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1 ABSTRACT 

 
In the current debate surrounding nanofluids, more experimental studies are required 

for comparison to clarify much of the ambiguity surrounding the thermal conductivity of 

nanofluids. In recent years the development of nanofluids has come to a relatively slow 

crawl due to disagreements in results reported from different testing methods. The 

following study explores designing and constructing a guarded hot plate (GHP) 

apparatus. The apparatus was calibrated using deionized water. The GHP was then 

used to test the ethylene glycol and a Cobalt Oxide nanofluid's thermal conductivity, 

which was compared to existing reported results and numerical models of nanofluids. 

Ethylene glycol is a base fluid used for the nanofluids and will be used to establish a 

baseline. 

 

A finite element analysis(FEA) analysis was performed to validate numerical models 

of the device and to guide engineering choices of the selection of components; The 

GHP uses Fourier’s law of thermal conduction to extract the sample’s thermal 

conductivity. The GHP uses an embedded system that replicates steady-state 

conditions. The thermal conductivity is computed using the temperature readings from 

the two parallel plates and the voltage drop and current measurements across the 

120W resistive heat elements embedded in the hot plate. The embedded system uses 

a PI controller to maintain the cold plate temperature at 20˚C through a 154W Peltier 

element. The Guard heater will maintain parity between the hot plate and the guard 

heater to ensure heat flux through the sample. The system was designed for a 

temperature differential of 40˚C. 

 

The research has led to the successful measurement of Cobalt Oxide nanofluids And 

their comparison to similar fluids and numerical models. The research endeavours to 

address if there is an increase in thermal conductivity using a methodology not 

frequently employed in the existing literature. 
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GLOSSARY 
 

Acronyms/Abbreviations Definition/Explanation 

AIO All In One 

ASRE American Society of refrigeration 
engineer 

ASTM American Society for Testing and 
Materials 

BET Brunauer–Emmett–Teller 
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PWM Pulse width modulation 

THW Transient hot wire 
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Symbols  

�̇�= Rate of heat conduction 

k= Thermal conductivity 

A= Area 

𝒌𝒆𝒇𝒇 = Effective thermal conductivity. 

𝒌𝒑 = Particle thermal conductivity. 

𝒌𝒇 = Fluid thermal conductivity. 

∅ = Volume fraction. 

α= The ratio of particle to base fluid 
thermal conductivity. 

β= (α-1)/(α-2). 

𝒌𝒏𝒇= Thermal conductivity of nanofluid. 

𝒌𝒇 = Thermal conductivity of the base 
fluid. 

𝒌𝒑 = Thermal conductivity of 
nanoparticles. 

𝑪𝟏 = Proportional constant (18x10^6). 

𝒅𝒇 = Diameter of fluid. 

𝒅𝒏𝒂𝒏𝒐 = Diameter of the nanoparticle. 

Re= Reynolds number. 

Pr= Prandtl number. 

𝒌𝒇 = Thermal conductivity of the fluid. 



 x 

𝒌𝒑 = Thermal conductivity of 
nanoparticles. 

𝝎= Correction factor. 

𝑻 = Temperature. 

𝑻𝟎 = Reference temperature (293⁰K). 

τ= Shear stress. 

μ= Absolute viscosity. 

du= Change in velocity. 

dy= Change in the distance between 
surfaces. 

ρ= density 

m= mass 

V= Volume 

𝝆𝒏𝒇= The density of the nanofluid 

𝝆𝒇= The density of the base fluid 

𝝆𝒑= The density of the nanoparticle 

𝑹(𝒕) = Resistance at a given time. 

𝑹𝟎= Initial resistance 

∝= Temperature coefficient of 
resistance. 

∆𝑻= Change in temperature. 

𝝉= Time-dependent constant. 

R= Thermal resistance  

∆x= Thickness  

  

 
 

Glossary of terms  

Agglomeration 
 

A clump of multiple particles. 

Analogue to digital 
 

An integrated circuit used to convert 
analogue signals to digital signals. 

Attritor 
 

A grinding machine used to reduce 
the size of particles. 

Chemical precursor 
 

A chemical precursor is a chemical 
used to produce another chemical 
compound. 

Convection 
 

A movement within a fluid caused by 
density changes due to temperature 
differentials. 

Crystalline 
 

A highly ordered microstructure. A 
solid material is arranged into a 
lattice structure. 

Density 
 

A measure of the mass per unit 
volume of a substance. 

Dispersants 
 

Dispersants are an additive to a 
liquid or solid medium to progress 
the separation of particles. 

Heat flux 
 

Heat flux is the measurement of the 
amount of heat that is transmitted 
through a material. 
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Homogeneous 
 

A uniform mixture of two materials. 

Least squares method 
 

A numerical method for finding the 
best fitting curve/line for a data set. 

Nanoparticle 
 

A nanoparticle is a particle within the 
size range of 1 to 100 nm. 

Pulse width modulation 
 

A method for reducing the mean 
power supplied by varying the 
frequency of the power supplied. 

Prandtl number The ratio of momentum diffusivity 
and thermal diffusivity. 

Reducing agent 
 

A substance that tends to bring 
about reduction by being oxidized 
and losing electrons. 

Solvent 
 

A substance used to dissolve other 
materials to form a solution. 

Steady state 
 

A constant condition in a physical 
process. (one in which all variables 
are controlled.) 

Surfactant 
 

A surfactant is an agent that 
decreases the surface tension 
between two media. 

Suspension 
 

A suspension is a heterogeneous 
mixture of a fluid that contains solid 
particles sufficiently large for 
sedimentation. 

Thermal conductivity 
 

The ability of a material to transfer 
heat. 
 

Transient 
 

A momentary or rapid process. 

Viscosity 
 

A measure of a fluid's resistance to 
flow. 

Wheat stone bridge 
 

An electrical circuit used to 
determine an unknown resistance. 

Van Der Waals force weak, short-range electrostatic 
attractive forces between uncharged 
molecules, arising from the 
interaction of permanent or transient 
electric dipole moments. 

Zeta potential The electrical potential of the shear 
plane. 
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1 CHAPTER ONE: Introduction 

1.1 Problem statement 

Many problems impede nanofluids' advancement, some of which are not directly 

linked to nanofluids. Suider et al. (2011) attribute these factors to the poor 

characterisation of suspensions of nanoparticles, the lack of agreement of 

results between researchers and a lack of understanding of the mechanisms 

behind the changing of properties between nanoparticles and the base fluid. 

Considering the lack of agreement with the reported increase in the thermal 

conductivity of nanofluids, there has been speculation about the accuracy of the 

results.  

In this investigation, the basic concept of Fourier’s Law of conduction will govern 

the thermodynamic analysis used for the nanofluids. Fourier's Law states that 

the rate of heat conduction is directly proportional to the temperature difference 

across a given area but inversely proportional to the thickness of the plane upon 

which the heat is conducted (Yunus & Afshin, 2015). The Law is represented by 

Equation (5.1); the coefficient of proportionality denoted as "k" is known as 

thermal conductivity. Yunus and Afshin (2015) define thermal conductivity as 

the measurement of the ability of a material to conduct heat. 

 

�̇� = −𝒌𝑨
∆𝑻

∆𝒙
 

(5.1) 

Where: 

�̇�= Rate of heat conduction 

k= Thermal conductivity 

A= Area 

ΔT= Change in temperature 

Δx= Thickness 

 A steady-state system is one in which the variables remain constant when 

analysing heat conduction as time progresses. The one-dimensional steady-

state (Equation (5.1) forms the basis for the analysis of thermal systems in the 
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thermal analysis industry. A guarded hot plate apparatus (GHP) measures 

nanofluids' thermal conductivity. The GHP apparatus was developed 

simultaneously in the 19th century in America and Germany; however, the initial 

design was used to measure insulating materials' thermal conductivity 

(Thermtest Inc., 2015b). The GHP apparatus uses steady-state conditions and 

Fourier's Law of thermal conduction in its operation and is still in use to this day. 

A schematic of the original two specimen set up is presented in Figure 1.2. 

 

Figure 1.1: A schematic diagram illustrating the original design of the GHP apparatus 
(Thermtest Inc., 2015b) 

 

The GHP design was modified by Channel and Powel in 1956 to measure the 

thermal conductivity of water but was further modified to measure the thermal 

conductivity of nanofluids by Wang and Xu in 1999 (Wang & Xu, 1999). The 

schematic of the apparatus used by Wang and Xu can be seen in Figure 1.2. 
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Figure 1.2: Guarded hot plate apparatus schematic diagram  (Wang & Xu, 1999) 

 

The fluid sample was placed between two parallel plates constructed of round 

copper. The copper plates are separated by a set of glass spacer rings which 

rest on the cold plate below. The fluid level is slightly above the base of the 

bottom of the upper plate; any excess fluid is forced out the side of the glass 

spacer rings, ensuring no air is in the system, which may skew the results and 

render them invalid. To control the temperature around the system, aluminium 

cells with heating elements are placed around the testing chamber and heated 

to match the surface temperature of the hot plate. The heat flux in the direction 

of the cold plate eliminates the convection and radiation losses from the upper 

copper plate. The control of the heat flux replicates the steady-state conditions 

(Wang & Xu, 1999).  

Various factors have been reported to influence the thermal conductivity of 

nanofluids. According to a review on thermophysical properties of nanofluids 

and heat transfer applications by Gupta et al. (2017), the factors include the 

particle size, the particle shape, the material of the solid particle, the base fluid, 

the temperature, additives (specifically surfactants), the pH value of the 

nanofluid and clustering (Gupta et al., 2017). Two primary mechanisms have 

been identified for the increased thermal conductivity, the Brownian motion of 

the nanoparticles and the interfacial layer. Kole and Dey (2011) have noted in 

their experimental study that the effects of Brownian motion are only prevalent 

for temperatures greater than 30 ˚C (Kole & Dey, 2011). Gupta et al. (2017) 

stated that the interfacial layer acts as a ‘thermal bridge’ between the solid 
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particles and base fluid. However, these factors have been overlooked during 

the test phase of the thermophysical properties of nanofluids. 

 

1.2 Aims and objectives 

The primary aims of this project are to design, fabricate and evaluate a GHP 

test apparatus to test nanofluid thermal conductivity. The following key 

objectives need to be implemented within the GHP apparatus. 

• Design, computer-aided simulation 

The modelling of the apparatus during the design phase will provide insight into 

the performance of the selected components. This concept will evaluate the 

thermal conductivity of nanofluids in a controlled environment. 

• Construction of a prototype 

The prototype will be constructed to verify the simulated models.  

• Testing of the prototype 

The readings from the prototype will be compared to the published results of 

two controls: water and ethylene glycol. These results will prove whether the 

prototype is providing accurate and trustworthy results. 

• Testing of a nanofluid 

A nanofluid will be tested and compared to existing reported results and 

predictive numerical models. 

 

1.3 Constraints  

The prototype will only measure thermal conductivity of nanofluids. Only a 

cobalt oxide nanofluid will be used for comparison. 
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1.4 Methodology 

• Phase 1: Literature review 

A literature review will provide relevant information on the nanofluids and the 

design of the apparatus to evaluate the thermal conductivity. The literature 

review will be presented in Chapter 2. 

• Phase 2: Design of the modified guarded hot plate apparatus 

The apparatus will be designed using SolidworksTM and optimised using Abaqus 

to ensure heat is evenly distributed throughout the system, thereby enabling a 

numerical value to compare the prototype. This phase is detailed in Chapter 3. 

• Phase 3: Construct and commission a modified guarded hot plate 

apparatus prototype 

The apparatus will then be constructed, commissioned using water, and used 

to record nanofluids' thermal conductivity, detailed in Chapter 4. 

• Phase 4: Analysis of results 

The results will then be analysed and compared to other publications of a similar 

nature and will also be compared to the predicted results of various numerical 

models that have been proposed over the years. This phase will be further 

detailed in Chapter 5. 
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2 CHAPTER TWO: Literature review 

Stephen Choi first coined the term nanofluid in the 90s to describe the 

suspension of particles (<100 μm) within a base fluid. The idea of suspending a 

solid medium within a fluid is not new. Maxwell first theorised the concept in the 

1800s; however, the Maxwell model is confined to micrometre and millimetre-

sized particles (Choi & Eastman, 1995). it is worth noting that the Maxwell 

equation severely underpredicts the thermal conductivities of nanofluids at 

higher temperature differentials (Kole & Dey, 2011). Nanofluids are a class of 

fluids of their own, despite their similarity to slurries. The Maxwell equation 

established the foundation upon which the effective thermal conductivity of 

nanofluids was established, as given in Equation (2.1). 

 

𝒌𝒆𝒇𝒇 =
𝒌𝒑 + 𝟐𝒌𝒇 + 𝟐(𝒌𝒑 − 𝒌𝒇)

𝒌𝒑 + 𝟐𝒌𝒇 − (𝒌𝒑 − 𝒌𝒇)∅
𝒌𝒇 

(2.1) 

Where:  

𝑘𝑒𝑓𝑓 = Effective thermal conductivity 

𝑘𝑝 = Particle thermal conductivity 

𝑘𝑓 = Fluid thermal conductivity 

∅ = Volume fraction 

The discovery of nanofluids yielded new possibilities for heat transfer. In the 

heat transfer Equation (1.1), there are three ways of increasing heat conduction: 

increasing the area (A) of the contact area; increasing the temperature 

differential (ΔT); or increasing the heat transfer coefficient (k). The system may 

be constrained by space, making it unfeasible to manipulate the area. 

Temperature differences could be limited by process or material. The last 

parameter that can be manipulated is thermal conductivity. The increased heat 

transfer coefficient can be achieved by utilising more efficient methods or 

improving the heat transfer medium. In the case of fluids, nanoparticles are used 

(Saidur, Leong & Mohammad, 2011).  



 7 

The properties of nanofluids are influenced by five parameters: particle 

characteristics, thermo-fluids, heat transfer, colloid, lubrication, viscosity, 

viscosity index, friction coefficient, wear rate and extreme pressure. The 

properties of a particle are its size, shape, BET (surface area analysis) and 

crystalline phase. Thermo fluid properties include temperature, viscosity, 

density, specific heat and enthalpy. Heat transfer properties include thermal 

conductivity, heat capacity, Prandtl number and pressure drop. Colloid 

properties are influenced the by suspension stability, zeta potential and pH 

value (Devendiran & Amirtham, 2016). 

A review was undertaken by Saidur et al. (2011) who noted multiple uses of 

nanofluids. As of the article's publication, the following uses have been listed: 

cooling of electronics, solar water heating and thermal storage. These are just 

a few applications; however, renewable energy is of particular interest. It was 

reported in the study that the nanofluids increase the absorption of incident 

radiation by more than nine times when compared to plain water (although it 

was suggested that better-designed solar absorption systems might be able to 

outperform nanofluid-based solar collectors in certain conditions). The addition 

of nanofluids could significantly increase the performance; however, the next 

problem is the challenges of nanofluids (Saidur, Leong & Mohammad, 2011). 

These challenges include the long-term stability of nanoparticle dispersion, 

increased pressure drop, pumping power requirements, nanofluid thermal 

performance in turbulent flow and fully developed flow regions, higher viscosity, 

lower specific heat, thermal conductivity, high production cost, and the 

difficulties inherent with the production processes (Devendiran & Amirtham, 

2016). 

According to Saidur et al. (2011), research into nanofluids is hindered by a lack 

of consistency of results obtained by researchers, poor characterisation of the 

suspensions and a lack of theoretical understanding of the mechanisms 

responsible for changes in properties. The nanoparticle's stability inside the fluid 

is one of a nanofluid's fundamental requirements. The preparation of stable 

nanofluids through a homogenous suspension is a technical challenge because 

the nanoparticles tend to aggregate due to the strong van der Waal interactions. 

Physical or chemical treatments can be implemented to obtain stability. A direct 

correlation was noted between stability and thermal conductivity enhancement, 
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although with time, the stability of nanofluids changed, and the nanoparticles 

tended to settle. Thermal conductivity is highest when the nanofluid is freshly 

prepared, and there is a noticeable performance degradation over time. A 

challenge presented by nanofluids is increased pressure drop associated with 

the increasing viscosity over the base fluids’ viscosity and lower specific heat 

capacity (Saidur, Leong & Mohammad, 2011). 

 

2.1 Synthesis and preparation 

Nanofluids' preparation phase requires a stable suspension, low agglomeration 

of nanoparticles and no chemical change to the fluids. The addition of 

surfactants or any agent that facilitates a nanoparticle's suspension will affect 

the nanofluid's thermophysical properties (Devendiran & Amirtham, 2016). 

Xuan and Li (2002) suggest three methods for stabilising the suspensions: 

surface activators and dispersants, changing the pH value of suspensions and 

ultrasonic vibration. These methods can change the surface properties of the 

suspended particles and can be used to suppress the tendency to agglomerate, 

increasing the stability of the suspension. 

There are two methodologies for synthesising nanofluids: the one-step and the 

two-step method. It should be noted that the preparation methodology affects 

the stability of nanofluids. The synthesis of nanofluids has challenges such as 

thermal stability, dispersibility and chemical compatibility (Das et al., 2007). 

"Thermal stability is defined as the ability of a fluid to resist breaking down under 

heat stress" (Spurlin.com). Dispersion stability refers to the ability of the 

nanoparticle to remain in a uniform distribution within the base fluid, not to be 

confused with solubility (Ha, Weitzmann & Beck, 2013). Lastly, chemical 

compatibility measures the stability of the nanoparticles within the solvent. 

2.1.1 Two-step methodology 

The two-step methodology involves dispersing a nanopowder into a solvent in 

two separate phases. Most nanofluids containing oxide nanoparticles and 

carbon nanotubes reported in academic studies are produced via this 

methodology (Das et al., 2007). The nanopowders are obtained via chemical 
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reduction or mechanical crushing. Once the nanopowder is placed into the base 

fluid/solvent, it is magnetically stirred and then sonicated at various frequencies 

depending on the combination of nanopowder and base fluid (Devendiran & 

Amirtham, 2016). Nanofluids produced using the two-step method have been 

known to agglomerate before being dispersed. The lack of dispersion reduces 

the effective thermal conductivity of the nanofluid, and the agglomerated 

clusters tend to settle, further reducing the stability of the nanofluid. 

There are two primary methods of fabricating nanoparticles, bottom-up and top-

down methods. The top-down method involves breaking down bulk materials to 

the desired size. The bottom-up method involves constructing the nanoparticles 

from constituent atoms (Critchley, 2019). 

Top-down approaches can produce copious quantities of nanopowders; 

however, this approach has no control over the shape and size distribution of 

the particles produced. The first variation of a top-down approach is that of 

mechanical attrition. As the name suggests, mechanical attrition involves the 

milling, shearing, cleaving or wearing down bulk material to the nano-size range 

(20nm-100nm) (Critchley, 2019). The attrition of materials is the backbone of 

many industries, including but not limited to the mineral industry, ceramics and 

powder metallurgy industries. Mechanical attrition is referred to as mechanical 

milling or a tumbler ball mill. The working principle behind mechanical milling is 

the transference of kinetic energy from the mechanical balls (usually tungsten 

carbide or hardened steel) to the material being broken down. The kinetic 

energy is a function of their mass and velocity; however, too dense a packing of 

these metallic balls reduces the free path of the ball's motion, thereby reducing 

the effect of collisions. The first mechanical milling method used is the high-

energy ball mill, which John Benjamin first developed in the 1960s at the 

International Nickle Company. The primary objective of milling is particle size 

reduction, mixing and blending, particle shape changes and the synthesis of 

nanocomposites. The typical setup consists of a hollow cylinder rotating around 

its axis with metallic balls. The balls impact the bulk material as the mill rotates, 

breaking the material down into a fine powder. It should be noted that the 

tumbler ball mill is operated as close to the critical speed as possible to 

maximise the kinetic energy transfer to the balls. Speeds greater than the critical 

speed will cause the centrifugal forces to overcome the centripetal forces, 
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forcing the metallic balls to the outside of the shell and pinning them there. The 

attritor is a modification of the mechanical. Szegvari developed the attritor in 

1922. This mill consists of a vertical cylindrical shell with a shaft running down 

the centre. On the shaft, there are horizontal arms that stir the metal balls. The 

rotation of the vertical shaft causes differential movement between the balls and 

the material being broken down. This method provides a more significant 

surface contact than the latter (Yadav, Yadav & Singh, 2012). 

The chemical reduction method (CRM) is the most common two-step 

methodology. CRM is a simplistic, non-time-consuming methodology for 

producing nanoparticles. CRMs can be categorised into two subgroups: co-

reduction and successive reduction. Co-reduction involves two different metal 

salts, and the second method is the successive reduction of two metal salts. 

CRM is considered a bottom-up method of producing nanoparticles as it relies 

heavily on three stages: organic synthesis, self-assembly and colloidal 

aggregation. It was noted by Manikim et al. that CRMs could produce finer 

nanoparticles than mechanical means. CRMs are not without their 

disadvantages, however, the most important of which is that the chemicals used 

in this method are harmful to the environment, particularly when scaled up for 

mass production. The chemical reduction method comprises three items: a 

precursor, a reducing agent and a stabiliser or protective agent. A catalyst may 

also be added to speed up the reaction rate (Manikam, Cheong & Razak, 2011). 

A chemical precursor is a chemical that is changed into another compound 

during a chemical reaction. Reducing agents are defined as compounds or 

elements that lose an electron during the chemical reaction (Purdue University, 

2004), and a stabiliser is an agent that hinders further reactions and prevents 

degradation of the nanoparticles into clusters (Hawkins, 2014). The surfactant 

type and reducing agent influence particle size; more potent reducing agents 

generate narrower particles. These narrower particles avoid agglomeration 

better than others (Manikam, Cheong & Razak, 2011). 

 

2.1.2 One-step methodology 

As the name suggests, the one-step methodology combines the manufacturing 

and dispersion of a nanoparticle into a base fluid in one process (Das et al., 
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2007). Nanofluids produced through this method have proven to be more stable 

than those produced through the latter. 

LASiS is considered a one-step methodology and is free of the disadvantages 

presented by CRMs. In LASiS, nanoparticles are produced during the 

condensation of a plasma plume formed by the laser ablation of a metal 

specimen suspended within a liquid. Amendola and Meneghetti (2009) note that 

the process had been used successfully to create nanoparticles of gold, silver, 

platinum, copper and other materials in various solvents. It was pointed out that 

the poor control of NMNp size and size distribution can be controlled by laser 

irradiation, exploitation of plasmon absorption or interband transitions. Despite 

these perceived shortcomings, the most significant advantage is that NMNps 

can be obtained stable within solvents without stabilising agents (Amendola & 

Meneghetti, 2009). 

The basic setup of the LASiS process consists of a pulsed laser, a set of 

focusing optics and a container with a metal plate suspended within a liquid. 

The metal, placed in the focal point of the laser, can be seen in Figure 2.1. The 

most critical parameters for the LASiS process are the time duration, 

wavelength and fluence of the laser pulses (Amendola & Meneghetti, 2009). 

 

Figure 2.1 Basic setup of the laser ablation process (Amendola & Meneghetti, 2009) 

 

2.1.3 Preparation 

 



 12 

The stability of the fluid affects the performance of nanofluids. Agglomeration is 

a challenge faced by nanofluids. Nanofluids naturally tend to agglomerate, 

allowing the particle clusters to be overcome by gravitational effects. The 

deterioration of nanofluids manifests as an increase in unwanted 

thermophysical properties of nanofluids, such as viscosity. The increase of 

clustering within the fluid may also reduce the thermal conductivity of the 

nanofluid. To circumvent agglomeration in nanofluids, they are subjected to 

sonication to separate them. Sonication is not the only means of reducing the 

effects of agglomeration, as there are other alternatives such as magnetic 

stirring, surface charge and the addition of surfactants. There is a correlation 

between sonication time and nanofluid stability. Ultrasonication can be 

categorised into two categories: direct and indirect sonication. Direct sonication 

involves direct contact between the horn of the ultrasonic homogeniser and the 

sample. Indirect sonication involves an intermediary medium between the 

sample and the ultrasonic head. The most common indirect sonication method 

is the ultrasonic bath. The primary mechanism behind sonication is cavitation. 

The cavitation allows for nanoparticle dispersion and may even lead to smaller 

particles being formulated in the nanofluid. 

It should be noted that direct sonication provides a more direct and focused 

ultrasonic effect on the fluid, whilst indirect ultrasonication provides a low-

intensity and broad-spread effect. Two parameters of ultrasonication affect 

nanofluid the most: the power of sonication and the duration of the sonication 

(Asadi et al., 2019). The sonication time and power positively affect the thermal 

conductivity of nanofluids. The thermal conductivity increases with sonication 

time until a critical point, after which there is a decrease in thermal conductivity. 

The typical sonication time for a nanofluid is approximately two hours at 500 W 

(Haddad et al., 2014). 

The addition of surfactants is another means of increasing the stability of 

nanofluids. The surfactants have a positive effect on stability but a negative 

effect on thermal conductivity. The surfactant modifies the surface properties of 

the particle. The selection of surfactants is crucial for the stability of nanofluids. 

Surfactants fall into three categories: cationic, anionic or non-ionic. The addition 

of surfactants affects the pH value of the nanofluid (Ilyas, Pendyala & Marneni, 

2014). 
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2.2 Properties 

2.2.1 Thermal conductivity 

Thermal conductivity is the most crucial property responsible for the 

enhancement of the thermal performance of nanofluids (Devendiran & 

Amirtham, 2016). According to Cengal & Afshin (2015), thermal conductivity is 

"the rate of heat transfer through a unit thickness of the material per unit area 

per unit temperature difference" (Yunus & Afshin, 2015:18). The definition can 

be expressed mathematically in Equation (5.1). Devendiran and Amirtham 

(2016) note that the experimental results proved the thermal conductivity 

increased, and they disagreed with the numerical models for nanofluids. 

Numerical models often underpredict the thermal conductivity of nanofluids. 

Khedar et al. (2012) tested the effect of CuO nanoparticles in water and 

monoethylene glycol, and determined that for nanofluids comprising of water 

and CuO nanoparticles, there was a maximum increase of 21.26% in thermal 

conductivity over that of water. For monoethylene glycol nanofluids, there was 

a maximum increase of 32.25%, and both results were taken at a 7.5% volume 

fraction (Khedkar, Sonawane & Wasewar, 2012). Hu, Fei and  Chen tested the 

performance of AlN nanoparticles in ethanol, recording a 20% increase in 

thermal conductivity over that of the base fluid with a 4% volume fraction (Hu, 

Fei & Chen, 2008). Saidur, Leong and Mohammad observed a lack of explicit 

agreement between reported results (Saidur, Leong & Mohammad, 2011). 

Apart from experimental studies, various mathematical models have been 

proposed to predict the thermal conductivity of nanofluids. The Maxell model 

has already been discussed in Chapter 1 (5.1). The Jeffery model, as seen in 

Equation (2.2) was proposed by D. Jeffery in 1973 to approximate spherical 

particles suspended in a base fluid. The model assumes a homogeneous 

suspension of spherical particles within the fluid (Jeffrey, 1973). 
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𝑘𝑒

𝑘𝑓
= 1 + 3𝛽∅ + ∅2(3𝛽2 +

3𝛽2

4
+

9𝛽3

16

∝ +2

2 ∝ +3
+

3𝛽4

26
… ) 

(2.2) 

 

 

Where: 

ke = Effective thermal conductivity 

kf = Base fluid thermal conductivity 

α= Ratio of particle-to-base fluid thermal conductivity 

β= (α-1)/(α-2) 

Ø= Volume fraction 

 

In 2004, Yu and Choi modified the Maxwell model to accommodate nanofluids. 

The model explicitly considers the collisions of the molecules, thermal diffusion, 

volume fraction, particle size and temperature. This modification was made after 

an initial model created by Jang and Choi in 2003; the model specifically 

considers the nanolayer effect. It should be noted that the model was restricted 

to water-based nanofluid in a rectangular cavity. The nanoparticles used were 

6 nm copper and 2 nm diamond particles with a 0.5% to 2% volume fraction. In 

the study, they exclusively calculated the theoretical results of the nanofluids 

and concluded that there was an increase in thermal conductivity according to 

the model (Yu & Choi, 2004). 

 

𝑘𝑛𝑓 = 𝑘𝑓(1 − ∅) + 𝑘𝑝∅ + 3𝐶1

𝑑𝑓

𝑑𝑛𝑎𝑛𝑜
𝑘𝑓𝑅𝑒2

𝑑𝑛𝑎𝑛𝑜𝑃𝑟∅ 

(2.3) 

Where: 

𝑘𝑛𝑓= Thermal conductivity of nanofluid 

𝑘𝑓 = Thermal conductivity of the base fluid 
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∅ = Volume fraction 

𝑘𝑝 = Thermal conductivity of nanoparticles 

𝐶1 = Proportional constant (18x10^6) 

𝑑𝑓 = Diameter of fluid 

𝑑𝑛𝑎𝑛𝑜 = Diameter of the nanoparticle 

Re= Reynolds number 

Pr= Prandtl number 

 

A recent numerical model, developed by Garoosi in 2020, was based on various 

published experimental studies of metal oxide nanofluid. It compensates for 

volume fractions ranging from 0% to 12% and particle sizes ranging from 5 μm 

to 10 nm. It was found that older models, such as the Maxwell-Garnet model, 

underpredicted the thermal conductivity and were far too conservative. 

According to Garoosi, existing models show agreement between experimental 

and theoretical results but are limited to spherical nanoparticles. The model 

proposed in Equation (2.4) agreed with a larger pool of published data than its 

predecessors and is one of the most recent models to achieve this agreement. 

The proposed model was derived using the least-squares method; it has a 4.7% 

standard deviation from the 458 experimental data sets (Garoosi, 2020). 

𝑘𝑛𝑓

𝑘𝑓
=

𝑘𝑝 + 2𝑘𝑓 + 2(𝑘𝑝 − 𝑘𝑓)∅

𝑘𝑝 + 2𝑘𝑓 − (𝑘𝑝 − 𝑘𝑓)𝜔∅

+ 3.762(
𝑇

𝑇0
)8.661(

𝑑𝑝

𝑑𝑓
)−0.4351(

𝑘𝑝

𝑘𝑓
)0.08235∅0.64𝑒(−5.742∅) 

(2.4) 

Where: 

𝑘𝑛𝑓= Thermal conductivity of nanofluid 

𝑘𝑓 = Thermal conductivity of the fluid 

𝑘𝑝 = Thermal conductivity of nanoparticles 

𝜔= Correction factor 

∅ = Volume fraction 

𝑇 = Temperature 
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𝑇0 = Reference temperature (293 ⁰K) 

𝑑𝑝 = Diameter of the nanoparticle 

𝑑𝑓 = Diameter of the base fluid 

 

2.2.2 Viscosity 

Viscosity is best described as a fluid's internal resistance to motion/flow (Cengel 

& Cimbala, 2013). Mathematically the viscosity of a Newtonian fluid can be 

described by Equation (2.5) (Upadhyay, 2017). Equation (2.5) is known as 

Newton’s Law of viscosity as follows:  

𝜏 = 𝜇
𝑑𝑢

𝑑𝑦
 

(2.5) 

Where:  

τ= Shear stress 

μ= Absolute viscosity 

du= Change in velocity 

dy= Change in the distance between surfaces 

 

The viscosity of nanofluids relies on particle size, particle shape, particle size 

distribution, volume concentration, aggregation, temperature, pH value and 

dispersion method (Chandra & Sayantan, 2014). The base fluid on its own will 

usually exhibit Newtonian behaviour, but the addition of nanoparticles 

sometimes results in the fluid exhibiting non-Newtonian behaviour (Liu et al., 

2020). Nanofluids with even distributions of nanoparticles and a volume fraction 

less than or equal to 0.6% would display Newtonian behaviour. However, fluids 

with a volume fraction greater than 0.6% will begin to exhibit shear thinning and, 

as such, can no longer be considered Newtonian fluid (Li et al., 2015). Multi-

walled carbon nanotubes (MWCNT) in liquid paraffin are a recent development 

in nanomaterials. MWCNT nanofluids exhibit non-Newtonian behaviour, and the 

greater the volume fraction/temperature differential, the more significant the 
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deviation from Newtonian behaviour (Liu et al., 2020). Fe-Si nanoparticles in 

water showed an almost sinusoidal curve of viscosity compared to 

concentration; in the study, the maximum viscosity was found at a volume 

fraction of 1.0% (Huminic, Huminic & Fleacă, 2020). There is an exponential 

relationship between the volume fraction and viscosity (Bao et al., 2021).  

  

2.2.3 Density 

Density, traditionally defined as the mass per unit volume, is typically expressed 

by the following equation (Douglas et al., 2005): 

𝜌 =
𝑚

𝑉
 

(2.6) 

Where: 

ρ= Density 

m= Mass 

V= Volume 

 

However, the formula does not consider that nanofluids contain both solids and 

liquids; therefore, the equation is insufficient to approximate the density of 

nanofluids. Equation (2.7) provides the density of the base fluid and the particle. 

The density is based on the volume fraction of nanoparticles added to the base 

fluid (Garoosi, 2020). 

𝜌𝑛𝑓 = (1 − ∅)𝜌𝑓 + ∅𝜌𝑝 

(2.7) 

Where:  

𝜌𝑛𝑓= Density of the nanofluid 

𝜌𝑓= Density of the base fluid 

𝜌𝑝= Density of the nanoparticle 

∅= Volume fraction 
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2.2.4 Characterisation 

There are multiple ways to evaluate the thermal conductivity of nanofluids, such 

as the transient hot wire (THW), hot disk technique, temperature oscillation 

technique and the guarded hot plate apparatus. Much of the disagreement of 

results stems from the various testing methodologies employed by various 

researchers. Zagabathuni, Ghosh and Pabi compared the results obtained from 

the laser flash method to those of the THW method and found that the laser 

flash method obtained results one order of magnitude lower than the THW 

methodology. The measurement of the thermal conductivity of nanofluids falls 

into one of two distinct categories: steady-state or transient. The steady-state 

was discussed in section 1.1; the transient state is one in which the heat transfer 

is rapid (Zagabathuni, Ghosh & Pabi, 2016). 

A typical modern THW setup consists of the transient hot-wire apparatus, an 

analogue-to-digital converter and a computer or data logger (Loong & Salleh, 

2017). The analogue-to-digital converter would not be necessary if the data 

logger is used. A schematic view is presented in Figure 2.2. The THW apparatus 

consists of a platinum hot wire with a diameter ranging from 12.7 μm to 50.8 μm 

(depending on commercial availability), a pressure cell/container and a wheat 

stone bridge. In more recent iterations of the THW apparatus, the platinum wire 

is coated in Teflon to circumvent the electrically conductive nature of metallic 

nanoparticles present in a nanofluid. As the name suggests, this method falls 

into the category of transient methods, as the heating and data collection takes 

place at a rapid pace. This method relies on Fourier's one-dimensional transient 

heat conduction in the cylindrical bodies’ equation. The heat is applied via a 

platinum wire that passes through the core of the apparatus. The platinum wire 

is connected to a wheat stone bridge. The power supplied to the platinum wire 

is monitored and recorded, and the change in resistance of the platinum wire is 

monitored and used to calculate the thermal conductivity of the fluid sample. 

Figure 2.2 displays the typical test setup of the THW. 
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Figure 2.2: Schematic overview of a computerised THW setup (Choi, Li & Eastman, 
1999) 

Beyond the wheat stone bridge and platinum wire, the setup consists of a hot 

wire cell, whose sole purpose is to contain the fluid and to provide the relevant 

tension on the platinum wire. 

The transient hot disk is commonly referred to as a transient plane source, 

thermal constant analyser or Gustafsson probe technique. The typical setup 

contains the Gustafsson probe, constant temperature bath, material sample and 

thermometer (Loong & Salleh, 2017). In conjunction with those mentioned 

earlier, it is used by a thermal analyser to determine the thermal conductivity of 

a test sample. The transient plane source (TPS) operates on a principle similar 

to that of the transient hot wire in which the heat source is also the sensor. The 

change in resistance is measured and used to calculate the thermal conductivity 

of the fluid (Buonomo et al., 2014). The plane source is typically made of 

insulated copper or nickel of a double spiral construction, as seen in Figure 2.3. 

The probe itself can be shaped as required to fit the test sample. Custom TPS 

probes are made of a thin film of copper or nickel and then insulated with Kapton 

tape (Hu et al., 2008). The working principle is like that of the THW apparatus, 

but the governing equation deviates from Fourier's Law of heat conduction in 

cylinders to that of Fourier's Law of heat conduction, as seen in Section (5.1). 
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The working principle of the TPS probe is that the voltage change across the 

element is recorded while a direct current pulse heats the element; the pulse is 

short enough so that the element is considered to be infinite or semi-infinite 

throughout the transient recording. By doing this, the outer boundaries of the 

test sample can be negated, and it can be assumed that no external factors are 

acting on the system other than the controlled variables. The governing 

equation for a TPS probe is shown in Equation (2.8) (Gustafsson, 1991): 

𝑅(𝑡) = 𝑅0(1 +∝ ∆𝑇(𝜏)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) 

 (2.8) 

Where: 

𝑅(𝑡) = Resistance at a given time 

𝑅0= Initial resistance 

∝= Temperature coefficient of resistance 

∆𝑇= Change in temperature 

𝜏= Time-dependent constant 

 

Equation (2.8) is then substituted into Fourier's Law to calculate the thermal 

conductivity of a sample. The TPS system has gained market acceptance as a 

standard in many industries for the measurement of thermal conductivities, as 

evidenced by systems such as the TPS 2500 S. This model of apparatus has 

been used by Buonomo et al. (2014) and a self-manufactured variant was used 

by P. Hu et al. in their study of AlN-ethanol nanofluids (Hu, Fei & Chen, 2008; 

Buonomo et al., 2014). 
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Figure 2.3: Close up of hot disk design (Gustafsson, 1991) 

The TPS system is capable of measuring between 0.5 K to 2 K, and the sample 

is open to the atmosphere (Hu, Fei & Chen, 2008). Furthermore, the TPS 

system is suitable for measuring various materials, encompassing solids and 

fluids. Commercial models can detect thermal conductivities in the range of 

0.005 W/m.K to 500 W/m.K with an uncertainty of 5% (Buonomo et al., 2014). 

The TPS cannot measure the thermal conductivities of a fluid that undergoes 

the boiling process, but it does notify the end-user of the presence of natural 

convection that may skew the results (Loong & Salleh, 2017). 

 

The temperature oscillation technique set-up consists of a cylindrical tube, two 

Peltier modules placed in series with each other at opposite ends, two end 

plates that act as heat spreaders and two heat exchangers to dissipate the heat 

generated by the thermoelectric coolers. The Peltiers are placed in series for a 

constant current across both Peltier modules, allowing for parity in the 

temperatures of the two units. The end plates seal the cylinder so the tested 

fluid cannot leak (Phelan, 2004). The working principle of such a device is based 

on the transient heat transfer equation. The amplitude attenuation, the phase 

shift and the amplitude of thermal diffusivity are measured, and the thermal 

conductivity can be calculated. One of the advantages of this method is its 
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similarity to that of the 3ω method; it was relatively simple in comparison to other 

measurement methods (Badarlis et al., 2020). Czarnetizki and Roetzel (1995) 

also contend that the method combines the advantages of steady-state 

measurement with the ability to measure properties that describe non-steady-

state conditions (Czarnetzki & Roetzel, 1995). Concerning disadvantages, the 

lack of literature available was the most likely reason for the lack of adoption 

amongst many research groups. There is no guidance for the configuration of 

the experimental setup and what amplitudes and temperature frequency to use 

(Bhattacharya et al., 2006). The final disadvantage is that the relatively low-

temperature ranges that were measured are only within 2.5 °C (Czarnetzki & 

Roetzel, 1995). 

 

The guarded hot plate apparatus, initially developed in the early 1900s, was 

based on Lee's disk method (Thermtest Inc., 2015a). The Lee's disk method 

consisted of a steam chamber, a cast iron upper disk, a slab of a specimen, a 

cast-iron lower disk and a series of thermometers. The working principle of such 

an apparatus was that steam was generated, which flowed into the steam 

chamber. This would in turn heat the upper cast iron disk in direct contact with 

the specimen slab. Once the system has reached a steady-state, the steam 

supply and upper cast iron disk is removed whilst the specimen slab and lower 

cast iron disk remain. The lower disk is then heated to 10 degrees above the 

steady-state temperature, and readings are then taken every 5 minutes till the 

lower disk has cooled. Based on these readings, it would be possible to 

calculate the thermal conductivity of the specimen. A 3D rendering of the setup 

can be seen in Figure 2.4; it should be noted that the steam chamber is in grey, 

the upper and lower disks are in yellow, and the specimen is in red. The upper 

and lower disks are of a known mass (Alam et al., 2012). 



 23 

 

Figure 2.4: 3D rendering of Lee's disk method (Thermtest INSTRUMENTS, n.d.) 

 

In the early 1900s, the guarded hot plate apparatus was developed concurrently 

in both the United States and Germany. In the United States, the American 

Society of Refrigeration Engineers (ASRE) requested the National Bureau of 

Standards (NBS) to develop a means of testing insulation materials. This 

request is what set the development of the GHP in motion. At the same time as 

the request from the ASRE, Richard Poensgen of Germany was developing a 

similar device for the same reason: there has been no standard method of 

precisely measuring the heat transmission in insulating materials. The two 

constructed devices had similar experimental setups and operated on the same 

working principle. Poensgen's device was released first in 1910, and two years 

later, in 1912, the NBS machine was released. Since then, the GHP apparatus 

has been an industry standard across fields such as refrigeration and insulation 

(Thermtest Inc., 2015b). 

Two norms govern the GHP apparatus: ASTM C177 and ISO 8302 (Linseis Inc., 

n.d.). According to Challoner and Powell (1956), they designed a completely 

enclosed GHP for the explicit purpose of testing liquids, a cross-section of which 

is presented in Figure 2.5. Their device was similar in construction to that of the 

NBS in that it consisted of the typical cold plate, hot plate and guard heater. This 

arrangement is typical of GHP setups and typically contains a thermocouple on 

the respective elements of the setup. In Challoner and Powell's setup, the heat 

was supplied via resistive heating elements in the guard and hot plate, whilst 
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the cold plate was kept cool via a water cooling loop that maintained the 

temperature at ±0.01 ˚C (Challoner & Powell, 1956). 

 

Figure 2.5: GHP apparatus setup (Challoner & Powell, 1956)  

The basic working principle of a GHP setup is based on Fourier's Law of 

conduction which was briefly touched on in section 1.1. As previously stated, 

the typical setup for all GHP setups consists of a guard to prevent heat losses 

from the hot plate; this is achieved by having a guard temperature that matches 

that of the hot plate, a hot plate that provides the source of heat to the sample 

and a cold plate that removes the heat from the sample. Across the sample, a 

temperature difference will need to be measured, along with the power supplied. 

There are two possible configurations for a GHP, the one-plate method and the 

two-plate method. In the one-plate method, the heat flows in a single direction, 

and in the two-plate method, the heat flows in two directions. These 

configurations are illustrated in Figure 2.6. 

 

Figure 2.6: GHP configurations (Linseis Inc., n.d.) 
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In 1982 Smith, Hust and VanPoolen (1982) obtained a commercial GHP 

apparatus from the Langley Research Centre. The group working for the NBS 

found through experimental means that the device had uncertainty of 

measurements of glass fibre board of ±2% at ambient temperatures and ±5% 

at sub-ambient temperatures. These results were obtained using the supplied 

water-cooling loop and then via a modified LN2 loop. The results were deemed 

out of spec, and the authors noted that this was not representative of all 

machines supplied by the Langley Research Centre; furthermore, the apparatus 

was designed to comply with the ASTM C-177 standards. The device was a 

two-specimen setup consisting of two cold plates, a main heater, an inner guard 

heater, an outer guard heater, auxiliary cooling plates and an environmental 

chamber. Altogether, the cold, hot and guards make up the stack. As per Figure 

2.7, it can be seen that the specimens are placed on either side of the main 

heater via glass or stainless-steel tubes stuffed with glass fibre. Around the 

guard heater is the inner guard heater; on the outer sides of the specimens are 

the cold plates; and around the cold plates are the auxiliary cold plates. Around 

this stack are the outer guard heater and environmental chamber, which 

contains a cooling shroud. The cold plates and heaters were constructed out of 

anodised aluminium, which was done to promote conductive and radiative heat 

transfer. The group modified the cooling system to run an inter-connected 

cooling loop as opposed to the independent systems with which the system 

came packaged. Differential thermocouples are connected to each plate, and 

the guards measure each plate's temperature. The temperature data was used 

to calculate the thermal conductivity along with the control circuitry. Lastly, the 

auxiliary heaters, guards and environmental chamber were implemented strictly 

to prevent radial heat flow and external influences on the system (Smith, Hust 

& VanPoolen, 1982). It should be noted that this device pertains to insulation 

materials and not fluids.  
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Figure 2.7: Cross section of the modified guarded hot plate                                       
(Smith, Hust & VanPoolen, 1982)  

 

In recent developments, Choi and Eastman used a GHP apparatus when they 

discovered nanofluids in 1990. The machine was based on Challoner and 

Powell's device (Choi & Eastman, 1995). In 2013 Raush et al. (2013) attempted 

to create a GHP capable of measuring the thermal conductivity of gases, liquids 

and solids. The device had a similar setup as that of Choi and Eastman in that 

the device consisted of a cold plate, hot plate and guard plate. The plate also 
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included a Peltier element for cooling and micrometre screws for adjustment. A 

cross-section of the device is presented in Figure 2.8. The cold plate is connected 

to the Peltier for cooling, and the hot face is connected to a set of fins for cooling. 

A two-part guard system ensures heat flow through the sample area. The top 

guard plate is heated to the same temperature as the hotplate to ensure no bi-

directional heat flow through the sample and a guard ring around the entire 

setup. The guard ring comprises an inner guard ring and an outer guard ring, 

both in place to mitigate the effects of ambient conditions. Heating to the system 

is provided by a constant current source to the system via a resistive heating 

element embedded in the hot plate and cold plate. The authors noted that the 

hot plate was intentionally placed above the cold plate to mitigate the likelihood 

of convection in fluid samples. 

The top assembly (hot plate, guard and micrometre screws) can be removed to 

clean the system between tests quite easily. The entire system is then placed 

within an environmental chamber for sub-ambient tests. A custom-made 

programme was generated to control the system through PID control schemes 

for cooling, heating and the guard heater to ensure steady-state conditions. The 

PID is fed information from the DC power supply, thermostats and a digital 

multimeter. With this setup, the authors could achieve a 5% deviation from 

reference data for water, Toluene, air and polytetrafluoroethylene (PTFE). The 

authors note that although the GHP could not achieve uncertainties similar to 

that of transient methods, its ease of use and accuracy make it a viable testing 

methodology for various materials (Rausch et al., 2013). 
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Figure 2.8: Cross section of GHP apparatus for fluids and solids 
(Rausch et al., 2013) 

 

The guarded hot plate is one of the most commonly employed methods of 

testing in various fields due to its simplicity and the fact that it is considered an 

absolute method because the thermal conductivity is measured directly from the 

value obtained from the device (Yüksel, 2016). The uncertainty of the 

measurements of the GHP is approximately 2% at low temperatures; beyond 

this, the heat losses to the environment become greater when compared to 

other means of measurement, such as the thermal comparator (tec-science, 

2020). A further advantage of the GHP is the standardisation in countries such 

as the US (ASTM C 177-63), Britain  (B.S 874:1965) and Germany (DIN 52612) 

(Yüksel, 2016). 

The primary disadvantage of the GHP is the long testing times, as it takes a 

relatively long time for the system to attain a steady state; however, this 

statement is true for all steady-state techniques. Another disadvantage is that 

the contact resistance between the thermocouples is a potential source of error 

in readings. The final disadvantage is that the recorded results of approximately 

20 GHPs diverged significantly from reference values ranging from 13 to 16% 

(Yüksel, 2016). 

In conclusion, the GHP is primarily used for the testing of the insulation; 

however, it is just as capable of measuring the thermal conductivity of other 

substances. Furthermore, due to the GHP being an absolute method that 
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significantly reduces computation, it is relatively simple to fabricate and operate. 

It is also evident that there are myriad contributing factors to the thermal 

conductivity enhancement of nanofluids. Some of these can be controlled, such 

as the manufacturing method and combination of surfactant, base fluid and 

nanoparticle employed. There are also inherent challenges in the means of 

testing that need to be overcome, such as gravitational effects, whether a testing 

method is considered obtrusive or not, and the onset of natural convection within 

the testing chamber. These challenges need to be accommodated in the design, 

and uncertainty in the results must be minimised.  
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3 CHAPTER THREE: Design and Fabrication 

The proceeding chapter will delve into further depth of the design and fabrication 

of the guarded hot plate apparatus. The design will be based upon that of 

Challoner and Powell, as described in the literature review, and will include 

modifications such as those made by Rausch to make additional observations. 

3.1 Design 

The present design is similar to that of Challoner and Powell; however, Stephen 

Choi provided brief dimensions for the apparatus used in the initial study of 

nanofluids. According to Wang, Xu and Choi (2008), the GHP setup consisted 

of copper plates with a surface area of 9.552 cm², which equates to a diameter 

of 34.874 mm. Three glass spacer rings separate these with a thickness of 

0.9652 mm. These spacer rings make ∆x equate to 2.8956 mm. The guard is 

constructed of aluminium and heated electrically via a resistance heater. Both 

copper plates have holes of 0.89 mm in diameter drilled into them to 

accommodate E-type thermocouples; it is not stipulated how deep these holes 

are drilled. In total, 14 thermocouples were used to measure the temperature 

differences. The researchers noted that their primary goal was to minimise the 

temperature difference between thermocouples on each plate. The present, 

depicted in Figure 3.1, consists of the GHP apparatus, a GW Instek gps 3303 

power supply and the Agilent 34970A data logger. The GHP apparatus consists 

of a frame, cold plate, hot plate, guard heater, water cooling loop and Arduino 

microcontroller-controlled PID circuit. Each will be discussed in greater detail in 

subsequent sections. 
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Figure 3.1: 3D rendering of apparatus 

The apparatus overall consists of a frame, aluminium backplate, the core/stack 

assembly, rails, guard heater, fan cowling and water-cooling loop. The core 

assembly is mounted to the aluminium backplate via a stainless-steel retention 

plate, which also serves to align the thermocouples on the hot plate with their 

corresponding mate on the cold plate. The retention plates are bolted to nylon 

spacers. The bolts are long enough to hold the spacer plates but short enough 

that the bolts do not come into contact; this is done to prevent conductive heat 

transfer from the hot plate to the cold plate. On the face of the aluminium back 

plate, fibreglass insulation is placed to prevent heat from seeping through the 

sides of the cold plate. In the centre of the aluminium plate, a nylon spacer ring 

isolates the copper from the aluminium and creates a small air pocket to further 

insulate the cold plate. The aluminium back plate is bolted to the stainless-steel 

frame via a section of equal leg right angle ss304. On the frame are a series of 

slotted holes that allow for minor adjustments of the rails and aluminium back 

plate. 
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Additionally, a mounting plate is bolted to the frame's rear to accommodate the 

water-cooling loop's radiators. A vesconite ring separates the hot and cold 

plates. The vesconite ring has grooves machined into it to accommodate a nitrile 

cord; this acts as a means of sealing the testing cavity and preventing leakage 

of the fluid samples. The bulk of the apparatus was fabricated from SS304. This 

material was selected for its anti-corrosive properties.  

For the current setup, the volume inside the vesconite ring amounts to 7.5 ml of 

fluid. This equates to an ∆x of 5.68 mm. It was possible to create a simplified 

thermal circuit base formulated from the geometry of the stack assembly, which 

can be seen in Figure:  

p 

Figure 3.2: Thermal resistance circuit of stack assembly 

 

The thermal resistance was calculated for each section using the following 

formula: 

𝑅 =
∆𝑥

𝑘𝐴
 

(3.1) 

Where:  

R= Thermal resistance  
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∆x= Thickness  

k= Thermal conductivity  

A= Area  

Based on Equation (3.1), each value can be calculated individually. Due to the 

circuit having parallel and series resistive elements, the total resistance can be 

calculated using the following formula: 

𝑅𝑇 = 𝑅2 + (
1

𝑅3
+

1

𝑅4
+

1

𝑅5
)−1 + (

1

𝑅6
+

1

𝑅7
)−1 + (

1

𝑅8
+

1

𝑅9
+

1

𝑅10
)−1 + 𝑅11 

(3.2) 

Next, the temperature differential can be calculated based on the power input 

into the system using the following formula: 

∆𝑇 = 𝑅𝑇𝑄 

(3.3) 

Analysing the ideal system will make it possible to determine the losses from 

the system during testing and commissioning. For the analysis, it was assumed 

that the contact resistance would be negligible, that there was no heat loss 

radially and that there was no fluctuation in the supplied power to the hot plate. 

The thermal conductivity for each material can be found in Table 3-1: 

Table 3-1: Material properties 

Material Thermal conductivity Reference 

Copper 385 (Thermtest Inc., 2022) 

Water 0.65 (Thermtest Inc., 2021) 

Vesconite 0.25 (Vesconite, 2019) 

 

Table 3-2 includes all details of the system. The dimensions and areas were 

extracted from the 3D model generated within the Solidworks draughting 

package. 
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Table 3-2: Stack assembly dimensions 

Part Section Area (mm²) Thickness (mm) 

Hot plate 2 4656 2 

Hot plate 3 1297 3 

Vesconite ring 4 967 3 

Hot plate 5 2391 3 

Vesconite ring 6 3458 5.68 

Water sample 7 1320 5.68 

Cold plate 8 1297 3 

Vesconite ring 9 967 3 

Cold plate 10 2513 3 

Cold plate 11 4599 2 

 

From these dimensions, it was calculated that the system has a total thermal 

resistance of 3.4 K/W, which means a temperature differential of 3.3 K between 

the resistive heater and the cold plate. The numerical calculations were 

compared to an FEA analysis of the core assembly. 

The model was exported from Solidworks to Abaqus. The properties in Table 

3-1 were assigned to the relevant parts. Next, the assembly was constrained so 

that the contact solver could be used to determine the relevant interactions. A 

mean contact resistance of 1 was used throughout all interactions. In the initial 

step, a temperature of 20 ˚C was applied. Two boundary conditions were 

inserted, one on the interface of the cold plate to the Peltier element of 20 ˚C 

and one on the interface of 23.5 ˚C on the interface of the hot plate and the 

cartridge heaters. The temperature of 23.5 ˚C was selected based on the 

calculations in the previous section. A load of 1 W was applied to the interface 

of the heat cartridges and the hot plate. The simulation was then run. 
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Figure 3.3: Nodal temperatures of stack assembly 

Figure 3.3 shows the nodal temperatures through the core assembly. It should 

be noted that this analysis included the pressure transducer to prove that there 

would be little parasitic drain through the pressure transducer to the 

surrounding. It is observed that the hot plate achieves a uniform temperature, 

along with the cold plate achieving a uniform temperature. To verify the 

uniformity of the temperature distribution, nodal temperatures were observed 

via the query tool in Abaqus at the point at which the thermocouple interfaces 

with the hotplate and cold plate and the surface temperature of the hot plate and 

cold plate. These results are presented in Table 3-3. 

Table 3-3: FEA query results 

Part 
Instance Node ID   Orig. Coordinates  Nodal temp 

  x y z  

Hot plate 21 23.3 50.5 73.9 23.5 

Water 
sample 64287 23.3 49.5 73.7 23.2 

Cold 
plate 289117 23.1 43.8 73.8 20 

Cold 
plate 3 23.3 42.8 73.9 20 

Cold 
plate 99102 23.3 39.8 70.9 20 

 

The heat flux can be observed in Figure 3.4: the bulk of the heat flux flows through 

the sample; however, it should be noted that this may vary according to the 

medium placed within the sample area. The difference in the temperature that 
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the thermocouples and the actual temperature will record will be 0.3035 ˚C 

which, given the accuracy of the K-type thermocouples, is virtually negligible. 

The same can be said for the cold plate. 

 

Figure 3.4: Heat flux analysis of stack assembly 

It is clear that there is an agreement between the FEA analysis and the thermal 

circuit generated by a numerical method.  

3.1.1 Hot plate 

The hot plate consists of a copper block with seats drilled for the thermocouples, 

a tapped hole for the pressure transducer, holes drilled at 60-degree angles to 

accommodate three heating cartridges, a groove for the O-ring and a groove for 

the separation ring. Copper was selected as the material of choice due to its 

relatively high thermal conductivity. Due to the complexity of the shape, there is 

no shape factor for the hot plate; as such, the approach taken was that of an 

FEA analysis, which was validated via a simplified heat resistance circuit. The 

thermal resistance circuit is a truncated version of the circuit created in section 
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3.1. A graphical representation of what has been described is presented in 

Figure 3.5, and a 3D rendering in Figure 3.6.  

 

Figure 3.5: Orthographic projections of the hot plate 

A preliminary analysis of the hot plate alone, of mass 0.566 kg, shows that 

raising the temperature of the hot plate (by a single degree kelvin) would require 

214 W; however, given the fact that each heating cartridge can produce 40 W 

and a total of 120 W altogether, the total time to achieve this temperature 

change would be 1.78 seconds. Because of the limitations of the GW instek 

power supply, a constant 1 W will be supplied, which means heating the hot 
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plate from an ambient temperature of 20 ˚C to 23.5 ˚C would take 12 minutes 

and 29 seconds. 

  

Figure 3.6: 3D rendering of the hot plate 

The material selected for the hot plate was copper due to the high thermal 

conductivity of copper. The hot plate allows for the heat supplied to be evenly 

distributed throughout the hot plate; this was confirmed in the FEA analysis and 

through testing. The FEA analysis was conducted using Abaqus. The initial 

boundary conditions were set as follows: the surface of the interface between 

the heating cartridges and hot plate temperature was set at 20 ˚C; and the heat 

flux was set at 1 W at the surface of the holes drilled for the heating cartridges. 

The initial temperature was set at 20 ˚C, considered ambient temperature, and 

120 W was the sum of the heat applied via the three 40-watt heating cartridges. 

Note should be taken that the FEA analysis neglects the PID control 

implemented to maintain the temperatures of the plates. As seen from the 

snapshot in Figure 3.7, temperatures rise substantially above the heating 

cartridges, and the heat is then dissipated radially throughout the hot plate. 

These localised hot spots dissipate, and the whole plate reaches a normalised 

temperature. Further assumptions made during the FEA analysis were that 
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there was no heat loss to ambient; this assumption was made due to the guard 

heater being set at the same temperature as the hot plate, which would 

eliminate radiative heat transfer between the two. The thermal conductivity was 

maintained constant as the hot plate's temperature would be close to ambient 

due to limitations imposed by the power supply. 

 

Figure 3.7: FEA analysis of hot plate 

The device was then tested with similar conditions. These results were 

compared to a thermal circuit constructed per Figure 3.2. 

Using the thermal resistance formula, which is just the reciprocal of the thermal 

conductivity formula, it was possible to ascertain the temperature drop across 

the copper hot plate to the surface, which was determined at 0.003 K. 

3.1.2 Cold plate 

The cold plate was similar in design to that of the hot plate, the only significant 

differences were that there was no pressure measurement from the plate, and 

the heating cartridges were substituted for that of a Peltier module which acts 

as the heat pump. Furthermore, the copper plate was made smaller to reduce 

the effects of the heat capacity of the cold plate. Otherwise, the cold plate 

maintains a grove for the separation ring, a grove for the O-ring and a network 

of holes drilled for the thermocouples. 
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Figure 3.8: Orthographic projections of the cold plate 

 

The cold plate has a mass of 0.226 kg; performing the same preliminary analysis 

as the hot plate, to drop the temperature of the cold plate by 1 degree requires 

the removal of 92.8 W from the cold plate, as per the calculations in Appendix 

A, given that the system would be in a temperature-controlled environment that 

would be maintained at approximately 20 ˚C. The FEA analysis of the cold plate 

was forgone as the analysis conducted on the core assembly was deemed 

sufficient. A closed-loop all-in-one (AIO) cooler was selected to remove the heat 

from the hot side of the Peltier element. This was done for two reasons, the first 

being that the water-cooling loop would facilitate more stable temperatures and 

the low maintenance requirement of the device. The liquid cooling loop 

inherently contains a radiator, pump and reservoir. The water-cooling loop 

would run continuously; however, the cold plate would be controlled via a PI 

control scheme integrated into the Arduino code. The temperature would be 

taken from the cold plate via a Max 6675 break-outboard and used as input for 

the PI controller. The PI controller would then generate a value that controlled 

the IRL520n MOSFET. The result of this loop would be an appropriate response 

to fluctuations in the temperature of the cold plate. The primary objective of the 

cold plate was to maintain a set temperature. A schematic of the cooling circuit 

is presented Figure 3.9. 
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Figure 3.9: Schematic of the cold plate control scheme 

3.1.3 Guard heater 

The guard heater is particularly important as it fundamentally differentiates the 

guarded hot plate from the Lee disk method. Where the Lee disk method leaves 

the sample open to the atmosphere, the guard prevents heat loss from the hot 

plate to the surrounding. The guard is set to match the temperature of the hot 

plate to prevent radiative heat loss and heat loss through conduction or 

convection. The design was similar to that of the parallel plates; consequently, 

the total heat capacity was considered. For the guard, it was decided to use 

steel instead of aluminium because a larger mass would be required. The larger 

mass made the guard less prone to minor fluctuations allowing for a more 

consistent temperature. Helical grooves were machined into the guard heater 

to facilitate a nichrome wire that would be wound around it. On the base of the 
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guard heater, a mounting bracket was mounted to allow the attachment of two 

linear bearings. The linear bearings would then glide along two adjustable rails 

attached to the frame. The linear bearings would ensure the alignment of the 

guard heater around the stack assembly. 

The nichrome wire would act as a resistive heater. The guard heater was 

controlled by a bang-bang controller, which was integrated into the Arduino 

microcontroller’s code. The Arduino would take temperature measurements via 

two max 6675s. The temperature would then be used in a conditional ‘if 

statement’ within the Arduino code, which would control a relay that would allow 

the current to flow through the resistive element. A schematic diagram can be 

seen in Figure 3.10 of the guard heater circuit. 

 

Figure 3.10: Schematic of guard heater 

3.1.4 Electronics 

Aside from the laboratory power supply and data logger, ancillary electronics 

are embedded in the system to replicate steady-state conditions. Most of these 
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electronics have been briefly discussed in previous sections. Here further 

details will be provided. The complete schematic can be found In Appendix B, 

and the code can be found in Appendix E. The board design was based upon a 

design found on electronoobs.com; however, the PID controller was deemed 

insufficient. Instead, a custom auto-tuning PI controller was implemented as the 

derivative function was subtractive and would result in a less responsive 

controller. The max 6675 temperature sensor was selected as the input for the 

PI controller and had a resolution of 0.25 ˚C. The Arduino nano was selected as 

the microcontroller due to its relative simplicity and small form factor. The 

IRL520n was selected due to its current limit and the fact that it is a logic-level 

transistor, which allowed the Arduino nano to control it via a PWM signal. As 

mentioned previously, a pair of MOSFETs and a relay controlled the cold plate 

and guard heater, respectively. The spec sheets for all components mentioned 

here are found in Appendix C. A circuit board was designed in KiCAD. 

Additionally, screw terminals were placed on the board to interface the circuit 

board and the external electronics to maintain the modular design. 

3.1.5 Breakout boards connected to controller board 

The following section will discuss the breakout boards connected to the 

controller board. Breakout boards were selected as they would reduce the 

complexity of the PCB design and directly interface with the Arduino 

microcontroller with no further modifications required. 

• Max 6675 K-type thermocouple sensor 

Three Max 6675 were used on the main controller board, one for each of the 

temperatures found throughout the GHP. The Max 6675 has an on-board cold 

junction compensation and a resolution of 0.25 ˚C. The unit has a temperature 

range from 0 ˚C to 1024 ˚C (Maxim, 2002).The Max 6675 connected to the cold 

plate is the input to the PI controller that governs the cold plate temperatures. 

The Max 6675 connected to the hot plate and guard controls the on-off controller 

of the guard heater. The hot plate temperature is used as a set point and the 

guard heater temperature is established for comparison. 
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Figure 3.11: K-type thermocouple sensor (botshop.co.za, 2020) 

 

• Relay board 

The relay board was a 5-V breakout board used to implement the on-off 

controller. The board was selected to isolate the 5-V circuit from the high current 

12-V circuit and prevent damage to the Arduino nano board. 

 

Figure 3.12: 5-Volt relay board 
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• Peltier element 

The Peltier element selected was a TEC12715. This element was selected 

due to its 154 W cooling capabilities.  

• AIO liquid cooling loop 

The liquid cooling loop is a generic all-in-one package with a dual-fan radiator. 

• Current shunt 

The current shunt was constructed of three 1 Ώ resistors. 

• K-type thermocouples 

The thermocouples used to measure the temperatures were K-type 

thermocouples. The K-type thermocouple is constructed from nickel-chromium 

and nickel-alumel. They have a temperature range of -270 ˚C to 1260 ˚C. While 

the standard error for these thermocouples are +/- 1.1 ˚C, this can be reduced 

through calibration (REOTEMP Instrument Corporation, 2011). 

 

3.1.6 External instrumentation for experimentation 

The GHP was used in conjunction with two external systems: the Agilent 

34970A and the GW instek gps3303. 

• Agilent 34970A 

The Agilent 34970A is a data logger with a 6.5-digit display (22-bit resolution). 

The unit is coupled with a 20-channel multiplexer that uses reed switches. The 

multiplexer is capable of measuring 60 channels per second. The unit has a 

built-in cold junction compensation and an accuracy of 1.5 ˚C for K-type 

thermocouples. The accuracy at 1 V is 0.004 V. It should be noted that the 

thermocouple accuracy is in line with the standard measurement error of K-type 

thermocouples (Agilent, 2012). The data logger was used for all measurements 

from the GHP. All thermocouples were connected to channels 1 through 11 of 

the data logger. Channels 12 and 16 were used for voltage measurements 

across the current shunt and heating cartridges. 
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Figure 3.13: Agilent 34970A (Technologies, n.d.) 

• GW instek gps3303 

The GW instek gps3303 is a laboratory power supply. The power supply, with 

two channels, is capable of 0 to 30 V and 0-3 A. The unit has a ripple of 1 mVrms 

and a 3 mArms in a constant current configuration (GW instek, 2018). The 

power supply was selected due to the low noise on its output. Due to the 

device's limitations, it applied a limit on the power that could be applied to the 

heating cartridges. 

 

 

Figure 3.14: GW instek gps3033 (Good Will Instrument Co., n.d.) 

3.2 Fabrication 

For fabrication, the cold and hot plates were sent for CNC machining through 

Gullwing engineering and all sheet metal parts were sent to SPP laser for CNC 

laser cutting and bending. The sheet metal parts include the frame, aluminium 
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back plate, radiator mount and mounting plates. The separation ring was 

machined from vesconite, and the guard heater was sent for turning once the 

parts were laser-cut and welded together. The parts sent for machining and 

laser cutting was manufactured as per the drawings in Appendix B. The 

apparatus was designed so that the entire assembly could be bolted together. 

This was done for modularity so that parts could be removed or adjusted during 

the prototyping phase. The electronics were all consolidated onto a single board 

and machined via a CNC router. The schematic generated in KiCad was used 

to create a DXF file that could be imported into a post-processing software. The 

post-processing software generated a g-code to plot the tool path of the CNC 

router. The holes were first peck drilled with a 0.8 mm bit, and then the traces 

were routed with a 1 mm milling bit.  



 48 

 

Figure 3.15: Milling of the controller board PCB 

3.3 Challenges 

Throughout the project, various technical challenges were faced. The first 

challenge encountered was that of galvanic corrosion. The corrosion occurred 

at the interface between the cold plate and the copper cold plate. To circumvent 

the corrosive effects, a nylon ring was placed between the interface of the two 

materials to mitigate direct contact between the two. Initially, the hot plate’s 

current was similarly controlled via the Arduino microcontroller to that of the cold 

plate; however, this was later substituted for GW instek gps3033 due to the 

fluctuation in output from the IRL520n MOSFET. This resulted in a constant 

misreading of the current, which is vital for calculating the power input into the 

heaters. 
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The 1 mm milling bit used to machine the PCB could not route the pins for the 

Arduino nano. Thus all the traces to the pins of the Arduino were connected. An 

engraving bit was used to separate the pins to remedy this fault. The vias for 

the board were soldered into place to ensure the connection between the top 

and bottom traces.  

Natural convection is where the denser parts of the fluid are overcome by 

gravity, and a convective flow develops within the fluid, and natural circulation 

takes place, affecting the fluid's thermal conductivity readings. Natural 

convection became apparent only through testing, whereby the thermal limits of 

the cold plate were reached much faster than anticipated. To circumvent the 

formation of natural convection, the entire test apparatus was positioned so that 

the cold plate was at the bottom and the hot plate was at the top.  

 

Figure 3.16: Orientation of final GHP setup 

The guard heater acted as an inductor due to the nichrome wire used as a heat 

source coiled around the guard. This, in turn, acted as an inductor. The ground 

wire was coiled reverse to the initial coil to circumvent this inductance. 
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4 CHAPTER FOUR: Testing and commissioning 

For the commissioning and testing of the experimental setup, each component 

was tested individually and then assembled. There are two methods for the 

calibration of thermometers: fixed point and comparison calibration. Fixed point 

calibration entails a point bath or furnace. Fixed point calibration is primarily 

used for temperature measurements through secondary measurement devices 

such as thermometers. The advantage of fixed-point calibration is that it 

produces low uncertainties but is not sufficient for an ISO9000 certification. 

Comparison calibration entails the comparison of one measurement method to 

a second means of measurement. Comparison calibration is the most frequently 

employed method for ISO9000 certification (de Silva, 2002). 

Before testing could be conducted, it was necessary to calibrate the 

thermocouples. To do this, crushed ice was placed in a container and filled with 

water; the container was left to stand in ambient conditions for 10 minutes to 

allow this ice to melt, which is precisely 0 ˚C. The water was then drained, 

leaving the ice wet. The thermocouples were then placed into the container, and 

readings were taken every 10 seconds for five minutes (see Figure 4.1). Next, 

the thermocouples were placed into a boiling kettle to verify the accuracy of the 

thermocouples. It was determined that the error recorded per thermocouple was 

within the specified tolerance. The calculated error was within 1.5%. The 

aforementioned methodology is in line with those outlined for ISO9000 

certification. All results were compared to those of an RTD and mercury 

thermometer.  



 51 

 

Figure 4.1: Left: cold temperature calibration; Right: hot temperature calibration 

The results of the cold bath test can be seen in Table C-7. It was found that 

there was an average standard deviation of 0.022126 ˚C and an average 

temperature reading of -0.10313 ˚C. The median was -0.10557 ̊ C. The mercury 

thermometer had a reading of 0 ˚C and the RTD registered a value of -0.1 ˚C 

The results of the hot bath test are presented in Table C-8 in the appendix. A 

standard deviation of 0.039719 ̊ C and a median of 98.91497 ̊ C were observed. 

The average boiling water temperature was found to be 97.91771 ˚C. The 

mercury thermometer had a reading of approximately 99 ˚C and the RTD 

registered a value of 98.9. Based on this, the calibration of the thermocouples 

were deemed acceptable. It was noted that the Max 6675 had an error in 

measurement of approximately 1 ˚C and as such, the code was compensated 

to account for this error. 

 

The current shunt was configured into a 4-wire output mode. The wires of the 

current shunt were connected to the data logger and the resistance was 

measured. The resistance value was found to be 0.00758 Ώ This value 

remained constant for the duration of the test. The resistance of the of the 

current shunt will be used to calculate the power input on using Equation (4.1) 

where the current is equal to the voltage difference across the current shunt 
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divided by the resistance value. The current is then multiplied by the voltage 

drop across the heating cartridges. 

𝑃 = 𝐼. 𝑉 

(4.1) 

The first component tested was that of the hot plate. The hot plate was encased 

in Styrofoam, and controlled power was supplied. The hot plate was left for one 

hour under these conditions before temperature readings were taken via the 

Agilent data logger. These results were compared to the results from the FEA 

analysis, as discussed in the preceding section 3.1.1. The cold plate was placed 

into similar conditions; however, this test was conducted to begin tuning the PI 

controller. Once an appropriate proportional response was tuned, the hot plate 

was then placed in direct contact with the cold plate to begin further tuning. The 

PI controller was tuned by applying sufficient power to generate a hot plate 

temperature of at least 10 degrees higher than that of the cold plate. The cold 

plate was given a set point of 20 ˚C. The relevant proportional and integral 

values were adjusted incrementally; between adjustments, the system would be 

given 40 minutes to equalise before values were adjusted until a desirable 

control was found. The next component tested was the guard heater. The guard 

heater was left open to ambient conditions; the set point was then set and 

allowed to heat up until the desired temperature. The test found that the set 

point of the guard plate needed to be offset to compensate for the thermal lag 

that would cause the guard heater to overheat. 

Once each component had been tested in isolation, the system was brought 

together. The PI controller was fine-tuned with a water sample in the test cavity. 

This was done to smooth out temperature fluctuations that would throw the 

system out of a steady state. With the water sample in the system, a continuous 

1 watt of power was provided to the heater. The system was left to run for one 

hour to ensure a steady state condition. The temperatures were then taken via 

the data logger every minute for 15 minutes. Once the test was complete, the 

system was turned off and allowed to return to ambient conditions. The water 

was then replaced with a fresh sample, and the test was then run again with this 

procedure a total of five times. These results were then analysed and compared 

to the ideal model used in Chapter 3.1. To calculate the losses, the power 
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supplied to the heating cartridges was recorded and the temperatures were 

recorded. The temperature differential was used to calculate the actual heat flux 

through the sample based on Equation (3.3). The measured power could then 

be calculated based on Equation (4.1). The actual was subtracted from the 

measured to obtain a correction factor. A 17.5% loss in the system was 

determined and a correction factor would need to be applied to compensate for 

these losses. The calculations can be found in Appendix A: Calibration 

Calculations. 

Figure 4.2 presents a graph depicting the hot temperatures recorded for each 

test run. From this, it was determined that temperatures tended to fluctuate 

within an allowable limit of ~0.25 ˚C for the system. The rest of the fluctuations 

could be due to noise, and a similar noise was present when doing the 

calibration tests for each thermocouple. 

 

Figure 4.2: A graph of the hot plate temperatures recorded 

From the cold temperatures, we can see far more significant fluctuations; this is 

due to the resolution of the Max 6675 that provides the temperature data to the 

PI controller. It should be noted that this does indeed influence the calculated 

thermal conductivity. 
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Figure 4.3: A graph of cold plate temperatures 

 

An additional test was conducted on a water sample. The test yielded a mean 

thermal conductivity of 0.612 W/mK at a mean temperature differential of 2.722 

˚C. The test was based upon the averages of the power and temperature 

differentials to eliminate the variance between the samples of results. The 

averages can be seen in Table 4-1. The test was started prematurely to identify 

if there were any external influences on the system; it was found that there is a 

spike in the calculated thermal conductivity, which appears to correlate with a 

spike in the ambient air temperatures. This could result from the back plate 

being open to the environment, thus making the system susceptible to external 

influence. In addition, there is a rise in the calculated thermal conductivity when 

the cold plate heats up prior to the PI controller compensating for the 

temperature rise. Despite this, the mean thermal conductivity is within range of 

the reported results. There was a 2.3% difference between the reported thermal 

conductivity and the measured thermal conductivity. Thus the accuracy of the 

GHP is far greater than that reported by Yüksel. 
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Table 4-1: Parameters used for water thermal conductivity 

Parameter Value 

∆T= 2.722 ˚C 

P= 0.881 W 

Rwater= 7.19 W/mK 

∆L= 5.68 mm 

Af= 0.001 m2 

 

Furthermore, the results from the water calibration test were compared to the 

results of the FEA analysis. There was a difference of 0.372 ˚C between the 

calculated temperature difference. This was a variance 11.9% and can be 

compensated for by the power loss to the GHP’s surroundings. 
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5 CHAPTER FIVE: Discussion of results 

 

For testing, the GHP was compared to the reported results of ethylene glycol 

and then a nanofluid, i.e., cobalt oxide (Co3O4) nanoparticle suspended in 

ethylene glycol. The experimental procedure employed for each experiment will 

be outlined and discussed.  

 

5.1 Experimental procedure 

Prior to testing and filling the fluid cavity, the guard heater was rolled back, which 

was then removed via the four bolts compressing the stack/core assembly. The 

vesconite ring could then be removed and thoroughly cleaned in deionised 

water, and the same would be done for the hot and cold plates. The part would 

then be allowed to dry before reassembly of the stack assembly by reversing 

the previous steps. Once assembled, the M3 bolt at the top would be removed, 

and the sample material would be injected into the testing chamber. The thread 

tape on the M3 bolt would be replaced; this occurs between each test to prevent 

cross contamination of samples. The system is left to attain thermal equilibrium 

before the power supply is turned on, along with the Meanwell 12 V power 

supply. The system was left for approximately one hour to attain steady state 

conditions before the Agilent 34970A is manually turned on, and readings would 

be taken every 30 seconds for 15 minutes. When testing was completed, all 

power supplies would be turned off, and the system would be allowed to cool. 

At this point, the sample could be removed, or subsequent tests could be 

conducted following the previous steps. To remove the sample from the testing 

area, the top M3 bolt would be left in whilst the bottom M3 screw would be 

removed; the vacuum within the testing area would hold the fluid in place whilst 

a container is placed underneath the opening in the vesconite ring. The top bolt 

was then removed, and the fluid flows, as there would no longer be a vacuum. 

For all tests, constant power of 1 watt was applied due to the limitations of the 

equipment. 
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5.2 Results 

The procedure above was followed for the ethylene glycol samples; however, 

additional steps were taken for the nanofluids to stabilise the suspended 

nanoparticles. For testing purposes, two samples of cobalt oxide nanofluids 

were procured from the chemical department of CPUT. The nanoparticles were 

manufactured through a CRM method to produce a nanopowder. The 

nanopowder was then placed into the ethylene glycol and sonicated for 

approximately one hour. Two samples were produced. The first marked A3 

contained nanoparticles with a volume fraction of 0.5%. The second marked B3 

contained nanoparticles with a volume fraction of 1%. It should be noted that 

these are comparatively high-volume fractions. 

 

5.2.1 Glycol 

The glycol sample was taken from the same batch as the one used to produce 

the nanofluid. Figure 5.1 shows the temperature differentials and power plotted. 

It can be seen that the system has attained steady state conditions as of scan 

10. Thus the averages of the recorded results will be calculated from that point 

forward. The averages can be seen in Table 5-1. Two separate tests, conducted 

with different samples, established a baseline with which the nanofluid could be 

compared to see if there would be an increase in thermal conductivity. In the 

first test, presented in Figure 5.1, it can be observed that the mean temperature 

differential between the two plates is 4.46 ˚C. This equates to a mean thermal 

conductivity of 0.247 W/mK. 
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Figure 5.1: Power and temperature differential of glycol test 1 

 

Table 5-1: Average values used glycol test 1 

Parameter Value 

∆T= 4.468 ˚C 

V= 1.077 V 

I= 0.997 A 

 

 

In the second graph, similar results to that of the first are evident; however, two 

minor disturbances can be seen in the graph due to the response of the PI 

controller. This sample reached a mean temperature differential of 4.65 ˚C, and 

a mean thermal conductivity of 0.208 W/mK was calculated as per the values of 

Table 5-2. 
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Figure 5.2: Recorded results of glycol test 2 

 

Table 5-2: Average values used glycol test 2 

Parameter Value 

∆T= 4.650 ˚C 

V= 1.077 V 

I= 0.997 A 

 

Compared to the reported results of 0.254 W/mK, there is a 10.5% deviation 

from the results recorded during testing. These results will be used as a baseline 

moving forward for the comparison of the cobalt oxide nanoparticles. 

 

5.2.2 Cobalt oxide nanofluid 

The first sample tested was the sample with the lower volume concentration. It 

should be noted that only a single test was run as subsequent tests yielded near 

identical results to that of ethylene glycol. This is most likely due to the lack of 

surfactants present in the nanofluid to act as a suspending agent. Furthermore, 

there appears to be very little particle size control in the sample, and 

gravitational effects overcame the particles. The gravitational effects caused 

agglomeration and forced the particles to settle on the surface of the cold plate, 

leaving nothing but ethylene glycol as the heat transfer medium. Figure 5.3 data 
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show that the temperature differential begins to rise towards the end of the test, 

and the thermal conductivity drops. As previously stated, this is most likely due 

to the gravitational effects. For this test, there was a mean temperature 

differential of 4.45 ˚C, and the mean thermal conductivity was calculated at 

0.255 W/mK. 

 

Figure 5.3: Recorded results of sample A3 

Table 5-3: Average values used for sample A3 

Parameter Value 

∆T= 4.44 ˚C 

V= 1.08 V 

I= 0.996 A 

 

The following sample tested was the sample with a higher volume concentration 

factor. The sample appeared more stable than its predecessor, and the mean 

temperature differential was calculated at 3.72 K while the mean thermal 

conductivity  was calculated at 0.454 W/mK. Toward the end of the test, the 

thermal conductivity began to drop due to agglomeration. 
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Figure 5.4: Recorded results of sample B3 test 1 

 

Table 5-4: Average values used sample B3 test 1 

Parameter Value 

∆T= 3.722 ˚C 

V= 1.077 V 

I= 0.996 A 

 

The second test of the same sample yielded similar results, albeit marginally 

higher. The mean temperature differential was found to be 3.68 ˚C, and the 

mean thermal conductivity was calculated as 0.467 W/mK. It should be noted 

that a slight fluctuation in temperature is noticed after 15 minutes. The 

calculated thermal conductivity began to drop again due to the settling of the 

nanoparticles. 
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Figure 5.5: Recorded results of sample B3 test 2 

Table 5-5: Average values used sample B3 test 2 

Parameter Value 

∆T= 3.679 ˚C 

V= 1.076 V 

I= 0.995 A 

 

5.3 Discussion 

As seen in the results, the addition of nanoparticles yields a higher thermal 

conductivity. However, it should be noted that nanoparticles produced through 

CRMs typically tend to be less stable than those produced from optical methods 

such as laser ablation. The particles may tend to agglomerate, and the smaller 

particles remain suspended. This may have been the case for sample B3. The 

settling of the nanoparticles could be further agitated by the long testing times 

and the time taken for the system to obtain steady-state conditions. 

 

Another observation made during testing was the rapid decay of the samples 

provided. Figure 5.6 shows a comparison of the sample directly after sonication 

(on the right) and after approximately four hours (on the left). Sample B3 

remains slightly opaque; it is evident that gravitational effects have taken effect. 
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As for sample A3, the nanofluid has become very clear. This settling could 

explain why sample A3 degraded in the test cavity. It should also be noted that 

during cleaning, a layer of cobalt oxide was present on the cold plate as well, 

as such precautions were taken to prevent skin contact. As stated in the 

literature review, the addition of surfactants may have a negative impact on the 

thermal performance of the nanofluid; as such, the results collected are not 

skewed by the additional chemicals. 

 

Figure 5.6: Comparison of samples 

5.3.1 Comparison to numerical models 
 

Of the numerical models presented in the literature review, only three will be 

used for comparative purposes, the Maxwell model, the Jeffery model and the 

Garoosi model. The modified Maxwell model was excluded due to the 

incorporation of the convective heat transfer. As the average size of 

nanoparticles produced at an industrial scale is 48 nm, this value will be used in 

the computation of the thermal conductivities of nanofluids (nanografi, n.d.). The 

diameter of a water molecule was found to be 2.8 angstrom which equates to 

2.8 nm (D’Arrigo, 1978). The thermal conductivity of the nanoparticles was 

found to be 16.8 W/mK (Mariano et al., 2015). Table 5-6 shows the comparison 

of the recorded results to that of the numerical models. The Maxwell and 

Garoosi models severely over predict the thermal conductivity, whilst the Jeffery 

model closely approximates the value of sample A3 but not B3. The Maxwell 

model performance is to be expected as it assumes that the suspension is stable 

and does not account for the interfacial layer nor the low volume fraction. The 

Maxwell model is also the oldest model in use. The Garoosi model, based upon 

multiple data sets, attempts to fit a trend line to the results. All results consulted 
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for the Garoosi model had volume fractions less than 1%. The Garoosi model 

does not account for surfactants or the interactions between the base fluid and 

nanoparticles. The Jeffery model closely approximated sample A3 but could not 

do the same for sample B3. This is most likely due to the assumption that all 

particles are spherical in the model. It also does not account for the interactions 

between the base fluid and nanoparticle. 

 

Table 5-6: Comparison of test results to numerical models 

 Measured value Maxwell model Jeffery model Garoosi model 

Sample A3 0.255 W/mK 0.747 W/mK 0.262 W/mK 0.769 W/mK 

Sample B3 

test 1 

0.454 W/mK 0.743 W/mK 0.258 W/mK 0.758 W/mK 

Sample B3 

test 2 

0.467 W/mK 

 

It should be reiterated that the nanofluids tested had far higher volume fractions 

than most reported literature. Despite this, they yielded higher thermal 

conductivities but displayed lower stability. 

 
5.3.2 Comparison to published literature 

The measured results are compared to existing results for cobalt oxide nanofluid 

thermal conductivity. In comparison to results collected by Mariano et al., they 

had found a mean thermal conductivity of 0.284 W/mK across volume fractions 

of 0.09% to 0.56% (Mariano et al., 2015). The thermal conductivity of sample 

A3 was similar to those recorded with a deviation based upon the volume 

fraction. Sample B3, however, exhibited far higher thermal conductivities than 

those reported by Mariano et el. In fact, Alsboul et el. found thermal 

conductivities far higher than those recorded by the GHP, ranging from 0.260 

W/mK to 0.296 W/mK. It should be noted that a KD 2 sensor was used, which 

is a Gustafsson probe. The volume fractions used ranged from 0.025 to 0.4% 

(Alsboul et al., 2022). No surfactants were mentioned in the study. Based upon 

these comparisons, it is evident that sample A3 yielded similar results to those 

reported by these two groups who used ethylene glycol and cobalt oxide. Both 

studies did not make use of surfactants, so as such, the comparison is more 

valid as it proves the results obtained by the GHP. The higher-than-average 

thermal conductivity measured in sample B3 could be attributed to 
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agglomeration. It should again be reiterated that the volume fractions of the 

samples measured were far higher than those used in the studies for 

comparison. 
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6 CHAPTER SIX: Conclusion and recommendations 

In conclusion, a GHP apparatus was designed and tested for the explicit 

purpose of testing fluids. The design relied primarily on the initial work of S. Choi 

and included modifications similar to that of  Rausch. Due to the modular design, 

the apparatus is flexible and can be used for solids and liquids. It was noted that 

the device was susceptible to fluctuation in ambient conditions. 

The GHP consisted of a core assembly, frame assembly and supporting 

electronics. The core was fabricated of two copper plates, A vesconite 

separation ring and two stainless steel retention plates. The fluid was held in 

the testing cavity by O-rings and two stainless steel M3 bolts. The frame 

assembly was constructed of stainless steel and aluminium. The core assembly 

was connected to the frame assembly using four nylon nuts and the bolt holes 

on the stainless steel retention rings. The supporting electronics were made into 

an embedded system designed around the Arduino nano microcontroller. An 

on-off controller and a PI controller controlled the guard heater and cold plate. 

An Agilent 34970A was used for data collection, and a GW instek GPS-3303 

was used as the primary power supply to the heating cartridges. 

Measurements were taken from the thermocouples placed through-ou the hot 

and cold plates, the voltage drop across the heating cartridges and a current 

shunt placed across the wires connected to the heating cartridges to measure 

the power supplied. 

The apparatus was calibrated using water and then used to test the thermal 

conductivity of a base fluid and then a nanofluid. From the tests, it appears that 

the device operates as intended. The device could accurately predict water and 

ethylene glycol thermal conductivity. Additionally, it was noted during the testing 

of the nanofluids that there was a distinct increase in the thermal conductivity of 

the base fluid through the addition of nanoparticles. Based upon the calibration, 

it was determined that there was a deviation of 2% from the reported literature; 

however, the ethylene glycol results were within 10% of the reported results. 

In comparison to the performance of the testing devices used by Mariano et al. 

and Alsboul et al., the GHP was capable of measuring within the range of the 

two despite the higher-than-typical volume fractions. 
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Furthermore, it was found that the addition of nanoparticles yielded a higher 

thermal conductivity. However, gravitational effects did take over and cause the 

nanofluids to become unstable. The instability resulted in errors in the readings 

and caused the nanoparticles to agglomerate. 

 

 

 

6.1 Recommendations 

First and foremost, the cooling system should be replaced with a water-cooling 

loop maintained at the desired temperatures. This would alleviate the 

temperature fluctuations in the results because the PI controller only has a 

resolution of 0.25 ̊ C. Furthermore, the guard heater should instead be relegated 

to an auxiliary guard heater, and a primary guard heater should then be 

designed in direct contact with the hot plate. Additionally, an environmental 

chamber capable of withstanding a vacuum should be incorporated into the 

design to alleviate the effects of ambient temperature fluctuations in the system. 

These aforementioned changes would minimise many of the losses found in the 

system. 

Next, the control scheme should be redesigned to minimise noise and create 

an all-in-one system that does not rely on external power supplies or systems 

to function as intended. Other systems should also be incorporated into future 

builds to minimise the effects of handling the fluid sample; this could be done 

by incorporating a sonication system that would ensure the nanofluid sample is 

free of agglomeration. Additionally, the hot and cold plates could be coated in a 

thin film of diamond to prevent adverse reactions or interactions between the 

copper plates and the metallic particles in nanofluids. Additionally, an alternative 

material should be considered for the sample ring should higher testing 

temperatures be required for testing. 

The present work has the potential for further exploration as the pressure 

transducer could be incorporated into the design, allowing for further insight into 

the nature of nanofluids and their properties. 
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APPENDIX A: Calculations 

Assumptions: 

mh =0.566 kg 

mc =0.266 kg 

∆T = 1 K 

Cp=385 J/kg*K 

𝑄 = 𝑚ℎ ∗ 𝑐𝑃 ∗ ∆𝑇 

 
𝑄 = 217.91 𝐽 

 
𝑄 = 𝑚𝑐 ∗ 𝑐𝑃 ∗ ∆𝑇 

 
𝑄 = 102.41 𝐽 

 

Dimensions as per Table 3-2: Stack assembly dimensions 

Hot plate analysis: 

 

𝑅2 =
𝐿2

𝑘𝑐𝑜𝑝𝑝𝑒𝑟 ∗ 𝐴2
= 0.001 𝐾/𝑊 

 

𝑅3 =
𝐿3

𝑘𝑐𝑜𝑝𝑝𝑒𝑟 ∗ 𝐴3
= 0.006 𝐾/𝑊 

 

𝑅4 =
𝐿4

𝑘𝑣𝑒𝑠𝑐𝑜𝑛𝑖𝑡𝑒 ∗ 𝐴4
= 10.341 𝐾/𝑊 

 

𝑅5 =
𝐿5

𝑘𝑐𝑜𝑝𝑝𝑒𝑟 ∗ 𝐴5
= 0.003 𝐾/𝑊 
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𝑅𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙1 = (
1

𝑅3
+

1

𝑅4
+

1

𝑅5
)−1 = 0.002 𝐾/𝑊 

 

𝑅ℎ𝑜𝑡 𝑝𝑙𝑎𝑡𝑒 = 𝑅2 + 𝑅𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙1 = 0.003 𝐾/𝑊 

Testing area analysis: 

 

𝑅6 =
𝐿6

𝑘𝑣𝑒𝑠𝑐𝑜𝑛𝑖𝑡𝑒 ∗ 𝐴6
= 5.475 𝐾/𝑊 

 

𝑅7 =
𝐿7

𝑘𝑤𝑎𝑡𝑒𝑟 ∗ 𝐴7
= 7.194 𝐾/𝑊 

𝑅𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙2 = (
1

𝑅6
+

1

𝑅7
)−1 = 7.194 𝐾/𝑊 

Cold plate analysis 

 

𝑅8 =
𝐿8

𝑘𝑐𝑜𝑝𝑝𝑒𝑟 ∗ 𝐴8
= 0.006 𝐾/𝑊 

 

𝑅9 =
𝐿9

𝑘𝑣𝑒𝑠𝑐𝑜𝑛𝑖𝑡𝑒 ∗ 𝐴9
= 10.341 𝐾/𝑊 

 

𝑅10 =
𝐿10

𝑘𝑐𝑜𝑝𝑝𝑒𝑟 ∗ 𝐴10
= 0.003 𝐾/𝑊 

 

𝑅11 =
𝐿11

𝑘𝑐𝑜𝑝𝑝𝑒𝑟 ∗ 𝐴11
= 0.001

𝐾

𝑊
 

 

𝑅𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙3 = (
1

𝑅8
+

1

𝑅9
+

1

𝑅10
)−1 = 0.002 𝐾/𝑊 

 

𝑅𝑐𝑜𝑙𝑑 𝑝𝑙𝑎𝑡𝑒 = 𝑅11 + 𝑅𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙3 = 0.003 𝐾/𝑊 
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Total: 

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅ℎ𝑜𝑡 𝑝𝑙𝑎𝑡𝑒 + 𝑅𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙2 + 𝑅𝑐𝑜𝑙𝑑 𝑝𝑙𝑎𝑡𝑒 = 3.115 𝐾/𝑊 

Power loss calculation: 

𝑃𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝐼. 𝑉 = 1.065 𝑊 

𝑄𝑎𝑐𝑡𝑢𝑎𝑙 =
∆𝑇

𝑅𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙2
= 0.878 𝑊 

𝑄𝑙𝑜𝑠𝑡 = 𝑃𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑄𝑎𝑐𝑡𝑢𝑎𝑙 = 0.175 𝑤 

Therefore: 

 

𝐶𝑓 = 1 − 𝑄𝑙𝑜𝑠𝑡 = 0.825 

Water thermal conductivity: 

𝑘𝑤𝑎𝑡𝑒𝑟 =
∆𝐿

𝑅𝑤 ∗ 𝐴𝑓
= 0.612 𝑊/𝑚𝐾 

Glycol Thermal conductivity: 

𝐾𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑉1. 𝑉2. 𝐶𝑓 . ∆𝐿 − ∆𝑇. 𝑅. 𝐾𝑣. 𝐴1

∆𝑇. 𝑅. 𝐴2
= 0.247 𝑊/𝑚𝐾 

𝐾𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑉1. 𝑉2. 𝐶𝑓 . ∆𝐿 − ∆𝑇. 𝑅. 𝐾𝑣. 𝐴1

∆𝑇. 𝑅. 𝐴2
= 0.208 𝑊/𝑚𝐾 

 

Sample A1 thermal conductivity test 1: 

𝐾𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑉1. 𝑉2. 𝐶𝑓 . ∆𝐿 − ∆𝑇. 𝑅. 𝐾𝑣. 𝐴1

∆𝑇. 𝑅. 𝐴2
= 0.255 𝑊/𝑚𝐾 

 

Sample B1 thermal conductivity test 1: 

𝐾𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑉1. 𝑉2. 𝐶𝑓 . ∆𝐿 − ∆𝑇. 𝑅. 𝐾𝑣. 𝐴1

∆𝑇. 𝑅. 𝐴2
= 0.454 𝑊/𝑚𝐾 

 

Sample B1 thermal conductivity test 2: 

𝐾𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑉1. 𝑉2. 𝐶𝑓 . ∆𝐿 − ∆𝑇. 𝑅. 𝐾𝑣. 𝐴1

∆𝑇. 𝑅. 𝐴2
= 0.467 𝑊/𝑚𝐾 

Numerical models: 
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Density of nanofluids: 

𝜌𝐴3 = ((1 − 𝜑𝐴3). 𝜌𝑓) + (𝜑𝐴3. 𝜌𝑝) = 1.163 𝑥103𝑘𝑔/𝑚3 

𝜌𝐵3 = ((1 − 𝜑𝐵3). 𝜌𝑓) + (𝜑𝐵3. 𝜌𝑝) = 1.137 𝑥103𝑘𝑔/𝑚3 

Maxwell model: 

𝑘𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑘𝑝 + 2𝑘𝑓 + 2(𝑘𝑝 − 𝑘𝑓)

𝑘𝑝 + 2𝑘𝑓 − (𝑘𝑝 − 𝑘𝑓)𝜑𝐴3
= 0.747 𝑊/𝑚𝐾 

𝑘𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑘𝑝 + 2𝑘𝑓 + 2(𝑘𝑝 − 𝑘𝑓)

𝑘𝑝 + 2𝑘𝑓 − (𝑘𝑝 − 𝑘𝑓)𝜑𝐵3
= 0.743 𝑊/𝑚𝐾 

Jeffery model. 

𝑘𝑒 = 𝑘𝑓 (1 + 3𝛽∅𝐴3 + ∅𝐴3
2 (3𝛽2 +

3𝛽2

4
+

9𝛽3

16

∝ +2

2 ∝ +3
+

3𝛽4

26
)) = 0.262 𝑊/𝑚𝐾 

𝑘𝑒 = 𝑘𝑓 (1 + 3𝛽∅𝐵3 + ∅𝐵3
2 (3𝛽2 +

3𝛽2

4
+

9𝛽3

16

∝ +2

2 ∝ +3
+

3𝛽4

26
)) = 0.258 𝑊/𝑚𝐾 

Garoosi model: 

𝑘𝑒 = 𝑘𝑓(
𝑘𝑝 + 2𝑘𝑓 + 2(𝑘𝑝 − 𝑘𝑓)∅

𝑘𝑝 + 2𝑘𝑓 − (𝑘𝑝 − 𝑘𝑓)𝜔∅

+ 3.762 (
𝑇

𝑇0
)8.661 (

𝑑𝑝

𝑑𝑓
)

−0.4351

(
𝑘𝑝

𝑘𝑓
)

0.08235

∅0.64𝑒(−5.742∅))

= 0.796 𝑊/𝑚𝐾 

 

𝑘𝑒 = 𝑘𝑓(
𝑘𝑝 + 2𝑘𝑓 + 2(𝑘𝑝 − 𝑘𝑓)∅

𝑘𝑝 + 2𝑘𝑓 − (𝑘𝑝 − 𝑘𝑓)𝜔∅

+ 3.762 (
𝑇

𝑇0
)8.661 (

𝑑𝑝

𝑑𝑓
)

−0.4351

(
𝑘𝑝

𝑘𝑓
)

0.08235

∅0.64𝑒(−5.742∅))

= 0.758 𝑊/𝑚𝐾 
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APPENDIX B: Specification sheets 
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APPENDIX C: Data 

Table C-7: Cold bath calibration. 

 

Table C-8: Boiling water calibration: 
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Table C-9: Ethylene Glycol test 1 data. 
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Table C-10: Ethylene Glycol test 2 data. 
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Table C-11: Sample A3 test 1 data. 
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Table C-12: Sample B3 test 1 data. 
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Table C-13:Sample B3 test 2 data. 
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APPENDIX D: Arduino Code 

Final code: 

 

        #include <SPI.h> 

        #include <Wire.h> 

        #include <LiquidCrystal_I2C.h> 

        LiquidCrystal_I2C lcd(0x27, 16, 2); 

        #include <max6675.h> 

        #include <PID_v1.h> 

 

        #include <ADS1115.h> 

 

ADS1115 ads; // declare new ADS1115 instance 

/*************Prototypes**************************/ 

float read_voltage(void); // this function read differential voltage (A0_P, A1_N) 

float read_current(void); // this function read current (A2_P, A3_N) 

 

/*************Globale Variable**************************/ 

const float Vref = 4.096; // this is imternal reference of ADS1115 

 

const uint8_t GAIN_0 = 0; // gain is 2/3 

const uint8_t GAIN_1 = 1; // gain is 1 etc... 

const uint8_t GAIN_2 = 2; 

const uint8_t GAIN_4 = 3; 

const uint8_t GAIN_8 = 4; 

const uint8_t GAIN_16 = 7; 
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const uint8_t SPS_8 = 0; // 8 samples (readings) per second : the more 
accurate but the slowest 

const uint8_t SPS_16 = 1; // 16 samples (readings) per second 

const uint8_t SPS_32 = 2; // 32 samples (readings) per second 

const uint8_t SPS_64 = 3; // 32 samples (readings) per second 

const uint8_t SPS_128 = 4; // 32 samples (readings) per second 

const uint8_t SPS_250 = 5; // 32 samples (readings) per second 

const uint8_t SPS_475 = 6; // 32 samples (readings) per second 

const uint8_t SPS_860 = 7; // 32 samples (readings) per second 

 

float Voltage; //Declaration of values 

float Current; 

         

double P; 

float value; 

 

int clk = 8; 

int data = 9; 

 

int clk_State; 

int Last_State; 

bool dt_State; 

 

//Variables 

double   set_temperature_hot = 0; 

 

double Num_read = 4; 

 

float elapsedTime, Time, timePrev; 
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int button_pressed = 0; 

int menu_activated = 0; 

float last_set_temperature_hot = 0; 

const int Hot =1; 

const int Cold =0; 

 

double read_temp(int,double); 

       

//PID constants 

 

double Setpoint_hot, Input_hot=0, Output_hot; 

double Setpoint_cold, Input_cold=0, Output_cold; 

 

//aggressive PID values for when the results fed back to the PI are severly out 
of range of the predefined value. 

double aggKp_hot=50, aggKi_hot=0, aggKd_hot=0; 

double consKp_hot=25, consKi_hot=5, consKd_hot=0; 

 

double aggKp_cold=0, aggKi_cold=0, aggKd_cold=0; 

double consKp_cold=40, consKi_cold=50, consKd_cold=0; 

 

//defining what each pin does. 

int PID_values_fixed = 0; 

 

int PWM_pin_cold = 3; 

int PWM_pin_hot = 5; 

int PWM_pin_guard = 6; 
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int thermoDO = 12; 

int thermoCS1 = 2; 

int thermoCS2 = 4; 

int thermoCS3 = 7; 

int thermoCLK = 13; 

 

      MAX6675 thermocouple1(thermoCLK, thermoCS1, thermoDO); 

      MAX6675 thermocouple2(thermoCLK, thermoCS2, thermoDO); 

      MAX6675 thermocouple3(thermoCLK, thermoCS3, thermoDO); 

double temperature_read_guard; 

      PID myPID_hot(&Input_hot, &Output_hot, &Setpoint_hot, consKp_hot, 
consKi_hot, consKd_hot, DIRECT); 

      PID myPID_cold(&Input_cold, &Output_cold, &Setpoint_cold, 
consKp_cold, consKi_cold, consKd_cold, REVERSE); 

 

void setup() { 

  Serial.begin(9600); 

 

  delay(2500); 

  lcd.init(); 

  lcd.backlight(); 

  pinMode(PWM_pin_cold, OUTPUT); 

  pinMode(PWM_pin_hot, OUTPUT); 

  pinMode(PWM_pin_guard, OUTPUT); 

 

  TCCR0B = TCCR0B & B11111000 | B00000011 | 0x03; 

 

  TCCR2B = TCCR2B & B11111000 | B00000011  | 0x05; 

  Time = millis(); 
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  Last_State = (PINB & B00000001); 

 

  PCICR |= (1 << PCIE0); 

  PCMSK0 |= (1 << PCINT0); 

  PCMSK0 |= (1 << PCINT1); 

  PCMSK0 |= (1 << PCINT3); 

 

  pinMode(11, INPUT); 

  pinMode(9, INPUT); 

  pinMode(8, INPUT); 

 

  Input_hot = (thermocouple2.readCelsius());   

  Input_cold = (thermocouple1.readCelsius()); 

  Setpoint_hot = 25; 

  Setpoint_cold = 22.75; 

   

  myPID_hot.SetMode(AUTOMATIC); 

  myPID_cold.SetMode(AUTOMATIC); 

 

   ads.begin(0x4A); // initialize and set adress 

 

 ads.setFullScaleRange(GAIN_0); // setting the gain of the ads 

  ads.setSamplingRate(SPS_64); // Here the the reading speed is 64 samples 
per second  

 

} 

 

void loop() { 
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  {    

 

     

//CURRENT,VOLTAGE AND POWER CALCULTIONS 

 

  Voltage = read_voltage();   

  Current = read_current(); 

 

P=Voltage*Current*3; 

 // PID CALCULATIONS 

 

Input_hot=read_temp(1,Num_read);//sampling of the hot tempretures 

 

  double gap_hot = abs(Setpoint_hot-Input_hot); //deviation from the set point 

  if (gap_hot < 10) 

  { //the PID values used when close to the set point 

    myPID_hot.SetTunings(consKp_hot, consKi_hot, consKd_hot); 

  } 

  else 

  { 

     //the PID values used when far to the set point 

     myPID_hot.SetTunings(aggKp_hot, aggKi_hot, aggKd_hot); 

  } 

  myPID_hot.Compute();//output of the hot PWM value 

  analogWrite(PWM_pin_hot, Output_hot); 
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Input_cold=read_temp(0,Num_read);//sampling of the cold tempretures 

 

 

  double gap_cold = abs(Setpoint_cold-Input_cold); //deviation from the set 
point 

  if (gap_cold < 10) 

  { //the PID values used when close to the set point 

    myPID_cold.SetTunings(consKp_cold, consKi_cold, consKd_cold); 

  } 

  else 

  {//the PID values used when far to the set point 

      

     myPID_cold.SetTunings(aggKp_cold, aggKi_cold, aggKd_cold); 

  } 

  myPID_cold.Compute();//output of the cold PWM value 

  analogWrite(PWM_pin_cold, Output_cold); 

 

    temperature_read_guard = (thermocouple3.readCelsius());    //This section 
uses the hot plate as an input for the bang bang controller of the guard heater    

    if (temperature_read_guard<Setpoint_hot-0.8) { 

            digitalWrite(PWM_pin_guard,HIGH); 

    }  

    else { 

            digitalWrite(PWM_pin_guard,LOW); 

    } 

     

//SERIAL COMMANDS 

{ 

//serial commands to laptop 
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    Serial.print(thermocouple1.readCelsius()); 

    Serial.print(","); 

    Serial.print(thermocouple2.readCelsius()); 

    Serial.print(","); 

    Serial.print(Current); 

    Serial.print(","); 

    Serial.print(Voltage); 

    Serial.println(""); 

    } 

 

 

 

//LCD COMMANDS 

  lcd.clear(); 

  lcd.setCursor(0,0); 

    lcd.print("TESTING"); 

  lcd.setCursor(0,1); 

    lcd.print("C="); 

  lcd.setCursor(2,1); 

    lcd.print(thermocouple1.readCelsius(),1); 

  lcd.setCursor(8,1); 

    lcd.print("H="); 

  lcd.setCursor(10,1); 

    lcd.print(thermocouple2.readCelsius(),1); 

  lcd.setCursor(9,0); 

    lcd.print("G="); 

  lcd.setCursor(11,0);   

    lcd.print(thermocouple3.readCelsius(),1);} 
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APPENDIX E: Drawings 
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