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Abstract 

 

 

 Many researchers have made desperate efforts to study for thermal 

characteristic of working fluid. As an idea to obtain higher thermal 

characteristic than that of existing pure fluid, e.g. water, the nanofluid is 

contrived and it expanded the research field for thermal properties and method 

to measure them. Nanofluid is a colloidal system consisting of nano-sized 

particles (dispersed phase) and a liquid (dispersed medium). Various materials 

of nanoparticles (e.g. Al2O3, CuO, SiO2, TiO2 and so on) have been dispersed 

in conventional heat transfer fluids (e.g. water and ethylene glycol). 

The enhanced effective thermal conductivity, one of the representative 

thermal characteristics, of stationary nanofluid has measured by various ways; 

transient hot wire, temperature oscillation and steady state parallel plate 

method. From these works, study of effective stationary thermal conductivity 

of nanofluid settles into shape pretty much and the methods carry conviction 

to researchers through many papers.  

In convective flow condition, however, it is hard to convince that we have an 

index of thermal conductivity for the accurate estimation. While several 
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researchers strongly have said that the dynamic conductivity of nanofluids 

differs from static conductivity, they didn’t give a reasonable relation between 

them and an obvious reason for the results. Obviously, at the real industrial 

field, the persuasive standard of the conductivity in convective flow condition 

is more useful than that in stationary condition. 

In this study, the dynamic conductivity of water-based nanofluids (Al2O3, Si, 

Cu with water) is measured in a fully developed laminar tube flow under 

uniformly heating and cooling conditions, and then compared with the static 

conductivity at the mean fluid temperature subject to convective flow 

conditions. Then using the Buckingham Pi theorem, one of the method for 

defining a function with related variables, we will make a correlation for the 

effective dynamic thermal conductivity to estimate conveniently. 

 

Keywords : Nanofluids, effective thermal conductivity, dynamic thermal 

conductivity, convective heat transfer, thermophoresis 
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Chapter 1 

Introduction 

 

 

1.1 Background 

 

Nanofluid is a colloidal system consisting of nano-sized particles 

(dispersed phase) and a liquid (dispersed medium). Various materials of 

nanoparticles have been dispersed in conventional heat transfer fluids such as 

water. 

Choi and Eastman (1995) firstly suggested the concept of nanofluids as 

energy efficient heat transfer fluids in many industrial applications (e.g. 

cooling systems in transportation industry, heating and cooling systems in 

buildings and chemical processing plants) because nanofluids is expected to 

have the enhanced effective thermal conductivity compared with that of the 

general single-phase liquid. Typically, the thermal conductivities of dispersed 

particles are higher than those of base fluids (Table 1.1) since intermolecular 

distances of solid state are closer than those of liquids, and the dispersed 

nano-sized particles have the large specific surface area (SSA) where heat 

transfer becomes effective. 

The enhanced effective thermal conductivity of stationary nanofluids is 
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Table 1.1 Thermal conductivity (W/mK) at 27℃ (Incropera, 1996) 
 

Matter Thermal 
conductivity 

Metallic solid Copper 401 

Nonmetallic 
solids 

Silicon 149 

Al2O3 36 

TiO2 8.4 

SiO2 1.38 

Fluids 

Water 0.613 

EG 0.252 

Engine oil 0.145 

 

 

shown in Fig. 1.1. Where, nanofluids are water based Alumina nanofluids 

with particle volume fractions of 2% and 4% for the nominal particle 

diameters less than 50 nm, and the effective thermal conductivities were 

measured by the transient hot wire, temperature oscillation and steady state 

parallel plate method (table 1.2) from Eastman et al. (1996), Lee et al. (1999), 

Das et al. (2003), Chon et al. (2005), Li and Peterson (2006), Li and Peterson  
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Figure 1.1  Dependence of temperature and particle volume fraction (2 vol% 

and 4 vol%) on the effective thermal conductivity of water-based 
Al2O3 nanofluids from Eastman et al. (1996), Lee et al. (1999), 
Das et al. (2003), Chon et al. (2005), Li and Peterson (2006), Li 
and Peterson (2007), Beck et al. (2009), and Minsta et al. (2009) 

 

(2007), Beck et al. (2009), and Minsta et al.(2009). In Fig. 1.1, the particle 

volume fractions of 2% and 4% are denoted by the white and black colors 

squares, respectively. By the least square regression, the dashed and solid 

lines indicate the temperature-dependence on the effective thermal 

conductivity of Alumina nanofluids for the particle loadings of 4% and 2%, 

respectively. In Fig. 1.1, there are three main results: (1) the thermal 

conductivities of Alumina nanofluids are higher than those of water as a base 

fluid ( knf / kbf > 1), (2) the particle volume fraction of 4% makes the effective 
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Table 1.2 Experimental methods and conditions on the effective thermal 
conductivity of water-based Al2O3 nanofluids in Fig 1.1 

 

 
(1) assumed as the room temperature 
 

thermal conductivity to be higher than the particle loading of 2% (k4vol% > 

k2vol%), (3) the effective thermal conductivity of Alumina nanofluids sharply 

increases with increasing temperature in comparison with water. Although 

there are some large distributions in measured data for the same Alumina 

nanofluids, it seems reasonable to conclude that the thermal conductivity of 

stationary Alumina nanofluids is higher than that of water, and it strongly 

depends on the temperature and particle volume fraction. 

The effective thermal conductivities of stationary Alumina nanofluids 

have been predicted by the various models from Prasher et al. (2005), Xuan et  
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Table 1.3 Model to predict the enhanced thermal conductivity of stationary 
water-based Al2O3 nanofluids 

 

 
Where, (1) 2 2 ( )

2 ( )
np bf np bf

static
np bf np bf

k k k k
k

k k k k




  


  
 is based on the Maxwell model, and 


2

(3)
1/3 23 (0.5 )

np np
EDL

bf bf np np

n C Aq
k

k m d

 
   indicates the contribution of the electrical 

double layer (EDL) to the effective thermal conductivity of nanofluids (see 
reference for the detail)  

 

al. (2006), Jang and Choi (2007), Feng et al. (2008), and Jung and Yoo (2009) 

in Table 1.3. All of them proposed that Brownian motion of dispersed 

nanoparticles in a stationary base liquid could make the enhanced thermal 

conductivities of Alumina nanofluids compared with water because additional 

heat transfer takes place between dispersed particles and base-fluid molecules, 

called as microconvection or micromixing or nanoconvection (Table 1.3) 

induced by the Brownian motion of nanoparticles (kBrownian). To validate the 

models, they compared the effective thermal conductivities predicted by their 
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numerical models for various volume fractions and the temperature region 

with one of the measured data in Fig. 1.1, and showed good agreement. 

From the above-mentioned experimental data and numerical models on 

the effective thermal conductivities of Alumina nanofluids, it is clearly shown 

that the thermal characteristic of nanofluids is determined by the dispersed 

nano-sized particles in a stationary base fluid. It is expected that thermal 

behavior of dispersed nanoparticles in a stationary liquid (i.e. Brownian 

motion) could be change under a convective flowing base fluid. Previous 

numerical studies examined the migration of dispersed particles in convective 

flowing condition. Wen and Ding (2005) suggested the particle migration due 

to the gradients of shear and viscosity, and Brownian motion in a fully 

developed laminar tube flow. It could cause non-uniformity of the particle 

concentration in a radial distance of a tube. Buongiorno (2006) proposed the 

thermophoresis effect to the particle migration in convective flow conditions. 

Sohn and Kihm (2009) estimated the particle concentration distribution in a 

laminar convective tube flow under constant heat flux for heating and cooling 

conditions by using the particle migration equation consisting of Brownian 

motion and thermophoresis. For the thermal boundary condition of constant 

wall temperature, Heyhat and Kowsary (2010) also applied the particle 

migration due to Brownian motion and thermophoresis to heat transfer 

analysis of nanofluids. 
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1.2 Overview of the dynamic conductivity 

 

Previous studies measured the effective thermal conductivities of 

colloidal system in convective flow conditions (dynamic conductivity), which 

were compared with those of stationary conditions (static conductivity). 

Ahuja (1975), Sohn and Chen (1981) measured the effective thermal 

conductivity of two-phase fluids including micro-sized polystyrene particles 

under Poiseuille and Couette flow, respectively. Sohn and Chen (1981) 

showed that the effective thermal conductivity measured in Couette flow 

remarkably increased in comparison with under a stationary condition. 

However, it is not for nano-sized particles but micro-sized particles.  

Sitprasert et al. (2008) conjectured that the dynamic conductivity of 

nanofluids could differ from the static conductivity. Kolade et al. (2009) 

experimentally revealed that the enhancement of the dynamic conductivity of 

a water-based Alumina nanofluid in a developing laminar tube flow under a 

uniform heating condition was more modest than that of the static 

conductivity. While they firstly introduced that the dynamic conductivity of an 

Alumina nanofluid was lower than the static conductivity, they didn’t give an 

obvious reason for the results. Fig 1.2 shows a diagrammatic clean up their 

claims.  
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Figure 1.2  Effective thermal conductivities of stationary (ks) and convective 
flowing fluids (kd) 

 

Despite the vast literature on the static conductivity of nanofluids so far, 

the relatively little research into the dynamic conductivity has been carried out. 

Therefore, it is required to study the heat transfer characteristics of nanofluids 

for both stationary and convective flowing conditions. 
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1.3 Scope of the present study 

 

In the present study, the dynamic conductivity of water-based Al2O3, Si 

and Cu nanofluids (2 vol% and 4 vol%) is measured in a fully developed 

laminar tube flow under uniformly heating condition, and then compared with 

the static conductivity at the mean fluid temperature subject to convective 

flow conditions. The thermophoretic behavior of dispersed nanoparticles in a 

base liquid accounts for the characteristic of the dynamic conductivities of 

nanofluids in convective flow conditions. For easy approach to explanation, I 

dealt with 45 nm Al2O3 particles for every chapter and data of other particle 

(Si and Cu) will be attached. 

Chapter 2 introduces the fabrication process of water-based Al2O3, Si and 

Cu nanofluids, and then the quantitative analysis on the stability of nanofluids 

is examined by measuring the particle morphology, the size distribution of 

dispersed nanoparticles, and zeta potential. 

Chapter 3 presents the derivation of the dynamic conductivity in a fully 

developed laminar tube flow under constant heat flux. The dynamic 

conductivity of nanofluids flowing in a uniformly heating tube is measured, 

and it is compared with the temperature-dependent static conductivity of 

nanofluids. By Brownian motion and thermophoresis, the migration of 

dispersed nanoparticles in a convective flowing base liquid is introduced to 

estimate the particle concentration distribution, and ReD-dependent 

thermophoretic velocity. 
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Chapter 4 shows the derivation of correlation of dynamic conductivity in 

the condition in chapter 3. It is compared with the correlation of the 

temperature-dependent static conductivity of nanofluids.  

Finally, Chapter 5 summarizes and concludes the dynamic thermal 

conductivities of nanofluids flowing in uniformly heating and those 

correlation derived by dimensionless numbers. The effect of temperature-

dependent viscosity of a base liquid is suggested to explain the 

thermophoretic behavior of dispersed nanoparticles in convective flowing 

condition. 
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Chapter 2 

Colloidal stability of nanofluids with Al2O3, Si  

and Cu particles 

 

 

2.1 Introduction 

 

A colloidal system consisting of nano-sized particles and a liquid is 

commonly called nanofluids. Here, the degree of dispersed and suspended 

particles in a base fluid is important to determine the thermal characteristic of 

nanofluids. While the effective thermal conductivity of nanofluids is 

measured in the same conditions such as the particle volume fraction and 

temperature, the wide data distribution could be occurred (Fig. 1.1). It might 

be induced by the different degrees of the stability of nanofluids. In addition, 

if dispersed nano-sized particles become micro-sized ones due to coagulation, 

the effect of nano-sized particles to heat transfer could be changed. For 

example, Gharagozloo et al. (2008) observed experimentally the enhanced 

thermal conductivity of stationary Alumina nanofluids due to aggregation. 

Therefore, it is necessary to confirm the quantitative analysis on the stability 

of a colloidal system before examining the thermal characteristic of  
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Table 2.1 Previous studies on the morphology and size of Al2O3 particles, and 
the stability of Al2O3 nanofluids 

 

 
Where, the nominal size* is given by manufacturers: (1),(5)Alfa Aesar, 
(2),(6)Nanophase Technologies, (3)Aldrich, (4)Nanostructured and Amorphous 
Materials, (7)Nanotechnologies, and the measured size** using: (8),(9),(11),(12) 
dynamic light scattering (DLS), (10)TEM image 

 

nanofluids. For easy approach to explanation, I dealt with 45 nm Al2O3 

particles for every chapter and data of other particle (Si and Cu) will be 

attached. 

Previous studies on the stability of Al2O3 nanofluids were conducted by 

measuring the particle size and zeta potential (Table 2.1). Thus, the stability of 

nanofluids used in the present study was examined by the various methods:  
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Figure 2.1 Fabrication of water-based Al2O3 nanofluids: (a) Al2O3 powder 

(NanoTek, 99.5%, Stock # 44932), (b) DI water, (c) Al2O3 nanofluid, 
and (d) ultra-sonic bath (JAC 1505, Kodo) 

 

(1) transmission electron microscope (TEM) observes the size and shape of 

dried particles, (2) dynamic light scattering (DLS) method measures the size 

distribution and polydispersity of dispersed particles in a base fluid, (3) laser 

Doppler velocimetry (LDV) method quantify the zeta potential that determine 

the particle aggregation. 

Water-based nanofluids were prepared by the two step method. Firstly, 

nanoparticle powder (Fig. 2.1 (a) and DI water (Fig. 2.1 (b)) were mixed with 

the particle volume fractions of 2% and 4%. Secondly, the mixtures (Fig. 2.1 

(c)) were sonicated in the bath (JAC 1505, Kodo, Fig. 2.1 (d)) during 5 hours 

to disperse nano-sized particles in DI water. Where, the sonication time of 5 

hours is enough to prevent the particle agglomeration (Ju et al., 2008, and Lee  
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(a)                              (b) 

 
Figure 2.2 Morphology of dried 45 nm Al2O3 particles: (a) TEM image of 

Al2O3 nanoparticles, and (b) bright field imaging mode 
 

et al., 2008). 
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(a)                         (b) 

Figure 2.3 Morphology of (a) 40 nm Si and (b) 25 nm Cu particles (images 
from Nanostructured and Amorphous Materials, Inc.) 

 

 

 

 

 

 

 

 

 

 

 

 



 

 16

2.2 Particle morphology 

 

The manufacturer (NanoTek for 45 nm Al2O3, Nanostructured and 

Amorphous Materials, Inc. for 10 and 150 nm Al2O3, all size of Si and Cu) of 

particle specifies the average particle size of 45 nm from a specific surface 

area (SSA) of 35 m2/g, and the spherical morphology. 

In Fig. 2.2 (a), the image of particle size and shape was taken by the HR-

TEM (JEM-3000F, JEOL ltd.) with the bright field imaging mode (Fig. 2.2 

(b)). TEM image of nanoparticles shows the spherical morphology and the 

size distribution. Where, the contrast between bright and dark region in the 

TEM image depends on the thickness of a sample prepared by evaporating a 

droplet of nanoparticles on a copper grid (CF200-CU) as a sample holder. 

While the scattered electron beam through a thick region of a sample induced 

by particle agglomeration during evaporation would present the dark region in 

TEM image, the transmitted electron beam through a thin region such as a 

single particle would show the bright region (Fig. 2.2(b)). Fig. 2.3 shows 40 

nm Si and 25 nm Cu particles, respectively. 

TEM image does not indicate the dispersed nanoparticles in a base fluid 

but the dried nanoparticles on a sample holder. The quantitative analysis on 

the size distribution of dispersed nanoparticles should be considered.  
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(a) 

Figure 2.4 Dynamic light scattering (DLS) method: (a) theory 
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(b) 

 
Figure 2.4 Dynamic light scattering (DLS) method: (b) Zetasizer Nano-ZS 
         (Malvern instrument) 
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Figure 2.5 Scattering intensity fluctuation with time 
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2.3 Particle size 

 

2.3.1 Dynamic light scattering (DLS) method 

The size distribution of dispersed particles in a liquid could be measured 

by the dynamic light scattering (DLS) method, which illuminates nanofluids 

by laser, and then detects the intensity fluctuation with time. The scattering 

intensity varies with time because of Brownian motion of suspended particle 

in a liquid (Fig. 2.4 (a)). The correlation coefficient (the degree of similarity 

between two intensity signals over a period of time) of water-based nanofluid 

with a particle volume fraction of 0.1% was measured by the Nano-ZS (Fig. 

2.4 (b)) using DLS method. Where, the particle volume fraction of 0.1% was 

diluted from the original concentrations of 2% and 4% because the high 

particle concentration could scatter most light, and it is not possible to observe 

the intensity variation with time precisely. Thus, the adequate particle 

concentration is required for DLS method, which is one of the important 

restrictions in the measurement using laser. Nano-ZS displayed the result (Fig. 

2.5) that presents three main results on a colloidal system: (1) particle size is 

denoted by a length of flat region from start time (about 0.5 μs), which would 

be longer for a relatively large particle, (2) polydisperse of suspended 

particles is indicated by a slope when correlation coefficient is going down, 

which would become a vertical line for monodisperse, (3) particle aggregation 

is implied by the region where a correlation coefficient reach the bottom. If 

aggregation makes big-sized particles, there are some fluctuations in the  
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Figure 2.6 Hydrodynamic diameter of dispersed sphere particle in a base fluid 

 

bottom region. Different sized-Al2O3 and other particles showed similar 

results for DLS measurement. 

The particle size and polydisperse are quantitatively estimated by the size 

distribution and polydisperse index (PDI), respectively in Chapter 2.3.2, and 

the degree of aggregation is evaluated by the zeta potential in chapter 2.4. 

 

2.3.2 Size distribution 

The size of dispersed particles in Brownian motion measured by the DLS 

method is determined by Stokes-Einstein equation as: 
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     B 3
B

h

k T
D

d
                          (2.1) 

 

Where, the Brownian diffusion coefficient DB is converted from the intensity 

of scatted light through nanofluids, which depends on the particle size defined 

as the hydrodynamic diameter dh that is assumed as a spherical particle and 

includes the Debye length that is the thickness of ion layer (Fig. 2.6). kB is 

Boltzmann constant (1.3807×10-23 J/K), and μ and T are viscosity and 

temperature of a base fluid, respectively. 

Figure 2.7 shows the size distribution of a diluted 45 nm Al2O3 nanofluid 

with a particle loading of 0.1%. Where, the error bars are the standard 

deviation at 60 measurements. From the cumulative fraction (the solid line 

inFig. 2.7), Al2O3 particles of 50% have the hydrodynamic diameter less than 

68 nm, and 90% are less than 106 nm, which is larger than the nominal 

diameter of 45 nm of dried Al2O3 particles specified by a manufacturer 

(NanoTek). 

From Fig. 2.7, polydispersity index (PDI) of a diluted Alumina nanofluid 

(45 nm) was calculated by 0.12. Where, PDI less than 0.1 indicates nearly 

monodisperse in colloidal system, and over 0.5 present highly polydisperse 

colloid (Malvern instrument, 2004). It seems reasonable to conclude that 

dispersed 45 nm Al2O3 nanoparticles in water are close to monodisperse. And 

other particles PDI is shown in Table 2.2. 
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Figure 2.7 Size distributions of dispersed 45 nm Al2O3 particles in DI water 
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Table 2.2 PDI values for other particles 
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2.4 Particle agglomeration 

 

Agglomeration of dispersed particles depends on the balance of the 

double layer repulsive force and Vander Waals attractive force at the nearby 

particles (Fig. 2.8 (a)) from the DLVO theory (Atkins and Paula, 2002). 

Particle coagulation occurs when the attractive force is higher than the 

repulsive force (potential energy < 0). It could be determined by the electric 

double layer (EDL) consisting of stern and diffused layers (Fig. 2.8 (b)), 

which are ion layers surrounded a dispersed particle. Inner layer (stern layer) 

strongly attached with ions, and outer layer (diffused layer) has relatively 

week connection. The zeta potential is the potential at boundary of EDL, and 

it is estimated by Henry equation (Malvern instrument, 2004) as: 

 

( / 2)2

3
p

E

f d
U

 


                       (2.2)  

 

Where, ε is the dielectric constant, which is about 80 C2/Nm2 at 20℃ for 

water (polar medium), and μ and   are viscosity and zeta potential, 

respectively. ( / 2)pf d  is Henry’s function which is about 1.5 for aqueous 

media (Kirby, 2010), and 1/  is EDL thickness (or Debye length). UE is the 

electrophoretic mobility of a charged particle, which is measured by laser 

Doppler velocimetry (LDV). In the same manner of DLS method (Chapter 

2.3.1), nanofluids in a capillary cell with plus and minus electrodes in the both 
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(a) 

 
 

 
(b) 

 
Figure 2.8 Particle coagulation: (a) Derjaguin-Landau-Verwey-Overbeek 

(DLVO) theory (b) Zeta potential at a boundary of an electric double 
layer (EDL) 
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ends of a cell (Fig. 2.9 (a)) is illuminated by laser, and then scattering beam is 

detected in time (Fig. 2.9 (b)). Charged dispersed particles in the electric filed 

reversal could make scattering beam to fluctuate with time. The zeta potential 

could be estimated by the fluctuation time that is proportional to the 

electrophoretic mobility UE (Eq. (2.2)). 

In figure 2.10, the zeta potential of the diluted 45 nm Al2O3 nanofluid 

(0.1 vol%) was measured by +53.2 mV from the Nano-ZS (Malvern 

Instrument in Fig. 2.4 (b)), and pH of a diluted Al2O3 nanofluid was measured 

by 4.11 from the senz pH Pro tester (Trans instrument in Fig. 2.11) because 

the zeta potential of Al2O3 nanofluids strongly depends on pH (Zhu et al., 

2009). In a colloidal system, absolute value of the zeta potential more than 30 

mV indicates a stable state (Table 2.3). In comparison with diluted 45 nm 

Al2O3 nanofluid with volume fraction 0.1% (pH = 4.11), the pH values of 45 

nm Al2O3 nanofluids with particle loadings of 2% and 4% are about 4.09, 

which isn’t able to affect largely the zeta potential. And the isoelectric point 

(IEP), the pH of Al2O3 changes dramatically, is within the pH of 7~9 (Beck et 

al., 2009). Other sized-Al2O3’s pH value is similar with that of 45 nm Al2O3. 

When Alumina oxide is diluted in water, it is partially dissolved and turned 

into Al(OH)3. At that time, by using (OH)-, H+ is made and it caused the pH of 

liquid is acid. Other particles (Si and Cu) have pH of 6.8~7.2. Table 2.4 shows 

zeta potentials of all particles. Thus it is reasonable to assume that the 

nanofluids with particle loadings of 2% and 4% would be a stable state. 
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(a) 

 
 

 
(b) 

 
 

Figure 2.9 Laser Doppler velocimetry (LDV): (a) Capillary folded cell (DTS 
1060, Malvern Instrument) including an 45 nm Al2O3 nanofluid 
with a particle volume fraction of 0.1% (b) Theory 
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Figure 2.10 Zeta potential of water-based 45 nm Al2O3 nanofluids (0.1 vol%) 
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Figure 2.11 pH pro tester (Trans instrument) 
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Table 2.3 Degree of stability for colloids in water subject to the zeta potential 
(ASTM D4187-82, Methods of test for zeta potential of colloids in 
water and waste water) 

 

Zeta potential (mV) Stability 

0 ~ ±5 Coagulation 

±10 ~ ±30 Incipient 

±30 ~ ±40 Moderate 

±40 ~ ±60 Good 

> ±61 Excellent 
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Table 2.4 Zeta potential of nanofluids with other particles (0.1 vol%) 
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2.5 Conclusions 

 

Water-based nanofluids with particle loadings of 2% and 4% were 

fabricated by the two-step method. Firstly, the powder (having nominal 

diameters by manufacturer) was mixed into water as a base fluid. Secondly, a 

mixture was put into an ultra-sonication bath (JAC 1505, Kodo Technical 

Research Corp.) for more than 5 hours to disperse and suspend nano-sized 

particles in a base liquid. 

Before studying on the effective thermal conductivity of nanofluids, it is 

necessary to confirm quantitatively the stability of dispersed nanoparticles in a 

base fluid. Firstly, the sphere morphology of nano-sized particles was 

affirmed by TEM image. Secondly, by the dynamic light scattering (DLS) 

method, the hydrodynamic diameters including the Debye length for dispersed 

45 nm Al2O3 particles in water was measured by less than 68 nm for dispersed 

particles of 50%, and 90% less than 106 nm. It evaluates a polydispersity 

index (PDI) of 0.12 that implies nearly mono-dispersion. In addition, the zeta 

potential that is able to determine the balance of the repulsive and attractive 

forces between particles was estimated by 53.2 mV from the laser Doppler 

velocimetry. It seems to indicate that a colloidal system such as a nanofluid is 

highly stable. So far, the fabricated 45 nm Al2O3 nanofluid without a 

surfactant was characterized by the sphere morphology of nanoparticle, the 

hydrodynamic diameter less than 100 nm for most dispersed particles, nearly 

mono-dispersion and the good stability. 
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Chapter 3 

Dynamic conductivity in heating conditions 

 

 

3.1 Introduction 

 

Sohn and Chen (1981) measured the effective thermal conductivity of 

two-phase fluids including micro-sized polystyrene particles under a rotating 

Couette flow (the dynamic conductivity). They demonstrated that the effective 

thermal conductivity of two-phase fluids remarkably increased in comparison 

with that under stationary conditions (the static conductivity) when the 

particle Peclet number, 2 /dPe ed   was more than 300. Where, e, d and α 

denote shear rate, particle diameter and thermal diffusivity, respectively. They 

suggested that particle rotates in shear flow (i.e. microconvective effect) could 

make the thermal conductivity of a colloidal system including micro-sized 

particles to be higher than that of a base fluid. 

The shear-induced microconvection in nanofluids could be negligible 

because particle Peclet number for a nano-sized particle is much smaller than 

a micro-sized one. It is expected that the dynamic conductivity of nanofluids 

is consistent in the static conductivity. However, it is necessary to consider the 
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effect of the Brownian motion and thermophoretic behavior of dispersed 

nanoparticles in convective flowing base fluids (Buongiorno, 2006, Sohn and 

Kihm, 2009). 

This study suggested the method of measuring the thermal conductivity 

of fluids in a fully developed laminar tube flow under uniform heat flux, and 

the reliability of the experimental setup was validated for DI water as a single-

phase liquid. The effective thermal conductivity of water based nanofluids 

under convective flow condition (dynamic conductivity) was measured and 

compared with that under stationary condition (static conductivity). 
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Figure 3.1 Profiles of velocity and temperature in developing and fully 

developed regions for a laminar tube flow under uniform heat flux 
 

3.2 Derivation of the dynamic conductivity 

 

The velocity and temperature profiles of fluids flowing in a circular tube 

with uniform heat flux are developing in radial and axial distances of a tube 

(Fig. 3.1). From Kays et al. (2005), the velocity and temperature profiles 

approach the fully developed region where they are varied only in a radial 

direction as: 
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Where, r is a radial distance in the cylindrical coordinate, and Tw and rw are 

the wall temperature and an inner radius of a tube, respectively. the thermal 

diffusivity is defined as / pk C  . From Kays et al. (2005), the mean 

values of velocity um and temperature Tm in a cross section of a tube are given 

by: 
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By substituting Eqs. (3.1) and (3.2) to Eq. (3.4), the difference between the 

tube wall temperature and the mean fluid temperature is expressed by: 
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Where, the mean fluid temperature variation, dTm / dx could be estimated by 

the fluid temperature difference between an inlet and outlet of a tube divided 

by a tube length, ( ) /out inT T L  because the mean fluid temperature 

increases linearly in the axial distance of a tube under uniform heat flux. From 
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rearranging Eq. (3.5), the thermal conductivity in a fully developed laminar 

tube flow under uniform heat flux is derived by (dynamic conductivity): 
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               (3.6) 

 

Where, ρ, Cp and V are the density, specific heat and volume flow rate, 

respectively. The dynamic thermal conductivity (Eq. (3.6)) could be 

calculated by measuring temperatures of fluids and tube walls. 
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Figure 3.2 Experimental apparatus: (b) thermocouple soldered on a tube, (c) 

electric resistance wire uniformly coiled around a tube 
 

3.3 Experimental setup 

 

Figure 3.2 (a) shows the experimental setup to measure the dynamic 

thermal conductivity of fluids in a fully developed laminar tube flow under 

uniform heat flux. A stainless steel tube with a length of 975 mm and an inner 

diameter of 1.753 mm was used as the test section. K type thermocouples 

inserted in the mixing tanks measured the mean fluid temperatures at an inlet  
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Figure 3.2 Experimental apparatus: (d) test section surrounded by the thermal 

insulator consisting of polyethylene resin and spun ceramic fiber 
 

and outlet of a tube. 5 thermocouples soldered on a tube (Fig. 3.2 (b)) using a 

stainless steel soldering flux (MAGNA 88 Flux, Magna industrial) measured 

the wall temperatures at 467, 566, 665, 766 and 867 mm far from an inlet. The 

electric resistance wire (24 Ω/m, Silver Kohki Inc.) coiled around a tube (Fig. 

3.2 (c)) was connected with DC power supply (6032A, Agilent) and provided 

the uniform heating condition. The spun ceramic fiber (0.082 W/mK) and 

polyethylene resin (0.036 W/mK) were used as a thermal insulator (Fig. 3.2 

(d)) to reduce the heat loss from a test section to air. The data acquisition 

system (34970A, Agilent) recorded the mean fluid temperatures at an inlet and  
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(e) 

 
Figure 3.2 Experimental apparatus: (e) setup 

 

outlet of a tube and 5 wall temperatures in an axial distance. The syringe 

pump (KDS 200, KD Scientific) controlled the volume flow rate, and the 

electronic balance (GR-200, AND) measured the mass flow rate (Fig. 3.2 (e)). 

Fig. 3.3 shows the measured wall temperatures at 5 axial distances and 

the mean fluid temperatures at an inlet (x = 0 mm) and outlet (x = 975 mm) of 

a tube for pure DI water at Re = 431. The variation of mean fluid temperature 

(solid line) agrees well with that of wall temperature (dashed line) in a fully 

developed region, that is, the temperature difference between wall and fluids, 

w mT T  becomes constant. And then, a fully developed laminar flow region 

was confirmed by calculating Nusselt number. In Figure 3.4, the experimental  
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Figure 3.3 Measured wall temperatures at 5 axial distances, and the mean 

fluid temperatures at an inlet (x = 0 mm) and outlet (x = 975 mm) 
of a tube for water at Re=422 

 

Nusselt numbers for DI water a 5 axial distances were compared with the 

analytical solution of the local Nusselt number as (Kays et al., 2005): 
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              (3.7) 

 

Where, m and Am are the eigenvalues and constants, respectively, and they 

are given in the table (Kays et al., 2005). Thermally fully developed region  
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Figure 3.4 Local Nusselt numbers of DI water (symbols) measured in a fully 

developed laminar tube flow (400 < ReD < 900) under uniform 
heat flux, and the analytic solution of Nusselt number (dashed line) 
from Kays et al. (2005) 

 

generally starts from the nondimensional axial distance, x+ = (x/D)/(ReDPr) of 

0.05 where the analytical solution of local Nusselt number converges on 4.364. 

The experimental local Nusselt numbers at 5 axial distances agreed well the 

analytical solution. Therefore, it is clear from the above that the experimental 

conditions are in a thermally fully developed region. 
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Figure 3.5 Invariance of the dynamic conductivities kd at the range of 

Reynolds number from 422 to 784 and the static conductivities ks 
at the mean fluid temperature subject to Reynolds number for DI 
water 

 

3.4 Results and discussions 

 

3.4.1 Calibration test with DI water 

Before using nanofluids, the reliability and accuracy of the experimental 

setup was confirmed by the dynamic conductivity of DI water. Figure 3.5 

shows the dynamic thermal conductivity (Eq. (3.6)) of DI water at the 

Reynolds number region from 422 to 784. Where, the circle symbols indicate 

the mean dynamic thermal conductivities in a thermally fully developed 
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region, and the extended bars denote the data distributions of the 5 

measurements. The solid line is a symbol for the static conductivity of water 

at the mean fluid temperature subject to the Reynolds number. The mean fluid 

temperature at a fully developed region under a uniform heating condition 

decreased from 45.4℃ to 34.3℃ with increasing Reynolds number. 

In Fig. 3.5, the average dynamic thermal conductivity (Eq. (3.6)) of DI 

water in the Reynolds number region is 0.620 W/mK, which agrees well with 

the average static conductivity of 0.629 W/mK at the fluid temperature region 

(Incropera, 1996). It shows clearly the reliability of the experimental setup for 

the dynamic conductivity. 

 

3.4.2 Dynamic conductivity versus static conductivity 

For easy approach to explanation, I dealt with 45 nm Al2O3 particles for 

every chapter and data of other particle (Si and Cu) will be attached. Figure 

3.6 (a) and (b) for the lowest and highest Reynolds number, respectively 

shows the comparison between the dynamic and static thermal conductivities 

of 45 nm Al2O3 nanofluids through an axial distance of a tube. Where, the 

dynamic conductivities (square symbols) of 45 nm Al2O3 with the particle 

volume fraction of 2% and 4% at the 5 axial distances (467, 566, 665, 766 and 

867 mm) were calculated by Eq. (3.6). 

The uncertainty w(k) of the dynamic thermal conductivity (Eq.3.6)) could 

be induced by measuring temperature differences ( out inT T  and w mT T ), 

and it was estimated by Kline-McClintock method (Holman, 1994): 
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(a) 
 

Figure 3.6 Comparison between the dynamic and static thermal conductivities 
of 45 nm Al2O3 nanofluids with 2 different particle volume fractions 
of 2% and 4%: (a) for the lowest ReD, kd,2% at ReD = 444, kd,4% at 
ReD = 435 and ks,2% at Tm = 40℃ ~ 51.1℃, ks,4% at Tm = 37.1℃ ~ 
46.1℃ 

 

1/ 22 2

( ) ( ) ( )
( ) ( )out in w m

out in w m

k k
w k w T T w T T

T T T T

                    
 (3.8) 

 

Error bars in Figs. 3.6 (a) and (b) were calculated by less than ±5%. Where, 

the uncertainty of the volume flow rate controlled by a syringe pump could be 

negligible because the minimum flow rate of the pump (KDS 200, KD  
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(b) 

 
Figure 3.6 Comparison between the dynamic and static thermal 

conductivities of 45 nm Al2O3 nanofluids with 2 different particle 
volume fractions of 2% and 4%: (b) for the highest ReD, kd,2% at 
ReD = 817, kd,4% at ReD = 819 and ks,2% at Tm = 32.5℃ ~ 37.7℃, 
ks,4% at Tm = 33.0℃ ~ 37.4℃ 

 

Scientific) is 5.4×10-5 ml/m, which is much lower than the experimental 

conditions from 20 ml/m to 50 ml/m. 

In Figs. 3.6(a) and (b), the static conductivities (straight lines) of 45 nm Al2O3 

nanofluids were estimated by the empirical correlation (Chon and Kihm, 

2005): 
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Table 3.1 Temperature dependence on the thermal conductivities (W/mK) of 
stationary 45 nm Al2O3 nanofluids and water 

 
(1) Calculated by an empirical correlation (Eq. (3.9)) from Chon and Kihm (2005) 
(2) from Incropera (1996) 
 

1 64.7 Pr Re

b c

bf npa d e
s bf np

np bf

d k
k k

d k


    
              

         (3.9) 

 

Here, a, b, c, d and e are 0.746, 0.369, 0.7476, 0.9955 and 1.2321, 

respectively. Prandtl number of a base fluid is Pr /  (kinematic viscosity 

divided by thermal diffusivity), and Reynolds number for a nanoparticle is 

Re /np bf B np bfu d  . The velocity of Brownian motion of a nanoparticle 

could be expressed by /(3 )B B bf bf npu k T d  , and Bk  and bf  are the 

Boltzmann constant (1.3807×10-23 J/K) and the mean free path of water (0.17 

nm), respectively. This correlation for static conductivity clearly presents the 
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temperature dependent static conductivity of 45 nm Al2O3 nanofluids and the 

effect of particle loadings   (Table 3.1), and it agrees well with other 

experimental data in Fig. 1.1. The detail explanation for this correlation is 

mentioned in Chapter 4. 

In Fig. 3.6 (a) for the lowest Reynolds number, the dynamic thermal 

conductivities of 45 nm Al2O3 nanofluids for 2 vol% (black square symbols) 

are lower by 13% in comparison with the static conductivities (solid line) ate 

the mean fluid temperature subject to the Reynolds number. And the dynamic 

conductivities for 4 vol% (white square symbols) are lower by 16% 

comparing with the static values (dashed line). Where, the mean fluid 

temperatures of 45 nm Al2O3 nanofluids could linearly increase (from 40.0℃ 

to 51.1℃ for 2 vol% and from 37.1℃ to 46.1℃ for 4 vol%) in the axial 

distance of a tube under a uniformly heating condition. The difference 

between the dynamic and static conductivities at the lowest Reynolds number 

(Fig. 3.6(a)) reduced at the highest Reynolds number (Fig. 3.6(b)). The 

dynamic conductivities of 45 nm Al2O3 nanofluids (particle loadings of 2% 

and 4% at the Reynolds number of 817, 819, respectively) are close to the 

static conductivities at the mean fluid temperatures subject to the Reynolds 

number. Where, the mean fluid temperatures of 45 nm Al2O3 nanofluids with 

particle loadings of 2% and 4% varies from 32.5℃ to 37.7℃ and from 

33.0℃ to 37.4℃, respectively. The effective heat capacity of water-based 

Al2O3 nanofluids in Eq. (3.6) could be estimated by the thermal equilibrium  
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Figure 3.7 Dynamic thermal conductivities (Eq. (3.6)) of 45 nm Al2O3 

nanofluids with particle loadings 2% and 4%, and the static 
conductivities (Eq. (3.9)) 

 

model, ( ) (1 )( ) ( )p nf p bf p npC C C        from Zhou and Ni (2008). 

The effective viscosity (Maiga et al., 2004) and density (Pak and Cho, 1998) 

of water-based Al2O3 nanofluids to calculated the Reynolds number are given 

by 2(1 7.3 123 )bf     and (1 )nf bf np      , respectively. 

Figure 3.7 shows the average dynamic thermal conductivities of 45nm 

Al2O3 nanofluids in a fully developed axial distance of a tube. There are 2 

main results: (1) the dynamic thermal conductivities of Al2O3 nanofluids (Eq. 

(3.6)) in the Reynolds number region from 440 to 818 are smaller than the  
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Figure 3.8 Thermophoresis effect 
 

static conductivities (Eq. (3.9)) that present the temperature-dependent 

thermal conductivity of stationary Al2O3 nanofluids, (2) the dynamic thermal 

conductivity of Al2O3 nanofluids increases with increasing Reynolds number 

in contrast to the flow-independent dynamic conductivity of DI water. These 

observations will be explained physically in this chapter and the next 3.4.3, 

respectively. 

While the thermal conductivity of stationary 45 nm Al2O3 nanofluids are 

higher than that of a base fluid (Fig. 1.1), the similar dynamic thermal  
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Figure 3.9 Illustration of the particle migration due to thermophoresis in a 

heating tube 
 

conductivities of 45 nm Al2O3 nanofluids and DI water at the Reynolds 

number of 440 were observed in Fig. 3.7, and it could be caused by the minor 

effect of nanoparticles to heat transfer from a heating surface of a tube to 

flowing fluids. 

The effect of dispersed nanoparticles in a stationary base fluid to the 

enhanced thermal conductivity of nanofluids could be explained by 

nanoconvection (Jang and Choi, 2007) that is heat transfer between base-fluid 

molecules and dispersed nanoparticles. In addition, it is required to consider 

the thermophoretic behavior of dispersed nanoparticles in a convective 

flowing base fluid. Thermophoresis effect is shown in Fig 3.8. Particle 
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migration in a convective flowing base fluid could be induced by the gradients 

in the shear rate and viscosity, Brownian motion and thermophoresis (the 

particle movement from hot to cold region due to the collision of molecules 

with different momentum in the temperature gradient). By the order of 

magnitude analysis (Buongiorno, 2006), the movement of dispersed nano-

sized particles strongly depends on Brownian motion and thermophoresis. It is 

expected that non-uniform nanoparticle distribution could be induced by 

nanoparticle migration from a beating surface to a core of a tube due to 

thermophoresis (Fig. 3.9). 

Sohn and Kihm (2009) suggested the simple particle migration equation 

in a fully developed flow as follows: 

 

0T
B

Dd dT
D

dr T dr


                    (3.10) 

 

Where, B B np/ 3D k T d  and T /D    are the Brownian 

diffusivity and thermophoretic diffusivity, respectively. Bk  is Boltzmann 

constant (1.3807×10-23 J/K) and the thermophoresis coefficient,  

bf bf np0.26 /(2 )k k k    for 1-μm sized latex particle in water (Mcnab and 

Meisen, 1973) was used because there are no experimental data for 

thermophoretic behavior of dispersed nanoparticles in water so far. From Eq. 

(3.10), the particle distribution in a radial direction of a circular tube under 

uniform heat flux was derived by (Sohn and Kihm, 2009): 



 

 55

 

2

1
exp

( )

1 1
2 1 1 exp

BT w

m
BT

BT BT

r
N rr

N
N N




 
 
 

    
     
    

           (3.11) 

 

Where, m  is the mean value of particle concentration, and BTN  is the ratio 

of the Brownian diffusion to thermophoretic diffusion as follows (Buongiorno, 

2006): 

 

B B
BT

T

D T D T
N

D T T

 


  
 

               (3.12) 

 

By assuming w mT T T    and ( ) / 2w mT T T   in Eq. (3.12), the BTN  

of 45 nm Al2O3 nanofluids with particle volume fractions of 2% and 4% was 

approximated by 0.39 and 0.34, respectively. From Eqs. (3.11) and (3.12), the 

particle concentration distribution in a radial distance of a tube was calculated 

(Fig. 3.10). The particle concentration on a heating surface (r/rw = 1.0) is 

smaller than the uniform concentration ( ( ) / mr   = 1) of a stationary 

nanofluid. It could be caused by the particle migration due to thermophoresis 

in the temperature gradient on a heating surface of a tube. The sparse 

nanoparticle concentration near a heating surface would make heat conduction 

from the heating wall to fluids smaller than that of stationary nanofluids with 
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Figure 3.10 Nanoparticle concentration distributions (Eq. (3.11)) of 45nm 
Al2O3 nanofluids with particle loadings of 2% and 4% in a radial 
distance of a tube for a fully developed laminar tube flow under 
heating condition 

 

well-dispersed nanoparticles. Relatively high particle concentration in the 

tube core could not significantly affect heat transfer (Khaled and Vafai, 2005). 

The minor effect of nanoparticles to heat transfer was clearly indicated by the 

small dynamic conductivities of 45 nm Al2O3 nanofluids in comparison with 

the static conductivities in Fig. 3.7. 

 

3.4.3 ReD-dependent dynamic conductivity 

In Fig. 3.7, the increment of the dynamic thermal conductivity of 45 nm 
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Al2O3 nanofluids with increasing Reynolds number could be explained by the 

variation of thermophoretic behavior of dispersed nanoparticles in convective 

flow conditions. 

Mcnab and Meisen (1973) proposed the empirical correlation of 

thermophoretic velocity for 1-μm latex sphere particles suspended in water as 

follows: 

 

TV
T
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                      (3.13) 

 

Where, thermophoresis coefficient, bf

bf np

0.26

2

k

k k
 


 indicates the effect of 

temperature gradient in a particle. From Eq. (3.13), it seems that the 

thermophoretic velocity TV  of dispersed particles in liquids depends on the 

viscosity   of a base fluid and the temperature gradient T , and it is 

similar with the thermophoretic behavior of suspended particles in gas (Hinds, 

1999). The thermophoretic velocity (Eq. (3.13)) was approximated by using 

the concept of the gradient thickness (Kim, 2000) because it is difficult to 

measure directly the temperature gradient on an inner surface of a tube. In Fig. 

3.10, the gradient thickness is defined by a distance between a heating surface 

and the point P at T+ = 1 (That is, T(r) = Tm). Where, the non-dimensional 

temperature profile (solid line) at thermally fully developed region is given by 

(Kay et al., 2005): 
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            (3.14) 

 

The temperature gradient T  in Eq. (3.13) could be estimated by 

( ) /( )w m w mT T r r  , and it is confirmed by comparing the Nusselt number 

approximated by the temperature gradient with the analytic solution of 

Nusselt number as: 

 

w
D

w m w m

qhD D D
Nu

k T T k r r


   

 
            (3.15) 

 

Where the heat flux wq  pass through a heating surface is evaluated by the 

temperature gradient on the wall as: 

 

w m
w w

w m

T TdT
q k k

dr r r

  


                (3.16) 

 

The Nusselt number estimated by the temperature gradient is 4.575 which 

deviates less than 5% from the analytical solution of Nusselt number (4.364) 

in a fully developed laminar tube flow under constant heat flux. It indicates 

the validation of the gradient thickness to estimate the temperature gradient on 

a heating surface. In addition, non-dimensional temperature profile (solid line 
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Figure 3.11 Fully developed temperature profile T+ and the definition of the 
gradient thickness 

 

in Fig. 3.11) near the heating wall is almost linear, and it is similar with the 

slope of the temperature gradient (dashed line in Fig. 3.11) on the heating wall. 

It presents the reliability to calculate the thermophoretic velocity (Eq. (3.13)) 

of dispersed particles near a heating surface by using the gradient thickness 

( ( ) /( ))w m w mT T T r r    . 

Figures 3.12 (a) and (b) for 45 nm Al2O3 nanofluids with particle 

loadings of 2% and 4%, respectively show the thermophoretic velocity (Eq. 

(3.13)) of dispersed particles (triangle symbols to the right axis) increases 

with increasing Reynolds number, and it has analogy with the trend of the 
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(a) 

 
(b) 

 
Figure 3.12 ReD -dependence of both thermophoretic velocity and dynamic 

thermal conductivity of 45 nm Al2O3 nanofluids with: (a) 2% 
loading (b) 4% loading 
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dynamic thermal conductivity (square symbols to the left axis). ReD-

dependent thermophoretic velocity of dispersed particles could affect 

nanoconvection that is heat transfer between base-fluid molecules and 

dispersed particles, which is one of the important heat transfer modes to the 

enhanced thermal conductivity of nanofluids. Therefore, ReD-dependent 

dynamic conductivity of 45 nm Al2O3 nanofluids in Fig. 3.7 could be strongly 

influenced by the nanoconvection due to the variation of the thermophoretic 

velocity of dispersed nanoparticles in the Reynolds number region. 

 

3.4.4 Dynamic thermal conductivity for various particles 

In this chapter, dynamic thermal conductivity for various particles is 

introduced. So far, dynamic conductivity of nanofluids depends on particle 

concentration. To find which one is more dependent on dynamic conductivity, 

two parameters are chosen additionally: (1) size and (2) thermal conductivity 

of particle itself (particle kind). 

 

3.4.4.1 Size effect 

To realize the size effect of dynamic thermal conductivity on nanofluids, 

experiments are conducted with 10 and 150 nm Al2O3 particles in same 

manner of the case of 45 nm Al2O3 nanofluids. 

Fig. 3.13 shows the comparison of dynamic thermal conductivity with 10, 

45 and 150 nm Al2O3 nanofluids loading of 2%. Solid circle symbols having 

red, black and blue colors indicate 10, 45 and 150 nm Al2O3 particles 
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Figure 3.13 Size effect of particle: dynamic thermal conductivity of various 
sized- Al2O3 particles loading of 2 vol% 

 

respectively. The solid line shows trend of them. As particle size increasing, 

dynamic thermal conductivity of nanofluids is decreased. Fig 3.14 shows the 

case of particle concentration of 4%. These 2 plots have similar tendency even 

showing some deference of the absolute conductivity’s value caused by 

concentration. It is caused by Brownian motion of particle in fluid. The 

velocity of Brownian motion is a function of particle size. 

 

3
B

Br
np bf

k T
V

d l
                    (3.17) 
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Figure 3.14 Size effect of particle: dynamic thermal conductivity of various 

sized- Al2O3 particles loading of 4 vol% 
 

Where, VBr is the Brownian velocity and kB is Boltzmann constant 

(1.3807×10-23 J/K), and μ, T, dnp and lbf are viscosity, temperature of a base 

fluid, particle diameter and mean free path of a base fluid molecule, 

respectively. Brownian velocity is deceased with increasing particle diameter. 

The decrease of Brownian velocity causes that nanoparticles make migrate 

difficult from the near of wall to the core of tube. Figure 3.15 shows the 

nanoparticle migration in the tube. Therefore, the increase of particle size 

makes decreased dynamic thermal conductivities. 
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Figure 3.15 Nanoparticle concentration distributions of Al2O3 nanofluids with 

various sized-particle loadings of 2% in a radial distance of a tube 
for a fully developed laminar tube flow under heating condition 

 

3.4.4.2 Effect of thermal conductivity of particle  

To find the effect of thermal conductivity of particle itself, Si and Cu 

nanoparticles are chosen (Nanostructured & Amorphous Materials, Inc.). In 

the same manner of the case of 45 nm Al2O3 nanofluids, the fabrication of 

nanofluids and measurement for dynamic thermal conductivity are conducted. 

The comparison for bulk thermal conductivity of particle and static thermal 

conductivity is shown in table 3.2 and figure 3.16. To obtain the data for static 
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Table 3.2 Comparison for conductivities: bulk particle conductivity  
 

 bulk k(W/mK) 

Copper 401 

Silicon 149 

Al2O3 36 

Water(1) 0.613 (50℃) 
(1)From Incropera and Dewitt (1996) 
 

 

Figure 3.16 Static conductivity of all particles measured by transient hot wire 
method 

 

conductivity, the transient hot wire method was applied with KD2 Pro. Figure 

3.17 is showing the schematic diagram for experimental setup and real image 

of apparatus. And figure 3.18 explains the dynamic thermal conductivity of all 

nanofluids with respect to Reynolds number. From figure 3.16 and 3.18, the 
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(a) 

 
(b) 

Figure 3.17 (a) Schematic diagram of experimental setup for measuring static 
conductivity (b) KD2 Pro 
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Figure 3.18 Dynamic thermal conductivities with various particles have 

different concentration, size and bulk particle conductivity 
 

differences of thermal conductivities are obvious in static and dynamic cases 

both of them with having the characteristics of particle concentration and size 

effect. 
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3.5 Conclusions 

 

The effective thermal conductivity of nanofluids was measured in a fully 

developed laminar tube flow under uniform heat flux (dynamic conductivity), 

and it is compared with the temperature-dependent effective thermal 

conductivity of stationary nanofluid (static conductivity). There are three main 

results. First, the dynamic thermal conductivities of nanofluids at 400 < ReD 

< 900 are lower than the static conductivities at the mean fluid temperature 

subject to the Reynolds number, Secondly, the dynamic thermal conductivity 

of nanofluids increases with increasing Reynolds number. It is opposite to the 

temperature-dependent static conductivity that decreases with increasing 

Reynolds number because the mean fluid temperature under a uniformly 

heating condition decreases with increasing flow rate. The last result is the 

dependence of particle size and particle bulk conductivity.  

The characteristic of the dynamic conductivity of nanofluids could be 

explained by the thermophoretic behavior of dispersed nanoparticles in a 

convective flowing base fluid. Dispersed nanoparticles in a convective 

flowing base fluid could move from a heating surface to a core of a circular 

tube due to thermophoresis. The particle concentration distribution in a radial 

distance of a tube was estimated by a simple particle migration equation 

consisting of Brownian motion and thermophoresis. It was evaluated that the 

particle concentration near a heating surface was lower than the uniform  



 

 69

 
 
Figure 3.19 Concept of nanoconvection : energy transported by collision 

between molecules and nanoparticles. 
 

concentration of stationary nanofluids. Minor effect of nanoparticles to heat 

transfer due to sparse concentration near a heating surface could make the 

dynamic conductivity of convective flowing nanofluids to be lower than the 

static conductivity of nanofluids with well-dispersed particles. 

Thermophoretic velocity of dispersed nanoparticles was estimated by the 

empirical correlation depending on viscosity of a base fluid and temperature 

gradient, and it increased with increasing Reynolds number. ReD-dependent 

thermophoretic velocity could affect the nanoconvection that is heat transfer 

between dispersed nanoparticles and base-fluid molecules, which is one of the 

important heat transfer modes to the enhanced thermal conductivity of 

nanofluids. Fig 3.19 shows the concept of nanoconvection. Nanoconvection 

depends on Brownian motion and thermophoretic force. Especially, the 
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thermophoretic force is more dominant in dynamic condition. The trend of 

thermophoretic velocity of dispersed nanoparticles is consistent with the 

variation of the dynamic conductivity in the Reynolds number region. It 

seems reasonable that the nanoconvection induced by thermophoretic 

behavior of nanoparticles could affect ReD-dependent dynamic conductivity of 

nanofluids. 

Main 3 parameters which are dependent on dynamic thermal 

conductivity are particle concentration, size and the bulk thermal conductivity 

of particle itself. The dynamic thermal conductivity of nanofluids is 

increasing with decreasing particle size and increasing particle concentration 

and particle thermal conductivity itself. 
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Chapter 4 

Empirical correlation of thermal conductivity f

or nanofluids 

 

 

4.1 Effective static thermal conductivity correlation 

 

In this chapter, a theoretical model describing the nanofluid thermal 

conductivities in stationary condition, considering all major effective 

parameters including the size, density and volume concentration of 

nanoparticles, the fluid temperature and viscosity, and relevant thermal 

parameters such as thermal conductivity of base fluid and heat capacity of 

nanoparticles, is introduced for validity against available experimental data 

(Chon and Kihm, 2005). 

To apply dimensional analysis to the thermal conductivity enhancement 

of nanofluids, the physical factors need to be identified. Here, the main factors 

chosen are temperature, particle size, and volume concentration. For the 

dimensional analysis, relevant properties are also selected and the thermal 

conductivity enhancements are expressed as a function of these parameters: 
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bf p p bf bf bf p bf bf B

bf

k
g f d D k k C T l k

k
        (4.1) 

 

where f [-] is the volume concentration, dbf [L] is the diameter of a base fluid 

molecule, dnp [L] is the diameter of a nanoparticle, knp [MLT-3Θ-1] is the 

thermal conductivity of a nanoparticle, kbf [MLT-3Θ-1] is the thermal 

conductivity of a base fluid, μbf [ML-1T-1] is the viscosity of a base fluid, ρbf 

[ML-3] is the density of a base fluid, Cp,bf [L
2T-2Θ-1] is the specific heat of a 

base fluid, and T [Θ] is the base fluid temperature, lbf [L] is mean free path of 

a base fluid molecule, and kB [ML2T-2Θ-1] is the Boltzmann constant. Brackets 

indicate the parameter dimensions: L (Length), M (Mass), T (Time), and Θ 

(Temperature). 

From the Buckingham-Pi theorem, 6 pi groups can be formed by power 

products since there are 10 variables and 4 dimensions. In this study, dbf, kbf, 

μbf, and T are designated as repeating variables. The final form of correlation 

is set up as (Chon and Kihm, 2005) : 

 

1 Pr Re

b c

eff bf npa d eenh
np

bf bf np bf

k d kk
Const f

k k d k

   
          

   
       (4.2) 

 

The Prandtl number (Pr), and the Reynolds number (Renp) are respectively 

defined as, 
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2
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U D k T

l

 
 

                 (4.4) 

 

Where UBr is defined as the Brownian velocity of nanoparticles based on the 

Einstein diffusion theory (Einstein, 1956): 

 

3
B

Br
bf np bf

k T
U

d l
                     (4.5) 

Where kB is the Boltzmann constant, 1.3807×10-23 J/K, and a constant value of 

0.17 nm for the mean free path (lbf) is used for water for the entire tested 

temperature range (Tien and Lienhard, 1971; Vincenti and Kruger, 1965). 

For Eq. (4.2), one constant and five components can be obtained using a 

linear regression method of statistics with 95% confidence level as (chon and 

Kihm, 2005): 

 

0.3690 0.7476

0.7460 0.9955 1.23211 64.7 Pr Reeff bf np
np

bf np bf

k d k
f

k d k

   
         

   
     (4.6) 

 

For the detailed assessment of the Buckingham-pi theorem and linear 

regression scheme is given below. 
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From Buckingham-pi theorem, 6 pi groups can be formed by power 

products since there are 10 variables and four dimensions. Note that the 

volume concentration f is dimensionless unit and Buckingham-pi theorem is 

not applied for it. In this study, dbf, kbf, μbf, and T are designated as repeating 

variables. The pi groups are expressed as 

 

1, 2, 3, 4, 5, 6( ) 0g                       (4.6) 

 

where 

 

1 1 1 1
1

a b c d
bf bf bf npd k T d                       (4.7) 

2 2 2 2
2

a b c d
bf bf bf npd k T k                      (4.8) 

3 3 3 3
3

a b c d
bf bf bf bfd k T                       (4.9) 

4 4 4 4
4 ,

a b c d
bf bf bf p bfd k T C           (4.10) 

5 5 5 5
5

a b c d
bf bf bf bfd k T l                      (4.11) 

6 6 6 6
6

a b c d
bf bf bf Bd k T k                      (4.12) 

 

By non-dimensional analysis, 6 pi can be algebraically found as 

 

1
np

bf

d

d
                                (4.13)  
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             (4.16) 

5
bf
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             (4.17) 

6 2
B

bf bf bf

k T
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            (4.18) 

 

In Eq. (4.16), is formed by Prandtl number, non-dimensional parameter 

indicating the ratio of momentum diffusivity to thermal diffusivity. To set up 

well known dimensionless parameter and make parameter simple, the 

procedure of regrouping is needed with Eqs. (4.15), (4.17) and (4.18). 
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By dividing Eq. (4.21) by 3 , 5
  can be replaced by Re defined at Eq. 

(4.4). From above results with dimensionless volume concentration f, Eq. 

(4.1) becomes 

 

, , , Pr,Reeff bf np

bf np bf

k d k
g f

k d k

 
   

 
             (4.22) 

 

From Eq. (4.22), correlation for the nanofluid thermal conductivity 

enhancement is set up as Eq. (4.2). 

Linear regression using the least squares method is applied to achieve 

correlation on the nanofluid thermal conductivity enhancement as a function 

of fluidic and heat transfer properties of liquid and nanoparticle conditions. 

The non-dimensionalized correlation is set up by Buckingham-pi Theorem 

and shown in Eq. (4.2). 

Microsoft Excel offers regression analysis tool using the linear least 

squares method to fit a line through a set of empirical data. To obtain 

parameters in Eq. (4.2), it needs to be converted into linear equation since Eq. 

(4.2) is power series. By applying logarithm for both sides, Eq. (4.2) is 

converted into 

 

ln ln Pr Re

b c

eff bf npa d e
np

bf np bf

k d k
Const f

k d k

      
                   

      (4.23) 
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From the nature of logarithm, Eq. (4.23) is converted into final form of linear 

equation of Eq. (4.2) as 

 

   

   

ln ln ln
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bf

bf np
np

np bf

k
Const a f

k

d k
b c d e

d k

 
    

 
   

        
   

      (4.24) 

 

By using Microsoft Excel, all coefficients of Eq. (4.24) can be obtained 

and all parameters of Eq. (4.2) can be achieved with these coefficients. 

 

4.2 Effective dynamic thermal conductivity correlation 

 

In similar with the case of static thermal conductivity, the empirical 

correlation of effective dynamic thermal conductivity is derived in this chapter. 

By using same manner how to make the correlation in the case of stationary 

condition, Buckingham-pi theorem and linear regression processes are 

conducted. In a fully developed flow, there are 4 main fluxes for nanoparticle 

migration: (1) viscosity gradient-induced flux, (2) shear rate-induced flux, (3) 

Brownian motion flux and (4) thermophoresis flux. These fluxes are 

expressed as (Sohn and Kihm, 2009, Buoungiorno, 2006) 
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         (4.28) 

 

Among them, fluxes of Brownian motion and thermophoresis are 105 

times higher than the other fluxes. It means JB and JT are dominant fluxes to 

the particle migration which have possibility to change the dynamic thermal 

conductivity. From eqs. (4.27) and (4.28), bf  the viscosity of base fluid, 

npd  particle diameter,   concentration and np bf,k k  conductivities of 

particle and base fluid are parameters which make influence on dynamic 

conductivity. Because this is in dynamic condition, u, velocity of flowing is 

also important. To make easy for combination of parameters, the basic form of 

dynamic thermal conductivity correlation is express as: 

 

d sk k                            (4.29) 

 

And then,  makes with main parameters for dynamic conditions. 
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Here, A, B, C, D, E, F, G, H and I are -3.671, 0.7840, 0.9875, 1.4865, 0.6852, 

2.8268, 0.4521, 0.8157 and 0.4891, respectively. Because this is heating 

condition, the sign of A is minus. According to the previous study (Na, 2012), 

the dynamic thermal conductivity in cooling system has larger value than 

static conductivity. So the sign might become plus in the cooling condition. If 

Renf = 0, it will show the divergent kd. Therefore, this correlation for the 

dynamic thermal conductivity doesn’t allow Renf = 0. 

Figure 4.1 shows the comparison of empirical correlation with 

experimental data for static condition with eq. (4.2) having 92% confidence 

level. And it is possible to compare the empirical correlation with 

experimental data for dynamic thermal conductivity by using eq. (4.30) (Fig. 

4.2). It shows 86% confidence level.  
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Figure 4.1 Comparison of empirical correlation with experimental data (for 
static conductivity) 
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Figure 4.2 Comparison of empirical correlation with experimental data (for 
dynamic conductivity) 

 

 

 

 

 

 



 

 82

4.3 Conclusions 

 

In this chapter, a theoretical model describing the nanofluid thermal 

conductivities in static and dynamic conditions, considering all major 

effective parameters including the size, density and volume concentration of 

nanoparticles, the fluid temperature and viscosity, and relevant thermal 

parameters such as thermal conductivity of base fluid and heat capacity of 

nanoparticles, is introduced for validity against available experimental data. 
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Chapter 5 

Summary and Conclusion 

 

Water-based nanofluids with particle volume fraction of 2% and 4% with 

various particles were fabricated, and the stability of nanofluids was validated 

by measuring the particle morphology, the size distribution of dispersed 

nanoparticles, and the zeta potential (Chap. 2). The effective thermal 

conductivity of nanofluids in convective flow conditions (dynamic 

conductivity) was measured in laminar tube flows under uniform heat flux of 

heating condition (Chap. 3). And the empirical correlation for dynamic 

thermal conductivity was suggested in chapter 4. The dynamic conductivity 

was compared with the effective thermal conductivity of stationary nanofluids 

(static conductivity) at the mean fluid temperature subject to convective flow 

conditions. There are three main results on the dynamic conductivity of 

nanofluids as: 

 

1. Dynamic conductivity versus static conductivity 

The dynamic conductivities of nanofluids flowing in a uniformly heating 

tube are lowern than the static conductivities (i.e. kd < ks in heating condition). 

It could be explained by the thermophoretic behavior of dispersed 

nanoparticles in a convective flowing base fluid. Nanoparticles move from the 
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hot temperature to the cold region due to thermophoresis.  

 

2. ReD-dependent dynamic conductivity 

The dynamic conductivity of nanofluids flowing in a uniformly heating 

tube increases with increasing Reynolds number. Thermophoretic behavior of 

dispersed nanoparticles could affect the nanoconvection that is heat transfer 

between base fluid molecules and suspended particles, which is one of the 

important heat transfer modes to the enhanced thermal conductivity of 

nanofluids. The nanoconvection for stationary nanofluids strongly depends on 

only Brownian motion of nanoparticles, while it is necessary to consider the 

thermophoretic velocity of dispersed particles in convective flowing 

nanofluids. The trend of thermophoretic velocities in the Reynolds number 

region is consistent with the ReD-dependent dynamic conductivities of 

nanofluids for heating condition. By the thermophoretic velocity, it is 

expected that the ReD-dependent thermophoretic velocity of dispersed 

nanoparticles strongly depends on the temperature-dependent viscosity of a 

base fluid. The mean temperature of fluids flowing in a uniformly heating 

tube decreases with increasing Reynolds number. The temperature-dependent 

viscosity of a base liquid makes the thermophoretic velocity of dispersed 

particles to vary with the flow rate, which could affect the ReD-dependent 

dynamic conductivity of nanofluids. 

 

3. Size and particle bulk thermal conductivity 
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Particle size and bulk thermal conductivity (particle kind) are also 

important parameter to change dynamic thermal conductivity. As increasing 

particle size, dynamic thermal conductivity was decreased. This size effect 

comes from Brownian motion which is a function of particle diameter. To 

confirm the dependence of particle bulk thermal conductivity itself, 3 kinds of 

particles utilized (Al2O3, Si and Cu). As increasing the thermal conductivity of 

bulk particle, the dynamic thermal conductivity was increased dramatically. 
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대류 유동 내의  

나노 유체에 대한 동적 유효 열전도도 상관식 
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기계항공공학부 

WCU 멀티스케일 기계설계 전공 

김 형 준 
 

 

요 약 

 

    본 연구에서는 나노 사이즈의 고체 분말이 유체 (물) 내에 분

산된 나노유체의 열전달 특성을 실험적으로 관찰하였고, 나노 스케

일의 영역에서 입자의 움직임으로 해석되었다. 실험에 앞서 나노 분

말의 형상, 분산된 나노 분말의 크기 분포, 제타전위를 측정함으로

써 물을 기반으로 한 나노유체의 안정성을 판단 및 평가하였다.  

일정한 열유속(가열 조건)이 가해지는 완전 발달된 원형 관내 

층류 유동에서 나노유체의 유효 열전도율(동적 열전도율)이 측정되

었다. 대류 유동하는 유체의 평균 온도에 대한 정지상태인 나노유체

의 유효 열전도율(정적 열전도율)이 동적 열전도율과 비교되었다.  

나노유체의 동적 열전도율에 대한 세 가지 중요한 특성이 관찰

되었다. 첫째, 가열조건에서 대류 유동하는 나노유체의 동적 열전도

율이 정적 열전도율보다 작고, 두번째로 레이놀즈 수가 300에서 

900으로 증가함에 따라 동적 열전도율은 증가한다는 것을 실험적으

로 보였다. 또한 나노 분말의 농도뿐만 아니라 분말의 크기와 종류

에 따라서도 동적 열전도율은 크게 변화하는 것으로 관찰되었다.  
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동적 열전도율에 대한 세 가지 특성은 대류 유동하는 유체 내에 

분산된 나노입자의 열영동성(thermophoresis)으로 인하여 나타는 

현상이다. 유체 내 분산되어 있는 분말들은 가열되는 벽면으로부터 

원형 관의 중심으로 움직이는데 이는 열영동에 의한 현상이고 열이 

전달되는 벽면 근처에서 분말의 농도가 상대적으로 희박해진다. 정

지상태의 나노유체에서 균일한 입자의 농도분포와 비교하여 열전달 

벽면 근처에서 상대적으로 작은 입자의 농도에 의해 대류 유동 상

태에서 나노유체의 동적 열전도율이 정적 열전도율보다 작은 것으

로 해석되었다. 

가열되는 원형 관내 대류 유동조건에서 레이놀즈 수가 증가함에 

따라 분산된 분말의 열영동 속도는 증가하고, 이러한 경향성은 레이

놀즈 수에 종속적인 동적 열전도율과 유사하다. 레이놀즈 수에 따른 

열영동 속도의 변화는 나노크기의 영역에서 기본 유체 내의 분자들

과 분산된 나노 분말 사이의 대류 열전달에 영향을 줄 수 있다. 이

러한 나노크기의 영역에서 대류 열전달은 나노유체의 향상된 유효 

열전도율에 영향을 미치는 열전달 형태 중 하나로 알려져 있다.  

농도와 나노 분말 자체의 열전도율은 동적 열전도율에 비례하고 

나노입자의 크기는 동적 열전도율에 반비례하는 것으로 나타났다. 

나노 입자의 크기 효과는 브라운 운동과 관련 있으며 브라운 속도

는 나노 입자의 크기가 커질수록 작아진다. 상대적으로 작아진 브라

운 속도에 비해 열영동 속도는 입자의 크기에 따라 변하지 않으므

로, 크기가 큰 입자는 작은 입자들에 비해 열원으로부터 더 멀어진

다. 그러므로, 측정부가 위치한 벽면에서의 열전도율은 감소하게 된

다.  

 

주요어 : 나노유체, 유효 열전도율, 동적 열전도율, 대류 열전달, 열영

동 
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