shows the 

comparison between the melting process of PCM and nano-PCM inside the spherical enclosure 

(150ml TES system) (constrained). It is evident from the figure that nano-PCM enhances the 

melting process.  

    
(a) t = 0 sec. (b) t = 600 sec. (c) t = 900 sec. (d) t = 1200 sec. 

    
(e)   t=1500 sec. (f) t = 1800 sec. (g) t = 2100 sec. (g) t = 2400 sec. 

    

(i) t = 2700 sec. (j) t = 3000 sec. (k) t = 3300 sec. (l) t = 3840 sec. 

Figure 2-15: Transient melting process of PCM inside 150ml enclosure; initial temperature 10°C and wall 

temperature 40 °C 
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(a) t = 0 sec. (b) t = 600 sec. (c) t = 900 sec. (d) t = 1200 sec. 

    
(e) t = 1500 sec. (f) t = 1800 sec. (g) t = 2100 sec. (h) t = 2400 sec. 

Figure 2-16: Transient melting process of PCM inside 150ml enclosure; initial temperature 10°C and wall 

temperature 50 °C 
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Pure Coconut Oil Coconut Oil + 

[0.034g CuO2] 

Pure Coconut Oil Coconut Oil + 

[0.034g CuO2] 

    
(a) t = 0 sec. (b) t = 480 sec. 

    
(c) t = 960 sec. (d) t = 1680 sec. 

    
(e) t = 2160 sec. (f) t = 6044 sec. 

    
(g) t = 2760 sec. (h) t = 2880 sec. 

 

Figure 2-17: Comparison between the melting process of PCM and nano-PCM inside the spherical enclosure 

(150ml TES system) (constrained); on the left (nano-PCM) and on the right (PCM); PCM: Coconut Oil; NP: 
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Copper Oxide (50nm) of 0.0345g (Mass fraction = 0.015%); Initial temperature: 20°C; wall temperature: 

50°C. 

2.4 Conclusion 

This research investigates the melting process of unconstrained/constrained pure coconut oil 

compared with coconut oil mixed with copper oxide nanoparticles. This investigation is conducted 

numerically and experimentally. For unconstrained PCM, it was observed that the melting process 

experiences three different melting regions. At first, heat will transfer in the form of conduction, 

which makes PCM to melt at the inner wall of the enclosure. As the PCM melts, the thermal 

resistance reduces. Thus, the bigger thickness of the liquid layer will experience less viscous 

resistance. This makes convective heat transfer dominant in the upper part of the spherical 

enclosure, while conductive heat transfer dominants at the bottom part. Then, a mixed melting 

region plays a big part of the melting process. For the higher Rayleigh numbers, no significant 

change is observed in the melting regimes. However, as expected, the melting time increases for 

higher Rayleigh number because the amount of PCM is higher for higher Rayleigh. For constrained 

PCM, at the beginning of the melting process, heat will transfer in the form of conduction. Is was 

observed that the shape of the liquid layer at this stage is more spherical than the unconstrained 

case we have seen before. As time advances further, motion in the liquid PCM will be established 

and this motion will be more evident at the top of the spherical shell where warmer PCM will be 

gathered due the to natural convection. Heat transfer will be dominated by convection in the upper 

part of the spherical enclosure, while conduction will be still the dominant at the bottom part, but 

less than the unconstrained case. As time advances further, two simultaneous effects will be 

dominant: growing natural convection region at the top and shrinking conduction region at the 

bottom. Due to the high natural convection current and thermal stratification effects, a large portion 

of the liquid PCM will be exposed at the top of the spherical enclosure. As this melting progresses, 

the remaining solid PCM will become smaller while maintaining the shape until the end of melting 

process. For the higher Rayleigh numbers, significant change is observed in the melting regimes, 

specifically, the number of Benard cell increases with increasing Rayleigh number.  
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2.5 Nomenclature  

CP specific heat at constant pressure, kJ/kg K 

do outer spherical diameter, m 

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 Nu= C

f

hL

K
=  

p pressure, N m-2 

q constant wall heat flux, W/m2 

r inner radius of the cylinder, m  

Ra  Rayleigh number 

3( )h mg T T H
Ra





−
=  

T temperature, °C 

Tm melting point temperature, °C 

TH Set pion temperature of water in the tank, °C 

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 

z Cartesian coordinates, cm 
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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 

CP specific heat at constant pressure, kJ/kg K 

do outer spherical diameter, m 

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, (the ratio of amount of liquid to the amount of sold PCM), (%) 
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Nu Nusselt number, (a dimensionless number that is the ratio of convective to 

conductive heat transfer at a boundary within a fluid) 

p pressure, N m-2 

q constant wall heat flux, W/m2 

r inner radius of the cylinder, m  

Ra  Rayleigh number, (dimensionless number associated with buoyancy-driven 

flow, also known as free convection or natural convection) 

T temperature, °C 

Tm melting point temperature, °C 

TH Set pion temperature of water in the tank, °C 

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 

z 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 
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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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3  Chapter 3: Encapsulated PCM: PCM and Nano-PCM inside 

Conical Container 

3.1 Introduction 

The problem of melting and solidification processes of phase change materials (PCMs) have been 

under investigation by researchers for a considerable amount of time because of their applications 

to different thermal management systems [1]. Such systems include latent heat thermal energy 

storage, electronic cooling, battery thermal management, air-conditioning, building thermal 

management, and waste heat recovery systems. For these applications mentioned, phase change 

processes of PCMs are investigated inside different types of representative geometries; for 

example, rectangular, spherical, and cylindrical geometries [2]. Numerical and experimental 

efforts have been given to identify/calculate/measure phase change pattern, melt fraction, rate of 

energy stored, heat transfer rate, viscosity, Nusselt number, and buoyancy ratio inside these 

particular geometries. Nevertheless, some efforts have been given to study the phase change 

processes of PCM inside other types of geometries; for example, conical holes [3] and conical 

frustum [4, 5], wavy [4, 6] geometries.         

Esam et al. [3] preformed a numerical study on a concrete slab with vertically oriented conical 

frustum holes filled with different PCMs (n-Eicosane and n-Octadecane) to reduce heat gains for 

building’s roof. The proposed system was compared with a roof that has no PCM operated at 

typical working hours. The thermal performance of both systems was investigated by means of 

heat flux measurements of the inner surfaces of the roofs. The objective of their study is to identify 

the effect of the geometry and the PCM type on the thermal performance. The best thermal 

performance was found with using n-Eicosane. It has been reported that use of proposed system 

can reduce 39% of the heat flux transferred from the outdoors into the building. Moreover, Hu et 

al. [7] studied numerically the heat transfer enhancement between PCM and heat transfer fluid for 

five different frustum-shaped geometries and multiple PCMs arrangements. All five geometries 

have similar PCM capacity. By using Fluent software, the authors developed a two-dimensional 

control volume-based numerical model. Authors have introduced the multiple PCMs arrangement 

that have different melting points. It was reported that the frustum-shaped system reduces the 
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thermal storage time by 47.5 %, and the five-PCMs arrangement reduces the thermal storage time 

by 21.5 %. Moreover, it was found that the most efficient TES unit is the one with length ratio of 

n = 5. Also, the most efficient arrangement of PCMs is that in decreasing order of the melting point 

from bottom to top. 

Furthermore, Saeid et al. [8] compared theoretically and experimentally the natural convection 

heat transfer performance of cylindrical and conical vertical shell-and-tube latent heat thermal 

energy storage systems during melting and solidification processes. For both systems, the heat 

transfer fluid (water) runs in the center of the containers through vertical copper pipes with outer 

diameters of (20mm, and 440mm), respectively. The voids of both containers are filled with similar 

quantity of PCM (25kg of RT60 paraffin wax). Both systems were compared by means of the 

melting fraction, temperature profile, and the rate of energy during melting and solidification 

processes. It was reported that the conical system could store more thermal energy than the 

cylindrical system at the same operating conditions during charging process only. This is because 

of the conical design allows more natural convection to dominate in a larger volume of PCM at 

top of the container compeered to the cylindrical container. Moreover, Aydın et al. [1] 

experimentally optimized a tube-in-shell TES system filled with Paraffin-58.06 PCM. The heat 

transfer fluid (hot water) runs in the center of a conical container filled with PCM through a copper 

pipe. The shell surface of the conical container is varied in this investigation. The aim of this study 

is to examine the optimum inclination angle of the shell surface of tube-in-shell-type thermal 

storage. The temperature profile of non-isothermal melting process is examined for different 

values of the heat transfer fluid temperature and mass flow rate. It was reported that the best 

performance was reached at the shell inclination angle of 5–15°.  

A comprehensive literature review on conical geometry and relevant studies are summarized in Table 3-1 

below.   

 

Table 3-1: Literature review of recent studies on melting/solidification performance inside conical like shapes 

filled with Nano PCM.  

Cavity 

shape 

Ref. PCM/storage 

medium 

Nano Type of 

study 

Objectives Results 

[3] n-Eicosane - Numerical 

study 

a concrete slab with 

vertically oriented 

It has been reported that 

using the proposed system 
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Cavity 

shape 

Ref. PCM/storage 

medium 

Nano Type of 

study 

Objectives Results 

frustum 

conical 

shape 

conical frustum holes 

filled with PCM to 

reduce heat gains for 

building’s roof. 

can reduce 39% of the heat 

flux transferred from the 

outdoors into the building. 

[7] N/A - Numerical 

study 

heat 

transfer enhancement 

between PCM and heat 

transfer fluid for five 

different geometries and 

multiple PCMs 

arrangements. 

 

It was found that the most 

efficient TES unit is the 

one with length ratio of n = 

5. 

Also, the most efficient 

arrangement of PCMs is 

that in decreasing order of 

the melting point from 

bottom to top. 

cone [9] base fluids 

(water, oil and 

ethylene 

glycol) 

(Cu and 

Al2O3) 

Theoretical 

study/ 

Numerical 

study 

This paper investigates 

the natural convection 

heat 

transfer of a cone 

integrated with a porous 

medium and submerged 

in nanofluid. 

It was reported that when 

viscosity increases, Nusselt 

number decreases. Also, 

when thermal conductivity 

increases, Nusselt number 

decreases. 

cone [5] N/A - Numerical 

study 

This paper studies 

natural convection on a 

frustum cone integrated 

with a porous medium 

submerged in a 

nanofluid. 

It was reported that when 

thermophoresis or the 

Brownian motion increase, 

the local Nusselt number 

decreases. 

Also, when buoyancy ratio 

or the Lewis number 

decrease, the local Nusselt 

number increases. 

wavy 

cone 

[4] water alumina 

(Al2O3), 

copper 

(Cu), 

silver 

(Ag), 

copper 

oxide 

Numerical 

study 

This paper investigates 

the angle and waviness 

amplitude of a frustum 

conical flask on the 

Nusselt number and 

skin friction. 

The results show that TiO2 

performs the best for 

cooling cases whereas Cu 

performs the best for 

heating cases. The results 

shown good agreement 

with Tiwari and Das model 

of nanofluid. 
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Cavity 

shape 

Ref. PCM/storage 

medium 

Nano Type of 

study 

Objectives Results 

(CuO), and 

Titania 

(TiO2) 

cone [10] non-Newtonian 

nanofluids 

N/A Numerical 

study 

Authors analyzed the 

influence of uniform 

transpiration velocity on 

free convection 

boundary-layer flow of a 

non-Newtonian fluid on 

a vertical cone 

integrated in a porous 

medium soaked in a 

nanofluid. 

It was reported that the 

local Nusselt and 

Sherwood numbers 

increase as per the values 

of viscosity index increase 

and decreased when the 

buoyancy ratio increases. 

wavy 

cone 

[11] - - Theoretical/ 

numerical 

study 

This paper studies the 

performance of natural 

convection of an 

isothermal vertical wavy 

cone. 

It was reported that the 

skin friction coefficient, 

heat transfer rate and the 

average Nusselt number 

decrease when the 

viscosity increase. 

When thermal conductivity 

increases, the skin friction 

coefficient increases. 

A tube in 

a cone 

[1] Paraffin- 58.06 - Experimental 

study 

This paper aims to 

investigate the optimum 

inclination angle of the 

shell surface of tube-in-

shell-type storage 

It was reported that the best 

performance was reached 

at the shell inclination 

angle of 5–15°. 

Cylinder [12] - - Numerical 

Study/ 

experimental 

validation 

This paper compares 

two isothermal phase 

change models 

(rectangular, and 

cylindrical containers) 

It was reported that the 

cylindrical container takes 

nearly 2 times of the 

melting time required for 

the rectangular container 

for similar volume and heat 

transfer area. 

Cylinder [13] n-eicosane - Numerical 

Study/ 

experimental 

study 

This paper provides an 

experimental-based 

benchmark  

It was reported that the 

experimental 

measurements verify the 

numerical predictions for 
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Cavity 

shape 

Ref. PCM/storage 

medium 

Nano Type of 

study 

Objectives Results 

for numerical codes 

validation. 

the melt front locations and 

temperature. 

Cylinder [14] - - Numerical 

Study 

This paper investigates 

PCM melting. 

Especially, the local 

flow and thermal 

phenomena is studied 

through a 

numerical simulation 

compared to a 

previously done 

experiments. 

It was reported that heat 

transfer by conduction 

takes place at the 

beginning of the melting 

process from 

the tube wall to the solid 

PCM over a quite thin 

liquid layer. 

Overtime, natural 

convection takes over, 

which melts the PCM in a 

conical shape from the top 

to the bottom. 

sphere [15] - graphite 

nanosheets 

Experimental 

study 

This paper studies the 

melting process in 

unconstrained spherical 

container. 

0.5 wt.% of graphite 

nanosheets has resulted 

10% faster melting process 

in comparison to a pure 

PCM. 

sphere [16] Paraffin wax/ 

n-octadecane 

- Numerical 

Study/ 

experimental 

study 

This paper examines the 

role of buoyancy-driven 

convection during 

melting of a constrained 

PCM in a sphere. 

The computational analysis 

suggests that the convictive 

heat transfer is dominant in 

the upper half of the sphere 

because of the warm liquid 

PCM replacing the colder 

liquid. 

In the experimental results, 

the waviness in the bottom 

of the PCM is 

underestimated. This is 

because of the support 

structure used to hold the 

sphere. 

sphere [17] n-Octadecane - Experimental 

study 

This paper investigates 

PCM melting process in 

a spherical container 

under constrained and 

In unconstrained cases, the 

PCM melts first by mean 

of conduction heat transfer. 
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Cavity 

shape 

Ref. PCM/storage 

medium 

Nano Type of 

study 

Objectives Results 

unconstrained 

conditions at three 

constant surface 

temperatures (35,40, and 

45°C). 

Then, it sinks down the 

container. 

Consequently, the warm 

liquid PCM will raise to 

the top. Thus, the PCM 

melts from top by natural 

conviction and from the 

bottom by conduction. 

 

In the constrained melting 

cases, the PCM melts by 

mean of conduction heat 

transfer only at the 

beginning of the melting 

process. 

As PCM melts, the natural 

convection heat transfer 

will shape the solid PCM 

in an oval shape at the top 

half. 

At the bottom half, natural 

convection will form 

waviness shape. 

sphere [18] n-octadecane - Numerical 

Study/ 

experimental 

study 

This paper investigates 

PCM melting process in 

a This paper investigates 

PCM melting process in 

a spherical container 

under unconstrained 

conditions at three 

constant surface 

temperatures (35,40, and 

45°C). 

It was reported that 

because of the perfect 

contact between the wall 

and solid PCM, the melting 

rate is high at the 

beginning of the melting 

process; the process 

decreases when a liquid 

PCM layer is formed 

around the solid PCM. 

Then, it sinks down the 

container. Thus, the PCM 

melts from top and both 

sides by natural conviction 
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Cavity 

shape 

Ref. PCM/storage 

medium 

Nano Type of 

study 

Objectives Results 

and from the bottom by 

conduction. 

sphere [19] n-octadecane - experimental 

study 

This paper investigates 

PCM melting process in 

a spherical container 

under unconstrained 

condition at three 

constant surface heat 

rates (690 W, 

850 W and 950 W ). 

It was reported that the 

melting depends largely on 

temperature and surface 

contact area. 

 

Conduction heat transfer 

from flask walls dominates 

initial melting condition 

with increasing liquid 

boundary layer shifting 

dominant heat transfer 

mode to internal 

convection. 

Decreasing solid volume 

with increasing heat 

transfer contact surface 

area from both conductive 

flask walls and convective 

liquid layers accelerate 

melting rate. 

 

It is identified from the literature review that very limited or no research work is performed on bio-

based PCM and nano-PCM encapsulated in conical geometry with or without constraints in the 

symmetry axis both numerically and experimentally. Therefore, the primary objective of this study 

is to investigate both numerically and experimentally transient heat transfer and the behaviour of 

melting process inside conical thermal energy storage (TES) systems containing a bio-based phase 

change material (PCM).  
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3.2 Numerical Modeling  

 

 

Figure 3-1: Schematic diagram of the (a) conical encapsulated system with dimension (unconstrained) and (b) 

the axisymmetric computation domain with PCM location and boundary condition (unconstrained), (c) 

conical encapsulated system with dimension (constrained) and (d) the axisymmetric computation domain 

with PCM location and boundary condition (constrained). 

A simplified geometry of the modeled conical container filled with PCM is presented in Figure 3-

1(a) to 3-1(d). The diameter of the lower part of the conical container is 1d , upper part of the 

container is 2d  , and height is H, while the thickness of the container is neglected in the numerical 

model. The modeled geometry is assumed initially filled with a bio-based PCM/nano-PCM. The 
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initial temperature of the nano-PCM is 0T  while the melting temperature is mT . The surface 

temperature of the sphere is suddenly increases to a temperature hT  which is higher than mT . This 

will initiate the melting process by transferring thermal energy from outside to inside of the sphere. 

With the increase of time, amount of liquid PCM will increase and solid PCM will decrease and 

the layers of liquid and solid PCMs will be separated by a thin mushy layer of PCM. It is assumed 

during the modeling that liquid phase of nano-PCM is assumed Newtonian and Boussinesq 

incompressible. The conservation equations of mass, momentum, and energy are presented below:     

Conservation of mass: 0=
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Conservation of z -momentum equation: 
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Conservation of energy: 
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(4) 

where u  is the velocity component in the r -direction, w  is the velocity component in the z -

direction, t  is the time,  is the density of the nano-PCM, p  is the pressure,  is the dynamic 

viscosity of nano-PCM, g is the gravitational acceleration,  is the coefficient of thermal 

expansion of the nano-PCM, T is the temperature, mT  is the melting temperature of the nano-PCM, 

k is the thermal conductivity of the nano-PCM, and  pC is the 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 3-2, 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.  
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Table 3-2: Thermophysical property-relationships for Nano-PCM [20, 21].  

Properties Correlations  

Density  Solid PCM: nsns  +−= )1(  

Liquid PCM: nfnf  +−= )1(   

Heat capacity  Solid PCM: npspnsp CCC )()()1()(  +−=   

Liquid PCM: npfpnfp CCC )()()1()(  +−=  

Expansion coefficient  Solid PCM: nsns )()()1()(  +−=  

Liquid PCM: nfnf )()()1()(  +−=  

Thermal conductivity  
Solid PCM: s

nssn

nssn
ns k

kkkk

kkkk
k

)(2

)(22

−++

−−+
=




 

Liquid PCM: f

nffn

nffn

nf k
kkkk

kkkk
k

)(2

)(22

−++

−−+
=




 

Dynamic viscosity  
Liquid PCM:

( ) 5.2
1 




−
=

f

nf  

It is further assumed that the transition between the solid and liquid phases occurs within a 

temperature interval ( mT ) which may vary from PCM to PCM. 

Density transition in the Mushy Layer: The transition for the nano-PCM’s density (  ) can be 

approximated by [20, 21] 
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Conductivity transition in the Mushy Layer: The transition for the nano-PCM’s thermal 

conductivity ( k ) can be approximated by 
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Heat Capacity transition in the Mushy Layer: The 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 3-2 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 conical system is discussed in detail in the following 

section. 

3.2.1 Boundary and Initial Conditions 

At the beginning of the melting process ( 0=t ), the computational domain of the conical system 

is assumed filled with a nano-PCM at an initial temperature 0T . The outer surface of the conical 

container is suddenly increases to a temperature hT  (> mT ) to initiate the melting process. The 

constrained cylinder is assumed adiabatic in case of the cylindrical constrained case, while for the 

non-constrained case the symmetry boundary condition is applied at the axisymmetric plane. 

Outer conical wall: hTTwu === ,0  

Unconstrained wall: 0,0 =



=




==

r

T

r

u
wr  

Initial condition: 0,0 TTwu ===  

 

(10a) 
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The boundary conditions for the constrained case are given below: 

Outer conical wall: hTTwu === ,0  

Constrained wall: 0, =



===

r

T
wurr c

 

Initial condition: 0,0 TTwu ===  

(10b) 

where cr  is the radius of the constrained cylinder placed at the axis of symmetry of the sphere.    

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

Equations (10a) and (10b) using the COMSOL Multiphysics software. 

3.2.2 Numerical Results and Discussion 

COMSOL simulations were performed to identify the melting process for 2 constrained cases as 

summarized in Table 3-3. Images obtained from the numerical simulations are presented in Figure 

3-2 to Figure 3-5. For each image presented in Figure 3-2 to Figure 3-5, solid PCM/nano-PCM is 

identified using dark blue color, while PCM/nano-PCM in the liquid form is identified with the 

remaining color. In other word, the blue represents the coldest region in the simulated zone and 

red represents the hottest zone.   

Table 3-3: Different parameters used in different simulation cases. 

Constrained 

Cases 
1d  2d  H  hT  mT  iT  nRa  

1 (Figure 3-2) 69.5 

mm 

26.5 

mm 

87.14 mm 34oC 24oC 23oC 1.75107 

2 (Figure 3-4)  48.0 

mm 

48.0 

mm 

87.14 mm 34oC 24oC 23oC 1.75107 

Unconstrained 

3 (Figure 3-6) 69.5 

mm 

26.5 

mm 

87.14 mm 34oC 24oC 23oC 1.75107 

Constrained Melting: Figure 3-2 to Figure 3-5 represent the 2 cases of constrained melting where 

PCM/nano-PCM is restricted by a think cylindrical rod inside the spherical container. The 

corresponding Rayleigh number for each case is available in Table 3-3 as well. Figure 3-2 shows 
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the evolution of the melting process with time when  nRa =1.75107 where nRa  represents the 

Rayleigh number based on the nano-PCM properties.  

The initial temperature of the PCM is kept at 1oC below its melting temperature during the 

simulation, as sensible heat transfer occurs when the PCM temperature is below the meting 

temperature which is well understood in the literature. To save the computation time the simulation 

is started from 1oC below the melting temperature. However, this restriction is relaxed during the 

experimental work.  

The conical container is exposed to an environment with high temperature ( hT ) which is higher 

than the melting point of the PCM. This stage is shown in the image at t=0 sec. Thermal energy 

will transfer in the form of heat from the surrounding environment to the PCM due to the 

temperature difference. At the beginning of the melting process, heat will transfer in the form of 

conduction. This will melt a very thin layer of PCM attached to the conical wall. At this stage, this 

thin liquid layer will conform a shape similar to a hollow shell cone (t=100 sec.). Due to high 

viscous resistance, the liquid layer will considerably remain motionless. Thermal resistance in the 

liquid layer will high at this stage.  

As time advances further, the thin liquid layer will grow in size, thus reducing the thermal 

resistance. In addition, the bigger thickness of the liquid layer will experience less viscous 

resistance. Motion in the liquid PCM will be established and this motion will be more evident at 

the top of the conical shell where warmer PCM will be gathered due the to natural convection 

(t=800 sec.). Heat transfer will be dominated by convection in the upper part of the spherical 

enclosure, while conduction will be still the dominant at the bottom part, but less than the 

unconstrained case. 

As time advances further, two simultaneous effects will be dominant: growing natural convection 

region at the top and shrinking conduction region at the bottom. Due to the high natural convection 

current and thermal stratification effects, a large portion of the liquid PCM will be exposed at the 

top of the conical enclosure. While at the same time a growing layer will occupy underneath the 

solid PCM due to the increasing rate of Benard like convection, which will be clearly evident from 
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the liquid region with apparent vortex formation. Five pairs of of Benard cells are observed at 

t=1300 sec. The number of the pair of the Benard cells decreases as time advances further, which 

can be observed more clearly from the streamline pattern in Figure 3-3. This Benard cell will 

significantly affect the solid-liquid interface shape at the bottom of the remaining solid PCM.  

As this melting process continued further, the remaining solid PCM will become smaller and 

smaller in size while maintain the shape until the last drop of the solid PCM melts. The Benard 

cells will essentially be disappeared when a large portion of the liquid PCM/nano-PCM occupies 

the conical enclosure. For example, no Benard cell is observed in the images after 2500sec. 

To make a comparison, a base case (case 2) is simulated where both upper and lower diameters of 

the cone are set equal keeping the total volume inside the enclosure same. The images obtained 

from the simulation results are presented in Figure 3-4 and Figure 3-5. From the images, in can be 

concluded that the base case requires more time to complete the melting process. There are few 

distinct characteristics observed from Figure 3-2 and Figure 3-4: 

▪ Number of Benard cells are less in the base enclosure when compared to the conical 

enclosure 

▪ The shape of the remaining solid PCM/nano-PCM is slenderer in base enclosure than the 

conical enclosure 

Constrained Melting: Figure 3-6 shows one unconstrained case of melting inside the conical 

enclosure where close contact melting is clearly visible.  
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(a)  0 sec. (b) 500 sec. (c) 800 sec. 

   
(d) 1000 sec. (e) 1300 sec. (f) 1700 sec. 

   
(g) 2000 sec. (h) 2500 sec. (i) 3000 sec. 

   
(j) 3600 sec. (k) 3800 sec. (l) 4000 sec. 

Figure 3-2: Time evolution of melting process for case 1 (see Table 3-3) 
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1300 sec. 1700 sec. 

  
2000 sec. 2500 sec. 

Figure 3-3: Expanded view of four selected cases of time from Figure 3-2 with streamline pattern  
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(a)  0 sec. (b) 500 sec. (c) 800 sec. 

   
(d) 1000 sec. (e) 1300 sec. (f) 1700 sec. 

   
(g) 2000 sec. (h) 2500 sec. (i) 3000 sec. 

   
(j) 3600 sec. (k) 3800 sec. (l) 4000 sec. 

Figure 3-4: Time evolution of melting process for case 2 (see Table 3-3) 
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1300 sec. 1700 sec. 

  
2000 sec. 2500 sec. 

Figure 3-5: Expanded view of four selected cases of time from Figure 3-4 with streamline pattern  
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(a)  0 sec. (b) 250 sec. (c) 500 sec. 

 
  

(d) 750 sec. (e) 1000 sec. (f) 1250 sec. 

   
(g) 1500 sec. (h) 1750 sec. (i) 2000 sec. 

   
(j) 2250 sec. (k) 5000 sec. (l) 2750 sec. 

Figure 3-6: Time evolution of melting process for unconstrained case 3 (see Table 3-3) 
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3.3 Experimental Work 

The major reason behind the proposed experimental work is to understand the melting behavior of 

coconut oil PCM/nano-PCM placed inside a conical enclosure under constant temperature 

boundary condition. Once the melting front is tracked at different wall temperatures, the melting 

fraction, heat transfer through the enclosure wall, and energy stored inside the PCM/nano-PCM is 

calculated. In the following subsections, a brief description of the conical enclosure, material 

preparation, experimental setup, experimental methodology, and data acquisition are provided.       

3.3.1 Experimental Setup 

 

Figure 3-7: Schematic diagram of the experimental setup. 

In order to perform detailed experimental analysis of the melting process of the PCM/nano-PCM 

inside the conical enclosure an experimental setup is constructed and equipped with appropriate 

sensors. A schematic diagram of this experimental setup is presented in Figure 3-7, where the main 

components consist of the following: 
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▪ A water tank made of 8 mm thick clear acrylic sheets, which are glued together with acrylic 

cement. The bottom wall of the tank is raised 8-cm above to accommodate a magnetic stirring 

mechanism and electrical illumination system. This tank is filled with deionized water which 

is heated to 60oC and then cooled down to room temperature multiple times. During this 

process small bubbles are appeared at the tank walls which are manually cleared.    

 

Figure 3-8: Schematic diagram of the dimensions for the conical enclosure. 

▪ A conical enclosure, made of Pyrex glass, having 69.5 mm bottom diameter, 26.5 mm top 

diameter, 93 mm height, and 20.5 mm wall thickness, as shown in Figure 3-8. The enclosure 

is open at its top side. A rubber made cylinder, having diameter slightly larger than 26.5mm, 

is instead into this opening to create a tight fit. A small acrylic rod of diameter 3mm is passed 

through the center of the rubber cylinder in a way that can touch the bottom of the enclosure. 

This rod will create the cylindrical obstruction at the center of the enclosure. One small tube is 

inserted through the rubber cylinder at a position halfway between the center and the edge of 

the cylinder. This tube will work as a vent to allow liquid PCM to move up slightly during 

melting process.      

▪ A coil type immersion liquid heater controlled by a digital temperature controller (model: 

HCTB-3020, manufacturer: Omega). This digital controller is used to create an isothermal 

environment by setting the water temperature and maintaining it within 0.1oC precision level. 

The liquid heater is placed close to the one vertical wall of the tank, while the conical enclosure 

is placed near the opposite vertical wall. In order to avoid the effect of direct fluid circulation 
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and turbulence, a 30 cm × 20 cm acrylic sheet is installed close to the heater and 5cm above 

the bottom surface of the water tank.  

▪ A low head and variable discharge pump to circulate water to maintain uniform temperature 

inside the tank for longer operation.  

▪ T-type thermocouples (model: TT-T-30-36, manufacturer: Omega) to monitor the water 

temperature at selected locations to ensure the required water temperature before and during 

the experiments. Additional thermocouples are installed inside the conical enclosure. A 16-

channel DAQ system (model: NI9213, manufacturer: National Instruments) is connected to 

the thermocouples, and  

▪ A digital camera (model: EOS rebel T5, manufacturer: Canon) to capture the melting images 

at regular interval.  

3.3.2 PCM and Nano-PCM Preparation 

In this work, food grade coconut oil (Coconut oil from Cocos Nucifera, supplier: Sigma-Aldrich) 

is used as a base PCM. The supplier has provided us with only two information: melting point  

23 – 27 oC and flash point > 113oC. Therefore, the thermophysical properties of the PCM are 

carefully measured in the lab at some selected temperatures. A melting point apparatus (MPS10 

from Omega) is primarily used to measure the melting point of the PCM/nano-PCM. MPS10 can 

measure two samples of PCM simultaneously with ±1oC resolution. A Differential Scanning 

Calorimeter (DSC 4000 from PerkinElmer) system is used to measure the specific heat and heat 

of fusion of the PCM. Additionally, the DSC system gives the melting temperature which is 

compared with the result obtained from MPS10 system earlier. Thermal conductivity is measured 

using a handheld thermal conductivity meter (KD2PRO from Decagon Devices). TR-1 and KS-1 

sensors (from Decagon Devices) are used to measure the conductivity of solid and liquid PCM, 

respectively. A portable density meter (DMA 35 from Anton Paar) is used to measure the density 

of the liquid PCM/nano-PCM. A rotational viscometer (NDJ-85 from Boshi Electronic Instrument) 

is used to measure the viscosity of the liquid PCM/nano-PCM. 

Before each experiment, solid PCM is melted by placing the PCM filled glass container (obtained 

from the manufacturer) inside a constant temperature bath by setting the bath temperature 10oC 
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above the melting point of the PCM. The Liquid PCM is degasified inside a vacuum chamber (bell 

jar type) for few minutes. The melted PCM is then poured into the 150ml conical enclosure in 

multiple steps. In each step, a small amount of liquid PCM is poured into the conical enclosure 

placed inside a second constant temperature bath and then allowed it to be solidified. The 

temperature of the second constant temperature bath is 10oC below the melting temperature of the 

PCM. This process is continued until the solid PCM filled until the upper part of the enclosure. 

Subsequently, the PCM filled conical enclosure is left inside the cold constant temperature bath 

for 8 to 10 hours to ensure a constant and uniform internal temperature distribution for the 

solidified PCM. In the meantime, the temperature of the deionized water is raised to a temperature 

higher than the melting temperature of the PCM and maintained at this temperature using the 

digitally controlled thermal regulator. The melting experiment is started after removing the conical 

enclosure from the constant temperature bath and placing it inside the water container.  

In case of nano-PCM, the required amount of nanoparticles is measured in a precise balance (model 

XP6 from Mettler Toledo) and then added to a pre-determined amount of liquid PCM in a beaker. 

The nano-PCM thus prepared is raised to 60◦C by heater and then stirred for 12 hours by a magnetic 

stirrer (model SP88854100 from Thermo Scientific). To enhance the mixing process further and 

to remove the trapped air, the stirred mixture is sonicated for 30 minutes using a sonicator (model 

Q500 from Qsonica). Subsequently, similar procedure, as described for the pure PCM earlier, is 

followed to the conical enclosure with the nano-PCM to run the melting experiments. 

3.3.3 Experimental Procedure  

The experimental work was carried out in several steps. At the beginning, the conical enclosure 

filled with PCM is placed inside a controlled environment to reach a certain temperature bellow 

the melting point temperature (Tm) of the PCM. Then, the thermo-regulator heats the water to a 

temperature (Th) above the melting point temperature (Tm) of the PCM. Then, the cooled-enclosure 

is submerged inside the heated water, and a Circular Bubble Level tool is used to ensure that the 

enclosure is placed vertically. Instantly, the camera starts capturing the melting behavior of the 

PCM within 1-minute interval, and the DAQ system starts recording the changes of the 
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temperature inside the PCM every second in three different vertical locations: (1-cm away from 

the neck, the center and 1-cm from the base of the conical enclosure). 

Table 3-4: Properties of Coconut Oil. 

Property (unit) solid liquid 

Tm (oC) 24 oC 

ρ (kg/m3) 920 

(assumed) 
918 

μ (Pa.s) --- 0.0268 

cp (J/kg K) 3750 1670 

k (W/m K)  0.166 

hsf (J/kg) 103,000 

3.3.4 Experimental Results and Discussion 

A large number experiments were conducted observe the effect of enclosure size and wall 

temperature on the melting process. Selected cases are presented here. The time evolution of the 

melting process of a PCM and a nano-PCM inside conical enclosures are presented in Figure 3-9 

for a 150ml enclosure exposed to a 30oC wall temperature while the initial temperature is 20oC. 

Both PCM and nano-PCM are constrained by a thin cylinder at the center of the enclosure. This 

experiment is repeated for 40oC and 45oC wall temperatures and the results are presented in Figure 

3-10 and Figure 3-11, respectively. It is clear from Figure 3-9 to Figure 3-11 that the melting 

process of nano-PCM is faster than the base-PCM, while higher wall temperature accelerates the 

melting process as well. The influence of the Benard cell is clearly evident from the bottom surface 

of the solid PCM where a wavy pattern of the interface is observed.   

Melt fractions are calculated using image processing and results for two cases are presented in 

Figure 3-12 and Figure 3-13. For both cases, nano-PCM shows faster melting rate than base-PCM. 

Transient temperature distributions inside the conical enclosure at three different locations are 

presented in Figure 3-14 to Figure 3-19 for several selected cases. There is a general trend observed 

in all temperature profiles. Temperature at any probe point increases almost linearly with time 

from the initial temperature to the melting point of the PCM/nano-PCM. The first inflection point 

in the curve is observed near the melting point where the probe point first passes through the mushy 

zone. The second inflection point is observed near the end of melting point where majority portion 

of the liquid PCM/nano-PCM reaches to the thermal equilibrium condition.  
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PCM Nano-PCM PCM Nano-PCM 

    
t = 0 sec. t = 1800 sec. 

    
t = 3000 sec. t = 3600 sec. 

    

t = 4200 sec. t = 4800 sec. 

    
t = 5100 sec. t = 5400 sec. 

Figure 3-9: Melting pattern of PCM and nano-PCM inside conical enclosure at wall temperature = 30oC and 

initial temperature = 20oC (container size is 150 ml, constrained). 
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PCM Nano-PCM PCM Nano-PCM 

    
t = 0 sec. t = 300 sec.  

 
 

  

t = 600 sec. t = 900 sec. 

 
 

 
 

t = 1200 sec. t = 1500 sec. 

    
t = 1620 sec. t = 1740 sec. 
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Figure 3-10: Melting pattern of PCM and nano-PCM inside conical enclosure at wall temperature = 40oC and 

initial temperature = 20oC (container size is 150 ml, constrained). 

PCM Nano-PCM PCM Nano-PCM 

    
t = 0 sec. t = 300 sec. 

    
t = 420 sec. t = 600 sec. 

    
t = 720 sec. t = 900 sec. 
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PCM Nano-PCM PCM Nano-PCM 

    
t = 1020 sec. t = 1260 sec. 

Figure 3-11: Melting pattern of PCM and nano-PCM inside conical enclosure at wall temperature = 45oC and 

initial temperature = 20oC (container size is 150 ml, constrained). 
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Figure 3-12: Experimental calculated Melting Fraction (MF) as a function of time in (minutes) for the 

constrained 150ml conical enclosure filled with pure coconut oil compared with (coconut oil and 0.04g of 

CuO2 Nanoparticles), (TH= 30°C). 
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Figure 3-13: Experimental calculated Melting Fraction (MF) as a function of time in (minutes) for the 

constrained 150ml conical enclosure filled with pure coconut oil compared with (coconut oil and 0.04g of 

CuO2 Nanoparticles), (TH= 45°C). 
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Figure 3-14: Temperature profile at different locations of the constrained 150ml encapsulated conical 

enclosure filled with pure coconut oil for melting process at a constant 30°C. 
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Figure 3-15: Temperature profile at different locations of the constrained 150ml encapsulated conical 

enclosure filled with coconut oil and CuO2 Nanoparticles for melting process at a constant 30°C. 
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Figure 3-16: Temperature profile at different locations of the constrained 150ml encapsulated conical 

enclosure filled with pure coconut oil for melting process at a constant 40°C. 
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Figure 3-17: Temperature profile at different locations of the constrained 150ml encapsulated conical 

enclosure filled with coconut oil and CuO2 Nanoparticles for melting process at a constant 40°C. 
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Figure 3-18: Temperature profile at different locations of the constrained 150ml encapsulated conical 

enclosure filled with pure coconut oil for melting process at a constant 45°C. 
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Figure 3-19: Temperature profile at different locations of the constrained 150ml encapsulated conical 

enclosure filled with coconut oil and CuO2 Nanoparticles for melting process at a constant 30°C. 

3.4 Conclusion 

COMSOL simulations were performed to identify the melting process for 2 constrained cases. 

Dark blue represents the coldest region in the simulated zone and red represents the hottest zone. 

Thermal energy will transfer in the form of heat from the surrounding environment to the PCM 

due to the temperature difference. At the beginning of the melting process, heat will transfer in the 

form of conduction. This will melt a very thin layer of PCM attached to the conical wall. Due to 

high viscous resistance, the liquid layer will considerably remain motionless. As time advances 
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further, the thin liquid layer will grow in size, thus reducing the thermal resistance. In addition, the 

bigger thickness of the liquid layer will experience less viscous resistance. Motion in the liquid 

PCM will be established and this motion will be more evident at the top of the conical shell where 

warmer PCM will be gathered due to natural convection. Heat transfer will be dominated by 

convection in the upper part of the spherical enclosure, while conduction will be still the dominant 

at the bottom part, but less than the unconstrained case. As time advances further, two simultaneous 

effects will be dominant: growing natural convection region at the top and shrinking conduction 

region at the bottom. Due to the high natural convection current and thermal stratification effects, 

a large portion of the liquid PCM will be exposed at the top of the conical enclosure. While at the 

same time a growing layer will occupy underneath the solid PCM due to the increasing rate of 

Benard like convection, which will be clearly evident from the liquid region with apparent vortex 

formation. As this melting process continued further, the remaining solid PCM will become 

smaller and smaller in size while maintain the shape until the last drop of the solid PCM melts. 

The Benard cells will essentially be disappeared when a large portion of the liquid PCM/nano-

PCM occupies the conical enclosure.  

A large number of experiments were conducted to observe the effect of enclosure size and wall 

temperature on the melting process. Selected cases are presented here. The time evolution of the 

melting process of a PCM and a nano-PCM inside conical enclosures are presented. The melting 

process of nano-PCM is faster than the base-PCM, while higher wall temperature accelerates the 

melting process as well. The influence of the Benard cell is observed from the bottom surface of 

the solid PCM where a wavy pattern of the interface is observed. Melt fractions are calculated 

using image processing and results for two cases are presented in Figure 3-12 and Figure 3-13. For 

the calculated melting fractions, nano-PCM shows faster melting rate than base-PCM.  
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4 Chapter 4: Encapsulated PCM: PCM and Nano-PCM inside 

Pear Shaped Container 

4.1 Introduction 

As mentioned in previous chapters, the problem of melting and solidification processes of phase 

change materials (PCMs) have been under investigation by researchers for a considerable amount 

of time because of their applications to latent heat thermal energy storage, electronic cooling, 

battery thermal management, air-conditioning, building thermal management, and waste heat 

recovery systems. Phase change processes of PCMs are investigated inside different types of 

representative geometries; for example, rectangular, spherical, and cylindrical geometries [1]. 

Numerical and experimental efforts have been given to identify/calculate/measure phase change 

pattern, melt fraction, rate of energy stored, heat transfer rate, viscosity, Nusselt number, and 

buoyancy ratio inside these particular geometries. Nevertheless, some efforts have been given to 

study the phase change processes of PCM inside other types of geometries; for example, conical 

holes [2] and conical frustum [3, 4], wavy [3, 5] geometries. Last two chapters presented two 

important encapsulates systems: (i) spherical enclosure and (ii) conical enclosure (more 

specifically, a truncated cone with larger radius in the base and smaller at the top). Several 

important characteristics were identified while studying the melting process inside these two types 

of enclosures. For example, conduction dominated melting, combined conduction and natural 

convection dominated melting, convection dominated melting, and appearance of the Benard cell. 

More specifically, the Benard cells impact the melting process at the bottom of the solid PCM 

inside the conical enclosure and natural convection is the dominating factor at the upper part of 

the spherical enclosure. Therefore, it is important to study another geometry where bottom of the 

enclosure should be narrower than the top (i.e., an inverted truncated cone), while top has some 

resemblance with spherical geometry. A geometry close to this requirement is a pear-shaped 

geometry. A comprehensive review on spherical and conical enclosures is presented in previous 

chapters and not repeated here. It is identified from the literature review that no research work is 

performed on bio-based PCM and nano-PCM encapsulated in pear shaped geometry with or 

without constraints in the symmetry axis both numerically and experimentally. Therefore, the 

primary objective of this study is to investigate both numerically and experimentally transient heat 
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transfer and the behaviour of melting process inside pear shaped thermal energy storage (TES) 

systems containing a bio-based phase change material (PCM).  

4.2 Numerical Modeling  

A simplified geometry of the modeled pear shaped container filled with PCM is presented in Figure 

4-1(a) to 1(d). The height is H, while the thickness of the container is neglected in the numerical 

model. Figure 4-2(a) to 4-2(c) presented the 3-D image of the pear shaped container used for 

subsequent experimental analysis, side view of the pear shaped container with dimensions, and top 

view of the pear shaped container with dimensions, respectively.      
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Figure 4-1: Schematic diagram of the (a) pear shaped encapsulated system with dimension (unconstrained) 

and (b) the axisymmetric computation domain with PCM location and boundary condition (unconstrained), 

(c) pear shaped encapsulated system with dimension (constrained) and (d) the axisymmetric computation 

domain with PCM location and boundary condition (constrained). 
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Figure 4-2: (a) 3-D Image of the pear shaped container used for subsequent experimental analysis, (b) side 

view of the pear shaped container with dimensions, and (c) top view of the pear shaped container with 

dimensions.      

The modeled geometry is assumed initially filled with a bio-based PCM/nano-PCM. The initial 

temperature of the nano-PCM is 0T  while the melting temperature is mT . The surface temperature 

(a) (b) 

(c) 
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of the sphere is suddenly increases to a temperature hT  which is higher than mT . This will initiate 

the melting process by transferring thermal energy from outside to inside of the sphere. With the 

increase of time, amount of liquid PCM will increase and solid PCM will decrease and the layers 

of liquid and solid PCMs will be separated by a thin mushy layer of PCM. It is assumed during the 

modeling that liquid phase of nano-PCM is assumed Newtonian and Boussinesq incompressible. 

The conservation equations of mass, momentum, and energy are presented below:     

Conservation of mass: 0=
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Conservation of z -momentum equation: 
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Conservation of energy: 
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where u  is the velocity component in the r -direction, w  is the velocity component in the z -

direction, t  is the time,  is the density of the nano-PCM, p  is the pressure,  is the dynamic 

viscosity of nano-PCM, g is the gravitational acceleration,  is the coefficient of thermal 

expansion of the nano-PCM, T is the temperature, mT  is the melting temperature of the nano-PCM, 

k is the thermal conductivity of the nano-PCM, and  pC is the 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 4-1, 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.  
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Table 4-1: Thermophysical property-relationships for Nano-PCM [6, 7].  

Properties Correlations 

Density  Solid PCM: nsns  +−= )1(  

Liquid PCM: nfnf  +−= )1(   

Heat capacity  Solid PCM: npspnsp CCC )()()1()(  +−=   

Liquid PCM: npfpnfp CCC )()()1()(  +−=  

Expansion coefficient  Solid PCM: nsns )()()1()(  +−=  

Liquid PCM: nfnf )()()1()(  +−=  

Thermal conductivity  
Solid PCM: s

nssn

nssn
ns k

kkkk

kkkk
k

)(2

)(22

−++

−−+
=




 

Liquid PCM: f

nffn

nffn

nf k
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)(2

)(22
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−−+
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Dynamic viscosity  
Liquid PCM:

( ) 5.2
1 




−
=

f

nf  

It is further assumed that the transition between the solid and liquid phases occurs within a 

temperature interval ( mT ) which may vary from PCM to PCM. 

Density transition in the Mushy Layer: The transition for the nano-PCM’s density (  ) can be 

approximated by [20, 21] 
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Conductivity transition in the Mushy Layer: The transition for the nano-PCM’s thermal 

conductivity ( k ) can be approximated by 
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Heat Capacity transition in the Mushy Layer: The 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 4-1 in the liquid nano-

PCM only, while its value is assumed very large in the solid nano-PCM 
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The boundary and initial conditions of the conical system is discussed in detail in the following 

section. 

4.2.1 Boundary and Initial Conditions 

At the beginning of the melting process ( 0=t ), the computational domain of the pear shaped 

system is assumed filled with a nano-PCM at an initial temperature 0T . The outer surface of the 

pear shaped container is suddenly increases to a temperature wT  (> mT ) to initiate the melting 

process. The constrained cylinder is assumed adiabatic in case of the cylindrical constrained case, 

while for the non-constrained case the symmetry boundary condition is applied at the axisymmetric 

plane. 

Outer pear shaped wall: hTTwu === ,0  

Unconstrained wall: 0,0 =



=




==

r

T

r

u
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(10a) 
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Initial condition: 0,0 TTwu ===  

The boundary conditions for the constrained case are given below: 

Outer pear shaped wall: hTTwu === ,0  

Constrained wall: 0, =



===

r

T
wurr c

 

Initial condition: 0,0 TTwu ===  

(10b) 

where cr  is the radius of the constrained cylinder placed at the axis of symmetry of the pear shaped 

enclosure.    

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

Equations (10a) and (10b) using the COMSOL Multiphysics software. 

4.2.2 Numerical Results and Discussion 

COMSOL simulations were performed to identify the melting process for 2 constrained cases: one 

with 34oC constant wall temperature, while second one with 44oC constant wall temperature. 

Images obtained from the numerical simulations are presented in Figure 4-3 to Figure 4-8. For 

each image presented in Figure 4-3 to Figure 4-8, solid PCM/nano-PCM is identified using dark 

blue color, while PCM/nano-PCM in the liquid form is identified with the remaining color. In other 

word, the blue represents the coldest region in the simulated zone and red represents the hottest 

zone.   

Constrained Melting: Figure 4-3 to Figure 4-8 represent the 2 cases of constrained melting where 

PCM/nano-PCM is restricted by a thin cylindrical rod inside the pear shaped container. The 

corresponding dimensions of the pear shaped container are shown in Figure 4-2. Figure 4-3 shows 

the evolution of the melting process with time when wall temperature is Tw=34oC.  

The initial temperature of the PCM is kept at 1oC below its melting temperature during the 

simulation, as sensible heat transfer occurs when the PCM temperature is below the melting 

temperature which is well understood in the literature. To save the computation time the simulation 
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is started from 1oC below the melting temperature. However, this restriction is relaxed during the 

experimental work.  

The pear shape container is exposed to an environment with high temperature ( wT ) which is higher 

than the melting point of the PCM. This stage is shown in the image at t=0 sec. Thermal energy 

will transfer in the form of heat from the surrounding environment to the PCM due to the 

temperature difference. At the beginning of the melting process, heat will transfer in the form of 

conduction. This will melt a very thin layer of PCM attached to the pear shaped container wall. At 

this stage, this thin liquid layer will conform a shape similar to a hollow shell pear shaped container 

(t=100 sec. and t=500). Due to high viscous resistance, the liquid layer will considerably remain 

motionless. Thermal resistance in the liquid layer will high at this stage.  

As time advances further, the thin liquid layer will grow in size, thus reducing the thermal 

resistance. In addition, the bigger thickness of the liquid layer will experience less viscous 

resistance. Motion in the liquid PCM will be established and this motion will be more evident at 

the top of the conical shell where warmer PCM will be gathered due the to natural convection 

(t=1000, 1500, 2000 sec.). Heat transfer will be dominated by convection in the upper part of the 

pear shaped container, while conduction will be still the dominant at the bottom part. The effect of 

the container shape is prominent on the melting process for pear shaped container once compared 

with spherical and conical containers in last chapters. Due the gradually increasing cross sectional 

area from the bottom to the top, natural convection effect on the melting of the solid PCM is more 

uniform.  

As time advances further, two simultaneous effects will be dominant: growing natural convection 

region at the top and shrinking conduction region at the bottom. Due to the high natural convection 

current and thermal stratification effects, a large portion of the liquid PCM will be exposed at the 

top of the pear shaped container. While at the same time a growing layer will occupy underneath 

the solid PCM. As this melting process continued further, the remaining solid PCM will become 

smaller and smaller in size while maintain the shape until the last drop of the solid PCM melts.  
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For the four selected times only in Figure 4-3, streamline patterns are plotted in Figure 4-4. All 

four cases are characterized by two-cell formation, symmetric about the constrained cylinder. Such 

two-cell dominated natural convection maintain a uniform melting all through the melting process. 

In contrast, multiple cell formation and Benard cells are evident for spherical and conical 

enclosures as observed before. Cell formation in pear shaped container can be further verified from 

the vector plots presented in Figure 4-4.  

The constrained simulation is repeated for Tw=44oC and the time evolution of melting process 

results are presented in Figure 4-6, streamlines for selected time are in Figure 4-7, and velocity 

vectors in Figure 4-8, respectively. Higher wall temperature accelerates the melting process 

further, while the shape of the solid-liquid interface remains similar to the case with Tw=34oC.   

For the unconstrained case, one simulation is performed for Tw=34oC and results are presented in 

Figure 4-12 and Figure 4-13. Close contact melting is observed for the unconstrained melting 

process inside the pear shaped enclosure.   

   
(a)  0 sec. (b) 100 sec. (c) 500 sec. 

   
(d) 1000 sec. (e) 1500 sec. (f) 2000 sec. 
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(g) 2500 sec. (h) 3000 sec. (i) 3250 sec. 

   
(j) 3500 sec. (k) 3750 sec. (l) 4000 sec. 

Figure 4-3:  Time evolution of melting process inside pear shaped enclosure when Tw=34oC, Tm=24oC, 

T0=23oC, Ra=9.76106, Th=34oC, constrained (dimensions in Figure 4-2). 

  
1000 sec. 2000 sec. 
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3000 sec. 3500 sec. 

 

Figure 4-4: Streamlines during the melting process inside pear shaped enclosure when Tw=34oC, Tm=24oC, 

T0=23oC, Ra=9.76106, Th=34oC, constrained (dimensions in Figure 4-2). 

 

 

 

 

 

 

  
1000 sec. 2000 sec. 
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3000 sec. 3500 sec. 

 

Figure 4-5: Velocity vectors during the melting process inside pear shaped enclosure when Tw=34oC, 

Tm=24oC, T0=23oC, Ra=9.76106, Th=34oC, constrained (dimensions in Figure 4-2). 

 

 

   
(a)  0 sec. (b) 100 sec. (c) 250 sec. 
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(d) 500 sec. (e) 750 sec. (f) 1000 sec. 

   
(g) 1100 sec. (h) 1200 sec. (i) 1300 sec. 

   
(j) 1400 sec. (k) 1500 sec. (l) 1600 sec. 

Figure 4-6:  Time evolution of melting process inside pear shaped enclosure when Tw=34oC, Tm=24oC, 

T0=23oC, Ra=9.76106, Th=44oC, constrained (dimensions in Figure 4-2) 

  
500 sec. 1000 sec. 
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1200 sec. 1400 sec. 

 

Figure 4-7: Streamlines during the melting process inside pear shaped enclosure when Tw=34oC, Tm=24oC, 

T0=23oC, Ra=9.76106, Th=44oC, constrained (dimensions in Figure 4-2). 

 

  
500 sec. 1000 sec. 
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1200 sec. 1400 sec. 

 

Figure 4-8: Velocity vectors during the melting process inside pear shaped enclosure when Tw=34oC, Tm=24oC, 

T0=23oC, Ra=9.76106, Th=44oC, constrained (dimensions in Figure 4-2). 

 

 

   
(a)  0 sec. (b) 100 sec. (c) 250 sec. 
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(d) 500 sec. (e) 750 sec. (f) 1000 sec. 

   
(g) 1250 sec. (h) 1500 sec. (i) 1750 sec. 

   
(j) 2000 sec. (k) 2250 sec. (l) 4000 sec. 

Figure 4-9:  Time evolution of melting process inside pear shaped enclosure when Tw=34oC, Tm=24oC, 

T0=23oC, Ra=9.76106, Th=34oC, unconstrained (dimensions in Figure 4-2). 
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250 sec. 500 sec. 

  
1000 sec. 1500 sec. 

 

Figure 4-10: Streamlines during the melting process inside pear shaped enclosure when Tw=34oC, Tm=24oC, 

T0=23oC, Ra=9.76106, Th=34oC, unconstrained (dimensions in Figure 4-2). 
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4.3 Experimental Work 

The major reason behind the proposed experimental work is to understand the melting behavior of 

coconut oil and commercially available n-octadecane PCM/nano-PCM placed inside a pear shaped 

enclosure under constant temperature boundary condition. Once the melting front is tracked at 

different wall temperatures, the melting fraction, heat transfer through the enclosure wall, and 

energy stored inside the PCM/nano-PCM is calculated. In the following subsections, a brief 

description of the pear shaped, material preparation, experimental setup, experimental 

methodology, and data acquisition are provided.       

4.3.1 Experimental Setup 

 

Figure 4-11: Schematic diagram of the pear shaped experimental setup. 

In order to perform detailed experimental analysis of the melting process of the PCM/nano-PCM 

inside the pear shaped enclosure an experimental setup is constructed and equipped with 

appropriate sensors. A schematic diagram of this experimental setup is presented in Figure 4-11, 

where the main components consist of the following: 
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▪ A water tank made of 8 mm thick clear acrylic sheets, which are glued together with acrylic 

cement. The bottom wall of the tank is raised 8cm above to accommodate a magnetic stirring 

mechanism and electrical illumination system. This tank is filled with deionized water which 

is heated to 60oC and then cooled down to room temperature multiple times. During this 

process small bubbles are appeared at the tank walls which are manually cleared.    

▪ A pear shaped enclosure, made of Pyrex glass, having 160.21 mm total height, 125.57 mm 

effective height for melting process visualization. The maximum diameter of the container is 

81.81 mm. For the pear shape container considered in the chapter the side surface slope angle 

is 30o. A rubber made cylinder, having diameter slightly larger than 26.5mm, is instead into 

this opening to create a tight fit. A small acrylic rod of diameter 3mm is passed through the 

center of the rubber cylinder in a way that can touch the bottom of the enclosure. This rod will 

create the cylindrical obstruction at the center of the enclosure. One small tube is inserted 

through the rubber cylinder at a position halfway between the center and the edge of the 

cylinder. This tube will work as a vent to allow liquid PCM to move up slightly during melting 

process.      

▪ A coil type immersion liquid heater controlled by a digital temperature controller (model: 

HCTB-3020, manufacturer: Omega). This digital controller is used to create an isothermal 

environment by setting the water temperature and maintaining it within 0.1oC precision level. 

The liquid heater is placed close to the one vertical wall of the tank, while the conical enclosure 

is placed near the opposite vertical wall. In order to avoid the effect of direct fluid circulation 

and turbulence, a 30 cm × 20 cm acrylic sheet is installed close to the heater and 5cm above 

the bottom surface of the water tank.  

▪ A low head and variable discharge pump to circulate water to maintain uniform temperature 

inside the tank for longer operation.  

▪ T-type thermocouples (model: TT-T-30-36, manufacturer: Omega) to monitor the water 

temperature at selected locations to ensure the required water temperature before and during 

the experiments. Additional thermocouples are installed inside the conical enclosure. A 16-

channel DAQ system (model: NI9213, manufacturer: National Instruments) is connected to 

the thermocouples, and  
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▪ A digital camera (model: EOS rebel T5, manufacturer: Canon) to capture the melting images 

at regular interval.  

PCM and nano-PCM preparation and experimental procedures are presented in previous chapters 

and are not repeated here.  

4.3.2 Experimental Results and Discussion 

A large number experiments were conducted observe the effect of enclosure size and wall 

temperature on the melting process inside the pear shape enclosure. Selected cases are presented 

here. The time evolution of the melting process of a PCM inside pear shape enclosures are 

presented in Figure 4-12 for the constrained pear shape enclosures exposed to a 35oC and 40oC 

wall temperatures while the initial temperature is 0oC. However, the unconstrained case is 

presented in Figure 4-13. It is clearly evident from Figure 4-12 that the melting process follows 

the pattern observed in the numerical simulation results presented earlier for constrained case. 

Melting process is faster for the case with wall temperature of 40oC compared to the case with 

35oC. The unconstrained case is presented in Figure 4-13 where melting is dominated at the top of 

the enclosure where natural convection circulation is significant. However, at the bottom part of 

the container, where close contact melting is dominate, the solid PCM will remain attached to the 

pear shaped container wall and shrinks as time advances.   
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Th=35°C Th=40°C Th=35°C Th=40°C 

  
  

t = 0 sec. t = 600 sec. 

    

t = 1440 sec. t = 1680 sec. 

    
t = 2520 sec. t = 3360 sec. 

    
t = 4200 sec. t = 4560 sec. 
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t = 5040 sec. t = 5880 sec. 

    
t = 6000 sec. t = 6240 sec. 

    
t = 6480 sec. t = 6720 sec. 

    
t = 7800 sec. t = 10560 sec. 

Figure 4-12: Visualization comparisons at two different wall temperatures (35°C and 40°C) for a constrained 

pear-shaped enclosure (T0= 0°C). 
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Th=35°C Th=40°C Th=35°C Th=40°C 

    
t =0 sec. t = 480 sec. 

    
t = 960 sec. t = 1440 sec. 

    
t = 1920 sec. t = 2400 sec. 

    
t = 2880 sec. t = 3840 sec. 

Figure 4-13: Visualization comparisons of two different wall temperatures (35°C and 40°C) for an 

unconstrained pear-shaped enclosure (T0= 0°C). 
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4.4 Conclusion 

This study investigates both numerically and experimentally transient heat transfer and the 

behaviour of melting process inside pear shaped thermal energy storage (TES) systems containing 

a bio-based phase change material (PCM). To save the computation time the simulation is started 

from 1oC below the melting temperature. However, this restriction is relaxed during the 

experimental work. The pear shape container is exposed to an environment with high temperature 

that is higher than the melting point of the PCM. At the beginning of the melting process, heat will 

transfer in the form of conduction. At this stage, this thin liquid layer will conform a shape similar 

to a hollow shell pear shaped container Thermal resistance in the liquid layer will high at this stage. 

The bigger thickness of the liquid layer will experience less viscous resistance. Heat transfer will 

be dominated by convection in the upper part of the pear shaped container, while conduction will 

be still the dominant at the bottom part. The effect of the container shape is prominent on the 

melting process for pear shaped container once compared with spherical and conical containers in 

last chapters. As time advances further, two simultaneous effects will be dominant: growing 

natural convection region at the top and shrinking conduction region at the bottom. As this melting 

process continued further, the remaining solid PCM will become smaller and smaller in size while 

maintain the shape until the last drop of the solid PCM melts. In contrast, multiple cell formation 

and Benard cells are evident for spherical and conical enclosures as observed before. Cell 

formation in pear shaped container can be further verified from the vector plots presented in Figure 

4-4. Close contact melting is observed for the unconstrained melting process inside the pear shaped 

enclosure. It is clearly evident from the experimental results shown in Figure 4-12 that the melting 

process follows the pattern observed in the numerical simulation results presented earlier for 

constrained case. Melting process is faster for the case with wall temperature of 40oC compared to 

the case with 35oC. Natural convection circulation is significant in the unconstrained case. 

However, at the bottom part of the container, where close contact melting is dominate, the solid 

PCM will remain attached to the pear shaped container wall and shrinks as time advances.   
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4.5 Nomenclature 

CP specific heat at constant pressure, kJ/kg K 

do outer spherical diameter, m 

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 Nu= C

f

hL

K
=  

p pressure, N m-2 

q constant wall heat flux, W/m2 

r inner radius of the cylinder, m  

Ra  Rayleigh number 

3( )h mg T T H
Ra





−
=  

T temperature, °C 

Tm melting point temperature, °C 

TH Set pion temperature of water in the tank, °C 

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 

z Cartesian coordinates, cm 
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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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5 Chapter 5: Sensible Heat Thermal Energy Storage Batteries 

Using Nanofluid and Porous Medium for Renewables and 

Electronics Applications  

5.1 Introduction  

Climate change and energy consumption have been studied more seriously by researchers and 

governments in the last several years. For energy generation, civilizations have relied on fossil 

sources such as natural gas, oil, and coal for centuries. This reliance on the fossil energy generation 

has led to a dramatic change in the climate due to CO2 emissions; an action must be taken to 

reduce such pollution, IPCC reported [1]. There are many strategies to meet this goal, one of which, 

is to use renewable energy sources or to increase the efficiency of existing energy power plants. 

For both approaches, the incorporation of thermal energy storage (TES) systems is one promising 

solution. Commonly, solar applications need to store thermal energy for different duration starting 

from minutes extending to seasonal periods depending on applications. The use of a (TES) system 

in an energy system increases the overall efficiency, reliability, economic feasibility, and it reduces 

running costs, and CO2 emissions [1, 2].  

TES systems help match supply and demand by storing the thermal energy for later use. Also, such 

technology allows thermal energy to be transported [3, 1]. Thus, TES is widely used as a thermal 

protection (e.g. electronics cooling) or as a storage (e.g. an energy supply security in hospitals). 

Within these two scopes, the literature lists other applications that use TES: spacecraft thermal 

systems, food thermal protection, solar power plants, thermal comfort in vehicles, cooling of 

engines (electric and combustion), medical applications: (e.g. blood transport, operating tables, 

hot–cold therapies), and greenhouses [4]. The properties of a selected thermal energy storage 

medium (e.g. PCM, water, etc.) play a crucial role in determining both aspects: the performance 

of the TES system [5], and its appropriate application.  A fluid with a low conductivity value could 

be desired in some applications of thermal protection. However, in some TES applications, the 

storage medium should have a high conductivity to discharge the energy in the proper time [4]. 

There are three ways of storing thermal energy: sensible heat, latent heat and thermochemical 

energy storage [1]. In the market, there are numerous liquid mediums that either lay under sensible 

heating or latent heating. In this project, a sensible heating storage medium (water) is considered. 
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Water is widely used for low-temperature applications as a heat storage medium. This is because 

of many reasons: it is non-toxic, inexpensive, available, and it has high specific heat. Water in 

liquid form can be circulated easily to transport stored heat effectively. If water or water mixed 

with sand gravel is stored in underground aquifers, it can be used in seasonal thermal energy 

storage applications. This is very cost effective as it cuts down the cost of expensive water 

reservoirs constructions. Also, the lower temperature storage systems are involved in many other 

applications, such as space heating in buildings, solar hot water supply, heat sinks of electronic 

systems e.g. laptops [5].  However, water requires a higher convective heat transfer coefficient in 

some applications (e.g. electronics cooling systems) for a more responsive thermal management. 

There are many methods to enhance heat transfer of H2O, one of which, is by incorporating 

nanoparticles into the fluid. Alternatively, porous media could be integrated with the heat source 

within the TES system. Table 5-1 shows several water heat transfer enhancement techniques that 

have been carried out by other researchers from 2000 to 2015.  These studies have primarily 

investigated the heat transfer enhancement using (nanoparticles with water), (porous medium with 

water), or (porous medium with nanofluid). 
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5.2 Literature Review  

5.2.1 Water Heat Transfer Enhancements 

Table 5-1: A literature review of water heat transfer enhancements. 

Ref. 

 

Year 

 

Working 

Fluid 

Nanoparticles / 

Size (nm) 

Porous 

Type/ 

Porosity 

Volume 

Fraction 

(%) 

Thermal 

Enhancements (%) 

/Outcomes 

[6] 2000 H2O Cu/100 - 7.5 78% 

[7] 2002 H2O Al2O3/60.4 - 5 23% 

[8] 2003 H2O Au/10–20 - 0.00026 21% 

[8] 2003 H2O Ag/10–20 - 0.001 16.5% 

[9] 2003 H2O Al2O3/38.4 - 4 24% 

[10] 2004 H2O 

MWCNT/ 

Ø20–60 

×(fewtens×103) 

- 0.84 21% 

[11] 2005 H2O DWCNT/Ø5 - 1 8% 

[12] 2005 H2O Al2O3/11 - 1 9% 

[13] 2005 H2O Al2O3/10 - 0.5 100% 

[14] 2006 H2O MWCNT/Ø40 - 0.49 80% 

[15] 2006 H2O 

MWCNT/Ø10– 

30×10,000–

50,000 

- 1 11.3% 

[16] 2006 H2O CuO/29 - 6 52% 

[17] 2006 H2O TiO2/34 - 6.8 6% 

[18] 2007 H2O TiO2/20 - 2 4.2% 

[19] 2007 H2O Al2O3/38 - 3 8% 

[19] 2007 H2O TiO2/10 - 3 11.4% 

[19] 2007 H2O TiO2/34 - 3 8.7% 

[19] 2007 H2O TiO2/70 - 3 6.4% 

[19] 2007 H2O ZnO/10 - 3 14.2% 

[19] 2007 H2O ZnO/30 - 3 11.5% 

[19] 2007 H2O ZnO/60 - 3 7.3% 

[20] 2007 H2O Al2O3/36 - 6 28% 

[21] 2007 H2O Al2O3/20 - 14.6 22% 

[22] 2007 H2O 

MWCNT/ 

Ø10– 

30×10,000–

50,000 

- 1 7% 

[23] 2008 H2O Al2Cu/31 - 2 96% 

[24] 2009 H2O Al2O3/282 - 4 17.7% 

[25] 2009 H2O TiO2/21 - 2 7% 

[26] 2009 H2O Al2O3/36 - 18 31% 
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Ref. 

 

Year 

 

Working 

Fluid 

Nanoparticles / 

Size (nm) 

Porous 

Type/ 

Porosity 

Volume 

Fraction 

(%) 

Thermal 

Enhancements (%) 

/Outcomes 

[27] 2009 H2O Al2O3/15–50 - 4 10.1% 

[28] 2010 H2O Fe3O4/15–22 - 3 11.5% 

[29] 2010 H2O Al2O3/12 - 4 5.4% 

[30] 2012 H2O 
SWCNT/100–

600 
- 0.3 12.1% 

[31] 2012 H2O CuO/25 - 7.5 32.3% 

[32] 2013 H2O SiO2/10 - 1.2 11% 

[33] 2014 H2O γ-Al2O3/13 - 6 14.5% 

[34] 2015 H2O Al2O3/40 - 4 14.4% 

[35] 2016 H2O CuO/55–66 - 2 24% 

[36] 2016 H2O S-SWCNT/Ø1– - 048 8.1% 

[37] 2011 H2O CuO Cu/(N/A) 0-0.2 
Ra and Nu numbers 

were improved 

[38] 2015 H2O Al2O3/20 
Cu(coating) 

/(N/A) 
0.1 

h increased from 

hmax=48 to 

51(kW/m2k) 

[38] 2015 H2O CuO/30 
Cu(coating) 

/(N/A) 
0.1 

h of nano-fluids are 

slightly larger than 

deionized water 

[38] 2015 H2O - 
Cu(coating) 

/(N/A) 
- 

Heat transfer 

coefficient is 2-3 

times higher with 

porous 

[39] 2015 H2O - Cu/45–55 - 

obtained a good heat 

transfer coefficient 

h=9.6 W/cm2 K 

Note: the enhancement is calculated as follows: % [( ) / ]*100knf kbf kbf= − , where, knf is 

the conductivity of the nanofluid, and kbf is the conductivity of the base fluid [40]. 

In the current work, a cylindrical shaped Thermal Energy Storage Battery (TES-B) with the 

nanofluid and porous medium is modeled and studied experimentally, numerically, and 

analytically. Moreover, this study investigates the effect of the inclination of cylindrical TES-B on 

the thermal performance. The inclination of TES-B has been studied by different researchers and 

has been summarized in Table 5-2 below.  

file:///C:/Users/Yazeed%20Alomair/AppData/Roaming/Microsoft/papres/New%20Collections/Nano%20porous%204.pdf
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5.2.2 Cylindrical (TES-B) Inclinations 

Table 5-2: Literature review of cylindrical (TES-B) inclinations. 

Ref./ 

Year 

 

Experimental 

/ Theoretical / 

Numerical 

study/App 

Working 

Fluid 

(Thermal Enhancer) 

(Nanoparticles/Porous) 

/ Size/ Volume Fraction 

(%) 

Angle 

(°) 
Results 

[41] 

2015 

Experimental/ 

Thermal 

enhancement 

(TE) in TES 

looking 

enclosure 

PCM 

Heat Pipe (HP)-

aluminum foils 

HP-Al Foam 

0, 30, 

60, 90 

95% of PCM was 

melted/solidified 

most effectively 

with 0°, and 90° 

[42] 

2010 

Experimental 

(TE) of HP not 

TES 

Deionized 

water 

(DI-

water) 

CuO/50nm/0.1% 
0, 30, 

45, 90 

45° results the 

highest thermal 

performance 

[43] 

1999 

Experimental 

(TE) of HP not 

TES 

Water Cu- HP 
30, 

60, 90 

The overall heat 

transfer coefficient 

was 70% higher 

with 90° 

[44] 

2011 

Experimental 

(TE) of HP not 

TES 

DI-water 
HP-TiO2/27-56nm/0.05-

0.5% 

30, 

60, 90 

90° results the 

highest thermal 

performance 

[45] 

2000 

Experimental 

/boiling 
Water Stainless Steel 0-90 

90° results the 

highest thermal 

performance 

[46] 

2009 

Experimental 

(TE) of the heat 

exchanger 

Not TES 

Water helical baffles 

20, 

30, 

40, 50 

40° results the 

highest thermal 

performance 

[47] 

2012 

Experimental 

/TE of HP-

cubic container 

DI-water HP 

0, 15, 

30, 

45, 

60, 

75, 90 

30° results the 

highest thermal 

performance 

[47] 

2012 

Experimental 

/TE of HP-

cubic container 

DI-water HP-CuO 

0, 15, 

30, 

45, 

60, 

75, 90 

45° results the 

highest thermal 

performance 
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Ref./ 

Year 

 

Experimental 

/ Theoretical / 

Numerical 

study/App 

Working 

Fluid 

(Thermal Enhancer) 

(Nanoparticles/Porous) 

/ Size/ Volume Fraction 

(%) 

Angle 

(°) 
Results 

[48] 

2011 

Experimental 

/TE of HP-

cubic container 

DI-water 
Ag, Al2O3, Ag-Al2O3 

/27-89nm / 0.05-0.1% 

5, 45, 

90 

5° results the 

highest thermal 

performance 

[49] 

2013 

Experimental 

CPU cooling 
DI-water Al2O3/0.5% 

30-

180 

90° results in the 

lowest thermal 

performance 

[50] 

2007 

Experimental/ 

Thermosyphon 

Same as TES 

Water HP 5-90 

15◦–60◦ results the 

highest thermal 

performance 

[51] 

2005 

Experimental 

HP in TES 

looking 

cylinder 

Water HP-Copper mesh 0, 90 

90° results the 

highest thermal 

performance 

[52] 

2006 

Experimental 

/TE of HP-

cylinder 

Water HP-steel fins 2-90 

Obtained the 

highest thermal 

performance at 

less than 13° 

[53] 

2012 

Experimental 

/HP TE 
DI-water HP 

0, 30, 

60, 90 

30° results the 

highest thermal 

performance at fill 

ratio of 75% 

[54] 

2012 

Experimental 

/HP HE 
n-Hexanol HP-CuO 

0, 15, 

30, 

45, 

60, 

75, 90 

The thermal 

enhancement was 

about 90% relative 

to DI-water as a 

working fluid at 

45° 

[55] 

2012 

Experimental 

/TE of HP-

cylinder 

Water HP-CuO/ 1% 
0, 45, 

90 

45° results the 

highest thermal 

performance 

[56] 

2013 

Experimental 

/TE of HP-

cubic container 

Water HP- CuO/ 0.5% 
45, 

60, 90 

90° results the 

highest thermal 

performance 

[57] 

2016 

Experimental/ 

TE of HP-cubic 

container 

aqueous 

nitrogen 

HP-doped graphene/ 

0.06 wt% 
0, 90 

90° results the 

highest thermal 

performance 

[58] 

2014 

Experimental/ 

TE of HP-cubic 

container 

DI-Water 
copper sintered wick HP- 

CuO/1% 
0-90 

45° results the 

highest thermal 

performance 
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Ref./ 

Year 

 

Experimental 

/ Theoretical / 

Numerical 

study/App 

Working 

Fluid 

(Thermal Enhancer) 

(Nanoparticles/Porous) 

/ Size/ Volume Fraction 

(%) 

Angle 

(°) 
Results 

[59] 

2017 

Experimental 

Numerical/ TE 

of HP in a 

cylinder 

PCM- 

Paraffin 

RT35 

Copper-HP 0-90 

For melting, 90° 

shows better heat 

transfer. For 

solidification, 0° 

shows better heat 

transfer. 

[60] 

2016 

 

Experimental/ 

HP in PV 

panels 

Water Copper-HP 0-90 

It is more efficient 

at inclination 

angles more than 

20° 

[60] 

2016 

Experimental / 

HP in PV 

panels 

Water 
Copper-HP- copper wire 

mesh 
0-90 

40° results the 

highest thermal 

performance 

5.3 Research Gaps   

The literature review summarized in Table 5-1 and 5-2 indicate two issues: (1) most of the studies 

were carried out on nano-fluids and less work has been done on porous medium with nanofluids, 

(2) the investigated inclination angles vary depending mainly on the targeted applications, (3) less 

research work has been done for copper mesh wrapped on a copper pipe installed in a cylindrical 

cavity for a thermal storage purpose. Most of the researchers have studied the inclination angle 

influence on thermal performance for different applications using different geometries, thermal 

enhancers, and working fluids (PCMs and Deionized water etc.), as shown in Table 5-2. Most of 

the studies focus on heat pipes and cubically shaped cavities. It can be seen from the literature that 

the optimal inclination angle could differ depending on the cavity shape, geometry, thermal storage 

medium, and initial conditions. The above-mentioned literature review suggests that no study has 

considered different inclination angles for a cylindrical shaped TES-B with TiO2-nanofluid 

combined with copper mesh. Therefore, the present study will investigate the effect TiO2-

nanofluid combined with copper mesh in a cylindrical shaped TES-B. The cylindrical geometry 

has been chosen particularly in this work since it could be used in wide range of applications, such 

as, space heating, heat exchangers, solar energy collectors, traditional and renewable power plants, 
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thermal energy storage systems, electric and electronics thermal management, such as electric 

vehicles.  

5.4 Objectives   

The objective of this chapter is to investigate the thermal performance enhancement of cylindrical 

TES-B by employing copper mesh and TiO2 nanoparticles with DI-water. Furthermore, this study 

will examine the inclination effects of cylindrical TES batteries on the thermal performance. The 

sequence of work for the current research is summarized below:  

1. Review the status of recently published research papers on water heat transfer 

enhancements and their outcomes, considering: 

a. Type of nano-particles 

b. Size of nano-particles 

c. Porous type 

d. Porosity 

e. Volume fraction considered 

f. Thermal enhancements and outcomes. 

2. Review the status of cylindrical TES-B inclinations and intended applications, considering: 

a. Working fluids  

b. Thermal enhancer type, size, and volume fraction 

c. Angles considered and the results. 

3. Theoretical modeling and analysis of heat transfer in 2-D lumped system through 

cylindrical TES-B, specific attention will be given to: 

a. Modeling the cylindrical TES-B filled with water 

b. Modeling the cylindrical TES-B filled with water and nano-particles 

c. Modeling the cylindrical TES-B filled with water and nano-particles and copper 

mesh. 

4. Numerical modeling of different types of cylindrical TES systems 

a. Calculation of rate of heat transfer and energy stored during the charging and 

discharging processes for each of the following cases: 
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i. Modeling and analysis of nano-fluid inside the examined cylindrical TES-

B using COMSOL Multi-physics software  

ii. Modeling and analysis of nano-fluid inside a longer (12 inches) cylindrical 

TES-B  

iii. Modeling and analysis of nano-fluid inside a shorter (1.389 inches) 

cylindrical TES-B  

iv. Modeling and analysis of nano-fluid with copper porous medium inside the 

examined cylindrical TES-B using COMSOL Multi-physics software  

v. Modeling and analysis of nano-fluid with copper porous medium inside a 

longer cylindrical TES-B 

vi. Modeling and analysis of nano-fluid with copper porous medium inside a 

shorter cylindrical TES-B. 

5. Nano-Fluid preparation: 

a. Test the sedimentation of different nano-particles. 

b. Test the sedimentation, stability, and cycling of TiO2 nano-fluid 

c. Measure the proper amount of TiO2 to be incorporated with DI-water 

d. Measure the proper amount of surfactant that will be used in TiO2 nano-fluid 

e. Measure if the mechanical steering is enough to prevent TiO2 nano-particles 

sedimentation  

f. Measure if the ultra sound steering method is needed to prevent TiO2 nano-particles 

sedimentation  

g. Measure if any of the steering methods is needed to cycle TiO2 nano-fluid. 

6. Experimental setup design and tests 

a. Develop experimental prototypes and the setup 

b. Connecting the experimental setup with thermocouples, flow meter, heat flux 

sensors, DAQ systems, and thermal regulator  

c. Develop different prototypes: water only, nano-fluid, and nano-fluid with a porous 

medium.  

d. Perform prototypes initial tests  
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e. Preform experiments in a different angle of orientations: 0°, 90° (top to bottom 

water flow), 90° (bottom to top water flow), and 45°. 

5.5 Experimental Work  

5.5.1 Description of the (TES-B) prototype 

To start, an experimental setup is developed to measure the temperature of water alone, water with 

TiO2 nanoparticles (nanofluid), water-copper mesh, and nanofluid-copper mesh across the 

cylindrical thermal energy storage batteries (TES-B) at different inclination angles. The schematic 

diagram of the experimental setup is presented in Figure 5-1. A 3-D prototype of TES-B with 

copper mesh is presented in Figure 5-2. The exterior housing of the TES-B is made of 0.124-inch-

thick (0.315 cm) transparent acrylic from McMaster-Carr as presented in Figure 5-3-a. The height 

of the TES-B is 3.53 inch (8.96 cm), and it has an internal diameter of 1.75 inches (4.445 cm). 

Two square acrylic sheets of 4 inch2 (10.17 cm2) were sealed at the top and bottom ends of the 

cylinder using acrylic cement from WEL-ON-3. In the center of the cylindrical TES-B, a copper 

pipe is installed vertically through the square acrylic sheets to bypass heat transfer fluid coming 

from the thermal regulator. The copper pipe acts as a heat source which allows heat transfer to the 

thermal storage medium in the (TES-B). The copper pipe has an external diameter of 0.375 inches 

(0.9525 cm) and a thickness of 0.036 inches (0.09 cm). On the top of the cylinder, there are two 

plastic pipes instrumented to fill the cavity with the storage medium as well as to allow the 

thermocouples though (TES-B). Three configurations of (TES-B) with similar dimensions are 

tested in this study as shown in Figure 5-3. All walls of the TES systems were properly insulated. 

In the first category, the (baseline TES-B) was filled with 132mL of water only as presented in 

Figure 5-3-a. For the second (TES-B), the copper pipe was attached with a copper mesh sheet 

obtained from McMaster-Carr (Model no: (9224t55)) and filled with water as shown in Figure 5-

3-b. The copper mesh was soldered to the copper pipe and wrapped around it to allow more heat 

transfer surface area. The copper mesh has a wire diameter of 0.011 inches (0.0279 cm). The mesh 

size is16×16 (per inch squared). It has a porosity of 67% and an opening size of 0.052 inches 

(0.132 cm). For the third configuration, the (TES-B) (no porous involved) was filled with water 

and nanoparticles (21 nm TiO2) as shown in Figure 5-3-c.  
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Figure 5-1: The schematic diagram of the experimental setup. 
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Figure 5-2: A 3-D prototype of TES system. 

 

Figure 5-3: Three configurations of the studied cylindrical thermal energy storage battery (TES-B). 
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5.5.2 Description of Experimental Setup and Procedure 

 

Figure 5-4: A photograph of the experimental setup with all components. 

A photograph of the experimental setup is shown in Figure 5-4. Extrusion bars were used to build 

a test platform made of aluminum (1 inch  1 inch) cross section from McMaster Carr. The overall 

dimension of the test platform was 6,000 inch3 (1,5240cm3). The platform was designed to test 

one (TES-B) at different angle orientations (0°, 45°, 90°).  To ensure a proper alignment of (TES-

B) during experiments, balancing mechanisms and level meters were instrumented on the platform. 

The copper pipe of the (TES-B) was connected from both ends (inlet and outlet) to a thermal 

regulator (Polystat recirculator, model: 13042-01, supplier: Cole-Parmer). The thermal regulator 

circulates deionized water through the (TES-B) at various constant temperatures using a pump 

(model: FP1, supplier: Cole Parmer), and properly insulated plastic pipe. Within the piping system, 

a flow meter (model: RT-375MI-LPM2, supplier: Blue-White), and flow regulating valves (model: 

PISV0412S, supplier: John Guest) were installed at different locations as shown in Figure 5-1. To 

measure temperatures throughout the system, K-type thermocouples (model: 5TC-TT-K-30-36, 

Thermal 

Battery 

LabVIEW 

Readings 

Display 

Temp. Regulator 
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supplier: Omega) were installed at different locations inside the (TES-B) and the piping system. 

Then, the 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). 

5.5.3 Nano-fluid preparation 

Primarily, 150 ml of deionized water was poured into a high-temperature resistance glass beaker. 

Then, 0.5g of TiO2 nano-particles (<21nm particle size, supplier: Sigma-Aldrich, Canada) was 

measured precisely with Analytical Balance (supplier: Mettler Toledo, Canada), as presented in 

Figure 5-5. The volume fraction of the nanoparticles was 0.037% to the water.  As a surfactant, 

0.25mL of soap was considered with the mixture, as shown in Figure 5-6. Consequently, the beaker 

was placed on a magnetic stirrer with an integrated hot plate electrical heater (Cimarec Ceramic 

Digital Hotplate Stirrer, supplier: Thermo Scientific, Canada), as presented in Figure 5-7. The 

nanofluid mixture was stirred for 24 hours at 60oC to provide a homogeneous texture and to reduce 

the chance of sedimentation. Figure 5-3-d shows an insulated cylindrical (TES-B). Across the 

(TES-B), there are 11 different locations, in which the temperature is being monitored as shown 

in Figure 5-8. The temperature of the environment is also monitored by one thermocouple.  

 

Figure 5-5: Weight scale with 0.5g of TiO2 nanoparticles. 
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Figure 5-6: A 0.25mL of surfactant (soap). 

 

Figure 5-7: Mechanical (magnetic) stirrer with an integrated heater. 
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Figure 5-8: Thermocouples locations across the cylindrical (TES-B). 

The temperature regulator was turned on to heat the water (heat transfer fluid) to 40°C before 

circulating the water through the (TES-B). Once the water reaches 40°C, the LabVIEW software 

starts taking measurements right before circulating the water. The experiments are conducted 

repeatedly with the three-presented cylindrical (TES-B). The initial temperature of the storage 

medium in all experiments is in the range of (20.73°C-23.7°C). Each experiment takes a minimum 

of 8 hours. This is to ensure that the temperature reaches the steady state long enough for the 

comparison among the three (TES-B): water, water-porous medium, and water-nanoparticles.  

 



 

 

120 

 

 

Figure 5-9: The TES system in different angle orientations. 

The cylindrical (TES-B) is experimentally tested in four different angle orientations as shown in 

Figure 5-9. These series of experiments were conducted to investigate the influence of the water 

flow direction and the influence of the angle of the (TES-B) on the heat transfer and energy storage 

processes. In the vertical orientation (90°), the (TES-B) was tested where the water flow is upward 

and downward. The (TES-B) was installed and tested in 45°, and the water flow direction was 

downward in this case. The (TES-B) was also investigated horizontally. In all orientations, a set 

of experiments is carried out at different temperatures to study the (TES-B) at cooling and heating 

cases (5°C, 10°C, 30°C, and 40°C).  

In all conducted experiments, the setup was installed in such a way to alternate 

between two different water loops using three water valves, as presented in Figure 5-1. 

The first loop is to adjust the temperature of the water in the regulator reservoir to the 

desired set point. The second loop is to allow heat transfer fluid (water) to run through 

the thermal (TES-B). When the water reaches the set point, the LabVIEW software is 

set to run before circulating the water through the (TES-B).  

5.6 Analytical Work  

The modeled enclosure was assumed to be lumped system and 2-D cylindrical shaped enclosure 

as shown in Figure 5-10. The surface area of the copper pipe, from which, heat transfers to the 

storage medium in the (TES-B) is calculated as follows: 1 12A r L=
, where A1, r1 and L are the 
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surface area of the copper pipe, radius of the copper pipe and length TES system respectively. The 

external surface area of the (TES-B) is calculated as follows: 2 22A r L=
, where A2 and r2 are the 

surface area of the outer cylinder and the radius of the outer cylinder respectively. Therefore, the 

volume (V), by which the storage medium is occupied can be expressed as follows: 

2 2

2 1( )V L r r = −
. 

 

Figure 5-10: The modeled cylindrical shaped enclosure with boundary conditions. 

At the beginning of the experiment, at the time, t = 0 second, the temperature of the storage medium 

equals to environment’s temperature. The cylindrical (TES-B) is assumed to be insulated, which 

means Qout = 0. The heat flow in the fluid is assumed to be two-dimensional. When considering 

nano-fluid as a storage medium, it is assumed that the water and TiO2 behave as a continuous 

mixture in thermodynamic equilibrium and the velocity slip between the water and TiO2 

nanoparticles are negligible. The density variation due to thermal buoyancy is considered in this 

model. However, it is assumed that the thermo-physical properties of the nano-fluid are constant. 

Water is used in all experiments as base working fluid, whereas solid TiO2 nanoparticles and solid 

copper mesh are employed as thermal conductivity enhancers. The thermo-physical properties of 

TiO2 nanoparticles and copper mesh including water are listed in Table 5-3. 
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Table 5-3: Thermophysical properties of the base working fluid and the thermal conductivity enhancers. 

Material / Fluid 
Thermal conductivity 

(W/mK) 

Specific heat 

J/(kg⋅K) 

Water 0.608 4185.5 

TiO2 nanoparticles 8.4 520 

Copper Mesh 401 384.4 

After applying the energy conservation law to the model and plugging it into maple software, the 

temperature formula can be found as follows: 

Energy conservation equation: 

in out

dE
E E

dt
− =

 
(1) 

⟹ �̇�𝑖𝑛 −   �̇�𝑜𝑢𝑡 = 𝜌∀∁𝑝

ⅆ𝑇

ⅆ𝑡
 (2) 

⟹ [ℎ1𝐴1(ℎ1𝑇𝑏 − 𝑇)] water -[ℎ2𝐴2(𝑇 − 𝑇∞)]air= 𝜌∀∁𝑝
ⅆ𝑇

ⅆ𝑡
 (3) 

Final temperature formula: 

                              

𝑇𝑒𝑚𝑝 =  − 
𝑒−(𝑚+𝑛)𝑡  𝑚 (𝑇𝑏 − 𝑇∞)

𝑚 + 𝑛
+

𝑇𝑏  𝑚 + 𝑇∞ 𝑛

𝑚 + 𝑛
 

  

(4) 

where,                              𝑚 =
ℎ1 𝐴1

𝜌 𝑉 𝐶𝑃
                &              𝑛 =

ℎ2 𝐴2

𝜌 𝑉 𝐶𝑃
 , 

where, 𝑚 represents the heat transfer from the copper pipe to the storage (water properties), and 𝑛 

represents the heat transfer from the storage to the environment (air properties). 

The convictive heat transfer coefficient is calculated for both internal of the cylinder (h1) and 

external of the cylinder (h2). The internal convictive heat transfer coefficient (h1) is calculated by 

the following equation: h1 =
k

L
𝑁𝑢 whereas the external convictive heat transfer coefficient (h2) is 

calculated by the following equation: h2 =
k

L
𝑁𝑢. From Natural Confection chapter, Heat and Mass 

handbook, Nusselt number for vertical cylinder is 𝑁𝑢̅̅ ̅̅ =
ℎ̅ 𝐿

𝑘
=

4

3
[

7𝐺𝑟 .  𝑃𝑟2

5(20+21𝑃𝑟
]

1/4

, where both Nu and 
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Gr are based on the cylinder’s height L. Grashof number is 𝐺𝑟 =
g𝛽𝐿3(𝑇𝑤−𝑇∞)

𝑣2
, where ν is the 

kinematic viscosity. Prandtl number (Pr) is 𝑃𝑟 =
µ𝐶𝑃

𝑘
, where k is thermal conductivity W/m·K, L 

is height of vertical pipe m, h is heat transfer coefficient W/m2·K, g is gravitational acceleration 

m/s2, β is coefficient of thermal expansion K−1, µ is dynamic viscosity, Pa·s, cp is specific heat at 

constant pressure J/kg·K.  

The convictive heat transfer coefficient for the porous medium and water depends on the properties 

of a liquid (water), porous medium (copper mesh), and the porosity (Φ). Therefore, the properties 

of the porous medium and water are calculated using the following correlation: 

𝜌 = 𝜌𝑠(1 −Φ) + 𝜌𝐿Φ 

 
(5) 

𝑘 = 𝐾𝑠(1 −Φ) + 𝐾𝐿Φ 

 
(6) 

∁𝑝=
𝜌𝐿∁𝑝𝐿

Φ+ 𝜌𝑠  ∁𝑝𝑠
 (1 −Φ)

𝜌
 (7) 

where 𝜌𝑠is the density of the solid (copper mesh), 𝜌𝐿is the density of the liquid (water), 𝐾𝑠is the 

conductivity of the solid, 𝐾𝐿is the conductivity of the liquid, ∁𝑝𝐿
is the specific heat for the liquid, 

∁𝑝𝑠
 is the specific heat for the solid. 𝜌, 𝑘, and ∁𝑝 are the correlated properties of porous medium 

and water. The porosity of the copper mesh used is this model is Φ = 67%. 

The convictive heat transfer coefficient of the nanofluid depends on the properties of a liquid 

(water), nano-particles (titanium-oxide), and the nano-particle volume fraction (Φ). Therefore, the 

properties of nanofluid are calculated using the following correlation: 

𝜌 = 𝜌𝑠(Φ) + 𝜌𝐿(1 −Φ) 

 
(8) 

𝐾 =
(𝐾𝑠 + 2𝐾𝐿 − 2Φ(𝐾𝐿-𝐾𝑠)𝐾𝐿

𝐾𝑠 + 2𝐾𝐿 +Φ(𝐾𝐿-𝐾𝑠)
 

 

(9) 

∁𝑝=
𝜌𝑠 ∁𝑝𝑠

Φ+ 𝜌𝐿∁𝑝𝐿
 (1 −Φ)

𝜌𝑠Φ+𝜌𝐿(1 −Φ)
 

 

(10) 

µ =
µ𝐿

(1 −Φ)^2.5
 

 
(11) 
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𝑃𝑟 =
µ 𝐿(𝜌𝑠∁𝑝𝑠

Φ+𝜌𝐿∁𝑝𝐿
(1−Φ))(𝐾𝑠+2𝐾𝐿+Φ(𝐾𝐿-𝐾𝑠)) 

(1−Φ)^2.5(𝜌𝑠Φ+𝜌𝐿(1−Φ))(𝐾𝑠+2𝐾𝐿−2Φ(𝐾𝐿-𝐾𝑠))𝐾𝐿
, (12) 

where, 𝜌𝑠is the density of the solid (TiO2), 𝜌𝐿is the density of the liquid (water), µ𝐿is the dynamic 

viscosity of the liquid, 𝐾𝑠is the conductivity of the solid, 𝐾𝐿is the conductivity of the liquid, ∁𝑝𝐿
is 

the specific heat for the liquid, ∁𝑝𝑠
 is the specific heat for the solid. 𝜌, k, and ∁𝑝are the correlated 

properties of nanofluid. 𝑃𝑟 is Prandtl number that is a dimensionless number that approximates the 

ratio of momentum diffusivity to thermal diffusivity. The volume fraction of the titanium-oxide 

nano particles used is this model is Φ = 0.037%. 

For the two-dimensional transient laminar flow, the governing equations including buoyancy-

driven convection are presented below: 

Continuity equation: 

 0
u v

x y

 
+ =

   
(13) 

Momentum equation:  

x-directions: 

2 2

2 2

1u u u p u u
u v

t x y x x y



 

      
+ + = − + + 

        

(14) 

y-directions: ( )
2 2

2 2

1
ref

v v v p v v
u v g T T

t x y y x y




 

      
+ + = − + + + − 

        

(15) 

Energy equation:  

 

2 2

2 2

T T T T T
u v

t x y x y

     

+ + = + 
       

(16) 

 
where,                  b

0;       

          T T

Wu v at T= =

=
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5.7 Numerical Work  

The numerical model is developed by using COMSOL 4.3b commercial software. A heat transfer 

module was used to model the (TES-B) considering the boundary conditions and similar initial 

conditions mentioned in the analytical modeling (Section 3.1). However, in this numerical model, 

only water is considered. The physical geometric parameters, as well as some important thermal 

parameters, are given in Table 5-4. 

Table 5-4: Geometric and thermophysical parameters considered in the numerical modeling. 

Name Value Description 

d0 4.445[cm] 
Outer Diameter of the energy 

storage 

H 8.96[cm] Height of the energy storage 

d0_heater 0.9525[cm] 
the diameter of the circular 

heater in the center 

T_m 0[degC] Transition temperature 

T_hot 40[degC] Temperature of hot liquid 

T_0 23[degC] Initial temperature of the rod 

p_ref 100[Pa] Pressure 

rho_liquid 997[kg/m^3] Density of liquid 

cp_liquid 4179[J/kg/K] Specific heat capacity of liquid 

k_liquid 0.613[W/m/K] Thermal conductivity of liquid 

5.8 Results and Discussion   

5.8.1 Experimental Results  

The experimental results are shown in Figure 5-11. It shows the dimensionless temperature as a 

function of time (second) for the three-different cylindrical (TES-B) (water only, water and copper 

mesh, and nanofluid). The lowest curve shows the temperature of the cylindrical (TES-B) filled 
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with water only. The top curve shows the temperature of the cylindrical (TES-B) with an integrated 

copper mesh filled with water. The middle curve shows the temperature of the cylindrical (TES-

B) filled with nanofluid. These three experiments were run at 40°C for at least 6000 seconds, which 

is about an hour and a half. The presented results are dimensionless because the three experiments 

have different initial temperatures as the environment in the lab is unstable. The range of 

dimensionless temperature is between 0 and 1, where 0 represents the initial temperature of the 

thermal energy storage medium at the beginning of the experiment and 1 represents the final 

temperature of the thermal energy storage medium at the end of the experiment. Adding 

nanoparticles in water enhances the thermophysical properties of the working fluid (water). 

 

Figure 5-11: The experimental results for three different batteries with different storage mediums. 

This means that the nanoparticles were dispersed across the water. TiO2 has a high thermal 

conductivity than the water. This results in a heat transfer enhancement. It can be seen from the 
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results of the cylindrical (TES-B) with an integrated copper porous medium that it has enhanced 

the heat transfer compared to water only case. This is because of the high thermophysical 

properties of the copper. The thermophysical properties of these thermal enhancement materials 

including water are presented in Table 5-4. Also, the advantage of using a porous medium in a 

thermal storage is that it increases the surface area of heat transfer between the heat source and the 

storage medium. 

Figure 5-12: The experimental results for the (combined metallic enhancers) compared with (the base fluid 

TES-B) and (Porous Medium TES-B). 
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Figure 5-12 shows the experimental results for the TES systems of that with combined metallic 

enhancers (TiO2 nanoparticles and copper porous medium) compared with (the base fluid TES) 

and (Porous Medium TES). The initial temperature of all experiments is at 23°C. The three TES 

configurations were cooled to 5°C. It can be concluded from the plot that combining TiO2 

nanoparticles and copper porous medium improves heat transfer rate since the thermal 

conductivity has increased. 

5.8.2 Analytical Results  

The analytical results are presented in Figure 5-13. It shows the temperature as a function of time 

(second) for three different cylindrical (TES-B) (water only, water and copper mesh, and 

nanofluid). These three experiments were run at 40°C for at least 6000 seconds, which is about an 

hour and a half. The initial temperature of all three experiments is 23°C. It can be seen that adding 

nanoparticles in water enhances the thermophysical properties of the working fluid (water) and 

adding porous medium will enhance the heat transfer even further. The experimental and analytical 

results presented in Figure 5-11 and Figure 5-12 show a very good agreement.   
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Figure 5-13: The analytical results for three different batteries with different storage mediums. 

5.8.3 Numerical Results  

Figure 5-14 shows the temperature distribution across the cylindrical (TES batteries) in different 

times. This figure is obtained from COMSOL. It can be seen that the initial value of the 

temperature is 23°C. The heat source, which is the pipe running in the center of the (TES-B) was 

at 40°C. When time reaches 4000 seconds, the temperature of the (TES-B) equals to 39.7°C. It can 

be seen that the hot water remains on the top of the (TES-B) for the entire simulated cases shown 

in Figure 5-14. This is because of the density variation of the water due to the variation of the 

temperature. The cold water is denser than the hot water, where the buoyancy takes place in 

bringing the colder water down. 
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T=23°C     T=39.7°C 

 

t=0s t=100s t=200s t=500s t=1,000s t=4,000s 

    
 

 

Figure 5-14: The results obtained from COMSOL of the temperature distribution across the (TES-B) in 

different times. 

 

Figure 5-15: The results obtained from COMSOL of the temperature of three different locations in the (TES-

B). 
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Figure 5-15 shows the transient numerical temperature at different measured locations across the 

cylindrical (TES-B) filled with water only. As shown in Figure 5-15, the thermocouples are located 

in three different heights: near the top wall of the (TES-B), in the middle of the (TES-B), near the 

bottom wall of the (TES-B). All three thermocouples are located near the side wall, which is 

insulated. This is to ensure that the measurements represent the heat transferred into the water from 

the heat source (copper pipe in the center) to the insulated wall. It can be seen that the thermocouple 

located at the top is measuring higher temperatures than the other two thermocouples until all three 

curves merge at 4000 seconds. This is because of the density variation of the water due to the 

variation of the temperature. The cold water is denser than the hot water, where the buoyancy takes 

place in bringing the colder water down. Now, the experimental results show a close agreement 

with the analytical results presented in Figure 5-16. 

Figure 5-16: A comparison between analytical and experimental results for TES filled with water. 
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5.9 Conclusion   

Analytical and numerical analyses have been conducted to investigate a cylindrical (TES-B); the 

analysis has been validated experimentally. Water is easily accessible, and it is used in a wide 

range of applications, and therefore, it is used in this study as a working fluid. Generally, working 

fluids are impractical for many applications due to their low thermal conductivities. Most of the 

recent studies focus on heat pipes as a heat transfer enhancement and cubic shaped cavities. Less 

investigation has been done on porous medium with nanofluids as a heat transfer enhancement in 

a cylindrical cavity. In order to enhance the heat transfer, two elements are used in this study: 1) 

0.5g of 21 nm TiO2 nanoparticles (with a volume fraction of 0.037%) mixed with 0.25mL of soap 

(surfactant). 2) a 67% porous medium (copper mesh) with a wire diameter of 0.011 inches and 

0.052 inches of an opening size. The results show that there is a minor enhancement with adding 

TiO2 nanoparticles with water, as presented in Figure 5-11 and Figure 5-12. Next, a nanoparticle 

with a higher thermal conductivity such as CuO will be used. Though, the nanoparticle size should 

be small to reduce the possibility of sedimentation in the (TES-B). Figures 5-11 and 5-12 show 

that integrating copper mesh with the heat source results in a significant heat transfer enhancement. 

In future, a combination of both CuO and copper mesh will be studied experimentally and 

numerically, and the key results will be compared. In general, the research done so far has shown 

a good heat transfer enhancement and a good agreement between the experimental and the 

analytical results.  
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5.10 Nomenclature 

Description Unit 

CP specific heat at constant pressure kJ/kg K 

G gravitational acceleration m sec.–2 

L the height of the cylinder cm 

K thermal conductivity W/m K 

Tout The outlet temperature °C 

Tin The inlet temperature °C 

Q constant wall heat flux W/m2 

r1 Radius of the copper pipe in the TES battery (external) m 

r2 Radius of the TES battery (internal) m 

V The volume of the (TES-B) m3 

A1 The surface area of the copper pipe 2m  

A2 The external surface area of the (TES-B) 2m  

Pr  Prandtl number nfnfpnf kcPr =
 

H Convection heat transfer coefficient 2W m K  

outQ
 

Heat removal rate leaving the (TES-B) to the environment W 

inQ
 

Heat removal rate added to the (TES-B) from the copper pipe 

(Heat source)  

W 

T the absolute temperature °C 

Tb The bulk mean temperature °C 

TH, T∞ The ambient air temperature °C 

0T
 

The initial temperature  °C 

T Time second 

u, v velocity components m sec.–1 

x, y Cartesian coordinates cm 

Greek symbols  

Φ Porosity of copper mesh % 
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 the thermal expansion coefficient 1/K 

 dynamic viscosity Pa s 

 density kg/m3 

 the heat of fusion kJ/kg 


 Dynamic viscosity Pa s 

Subscripts  

B water bulk mean temperature °C 

L Liquid (Water)  

S Solid (Copper or titanium-oxide)  
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6 Chapter 6: Thermal Field Measurement of Sensible Heat 

Thermal Energy Storage System Using Water and TiO2 

Nanoparticles 

This chapter was published in the Proceedings of 6th International Conference & Exhibition on 

Clean Energy in Toronto, ON, on August 21-23, 2017. 

6.1 Introduction and Application  

Climate change and use of fossil fuel are critical issues addressed by the researchers all over the 

world.  For energy generation, civilizations have relied on fossil fuel sources such as natural gas, 

oil, and coal for centuries. This reliance on the fossil fuel-based energy generation has led to a 

dramatic change in the climate due to CO2 emissions; an action must be taken to reduce such 

pollution, IPCC (The Intergovernmental Panel on Climate Change) reported (Mehling and 

Cabeza). Energy conservation, use of renewable energy sources, and increasing the efficiency of 

existing power plants are few paths to reduce our dependency on fossil fuels. Now, the 

incorporation of thermal energy storage systems (TESS) is one promising method to increase the 

energy efficiency of existing energy conversion, generation, or conservation system. Commonly, 

solar applications need to store thermal energy for different duration starting from minutes 

extending to seasonal periods depending on applications. The use of TESS in energy systems 

increases the overall efficiency, reliability, economic feasibility, and it reduces running costs, and 

CO2 emissions (Lidia et al., Mehling and Cabeza).  

TESS facilitates in matching supply and demand by storing the thermal energy for later use. Also, 

such technology allows thermal energy to be transported (Dincer and Rosen, Mehling and Cabeza). 

Therefore, TESS is widely used as a thermal protection (e.g. electronics cooling) or as a storage 

(e.g. an energy supply security in hospitals). Within these two scopes, the literature lists other 

applications that use TESS: spacecraft thermal systems, food thermal protection, solar power 

plants, thermal comfort in vehicles, cooling of engines (electric and combustion), medical 

applications: (e.g. blood transport, operating tables, hot–cold therapies), and greenhouses (Zalba 

et al.). The properties of a selected thermal energy storage medium (e.g. PCM, or water etc.) play 

a crucial role in determining two aspects: the performance of the TESS (Alva et al.), and its 

appropriate application.  A fluid with a low thermal conductivity value could be desired in some 
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applications of thermal protection. However, in some TESS applications, the storage medium 

should have a high thermal conductivity to discharge the energy in the proper time (Zalba et al.). 

There are three ways of storing thermal energy: sensible heat, latent heat and thermochemical 

energy storage (Mehling and Cabeza). In this project, an SHTES system is investigated for two 

different types of thermal energy storage media: (i) water only and (ii) nano-scale particles of TiO2 

dispersed in water.   

Water is widely used for low-temperature applications as a thermal energy storage medium. This 

is because of many reasons: it is non-toxic, inexpensive, easily available, and it has high specific 

heat. Water in liquid form can be circulated easily to transport stored thermal energy effectively. 

If water or (water mixed with sand gravel) is stored in underground aquifers, it can be used in 

seasonal thermal energy storage applications. This is very cost effective as it cuts down the cost of 

expensive water reservoir constructions. Also, the lower temperature storage systems are involved 

in many other applications, such as space heating in buildings, solar hot water supply, heat sinks 

of electronic systems e.g. laptops (Alva et al.).  However, water requires a higher convective heat 

transfer coefficient in some applications (e.g. electronics cooling systems) for a more responsive 

thermal management. There are many methods to enhance heat transfer of water, one of which, is 

by incorporating nanoparticles into the base fluid. Table 6-1 shows methods of enhancing thermal 

energy storage capacity of water that several researchers carried out from 2000 to 2015.  These 

studies primarily investigate the heat transfer enhancement by using nanoparticles with water. 

6.2 Literature Review 

Table 6-1: A literature review of water-nanofluid heat transfer enhancements from 2000-2015. 

Ref. 
Year 

 

Working 

Fluid 

Nanoparticles / 

Size 

Volume 

Fraction 

(%) 

Thermal 

Enhancements 

(%) 

/Outcomes 

(Xuan and Li) 2000 H2O Cu/100 7.5 78% 

(Xie et al.) 2002 H2O Al2O3/60.4 5 23% 

(Patel et al.) 2003 H2O Au/10–20 0.00026 21% 

(Patel et al.) 2003 H2O Ag/10–20 0.001 16.5% 

(Das et al.) 2003 H2O Al2O3/38.4 4 24% 
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Ref. 
Year 

 

Working 

Fluid 

Nanoparticles / 

Size 

Volume 

Fraction 

(%) 

Thermal 

Enhancements 

(%) 

/Outcomes 

(Wen and Ding) 2004 H2O 

MWCNT/ 

Ø20–60 

×(fewtens×103) 

0.84 21% 

(Assael et al.) 2005 H2O DWCNT/Ø5 1 8% 

(Chon et al.) 2005 H2O Al2O3/11 1 9% 

(Prasher et al.) 2005 H2O Al2O3/10 0.5 100% 

(Ding et al.) 2006 H2O MWCNT/Ø40 0.49 80% 

(Hwang et al.) 2006 H2O 

MWCNT/Ø10– 

30×10,000–

50,000 

1 11.3% 

(Li and Peterson) 2006 H2O CuO/29 6 52% 

(Wen and Ding) 2006 H2O TiO2/34 6.8 6% 

(He et al.) 2007 H2O TiO2/20 2 4.2% 

(Kim et al.) 2007 H2O Al2O3/38 3 8% 

(Kim et al.) 2007 H2O TiO2/10 3 11.4% 

(Kim et al.) 2007 H2O TiO2/34 3 8.7% 

(Kim et al.) 2007 H2O TiO2/70 3 6.4% 

(Kim et al.) 2007 H2O ZnO/10 3 14.2% 

(Kim et al.) 2007 H2O ZnO/30 3 11.5% 

(Kim et al.) 2007 H2O ZnO/60 3 7.3% 

(Li and Peterson) 2007 H2O Al2O3/36 6 28% 

(Zhang et al.) 2007 H2O Al2O3/20 14.6 22% 

(Hwang et al.) 2007 H2O 

MWCNT/ 

Ø10– 

30×10,000–

50,000 

1 7% 

(Chopkar et al.) 2008 H2O Al2Cu/31 2 96% 

(Beck et al.) 2009 H2O Al2O3/282 4 17.7% 

(Duangthongsuk 

and Wongwises) 
2009 H2O TiO2/21 2 7% 

(Mintsa et al.) 2009 H2O Al2O3/36 18 31% 

(Zhu et al.) 2009 H2O Al2O3/15–50 4 10.1% 

(Abareshi et al.) 2010 H2O Fe3O4/15–22 3 11.5% 

(Beck et al.) 2010 H2O Al2O3/12 4 5.4% 
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Ref. 
Year 

 

Working 

Fluid 

Nanoparticles / 

Size 

Volume 

Fraction 

(%) 

Thermal 

Enhancements 

(%) 

/Outcomes 

(Harish et al.) 2012 H2O 
SWCNT/100–

600 
0.3 12.1% 

(Khedkar et al.) 2012 H2O CuO/25 7.5 32.3% 

(Sun et al.) 2013 H2O SiO2/10 1.2 11% 

(Angayarkanni and 

Philip) 
2014 H2O γ-Al2O3/13 6 14.5% 

(Buonomo et al.) 2015 H2O Al2O3/40 4 14.4% 

(Agarwal et al.) 2016 H2O CuO/55–66 2 24% 

(Xing et al.) 2016 H2O S-SWCNT/Ø1– 048 8.1% 

(Qiang and Ioan) 2011 H2O CuO 0-0.2 
Ra and Nu numbers 

were improved 

(Liu et al.) 2015 H2O Al2O3/20 0.1 

h increased from 

hmax=48 to 

51(kW/m2k) 

(Liu et al.) 2015 H2O CuO/30 0.1 

h of nano-fluids are 

slightly larger than 

deionized water 

 

Note: the enhancement percentage is calculated as follows:  , 

where, knf is the conductivity of the nanofluid, and kbf is the conductivity of the base fluid (Tawfik). 

According to the presented literature review in Table 6-1, mixing metallic nanoparticles that have 

high thermal conductivities with water results in convective heat transfer enhancement. The 

present study is an experimental investigation of a cylindrical SHTES system that contains two 

different thermal energy storage media: (i) water and (ii) TiO2 nanoparticles dispersed in water. 

file:///C:/Users/Yazeed%20Alomair/AppData/Roaming/Microsoft/papres/New%20Collections/Nano%20porous%204.pdf
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6.3 Description of Experimental Setup and Procedure  

 

Figure 6-1: The experimental setup with all components. 

The components of the experimental setup are presented in Figure 6-1. The main components used 

in this experiment are a temperature regulator, an insulated cylindrical SHTES system, 4 

thermocouples, a DAQ system, and a PC with the software LabVIEW installed. The temperature 

regulator (Cole-Parmer Polystat) controls the temperature of the heat transfer fluid (ionized water) 

that is flowing through the copper pipe at the center of the cylindrical SHTES system. The ionized 

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 at ±0.1°C. The temperature regulator requires 

115V and 250W input power. 4 K-type thermocouples are instrumented in the cylindrical SHTES 

system. The thermocouples measure the temperature across the battery using a DAQ system (NI 

USB-9162) National Instruments). The LabVIEW software is used to monitor the temperature in 

4 different locations including the inlet and outlet of the cylindrical SHTES system.  
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Figure 6-2: Two configurations of the studied cylindrical SHTES system. 

In the current study, two configurations of cylindrical SHTES system are investigated as shown in 

Figure 6-2. The cylindrical SHTES system is made of 1.35” thick Plexiglas as presented in Figure 

6-2-a. The height of the cylindrical storage is 3.54” and it has an internal diameter of 1.76”. In the 

center of the SHTES system, a copper pipe is installed vertically to bypass the heat transfer fluid 

coming from the temperature regulator. The copper pipe that is carrying ionized water at a constant 

temperature has a diameter of 0.375” and a thickness of 0.036”. The annular space in Figure 6-2-

a is occupied with water only. On the top of the SHTES system, there are two plastic pipes 

instrumented to fill the void with the storage medium (132 mL of water only as presented in Figure 

6-2-a). 
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Figure 6-3: Thermocouples locations across the cylindrical SHTES system. 

 

The second configuration being studied is shown in Figure 6-2-b. It is similar to the first one except 

the annular space is filled with a nanofluid. The nanofluid is a mixture of 0.5g of 21 nm TiO2 

nanoparticles and 0.25mL of soap (surfactant) and ionized water. The mass fraction of the 

nanoparticles is 0.0037% to the water. The mixture was stirred mechanically to provide a 

homogeneous texture and to prevent the possibility of sedimentation. The mixture was heated to 

60°C while being stirred for 24 hours. Figure 6-2-c shows an insulated cylindrical SHTES system. 

Across the SHTES system, there are 4 different locations, in which the temperature is being 

monitored as shown in Figure 6-3. The temperature regulator was turned on to heat the heat transfer 

fluid (water) to 40°C before circulating the water through the SHTES system. Once the water 

reaches 40°C, the LabVIEW software starts taking measurements right before circulating the 

water. The experiments are conducted repeatedly with and without TiO2 nanoparticles. The initial 

temperature of the storage medium in both experiments is in the range of 21°C-24°C. Each 

experiment takes about a minimum of 8 hours. This is to ensure that the temperature reaches the 
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steady state long enough for the comparison between the two thermal energy storage media: water 

and water+nanoparticles. The temperature is presented in a dimensionless manner due to the 

variation of the initial temperature of the fluid and nanofluid samples due to the variation of lab 

temperature. The equation that expresses the dimensionless temperature,  is given below 

inw

in

TT

TT

−

−
=

 

In the above equation, T is the temperature of the fluid/nanofluid inside the cylindrical thermal 

energy storage system at location 2 and 3 (Figure 6-3), Tin is the initial temperature of the 

fluid/nanofluid inside the cylindrical thermal energy storage system, and Tw is the temperature of 

water which remains almost the same during the heating operation.  

Water is used in all experiments as the base working fluid, whereas solid TiO2 nanoparticles are 

employed as thermal conductivity enhancers. The thermophysical properties of water and TiO2 

nanoparticles are listed in Table 6-2. 

 

Table 6-2: Thermophysical properties of the base working fluid and the thermal conductivity enhancers. 

Material or Fluid 
Thermal conductivity 

(W/mK) 

Specific heat 

J/(kg⋅K) 

Water 0.608 4185.5 

TiO2 nanoparticles 8.4 520 

The properties of water and TiO2 nanoparticles are available in the literature. Therefore, the 

properties of nanofluid can be determined using the standard correlations available in the literature. 

However, the properties were not measured directly.   

6.4 Results and Discussion 

The experimental results are shown in Figure 6-5 illustrations the dimensionless temperature () 

as a function of time (second) for the SHTES system with and without nanoparticles. The range of 

dimensionless temperature is between 0 and 1, where 0 represents the initial temperature of the 

thermal energy storage medium at the beginning of the experiment and 1 represents the final 

temperature of the thermal energy storage medium at the end of the experiment. The first curve 
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shows the average temperature of the cylindrical SHTES system filled with water only. The second 

curve shows the temperature of the cylindrical SHTES system filled with nanofluid. The initial 

temperature of the storage medium in both experiments is in the range of 21°C-24°C. The 

temperature of water following through the copper pipe for both experiments was 40°C. The results 

are presented in a dimensionless form because the initial temperature of the environment in the lab 

was different in different days. It can be seen from the results that TiO2 nanoparticles with water 

enhance the thermal energy transfer rate within the cylindrical SHTES system than the water only 

case.  Since the suspended nanoparticles increase the heat capacity, surface area, and effective 

thermal conductivity of the nanofluid, the nanofluid can transfer thermal energy at a higher rate 

compared to the base fluid. The presented results are the average temperature of locations 2 and 3 

in Figure 6-3. Both thermocouples in locations 2 and 3 show identical results. 

 

Figure 6-4: The experimental temperature results with water and water + nanoparticles in SHTES system. 
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6.5 Conclusion 

An experimental study has been conducted to investigate a cylindrical SHTES system filled with 

water and water+TiO2 nanoparticles. The primary objective of this study is to investigate 

experimentally the thermal field behavior of the two thermal energy storage media. An extensive 

literature review is presented in Table 6-1. To enhance the heat transfer characteristics of water, 

0.5g of 21 nm TiO2 nanoparticles (with a volume fraction of 0.0037%) mixed with 0.25mL of 

soap (surfactant) were incorporated with water. The results show that there is an enhancement in 

thermal energy transfer due to adding TiO2 nanoparticles with water as presented in Figure 6-5. 

From the literature review it is found that to enhance the thermal performance, an increase in the 

amount of TiO2 nanoparticles or to use a nanoparticle with higher thermal conductivity such as 

CuO should be employed. Though, the nanoparticle size should be small to reduce the possibility 

of sedimentation in the thermal storage. Future studies will include the use of nanoparticles of 

various materials, sizes, shapes, and volume fractions to measure their effects on thermal 

performance of the SHTES systems.  
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7 Chapter 7: Experimental Measurements on Cylindrical Sensible 

Heat Thermal Energy Storage System using Water and a Copper 

Mesh Porous Medium 

This chapter was published in the Proceedings of 6th International Conference & Exhibition on 

Clean Energy in Toronto, ON, on August 21-23, 2017. 

7.1 Introduction and Application 

Due to the intermittent nature of renewable energy sources (solar, wind and wave), thermal energy 

storage (TES) systems are very important to increase the efficiency of renewable energy-based 

power production systems. TES is also widely used for thermal protection (e.g. electronics cooling, 

thermal comfort in vehicles, space heating in buildings, solar hot water supply, cooling of engines, 

spacecraft thermal systems, food thermal protection), for storage of energy (e.g. an energy supply 

security in hospitals), medical applications: (e.g. blood transport, operating tables, hot–cold 

therapies), and greenhouses (Zalba et al, Alva et al.). The properties of a selected TES medium 

(e.g. PCM or water) play critical roles in determining two aspects: the performance of the TES 

system (Alva et al.) and its appropriate application. A fluid with a low thermal conductivity value 

could be desired in some applications of thermal protection. However, in some TES applications, 

the storage medium should have a high conductivity to discharge the energy in the proper time 

(e.g., cooling of electronics) (Zalba et al.). There are three types of thermal energy storage systems 

(i) sensible, (ii) latent and (iii) thermochemical energy storage (Mehling and Cabeza). In this 

current project, a sensible heat thermal energy storage (SHTES) system is considered for two 

different thermal energy storage media: (i) water and (ii) water+porous medium. Experiments are 

conducted using two different thermal energy storage media and temperature is measured at 

different locations in order to observe the effect of these two media on the thermal field. 

Water is widely used for low temperature applications as a heat storage medium because of its 

non-toxicity, availability, inexpensiveness and high specific heat. Water in liquid form can be 

circulated easily to transport stored thermal energy effectively. However, water requires a higher 

convective heat transfer coefficient in some applications (e.g. electronics cooling systems) for a 

more responsive thermal management. There are many methods to enhance heat transfer 

characteristics of water, one of which is by incorporating metallic porous medium. Table 7-1 
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shows water heat transfer enhancement methods that other researchers carried out between 2000 

and 2015.  These studies mainly investigated heat transfer enhancement by using nanoparticles 

with water and porous media with water. 

7.2 Literature Review 

Table 7-1: Literature review of water heat transfer enhancements from 2000-2015. 

Ref. 
Year 

 

Working 

Fluid 

Nanoparticles / 

Size 

Porous 

Type/ 

Porosity 

Volume 

Fraction 

(%) 

Thermal 

Enhancements (%) 

/Outcomes 

(Xuan and Li) 2000 H2O Cu/100 - 7.5 78% 

(Xie et al.) 2002 H2O Al2O3/60.4 - 5 23% 

(Patel et al.) 2003 H2O Au/10–20 - 0.00026 21% 

(Patel et al.) 2003 H2O Ag/10–20 - 0.001 16.5% 

(Das et al.) 2003 H2O Al2O3/38.4 - 4 24% 

(Wen and Ding) 2004 H2O 

MWCNT/ 

Ø20–60 

×(fewtens×103) 

- 0.84 21% 

(Assael et al.) 2005 H2O DWCNT/Ø5 - 1 8% 

(Chon et al.) 2005 H2O Al2O3/11 - 1 9% 

(Prasher et al.) 2005 H2O Al2O3/10 - 0.5 100% 

(Ding et al.) 2006 H2O MWCNT/Ø40 - 0.49 80% 

(Hwang et al.) 2006 H2O 

MWCNT/Ø10– 

30×10,000–

50,000 

- 1 11.3% 

(Li and Peterson) 2006 H2O CuO/29 - 6 52% 

(Wen and Ding) 2006 H2O TiO2/34 - 6.8 6% 

(He et al.) 2007 H2O TiO2/20 - 2 4.2% 

(Kim et al.) 2007 H2O Al2O3/38 - 3 8% 

(Kim et al.) 2007 H2O TiO2/10 - 3 11.4% 

(Kim et al.) 2007 H2O TiO2/34 - 3 8.7% 

(Kim et al.) 2007 H2O TiO2/70 - 3 6.4% 

(Kim et al.) 2007 H2O ZnO/10 - 3 14.2% 
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Ref. 
Year 

 

Working 

Fluid 

Nanoparticles / 

Size 

Porous 

Type/ 

Porosity 

Volume 

Fraction 

(%) 

Thermal 

Enhancements (%) 

/Outcomes 

(Kim et al.) 2007 H2O ZnO/30 - 3 11.5% 

(Kim et al.) 2007 H2O ZnO/60 - 3 7.3% 

(Li and Peterson) 2007 H2O Al2O3/36 - 6 28% 

(Zhang et al.) 2007 H2O Al2O3/20 - 14.6 22% 

(Hwang et al.) 2007 H2O 

MWCNT/ 

Ø10– 

30×10,000–

50,000 

- 1 7% 

(Chopkar et al.) 2008 H2O Al2Cu/31 - 2 96% 

(Beck et al.) 2009 H2O Al2O3/282 - 4 17.7% 

(Duangthongsuk 

and Wongwises) 
2009 H2O TiO2/21 - 2 7% 

(Mintsa et al.) 2009 H2O Al2O3/36 - 18 31% 

(Zhu et al.) 2009 H2O Al2O3/15–50 - 4 10.1% 

(Abareshi et al.) 2010 H2O Fe3O4/15–22 - 3 11.5% 

(Beck et al.) 2010 H2O Al2O3/12 - 4 5.4% 

(Harish et al.) 2012 H2O 
SWCNT/100–

600 
- 0.3 12.1% 

(Khedkar et al.) 2012 H2O CuO/25 - 7.5 32.3% 

(Sun et al.) 2013 H2O SiO2/10 - 1.2 11% 

(Angayarkanni 

and Philip) 
2014 H2O γ-Al2O3/13 - 6 14.5% 

(Buonomo et al.) 2015 H2O Al2O3/40 - 4 14.4% 

(Agarwal et al.) 2016 H2O CuO/55–66 - 2 24% 

(Xing et al.) 2016 H2O S-SWCNT/Ø1– - 048 8.1% 

(Qiang and Ioan) 2011 H2O CuO Cu/(N/A) 0-0.2 

Ra and Nu 

numbers were 

improved 



 

 

148 

 

Ref. 
Year 

 

Working 

Fluid 

Nanoparticles / 

Size 

Porous 

Type/ 

Porosity 

Volume 

Fraction 

(%) 

Thermal 

Enhancements (%) 

/Outcomes 

(Niu1 and Li) 2015 H2O Al2O3/20 
Cu(coating) 

/(N/A) 
0.1 

h increased from 

hmax=48 to 

51(kW/m2k) 

(Niu1 and Li) 2015 H2O CuO/30 
Cu(coating) 

/(N/A) 
0.1 

h of nano-fluids 

are 

slightly larger than 

deionized water 

(Liu et al.) 2015 H2O - 
Cu(coating) 

/(N/A) 
- 

Heat transfer 

coefficient is 2-3 

times higher with 

porous 

(Liu et al.) 2015 H2O - Cu/45–55 - 

obtained a good 

heat transfer 

coefficient 

h=9.6 W/cm2 K 

Note: the enhancement is calculated based on: enhancement  , where, knf is 

the conductivity of the nanofluid, and kbf is the conductivity of the base fluid (Tawfik). 

7.3 Motivation 

According to the presented literature review in Table 7-1, most of the studies were carried out on 

nanofluids and less work has been done on porous medium with water. The advantage of using 

porous medium is that it has a large surface area of contact with the fluid (Mahdi et al.). Moreover, 

metallic porous mediums have higher thermal conductivity than fluids (e.g., water), which can 

enhance the thermal energy transfer rate of water. The current project investigates experimentally 

a cylindrical SHTES system that contains water and water with porous medium as the thermal 

energy storage media. 
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7.4 Description of Experimental Setup and Procedure 

The primary components of the experimental setup are presented in Figure 7-1. The important 

components used in this experiment are an insulated cylindrical SHTES system, a thermal 

regulator, 4 thermocouples, a DAQ system, and a PC with the software LabVIEW installed. 

 

Figure 7-1: The experimental setup with all components. 

The temperature regulator (Cole-Parmer Polystat) controls the temperature of the heat transfer 

fluid, ionized water. The ionized water is continuously circulated by a built-in force/suction pump 

which has a maximum flow rate of 21 L/min. The water capacity of the suction pump is 2.8L. The 

temperature regulator has a temperature range of 5-80°C, and it maintains the temperature at 

±0.1°C. The temperature regulator requires 115V and 250W input power. 4 K-type thermocouples 

are connected in the cylindrical SHTES system. The thermocouples measure the temperatures 

across the SHTES system using a DAQ system (NI USB-9162) manufactured by National 

Instruments. The LabVIEW software was used to monitor the temperature in 4 different locations 

including the inlet and outlet of the cylindrical SHTES system. 
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In the current study, the cylindrical SHTES is composed of two concentric pipes; with the inner 

one (copper pipe) carrying a heat transfer fluid and the annular space containing water as shown 

in Figure 7-2-a and water and a porous medium also shown in Figure 7-2-b. 

 

Figure 7-2: Two configurations of the studied cylindrical thermal energy storage. 

The copper pipe is carrying deionized water circulated by a constant temperature bath through a 

suction pump.  The copper pipe has a diameter of 0.375” and a thickness of 0.036”. The annular 

space of the cylindrical SHTES system is constructed of 1.35” thick Plexiglas as presented in 

Figure 7-2-a. The internal diameter of the plexiglass is 1.76” and its height is 3.54”.  On the top of 

the SHTES, there are two plastic pipes instrumented to fill the void with the storage medium (132 

mL of water only as presented in Figure 7-2-a). Figure 7-2-b shows the annular space of the 

cylindrical SHTES system being occupied by copper mesh and water. Note that, in the current 

study, copper mesh is used as the porous medium. The copper mesh is obtained from Mc-Master 

Carr, (Model no: (9224t55)). The copper mesh is wrapped around the copper pipe to allow more 

heat transfer by increasing the heat transfer surface area. The copper mesh has a wire diameter of 

0.011”. The mesh size is 16×16 (per inch squared). It has a porosity of 67% and an opening size 
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of 0.052”. Figure 7-2-c. shows an insulated cylindrical SHTES system. Across the SHTES system, 

there are 4 different locations in which the temperatures are being monitored as shown in Figure 

7-3. 

 

Figure 7-3: Thermocouples locations across the cylindrical SHTES system. 

The temperature regulator was turned on to heat the water (heat transfer fluid) to 40°C before 

circulating the water through the SHTES system. Once the water reaches 40°C, the LabVIEW 

software starts taking measurements just before circulating the water. The experiments are 

repeated for the identical inlet water temperature condition for the two configurations as shown in 

Figure 7-2-a and 7-2-b. The initial temperature of the storage medium in all experiments is in the 

range of 21°C-24°C. Each experiment takes about an hour to complete. This is to ensure that the 
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temperature reaches the steady state long enough for the comparison between the two SHTES 

systems: (water) and (water with porous medium). 

7.5 Results and Discussion 

The experimental results are shown in Figure 7-5 represent the dimensionless temperature profile 

as a function of time (second) for the two-different cylindrical SHTES systems configurations. 

The range of dimensionless temperature is between 0 and 1, where 0 represents the initial 

temperature of the thermal energy storage medium at the beginning of the experiment and 1 

represents the final temperature of the thermal energy storage medium at the end of the experiment. 

The first curve shows the temperature profile of the cylindrical SHTES filled with water only. The 

second curve shows the temperature profile of the cylindrical SHTES with an integrated copper 

mesh filled with water. These two experiments were run at 40°C for at least 6000 seconds, which 

is about an hour and a half. The presented results are dimensionless because the two experiments 

have different initial temperatures as the environment in the lab is unstable. The initial temperature 

of the storage medium in both experiments is in the range of 21°C-24°C. Some properties of water 

and copper are given in Table 7-2. It can be seen from Figure 7-5, that incorporating copper porous 

medium into the annular space significantly enhances thermal energy rate within the SHTES 

system because of the increase in heat transfer area and the high thermal conductivity of copper. 
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Figure 7-4: The experimental results for two different TES systems. 

 

 

 

Table 7-2: Thermophysical properties of the base working fluid (water) and copper. 

Material or Fluid Thermal conductivity (W/mK) 
Specific heat 

J/(kg⋅K) 

Water 0.608 4185.5 

Copper Mesh 401 384.4 

w

w

w

w

w

w

w

w
w wwww ww w w w www w ww w w w www w

p

p

p

p

p

p

p

p

p
p

p p p p p p p p p p p p p p p p

Time (Second)



0 1000 2000 3000 4000 5000 6000
0

0.2

0.4

0.6

0.8

1

Water Only

Water + Porous Medium

w

p

Heating to 40
0
C

Porosity of the copper mesh
(67%)

Experimental Results



 

 

154 

 

7.6 Conclusion 

An experimental investigation has been conducted to measure the thermal performance of a 

cylindrical SHTES system consisting of two concentric pipes. The experiments are conducted for 

two different configurations (i) water only and (ii) water +porous medium within the annular space. 

The primary objective of this study is to measure the thermal field within the SHTES system for 

these two different configurations. Copper mesh with a wire diameter of 0.011 inch and 0.052 inch 

of an opening size is used as the porous medium. The results show that incorporating copper mesh 

with water in the annular space results in significant heat transfer enhancement compared to water 

only case. Future studies will include using porous medium of different materials, porosities, and 

permeabilities to quantify their effects on the thermal field and the efficiency of SHTES systems. 
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8 Chapter 8: Thermal Management of Electrical and Electronic 

Systems Using PCM 

This chapter was published in the Proceedings of the International Congress of The Canadian 

Society for Mechanical Engineering in Toronto, Canada-Ontario., 2018. 

8.1 Introduction 

Sensible heat Thermal Energy Storage (TES) systems are not as efficient as latent heat TES 

systems for extensive thermal discharge or high climate temperatures [1]. There are many 

advantages of incorporating PCM in TES systems. PCM-based TES systems can store energy for 

various periods of time (e.g., from minutes to seasons), which diversifies its applicability and 

scalability. PCM-based TES systems are used in many applications such as solar engineering, 

building energy consumption, greenhouse thermal control, food protection, occupant thermal 

comfort systems, and aircrafts thermal management. Latent heat storage is an efficient way of 

storing thermal energy for most applications since it can store high amount of energy at nearly 

constant temperature. Thus, PCM-based TES technologies have been used in electronics and 

electrical applications for thermal management. Electrical and electronics applications produce a 

massive amount of heat that minimizes the operation duration and the efficiency of the overall 

system. PCMs can maintain the optimal operation temperature limits of such delicate systems. 

However, such applications require PCMs with high thermal conductivity for more responsive 

thermal management. Unfortunately, PCMs have low thermal conductivities. In the literature, 

various methods have been utilized to increase the thermal conductivities of PCMs. 

In automobile industry, for instance, a significant amount of carbon dioxide (CO2) and other 

greenhouse gas emissions are produced by traditional transportation vehicles (by means of fossil 

fuel combustion process). Therefore, researchers have been investigating on how to overcome the 

major limitations and to grow the potential of electric vehicles in the automobile market. The 

electric energy storage system (electric battery) is a substantial component of an electric vehicle. 

Electric batteries necessitate an appropriate thermal management for more effective operation and 

longer life span at different operation conditions. The common key challenges with these electrical 

batteries are the small range of their optimal operational temperature, the intensive undesired 
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power consumption associated with their excessive heat generation, the practicality in different 

climate conditions. Luckily, PCM-based thermal management technology addresses all these 

issues.  

For instance, an improvement of 50% of an electric battery life span was accomplished for a small 

electric vehicle by combining TES technology and wax as a PCM with an electric scooter bike [2]. 

The wax was incorporated with graphite to enhance the thermal conductivity of the wax by up to             

70 Wm-1K-1. This graphite-wax-based-TES system significantly increased the maximum driving 

distance of the small electric vehicle from 30Km to 55Km [2]. Moreover, Wang et al. performed 

an experimental study on electric automobiles battery safety and thermal management using heat 

pipes. Two battery cells producing 2.5-40W of heat have been built and tested by a thermal camera 

at off-normal conditions. It was found that incorporating heat pipes helped to maintain the 

temperature below 40°C when the battery generates a maximum of 10W/cell; when the battery 

cell generates 20–40 W/cell (uncommon thermal abuse), the proposed system could decrease the 

temperature of the battery to 70°C [3].  

Heat generation in a great deal of engineering applications is nonuniform with time. This unstable 

behavior of heat generation is associated with undesired spikes of temperature increase [4]. The 

sudden increase of temperature could damage or decrease the efficiency of the electrical circuits. 

Thermal management systems that absorb the undesired heat by means of sensible and latent heat 

can maintain a nearly constant desired temperature. Number of researchers have investigated the 

improvements of thermal management performance considering many thermal enhancement 

methods. Hosseinizadeh et al. [5] conducted a numerical and experimental study on the 

performance of PCM incorporated with different configurations of fins for thermal management 

applications. This study considers different number, height, and thickness of fins at different power 

intensity. The outcomes show that the higher the number of fins and the higher the height of fins, 

the higher the overall thermal performance. However, increasing the fins thickness does not 

increase the overall thermal performance as significantly. Furthermore, Peleg et al. [6] conducted 

a numerical study to optimize the geometry, quantity the number of internal fins, and to optimize 

the amount of PCM for thermal management of electronics. The results show that at fewer fins, 

the temperature range increases, which decreases the PCM quantity to keep the electronics at 
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operation temperature range. Rajesh, and Balaji [7] carried out an experimental study on the 

performance of PCM based thermal management storage systems using several numbers of pin 

fins (0, 33, 27, and 120 pin fins) for two different PCMs (n-eicosane and paraffin wax). The authors 

also performed an Artificial Neural Network and Genetic Algorithm optimization techniques to 

extend the operation time of the system to reach the set point and increase the thermal performance. 

The results show an improvement factor of 24 was achieved by using 72 pin fins combined with 

n-eicosane. Li-Wu et al. [8] experimentally investigated the thermal performance of heatsink 

combined with high aspect-ratio carbon nanofillers at different loads. The results show that for 

heating cases, the use of high aspect-ratio carbon nanofillers is less effective in removing heat due 

to the weak natural convection to the environment. Thus, the authors have combined carbon 

nanotubes and graphene nanoplatelets, which increases the thermal recovery due to their high 

thermal conductivity. Yoram et al. [4] studied a combination of PCM and heat sink experimentally 

and numerically. The prototype is meant to absorb the undesired heat by the PCM (eicosane 

C20H42) and to reject the heat to the surroundings by aluminum heat sinks with a fan. A two-

dimensional thermal model was developed and analyzed for estimation of thermal field. The 

experimental and numerical results of the base temperature and PCM melting behavior have some 

agreement. It was observed that as the heat input increases, the sensible-heat-based accumulation 

rate increases. Fok et al. [9] targeted cooling gadgets with power input of 3 to 5W using PCM 

(neicosane) with and without fins. In this experimental study, the considered variables are the 

device orientation (vertical, horizontal, and 45° incline), power input level (3-5W), number of fins 

(3, 6 fins), and the usage intensity (light to heavy). The main objective of this study is to investigate 

the thermal performance of small handheld devices when cooled using PCM with and without fins. 

It has been observed that cooling mobile devices using PCM with fins is feasible; however, an 

optimization on the device is required considering the amount of PCM used and all previously 

mentioned parameters.  

In this experimental study, a PCM-based thermal management system is examined. The thermal 

management system contains of a heatsink with 34 horizontal aluminum fins integrated with 4 

vertical copper heat pipes to increase the thermal conductivity of RT-18 PCM in a rectangular 

shaped cavity for electrical and electronics applications. The prototype is examined under transient 
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thermal condition on the top side with maximum power input. All other walls of the enclosure are 

thermally insulated. This study investigates the thermal performance by means of visualization 

and the temperature distribution of the PCM during melting. 

8.2 Methodology  

8.2.1 Components Details and Description  

 

Figure 8-1: Schematic diagram of the (a) experimental setup and (b) components of thermal management 

system. 

The components of the experimental setup are presented in Figure 8-1, (a), while Figure 8-1, (b) 

shows the components of thermal management system. The main components used in this 

experiment are: a variac, a DAQ system, an Omega flexible heater, a thermal management unit 

(heat sink, and PCM), 4 K-type thermocouples, a computer with LabVIEW software installed, and 

a digital camera. The variac feeds the omega heater with a series of different voltages that vary 
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from 0-100V. 4 thermocouples are instrumented in the thermal management system at four 

locations (heat source, top fin, bottom fin, and PCM). The thermocouples are measuring the 

temperature across the heat sink using a DAQ system (NI USB-9162) from National Instruments. 

The LabVIEW software monitors and saves the thermocouples readings. The Omega heater 

(SRFG-101/10) is 1-inch2 with a wattage density of 10 W/in2. The maximum operating 

temperature of the heater is 232°C, and the maximum rated voltage is 115VAC. The heater is in a 

direct contact with the heatsink from the top base as illustrated in Figure 8-1, (a). The heat sink 

has a total length of 10cm, a width of 5cm and a height of 13cm. The heat sink contains four 

vertical copper heat pipes and 34 horizontal aluminum fins. The heat sink is submerged into a 

phase change material to assist the heat sink to dissipate heat coming from the electronic 

component (Omega heater). Therefore, this helps to maintain the operational average temperature 

for the electronic component. Rubitherm (RT-18) whose melting point ranges from 17-19°C was 

selected as thermal storage medium. The heat storage capacity of RT-18 is 250 kJ/kg, and the 

maximum operation temperature is 48°C. The container is made of a clear acrylic with a thickness 

of 0.24-inch. The outer shell of the container is insulated by 1-inch thick Styrofoam. A high 

definition Canon camera “EOS Rebel T2i” is used to capture the images periodically during the 

melting process. The laptop monitor is used to display and save visualization pictures and the 

thermocouples readings.  
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8.2.2 Experimental Procedure   

 

Figure 8-2: Experimental setup of the electronics thermal management system. 

The experimental setup of the electronics thermal management system is presented in Figure 8-2. 

Initially, the thermal management system is placed in a refrigerator at about (0°C) for 24 hours to 

ensure a uniform temperature across the PCM at a solid state. Then, the thermal management 

system is connected to the DAQ system and the heater is connected to the variac power supply. 

The digital camera starts taking pictures, and the LabVIEW software starts running to take the 

readings. The variac is turned on immediately at maximum voltage to feed omega heater with 

(100V). Once the PCM is in a liquid form, the experiment is done.  
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8.3 Results and Discussion   

8.3.1 Temperature Distribution Analysis   

 

Figure 8-3: Temperature profile at different locations in the thermal management system at 100V. 

Figure 8-3 presents the experimental temperature profile in the thermal management system at 

100V. The initial temperature of the PCM is 0°C. The thermal management system is insulated 

from all sides except the front wall for visualization. The PCM was heated up to 34.7°C. Four 

thermocouples are measuring temperatures at four locations in the thermal management system 

(heat spreader, top fin, bottom fin, and PCM). As can be seen from Figure 8-3 that once the heater 

is tuned on, most of the heat is absorbed by the aluminum heat spreader and top fin since they are 

close the heat source. It also can be seen from Figure 8-3 that once the heater is tuned on, the 
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temperature of top fin increases rapidly from 0°C to 18°C by means of sensible heating. Then, the 

temperature of the top fin remains almost constant at the melting point temperature while the PCM 

was melting at the top.  Once the melting of PCM is done at the top, the temperature of PCM 

increases due to sensible heating supplied by the heater. Note that temperature of PCM at the top 

and the heat source remains the same throughout the melting process. Further, it can be observed 

that the temperature of bottom fin increases less rapidly from 0°C to 15°C by means of sensible 

heating. The PCM temperature profile follows the same trend to that of the bottom fin. The melting 

of PCM occurs around 15°C and this is the reason the bottom fin and the PCM temperature remain 

nearly 15°C during the melting. The temperature of the PCM and the bottom fin increases due to 

sensible heating once melting of PCM is finished. Due to high thermal energy storage and low 

thermal conductivity of PCM, the temperature of PCM remains constant around melting point 

temperature for a longer period compared to bottom fin.  

8.3.2 Visualization Analysis  

  

0 min 16 min 
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126 min 152 min 

Figure 8-4: Visualization pictures of the PCM melting process in the thermal management system. 

Since the heater is in direct contact with the top base of heat sink, the heat sink will absorb the heat 

through the base. Then, the heat will dissipate through the heat pipes and then to the fins. 

Therefore, the solid PCM starts absorbing the heat across the heatsink by conduction in a sensible 

form, as shown in Figure 8-4 (at time=0-16 minutes). The initial sensible heat storage takes about 

1000 seconds (16 minutes). This sensible heat transfer keeps going until the PCM temperature 

reaches 17-19°C causing the PCM to start melting down, as shown in Figure 8-4 (at time=25 

minutes). The melting starts from the right and left sides of the thermal storage system due to the 

vertical heat pipes that are transferring the heat from the top base. The melting process (latent heat 

storage process) takes about 4750 seconds (79 minutes) at nearly constant range of temperature 

(17-19°C). During the melting process, heat will transfer to the liquid PCM by conviction in a 

latent form until all PCM become liquid. As the temperature increases above 19°C, the heat will 

transfer by convection in a sensible form to the liquid PCM, as shown in Figure 8-4 (at time=126 

minutes). This entire process helps to maintain the temperature of the attached electronic 

component at a desired temperature range. 
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8.4 Conclusion 

In this research, an experimental investigation has been carried out to examine the thermal 

performance of a PCM-based thermal management system for cooling of electrical and electronics 

components. The thermal management system consists of a heat sink that is submerged into 

Rubitherm (RT-18) to assist the heat sink to dissipate the heat coming from the electronic 

component. The heat sink contains 34 horizontal aluminum fins and 4 vertical copper heat pipes. 

The thermal management system is insulated from all sides except the front wall for capturing 

periodic visualization pictures; the thermal management system is tested under a transient 

condition by a 1-inch2 Omega heat flux heater. The PCM was heated from 0°C to about 51°C. To 

assess and analyze the performance of the cooling system, the camera records the visualization of 

the melting process of PCM, while the DAQ system records the temperature profile in different 

locations of the thermal energy storage system. The visualization results as well as the temperature 

profile are discussed. Mainly, the results show that the melting process of the PCM manages the 

temperature of the heat spreader of the heatsink, at which, the heater is attached. This thermal 

control is associated with the high heat storage capacity of the PCM. 

  



 

 

166 

 

9 Chapter 9: Conclusion 

Thermal energy storage (TES) system is a promising solution to reduce the fossil fuels 

consumption which reduces the emission of CO2 that causes the global warming. TES systems are 

used to balance between the energy supply and demand. The objective of this dissertation is to 

examine the effect of Engineered Storage Medium (ESM) on different types of TES systems. The 

contribution of this dissertation is to enhance heat transfer in thermal energy storage systems by 

incorporating engineered nano-materials (ENMs) for encapsulated (e.g., spherical, conical, and 

pear-shaped enclosures). In this work, cylindrical sensible thermal energy storage is 

experimentally investigated. Water was selected as a storage fluid. TiO2 nanoparticles and Cu 

mesh porous medium were used to enhance the thermal behavior of the sensible thermal storage. 

In addition, latent heat thermal storage is experimentally studied. Rubitherm (RT-18) imbedded a 

finned heat pipe that acts as a heat sink and bio-based PCM in spherical enclosure were considered. 

The main conclusions from the experimental works are summarized as follows 

i. For unconstrained PCM melting cases, in the early stages of the PCM melting process, 

conduction dominates. With ongoing heating, the influence of convection appears within 

the molten PCM especially in the top of the enclosures. However, at the bottom of the 

enclosures, where the PCM is still solid, conduction dominates. 

ii. For constrained PCM melting cases, heat will transfer in the form of conduction at first. 

Then, heat transfer will be dominated by convection in the upper part of the spherical 

enclosure, while conduction will be still the dominant at the bottom part, but less than the 

unconstrained case. Over the time, two simultaneous effects will be dominant: growing 

natural convection region at the top and shrinking conduction region at the bottom.  

iii. An enhancement is observed in the performance of the sensible thermal energy storage by 

adding TiO2 nanoparticles into water. 

iv. A significant enhancement in the performance of the sensible thermal energy storage is 

achieved by incorporating copper mesh with water in the cylindrical enclosure.  

v. The PCM provides a thermal control on the heat sink due to the high heat storage capacity 

of the PCM. 
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Future Works: 

The present work covered important aspects in sensible and latent thermal storage. However, 

further investigations, which were beyond the scope of the present work, could be performed, as 

i. Using nanoparticles of various materials, sizes, shapes, and volume fractions to study their 

impacts on the thermal performance of the SHTES systems 

ii. Using porous medium of different materials, porosities, and permeabilities to quantify their 

impacts on the thermal field and the efficiency of SHTES systems 

iii. Using conductive shells for encapsulated PCM to examine their impact on the thermal 

performance of thermal energy applications  
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APPENDIX (A): UNCERTAINTY ANALYSIS 

Uncertainty analysis is associated with experimentally measured temperatures. The values of the 

absolute measurement uncertainty are given by the manufacturers of the equipment. The values of 

absolute measurement uncertainty of different equipment and their symbols used in the equations 

are shown in the table 0-1. 

Table 0-1: The values of absolute measurement uncertainty of different equipment and their 

symbols. 

Equipment Symbol Absolute Measurement 

Uncertainty () 

T-Type 

Thermocouples 
TCT  ±1oC  

DAQ System 
DQT  ±0.02oC  

Thermal Regulator 
RGT  ±0.01oC  

The relative uncertainty of the Nano-PCM temperature measurement inside the enclosure can be 

calculated as follows: 
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For instance, a Nano-PCM experiment with measured temperatures at the range of (21oC-54oC).  

The equivalent relative uncertainty values of the mentioned temperatures are ±4.76% and ±1.85%, 

respectively. The relative uncertainty for the hot wall temperature measurement can be calculated 

as follows:    
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Uncertainty for melting fraction calculation 

A line-based method is used in this research to calculate the melting fraction (MF). A digital 

camera is used in this research to take high resolution images. Then, the images have been 
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processed for MF calculations. The line-based method tracks the solid-fluid interface that is taken 

from the digital images. The coordinate data points (i.e., x, y) have then been identified. The area 

of the solid-fluid interface was sliced into vertical portions. To calculate the volume of the solid 

Nano-PCM, the generated area was 360o rotated to determine the volume. For this method, a pixel 

grid system (in Grafula-3) is used to identify the exact interface location of co-ordinate data points 

for all taken images. Uncertainty is greater for the case of higher nanoparticles volume fraction. A 

closer look at the interface reveals that the mushy zone does not extend more than 1 to 2 pixels 

and it remains within the 5-pixel grid block. Therefore, tracking interface with at least 1-pixel 

accuracy will give relatively accurate information on the interface location and subsequently the 

coordinate data points. To calculate the uncertainty, the entire domain is initially divided into 

multiple sub-domains. In each domain, the average distance (in pixel) is calculated from the 

symmetry line to the interface. A line integration is performed to identify the area occupied by 

solid Nano-PCM and then the average interface distance in pixel unit. Afterward, the relative 

uncertainty calculated from the interface distance and co-ordinates can be plugged in the following 

equation:           
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where PXN represents absolute measurement uncertainty at the interface in pixels. For example, 

when the average NPX=92 (in pixels), the corresponding value of xx / (or  yy / ) is ±2.17% for 

PXN =2. Now, the relative uncertainty for the MF calculation can be calculated by:           
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APPENDIX (C): NANOPARTICLES SAFETY PROCEDURES  

 

When dealing with nanoparticles for experimental preparations, I followed the following steps:  

1- wear a mask 

2- wear chemical resistance and powdered free gloves 

3- wear safety glasses or goggles 

When nanoparticles spill, the area must be cleaned up immediately with the use of wet wipe 

(towels).  

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) 

Alomairm
Typewriter
200



 

Aldrich - 450812 Page 7  of  7 

 

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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