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CHAPTER 1 

 

INTRODUCTION 

 

 

Nanofluid is a new class of fluids engineered by dispersing nanometer-size solid 

particles in base fluids to increase heat transfer and tribological properties.  This research 

studied the synthesis, characterization of nanofluids, and its application in minimum 

quantity lubrication (MQL) grinding.  MQL is to supply a minute quantity of cooling 

lubricant medium to the tool-workpiece interface, which can tremendously reduce the 

applied amount of cutting fluid.  The goal of this research is to develop a production-

feasible and environmentally benign grinding process.  Cutting fluids, grinding wheels, 

and comprehensive understanding of the thermal aspects in grinding are three key 

technical areas that can enable the success of MQL grinding. 

 

1.1. Nanofluids  

Nanofluid is a new class of fluids engineered by dispersing nanometer-size solid 

particles into base fluids such as water, ethylene glycol, engine oil, cutting fluids, etc.  
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Research has shown that the thermal conductivity and the convection heat transfer 

coefficient of the fluid can be largely enhanced by the suspended nanoparticles (Choi, 

1995; Xuan and Roetzel, 2000; Choi et al., 2001a, 2001b; Keblinski et al., 2002; Xie et 

al., 2003; Xuan and Li, 2003; Wen and Ding 2004a; Lockwood et al., 2005).  Recently, 

tribology research shows that lubricating oils with nanoparticle additives (MoS2, CuO, 

TiO2, Diamond, etc.) exhibit improved load-carrying capacity, anti-wear and friction-

reduction properties (Xu et al., 1996; Wu et al., 2006; and Verma et al., 2007).  These 

features make the nanofluid very attractive in some cooling and/or lubricating application 

in many industries including manufacturing, transportation, energy, and electronics, etc. 

 

1.2. Minimum Quantity Lubrication (MQL) 

Minimum Quantity Lubrication (MQL) refers to the use of a precision dispenser 

to supply a miniscule amount of cutting fluid to the tool-workpiece interface – typically 

at a flow rate of 50 to 500 ml/hour –which is about three to four orders of magnitude 

lower than the amount commonly used in a flood cooling condition (Autret et al. 2003).  

MQL has been widely studied in many machining processes such as drilling 

(Braga et al., 2002; Filipovic and Stephenson, 2006;  Davim et al., 2006; Heinemann et 

al., 2006), milling (Rahman et al., 2001, 2002; Lopez de Lacalle et al., 2006; Su et al., 

2006; Liao and Lin, 2007), and turning (Wakabayashi et al., 1998; Dhar et al., 2006; 

Davim et al., 2007; Kamata and Obikawa, 2007; Autret and Liang 2003).  However, 

MQL grinding is still a relatively new research area, and only a few researchers have 

studied MQL grinding (Baheti et al., 1998; Hafenbraedl and Malkin, 2000; Silva et al., 

2005). 
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The results of these studies showed that with a proper selection of the MQL 

system and the cutting parameters, it is possible for MQL machining to obtain 

performances similar to flood lubricated conditions, in terms of lubricity, tool life, and 

surface finish. 

 

1.3. Heat Transfer in Grinding 

The grinding process generates an extremely high input of energy per unit volume 

of material removed.  Virtually all this energy is converted to heat, which can cause high 

temperatures and thermal damage to the workpiece such as workpiece burn, phase 

transformations, undesirable residual tensile stresses, cracks, reduced fatigue strength, 

and thermal distortion and inaccuracies (Malkin, 1989).  Numerous studies have been 

reported on both the theoretical and experimental aspects of heat transfer in grinding.  

Early research concentrated on predicting workpiece surface temperatures in dry grinding 

in the absence of significant convective heat transfer (Outwater and Shaw, 1952; Hahn, 

1956; Takazawa, 1966; Malkin and Anderson, 1974).  Subsequent investigations have 

provided a detailed understanding of heat transfer to the workpiece, abrasive grains, 

grinding fluid, and the chips (DesRuisseaux and Zerkle, 1970; Lavine, 1988; Demetriou 

and Lavine, 2000; Shaw, 1990, Ju et al., 1998; Guo and Malkin, 1996a; 1996b).  Thermal 

models have been developed to estimate the workpiece surface temperature, heat flux 

distribution in the grinding zone, fraction of energy entering the workpiece, and 

convective heat transfer coefficient for cooling on the workpiece surface.  Experimental 

investigations of heat transfer in grinding require accurate temperature measurements.  

Methods for temperature measurement in grinding include thermal imaging (Sakagami et 
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al., 1990; Hwang et al., 2004), optical fiber (Ueda, 1986; Ueda and Sugita, 1992; Curry et 

al., 2003), foil/workpiece (single pole) thermocouple (Rowe et al., 1996; Xu et al., 2003; 

Huang and Xu, 2004; Batako et al., 2005; Lefebvre et al., 2006), and embedded (double 

pole) thermocouple (Littman  and Wulff, 1995; Kohli et al., 1995; Guo et al., 1999; Xu 

and Malkin, 2001; Upadhyaya and Malkin, 2004; Kim et al., 2006).   

 

1.4. Research Motivations and Goals 

Grinding is a precision machining process which is widely used in the 

manufacture of components requiring fine tolerances and smooth finishes.  Cutting fluids 

are used in grinding for a variety of reasons such as improving wheel life, reducing 

workpiece thermal deformation, improving surface finish and flushing away chips.  Large 

fluid delivery and cooling systems are evident in production plants.  Grinding is 

recognized as one of the most environmentally unfriendly manufacturing processes.  An 

extensive amount of mist is generated during grinding, and the problem is exacerbated by 

the use of high wheel speeds.  From measurements of the mist concentration and droplet 

size distribution on the shop floor for grinding reported by Chen et al. (2002a, 2002b), it 

was concluded that the mist generation rate in grinding is often an order of magnitude 

higher than that in turning.  Millions of workers are engaged in daily manufacturing 

operations worldwide.  However, the health hazards to machine operators and other 

nearby workers who breathe in this hazardous mist are often overlooked.  The inherent 

high cost of disposal or recycling of the grinding fluid is often accepted as a necessary 

cost of doing business.  As environmental regulations get stricter, the cost of disposal or 

recycling continues to go up.  The Occupational Safety and Health Administration 
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(OHSA) regulations of mist/aerosol in manufacturing plants are 5 mg/m3 for an 8-hour 

time weighted average (TWA) for mineral oil mist and 15 mg/m3 (8-hour TWA) for 

Particulates Not Otherwise Classified (PNOC)1.  The recommended exposure limits by 

the National Institute for Occupational Safety and Health (NIOSH) is an order of 

magnitude lower, 0.5 mg/m3 for the total particulate mass.  There is significant pressure 

to adopt this stricter standard into legislation, so factory mist generation must be reduced. 

There are also costs involved with workpiece rust and corrosion, skin diseases, and 

maintenance. 

Government regulation, environmental protection, public awareness, and the need 

for cost-reduction have all promoted the development of new environmentally conscious 

machining processes.  The main obstacle to replace or eliminate cutting fluids is that the 

energy generated in the machining process and dissipated as heat causes elevated 

temperatures, thermal damage, and dimensional inaccuracies.  Cutting fluids are a critical 

factor in controlling these undesirable effects, mainly by providing lubrication and 

cooling.  Lubrication reduces the machining power and the associated heat generation, 

while also enhancing surface quality and reducing wheel wear.  Cooling by the fluid 

removes heat from the tool and the workpiece. 

One alternative to large cutting fluids practice is the dry machining, without using 

any cutting fluid.  Research on dry machining was mainly concerned with the 

development of appropriate tools and coatings (Shen, 1996; Klocke, 1997; Machado et al., 

1997; Nouari et al., 2004; Kobayashi et al., 2005; Reddy and Rao, 2006; Su et al., 2006).  

Although dry machining is possible in some situations, there are still lots of issues 

                                                 
 
1 http://www.osha.gov/SLTC/metalworkingfluids/metalworkingfluids_manual.html 
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regarding lubricity, tool life,  thermal damage of workpiece, etc (Sun et al., 2006; Davim 

et al., 2006; Heinemann et al., 2006; Itoigawa et al., 2006).  Therefore, Minimum 

Quantity Lubrication (MQL) was proposed. The use of MQL is of great significance in 

conjunction between large cutting fluids application and dry machining.  It can reduce the 

amount of frictional heat generation and provide some cooling in the tool-workpiece 

interface and hence keep the workpiece temperatures lower than those in a completely 

dry machining.  Another characteristic of this technology is that when properly applied, 

both parts and chips remain dry and are easier to handle (Itoigawa et al., 2006). 

Both General Motors Powertrain Division and Ford Advanced Manufacturing 

Technical Development (AMTD) are leading the effort to implement MQL processes in 

production.  The most common high volume production application for MQL is cross and 

oil hole drilling on steel crankshafts (Filipovic and Stephenson, 2006). The total cost-

savings due to the reduction of fluid use and disposal, while maintaining the same level 

of productivity and quality, affirm that both the environment and cost/productivity targets 

can be met in well-developed MQL machining processes. 

Since grinding is an abrasive process, it generates extremely high energy input at 

the tool-workpiece interface.  The application of MQL in grinding is much more 

challenging than in any other cutting processes, and only a few researchers have studied 

MQL grinding so far.  In previous research at University of Massachusetts, the 

performance of MQL grinding using non-hazardous ester oil was evaluated relative to 

conventional 5 vol% soluble oil as well as dry grinding for straight surface grinding and 

internal cylindrical grinding in terms of specific energy, surface roughness, wheel wear, 

and cooling (Baheti et al., 1998; Hafenbraedl and Malkin, 2000).  Experimental results 
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showed that MQL provided effective lubrication but insufficient workpiece cooling with 

conventional abrasive wheels. MQL grinding has also been studied in Europe with 

similar conclusions (Brinksmeier et al., 1997) regarding workpiece cooling.   

On the other hand, the recent development of nanofluids provides alterative 

cutting fluids which can be used in MQL grinding.  The advanced heat transfer and 

tribological properties of these nanofluids can provide better cooling and lubricating in 

the MQL grinding process, and make it production-feasible. 

In addition, CBN grinding wheel is considered for MQL grinding because CBN 

grains have very high thermal conductivity, which can enhance heat conduction away 

from the grinding zone to the wheel (Lavine et al., 1989; Upadhyaya and Malkin, 2004), 

and therefore can prevent the thermal damage to the workpiece. 

The goal of this research is to develop a practical and environmentally benign 

grinding process by addressing the following four areas: (1) synthesis and 

characterization of new nanofluids, (2) application of nanofluids in MQL grinding using 

conventional abrasives (aluminum oxide) wheels and superabrasives (CBN) wheels, (3) 

thermal analysis of MQL grinding, and (4) heat transfer modeling of the grinding process 

based on the Finite Difference Method. 

 

1.5. Outline 

Chapter 2 presents formation and characterization of nanofluids.  The methods of 

nanofluids synthesis were introduced and several different types of nanofluids were 

formulated.  The transient hot wire method was used to measure the thermal conductivity 

of nanofluids, and the convection heat transfer coefficient of nanofluid passing through a 
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microchannel was also investigated.  

Chapter 3 presents the experimental work of MQL grinding using conventional 

abrasive wheels.  Both water based and oil based nanofluids were employed in MQL 

grinding and the performance was evaluated in terms of grinding force, G-ratio, and 

surface roughness, etc. 

Chapter 4 focuses on heat transfer in grinding.  A new thermocouple fixating 

method for grinding temperature measurement was proposed and further utilized to 

experimentally investigate the energy partition for grinding under dry, wet, and MQL 

conditions.  Thermal analysis of MQL grinding using superabrasives (CBN) wheels was 

also studied. 

Chapter 5 introduced a Finite Difference Method (FDM) based grinding thermal 

model.  The model was developed to better understand the heat transfer problems in 

grinding.  The effects of workpiece dimension, feed rate, and various cooling conditions 

were investigated using the FDM heat transfer model.  It was further applied in the 

grinding experiments to estimate the energy partition and the convection heat transfer 

coefficient. 

The conclusions and recommendations for future work are presented in Chapter 6. 
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CHAPTER 2 

 

NANOFLUIDS SYNTHESIS AND CHARACTERIZATION  

 

 

Nanofluid is a new class of fluids engineered by dispersing nanometer-size solid 

particles into base fluids such as water, ethylene glycol, lubrication oils, and etc.  

Nanofluids containing Al2O3 nanoparticles and multi-wall carbon nanotubes were 

synthesized by two-step physical process (Choi et al., 2001a).  Diamond nanofluids and 

high volume fraction nanofluids were acquired from the sponsor companies. 

The transient hot wire method was used to measure the thermal conductivity of 

nanofluids, and high thermal conductivity enhancement of 61% was observed for ZnO 

nanofluids at 15 vol%. 

The convection heat transfer coefficient of nanofluid was also investigated. The 

nanofluids showed higher Nusselt number than its base fluid at the same Reynolds 

number.  However, there is no significant difference between the nanofluids and the base 

fluids in terms of convection heat transfer coefficient vs. flow rate.  The increase in 

Nusselt number of nanofluids is mainly due to the higher viscosity, compared to the base 

fluid. 
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2.1. Introduction 

2.1.1. Nanofluid for Cooling Applications 

Heat transfer fluids play an important role for cooling applications in many 

industries including manufacturing, transportation, energy, and electronics, etc. 

Developments in new technologies such as highly integrated microelectronic devices, 

higher power output engines, and reduction in applied cutting fluids continuously 

increase the thermal loads, which requires advances in cooling capacity.  Therefore, there 

is an urgent need for new and innovative heat transfer fluids to achieve better cooling 

performance. 

Generally, conventional heat transfer fluids have poor heat transfer properties 

compared to solids.  As shown in Table 2.1, most solids have orders of magnitude larger 

thermal conductivities than those of conventional heat transfer fluids.  Therefore, fluids 

containing suspended solid particles are expected to display significant enhancement in 

thermal conductivities relative to conventional heat transfer fluids. 

Numerous theoretical and experimental studies of the effective thermal 

conductivity of fluids containing particles have been conducted since Maxwell's 

theoretical work was published more than 100 years ago.  However, these studies were 

confined to dispersions containing millimeter- or micrometer-sized particles.  In 

developing advanced fluids for industrial applications, it was identified that millimeter- 

or micrometer-sized sized particles have severe clogging and abrasive problems.  

With the development of nanopowder synthesizing techniques, it was proposed 

that nanometer sized solid particles can be uniformly and stably suspended in industrial 

heat transfer fluids such as water, ethylene glycol, or engine oil to produce a new class of 
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engineered fluids with high thermal conductivity. Choi (1995) coined the term 

“nanofluids” for this new class of engineered heat transfer fluids.   Since nanoparticles 

are small enough that they are expected to behave like molecules of liquid, nanofluids 

will not clog flow passages, but can improve the thermal properties.   

Table 2.1. Thermal conductivity of matters (data summarized from 
Incropera and DeWitt, 2001) 
Material Thermal conductivity (W/m-K) @ 300K 

Metallic solids 
Copper 401 
Aluminum 237 
Titanium 22 

Nonmetallic solids 
Diamond 2300 
Silicon 148 
Aluminum Oxide 36 

Conventional heat transfer fluids 
Water 0.613 
Ethylene Glycol 0.252 
Engine Oil 0.145 
 

2.1.1.1. Metallic nanofluids vs. non-metallic nanofluids 

Nanofluids can be generally classified into two categories, i.e. metallic nanofluids 

and non-metallic nanofluids (Eastman et al., 2004).  Metallic nanofluids often refer to 

those containing metallic nanoparticles such as copper (Cu), ferrum (Fe), gold (Au) and 

silver (Ag), while nanofluids containing non-metallic nanoparticles such as aluminum 

oxide (Al2O3), copper oxide (CuO) and silicon carbide (SiC) are often considered as non-

metallic nanofluids. 
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2.1.1.2. Thermal conductivity of nanofluids 

Conventional heat conduction models for solid-liquid mixtures have long been 

established such as Maxwell model (Maxwell, 1904), Hamilton–Crosser model 

(Hamilton and Crosser, 1962) and Jeffrey model (Jeffrey, 1973).  However, these 

conventional heat conduction models were confined to dispersions containing millimeter- 

or micrometer-sized particles.  When applying to nanofluids, they usually underestimate 

the thermal conductivity (Wang et al., 1999; Choi, et al., 2001a; Jang and Choi, 2004).   

Thus, thermal conductivity of nanofluids has been widely studied since 1993 

(Masuda et al., 1993), although the term “nanofluids” was later on coined by Choi (1995).  

Transient hot wire method is well developed to experimentally measure the thermal 

conductivity of nanofluids (Nagasaka and Nagashima, 1981).  Table 2.2 summaries the 

literature review for thermal conductivity of nanofluids.  

Metallic nanofluids have been widely studied.  Choi et al. (2001a) found that the 

effective thermal conductivity of ethylene glycol was improved by up to 40% through the 

dispersion of 0.3 vol% Cu nanoparticles of 10 nm mean diameter, while Xuan and Li. 

(2000) demonstrated that the effective thermal conductivity of water was increased by up 

to 78% with 7.5 vol% Cu nanoparticles of 100 nm mean diameter.  Hong et al. (2005) 

reported that the thermal conductivity of Fe nanofluids is increased nonlinearly up to 

18% as the volume fraction of particles is increased up to 0.55 vol%.  Patel et al. (2003) 

studied behavior of Au and Ag nanoparticles dispersed in water and found that the water 

soluble Au nanoparticles, 10–20 nm in mean diameter, made with citrate stabilization 

showed thermal conductivity enhancement of 5–21% in the temperature range of 30–

60ºC at a loading of 0.026 vol%, however, comparatively lower thermal conductivity 
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enhancement was observed for larger diameter Ag particles for higher loading (average 

diameter of 60-80 nm).  

Non-metallic nanofluids such as Al2O3, CuO, SiC, TiO2 and carbon nanotubes 

also have been studied.  The early research work by Masuda et al. (1993) reported 30% 

increases in the thermal conductivity of water with the addition of 4.3 vol% Al2O3 

nanoparticles (average diameter of 13 nm). A subsequent study by Lee et al. (1999), 

however, observed only a 15% enhancement in thermal conductivity at the same 

nanoparticle loading (average diameter of 33 nm). Xie et al. (2002a) found an 

intermediate result, that is, the thermal conductivity of water is enhanced by 

approximately 21% by a nanoparticle loading of 5 vol% (average diameter of 68 nm). 

These differences in behavior were probably attributed to differences in average particle 

size in the samples.  Nanofluids consisting of CuO nanoparticles dispersed in water and 

ethylene glycol seem to have larger enhancements in thermal conductivity than those 

containing Al2O3 nanoparticles (Lee et al., 1999).  The early research by Eastman et al. 

(1997) showed that increase in thermal conductivity of approximately 60% can be 

obtained for the nanofluid consisting of water and 5 vol% CuO nanoparticles with 

average grain size of 36 nm. While Lee et al. (1999) observed only a modest 

improvement of nanofluids containing CuO compared with  those containing Al2O3,  

Zhou and Wang (2002) observed a 17% increase in thermal conductivity for a loading of 

only 0.4 vol% CuO nanoparticles in water.  Xie et al. (2002b) studied SiC (average 

diameter of 26 nm) in water suspension and reported that the thermal conductivity can be 

increased by about 15.8% at 4.2 vol%.  Murshed et al. (2005) showed that the measured 

thermal conductivity for water based TiO2 nanofluids (average diameter of 15 nm) has a 
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maximum enhancement 30% for 5 vol% of particles. 

Carbon nanotube nanofluids, is of special interests to researchers because of the 

novel properties of carbon nanotubes -extraordinary strength, unique electrical properties, 

and efficient conductors of heat. Carbon nanotubes (CNTs) are fullerene-related 

structures that consist of either a grapheme cylinder (the so-called single-wall carbon 

nanotubes, SWCNTs) or a number of concentric cylinders (the so-called multiwalled 

carbon nanotubes, MWCNTs) (Wen and Ding, 2004b).  Choi et al. (2001b) measured the 

effective thermal conductivity of MWCNTs dispersed in synthetic (poly-α-olefin) oil and 

reported the enhancement up to a 150% in conductivity at approximately 1 vol% CNT, 

which is by far the highest thermal conductivity enhancement ever achieved in a liquid 

(Lockwood et al., 2005).  However, this huge enhancement was not observed by Xie et al. 

(2003) for water/ ethylene glycol/decene based MWCNTs nanofluids, nor by Assael et al. 

(2004) for water based MWCNTs nanofluids.  The maximum thermal conductivity 

enhancements observed by Xie et al. (2003) are 19.6%, 12.7%, and 7.0% for MWCNTs 

suspension at 1.0 vol% in decene, ethylene glycol, and water, respectively, and that 

observed by Assael et al. (2004) was 38% for MWCNTs suspension at 0.6 vol% in water. 

As shown in Table 2.2, the reported measurement results are not very consistent.  

This is probably because different researchers may have different experimental procedure 

and there is uncertainty in the thermal conductivity measurement using hot wire method. 

 

2.1.1.3. Particle size dependent thermal conductivity of nanofluids 

There has not been a systematic experimental investigation of size-dependent 

conductivity reported (Jang and Choi, 2004).  However, Wang et al. (1999) compared 
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their experimental data with those of other investigators, and concluded it is possible that 

the thermal conductivity of nanoparticle fluid mixtures increases with the decreasing 

particle size.  How the particle size affect the thermal conductivity of nanofluids will be 

studied in our research. 

Table 2.2. Summary of literature review for thermal conductivity of 
nanofluids 

 
Particle Base fluid 

Average 
particle 

size 

Volume 
fraction 

Thermal 
conductivity 
enhancement 

Reference 

Cu Ethylene 
glycol 10 nm 0.3% 40% Choi et al. 

(2001a) 

Cu Water 100 nm 7.5% 78% Xuan and Li 
(2000) 

Fe Ethylene 
glycol 10 nm 0.55% 18% Hong et al. 

(2005) 

Au Water 10–20 nm 0.026% 21% Patel et al. 
(2003) M

et
al

lic
 n

an
of

lu
id

s 

Ag Water 60-80 nm 0.001% 17% Patel et al. 
(2003) 

Al2O3 Water 13 nm 4.3% 30% Masuda et al. 
(1993) 

Al2O3 Water 33 nm 4.3% 15% Lee et al. (1999) 

Al2O3 Water 68 nm 5% 21% Xie et al. 
(2002a) 

CuO Water 36 nm 5% 60% Eastman et al. 
(1997) 

CuO Water 36 nm 3.4% 12% Lee et al. (1999) 

CuO Water 50 nm 0.4% 17% Zhou and Wang 
(2002) 

SiC Water 26 nm 4.2% 16% Xie et al. 
(2002b) 

TiO2 Water 15 nm 5% 30% Murshed et al. 
(2005) 

MWCNT(1) Synthetic oil 

25 nm in 
diameter 
50 μm  in 

length 

1% 150% Choi et al. 
(2001b) 

MWCNT 
Decene/ 
Ethylene 

glycol/ Water 

15 nm in 
diameter 
30 μm  in 

length 

1% 20%/13%/7% Xie et al. (2003) 

N
on

-m
et

al
lic

 n
an

of
lu

id
s 

MWCNT Water 

100 nm in 
diameter 
70 μm  in 

length 

0.6% 38% Assael et al. 
(2004) 

(1) MWCNT: multi-walled carbon nanotube 
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2.1.1.4. Temperature dependent thermal conductivity of nanofluids 

Das et al. (2003) studied Al2O3 nanoparticles in water and showed the temperature 

dependent behavior of nanofluids — an increase of enhancement characteristics with 

temperature, which indicates that nanofluids could be particularly attractive for 

applications at elevated temperatures.  The experimental data from my colleague White 

(2006) also showed the temperature dependent thermal conductivity of nanofluids, as 

shown in Figure 2.1.   For water-based Al2O3 nanofluids with 1–4 vol% of particles, the 

thermal conductivity increases with increasing temperature. 
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Figure 2.1. Temperature dependent thermal conductivity 
of Al2O3 nanofluids (White, 2006) 

 

2.1.1.5. Convection heat transfer performance of nanofluids 

Some researchers have investigated the heat transfer coefficients of nanofluids in 

convective flows (Pak and Cho, 1998; Wen and Ding, 2004a ; Xuan and Roetzel, 2000; 

Xuan and Li, 2000; 2003).  These studies showed that nanofluids exhibited higher heat 
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transfer coefficient than base fluids, and the Nusselt number of nanofluids increased with 

increasing volume fraction of the suspended nanoparticles and the Reynolds number. 

Nanofluids are multicomponent systems, and the morphology and orientation of 

the dispersed solids is complex (Yang et al., 2005).  Experimental data have shown that 

both classical correlations, Shah equation (for laminar flows) and Dittus–Boelter equation 

(for turbulent flows) fail to predict convection heat transfer behavior of nanofluids (Wen 

and Ding, 2004a ; Xuan and Li, 2003).  Currently, there are very few correlations 

developed for convection heat transfer coefficients of nanofluids (Xuan and Li, 2000; 

2003). 

Wen and Ding (2004a) studied convective heat transfer of nanofluids made of 

Al2O3 nanoparticles and water in the laminar flow regime, and showed that for nanofluids 

containing 1.6 vol% Al2O3 nanoparticles the local heat transfer coefficient was increased 

by 15 – 45% (depending on the distance from entrance region).  Xuan and Li (2000; 2003) 

measured the convective heat transfer coefficient of nanofluids for turbulent flow and 

found that compared with water, the Nusselt number was increased more than 39% for 

the nanofluids with 2.0 vol% of Cu nanoparticles.   

 

2.1.2. Nanofluid for Lubrication Application 

On the other hand, as we know, solid lubricants are useful for conditions when 

conventional liquid lubricants are inadequate such as high temperature and extreme 

contact pressures.  Their lubricating properties are attributed to a layered structure on the 

molecular level with weak bonding between layers. Such layers are able to slide relative 

to each other with minimal applied force, thus giving them their low friction properties.  
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Graphite and molybdenum disulfide (MoS2) are the predominant materials used as solid 

lubricant. Other useful solid lubricants include boron nitride, tungsten disulfide, 

polytetrafluorethylene (PTFE), etc, as listed in Table 2.3. 

To improve the tribological properties of lubricating oils by dispersing 

nanoparticles, especially nanoparticulate solid lubricants, becomes of interest to people.  

Recent research has shown that lubricating oils with nanoparticle additives exhibit 

improved load-carrying capacity, anti-wear and friction-reduction properties.  Xu et al. 

(1996) investigated tribological properties of the two-phase lubricant of paraffin oil and 

diamond nanoparticles, and the results showed that, under boundary lubricating 

conditions, this kind of two-phase lubricant possesses excellent load-carrying capacity, 

anti-wear and friction-reduction properties.  According to Verma et al. (2007), MoS2 in its 

nanoparticulate form has exceptional tribological properties, which can reduce friction 

under extreme pressure conditions.  Wu et al. (2006) examined the tribological properties 

of lubricating oils with CuO, TiO2, and diamond nanoparticles additives.  The 

experimental results show that nanoparticles, especially CuO, added to standard oils 

exhibit good friction-reduction and anti-wear properties.  

Table 2.3. Solid lubricant (1) 

Solid Lubricant Formula Temperature resistance 
(oxidizing atmosphere) (2) 

Graphite C   450 ºC 
Molybdenum disulfide MoS2   400 ºC 
Boron nitride BN 1200 ºC 
Tungsten disulfide WS2   450 ºC 
PTFE --   260 ºC 
(1)Reference: http://www.tribology-abc.com/sub15.htm 
 (2)Temperature resistance is even higher in reducing/non-oxidizing environments (for 
example, MoS2 up to 1100°C) 
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2.2. Nanofluids Synthesis 

2.2.1. Overview 

There are three ways to fabricate nanofluids, two-step physical process (Choi et 

al., 2001a), one-step physical process (Choi et al., 2001a; Choi and Eastman, 2001), and 

one-step chemical process (Zhu et al., 2004).  

 

2.2.1.1. Two-step physical process  

Nanoparticles are first produced as a dry powder, typically by inert gas–

condensation, which involves the vaporization of a source material in a vacuum chamber 

and subsequent condensation of the vapor into nanoparticles via collisions with a 

controlled pressure of an inert gas such as helium. The resulting nanoparticles are then 

dispersed into a fluid in a second processing step.  An advantage of this technique in 

terms of eventual commercialization of nanofluids is that the inert-gas condensation 

technique has already been scaled up to economically produce tonnage quantities of 

nanopowders (Wagener and Gunther, 1999). 

 

2.2.1.2. One-step physical process  

This technique synthesizes nanoparticles and disperses them into a fluid in a 

single step.  It was originally used to prepare extremely fine particles of Ag by vacuum 

evaporation onto a running oil substrate, which was developed by Yatsuya and coworkers 

(Yatsuya et al., 1978) and later improved by Wagener and coworkers (Wagener et al., 

1997; Wagener and Gunther, 1999).  Choi and Eastman (2001) used this technology to 
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produce nanofluids. As shown in Figure 2.2 (Choi and Eastman, 2001), the technique 

involves vaporization of a source material under vacuum conditions, and condensation of 

the vapor occurs via contact between the vapor and a flowing liquid. Nanoparticle 

agglomeration is minimized by flowing the liquid continuously, which results in good 

dispersion.  However, the one-step physical process is very expensive and at present the 

volume of nanofluids that can be produced via this direct-evaporation technique is much 

more limited than with two-step physical process because of the limited space in the 

vacuum chamber (Eastman et al., 2004). 

 

Cooling System
Liquid

Resistively Heated 
Crucible

 

Figure 2.2. Schematic drawing of the one-step 
physical process (Choi and Eastman, 2001). 

 

2.2.1.3. One-step chemical process 

Zhu et al. (2004) developed a one-step chemical process for producing stable Cu 

in  ethylene glycol nanofluids by reducing copper sulfate pentahydrate (CuSO4·5H2O) 

with sodium hypophosphite (NaH2PO2· H2O) in ethylene glycol under microwave 
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irradiation. The thermal conductivity enhancement approaches that of the Cu nanofluids 

prepared by a one-step physical method.  It is found to be a fast, efficient one-step 

chemical method to prepare Cu nanofluids.  However, this method is still in the research 

stage and the types of nanofluids it can produce are limited.  Thus, we will not use one-

step chemical process to produce nanofluids in our research. 

 

2.2.2. Preparation of Nanofluids  

Two-step physical process (Choi et al., 2001) has been adopted to synthesize 

Al2O3 and CNT nanofluids as it is the cheapest and easiest process.  Some other 

nanofluids were acquired from sponsor companies.  The material used for nanofluids 

synthesis is listed in Table 2.4, along with their thermal conductivity properties. 

Table 2.4. List of materials of interest to nanofluids synthesis 

Material Thermal conductivity  
 (W/m-K) Reference 

Aluminum oxide 
(Al2O3) 

36 Incropera and DeWitt (2001) 

Carbon nanotube (CNT) 3000 Che et al. (2000) 

Diamond (C) 2300 Incropera and DeWitt (2001) 

Zinc oxide (ZnO) 100 Florescu et al. (2000)) 
 

2.2.2.1. Aluminum oxide nanofluids 

Two sample Al2O3 dry powders with mean diameter of 30 nm and 40 nm were 

provided by Nanotechnologies, Inc.  These Al2O3 dry powders can be directly dispersed 

into water without surfactant.  The Al2O3 nanofluids with different volume fractions from 

1% to 4% were prepared and all the mixtures remain stable for weeks. 
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2.2.2.2. Carbon nanotube nanofluids 

Four multi-wall carbon nanotubes (MWCNTs) samples were purchased from 

Shenzhen Nanotech Port Co., China.  The speciation of the MWCNTs is listed in Table 

2.5. 

Table 2.5. Specification of multi-wall carbon nanotubes 
Multi-wall carbon nanotubes Main range of external diameter Length 

L-MWCNT-1020 10-20 nm 5-15 μm 
S-MWCNT-1020 10-20 nm 1-2 μm 

L-MWCNT-60100 60-100 nm 5-15 μm 
S-MWCNT-60100 60-100 nm 1-2 μm 

 

Carbon nanotubes (CNTs) as produced are usually entangled and not ready to be 

dispersed into fluids.  Therefore, chemical surfactant is needed to disperse CNTs.  With 

surfactant Sodium Dodecyl Sulfate (SDS) along with ultrosonic bathing, multi-wall 

carbon nanotubes are being able to be dispersed in distilled water or ethylene glycol.  

CNTs nanofluids with different volume fractions from 0.1% to 1% were prepared and all 

the mixtures remain stable for weeks. 

 

2.2.2.3. Diamond nanofluids 

Two samples of diamond nanofluid were directly provided by Saint-Gobain.  One 

of them contains 100 nm mono-crystalline diamonds with no coating (Diamond nanofluid 

#1) and the other contains 200 nm carbon outer coated diamonds (Diamond nanofluid #2).  

Both samples have 1.5% volume fraction of diamonds.  The fluid appears grey and 

remains stable for weeks. 
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2.2.2.4. High volume fraction nanofluids 

Six samples of water based nanofluid with high volume fraction were provided by 

Nanophase Technologies (Romeoville, Illinois), as listed in Table 2.6.   Three of the 

samples contain Al2O3 nanoparticles with average particle sizes of 20, 46 and 80nm.  The 

other three contain ZnO nanoparticles with average particle sizes of 20, 40 and 60nm.  

The stable high volume fraction dispersions were obtained by the addition of chemical 

dispersants which is not disclosed by the company.  As shown in the table, the volume 

fraction of nanofluids ranges from 10.6% to 22.1%. These concentrations are 

significantly higher than those of nanofluids studied in previous literature.  

Table 2.6. List of nanofluids provided by Nanophase 
Molecular formulation  Particle size Volume fraction

20 nm 10.6% 
46 nm 21.7% Al2O3 
80 nm 22.1% 
20 nm 10.9% 
40 nm 11.0% ZnO 
60 nm 15.0% 

 

2.3. Thermal Conductivity Measurements 

The thermal conductivity of nanofluids were measured using transient hot wire 

method, as described in Appendix A.1 in detail. 

 

2.3.1. Aluminum Oxide Nanofluids  

Al2O3 Al2O3fraction from 1% to 4% were prepared using two-step physical 

process as described in Chapter 2.  The thermal conductivity of these Al2O3 nanofluids 
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were measured by long wire probe and the results are presented in Figure 2.3 along with 

some literature data (Lee et al., 1999; Xie et al., 2002; Wen and Ding, 2004a).  In these 

literatures, Al2O3 nanofluids are all produced by two-step physical process, but the size of 

Al2O3 nanoparticle being studied is a little different.   

As shown in Figure 2.3 the thermal conductivity enhancement increases with 

increasing volume fraction of Al2O3 nanoparticles.  However, the size effect on the 

thermal conductivity is not conclusive here. This is because different researchers may 

have different experimental procedure and even though all the Al2O3 nanofluids are 

prepared by two-step physical process, the efficiency of dispersion could still be different, 

which results in the variation of thermal conductibility.  
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Figure 2.3. Thermal conductivity of Al2O3 nanofluids 

 

For our experimental data, it is obvious that the 30 nm Al2O3 nanofluids have 
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larger thermal conductivity enhancement than 40 nm ones.  Only 4 vol% loading of 

Al2O3 nanoparticles can increase the thermal conductivity by 17% for 30 nm particles 

and 14% for 40 nm particles. 

 

2.3.2. Diamond Nanofluids  

Two diamond nanofluid samples received from Saint-Gobain (Warren/Amplex 

Superabrasives were also tested.  Both samples were formulated to have a volume 

fraction of 1.5% diamond:  

• Diamond nanofluid #1: 100 nm mono-crystalline diamond with no coating. 

• Diamond nanofluid #2:  200 nm carbon outer coated diamond. 

The thermal conductivity of both diamond nanofluid samples was measured by 

short wire probe and the results are presented in Table 2.7.  Diamond nanofluid # 1 has an 

enhancement of 13% in thermal conductivity and diamond nanofluid # 2 has an 

enhancement of 8%. 

Table 2.7. Thermal conductivity measurement results of diamond 
nanofludis 
 
 

 Diamond  
nanofluid #1 

Diamond  
nanofluid #2 

Thermal conductivity (W/m-K) 0.687 0.657 
Thermal conductivity enhancement 
(relative to deionized water) 13% 8% 

 

2.3.3. Carbon Nanotube Nanofluids 

Stable multi-wall carbon nanotubes (MWCNT) suspension in pure water was 

obtained using 0.1 wt% sodium dodecyl sulfate (SDS) as surfactant and subjected to 30 
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min of ultrasonic homogenization, as described in Chapter.  The test nanotubes were 

purchased from Shenzhen Nanotech Port Co., which has mean diameter of 10-20 nm and 

length of 5-15 μm.  Thermal conductivities at different volume fraction were measured by 

short-wire probe.  However, as shown in Figure 2.4, the thermal conductivity 

enhancements are only 1.9%, 2.5%, and 3.4%, respectively for the volume fraction of 

0.2%, 0.4%, and 0.6%, which is not as high as expected.  This is probably attributed to 

the dispersion method as well as the quality of nanotubes. 
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Figure 2.4. Thermal conductivity of MWCNT 
nanofluids 

 

2.3.4. High Volume Fraction Nanofluids 

Six samples of high volume fraction nanofluids are provided by Nanophase, as 

discussed in Section 2.2.2.  Nanofluids with various volume fractions can be further 

obtained by dilution with deionized water. 
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The thermal conductivity measurement of water-based Al2O3 nanofluids with 

particle sizes of 20, 46, and 80 nm is shown in Figure 2.5.  The thermal conductivity 

enhancement increases with increasing volume fraction of nanoparticles.  The 

improvement of thermal conductivity reaches 43% with 22 vol% of 80 nm Al2O3 

nanoparticles.  It also indicates that the larger particle size has larger enhancement in 

thermal conductivity. 
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Figure 2.5. Thermal conductivity of high volume fraction Al2O3 
nanofluids 
 

The thermal conductivity of water-based ZnO nanofluids with particle sizes of 20, 

40, and 60 nm was also characterized and plotted in Figure 2.6.  The results are very 

similar to those of Al2O3 nanofluids.  The thermal conductivity enhancement increases 

with increasing volume fraction of nanoparticles, as well as the increasing particle size.  

For the ZnO nanofluid with a particle size of 60 nm, the increase in thermal conductivity 

is about  61% at the 15 vol%. 
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In addition, the experimental results indicated that the ZnO nanofluids have better 

thermal conductivity improvement than Al2O3 nanofluids.   This is probably because the 

thermal conductivity of ZnO is about three times higher than that of Al2O3. 
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Figure 2.6. Thermal conductivity of high volume fraction ZnO 
nanofluids 

 

Thermal conductivity is a critical to the heat conduction, but when it comes to the 

cooling application of fluids, convection becomes more of significant.  Moreover, since 

there is increasing demand for more efficient microchannel cooling in microelectronics 

and fuel cell application, it is necessary to study cooling behavior of nanofluids in 

microchannels.  Therefore, convection heat transfer of nanofluids in microchannels was 

investigated in this research. 
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2.4. Convection Heat Transfer Coefficient Measurements 

The internal pipe flow convection coefficient of nanofluids was measured 

experimentally.  The principle, experimental setup and the calibration can be found in 

Appendix A.2. 

The water-based Al2O3 nanofluid from Nanophase was diluted to various volume 

fractions for convection heat transfer coefficient study.  The suspended Al2O3 particle has 

an average size of 46 nm.  The high volume fraction results in the high viscosity of the 

fluid and a tendency for the nanoparticles to stick on the walls of tubing and containers.  

It also requires large pumping power.  Therefore, the highest concentration of the testing 

fluid in this study was 5 vol%. The thermal conductivity of these testing fluids were 

measured and summarized in Table 2.8. 

The Nusselt number versus Reynolds number from the experiments are plotted in 

Figure 2.7.  All the Al2O3 nanofluids have higher Nusselt number than water under the 

same Reynolds number.  In general, the Nusselt number increases with increasing 

Reynolds number as well as the volume fraction of the suspended Al2O3 nanoparticles. 

However, when interpreting the experimental results in terms of flow rate and 

convection heat transfer coefficient, as seen in Figure 2.8, there is no significant 

difference between the Al2O3 nanofluids and water. 

The reason why we saw higher Nusselt number in Figure 2.8 is because of the 

higher viscosity of the nanofluids.  The viscosity of the testing fluid is measured using a 

Brookfield Engineering LV-DV-II + PRO Digital Viscometer, as listed in Table 2.8.  

Given the same flow rate, the Reynolds number would be lower if the fluid has a higher 

viscosity.  Therefore, the nanofluids with higher viscosity have the higher Nusselt number 
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under the same Reynolds number, which is actually corresponding to a higher flow rate. 
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Figure 2.7. Nusselt number versus Reynolds number 
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Table 2.8. Physical properties of testing fluids (room temperature) 

Fluid Volume 
Fraction 

Thermal 
Conductivity 

(W/m-K) 

Density 
(kg/m3) 

Viscosity 
(Ns/m2) 

Water -- 0.61 997 8.55×10-4 
1% 0.62 1030 1.30×10-3 
3% 0.63 1080 1.50×10-3 

Al2O3 nanofluids 
(NanoDur X1121W) 

5% 0.66 1130 2.04×10-3 
 

2.5. Concluding Remarks 

Two-step physical process was used to synthesize nanofluids containing Al2O3 

nanoparticles and multi-wall carbon nanotubes.  Diamond nanofluids and high volume 

fraction nanofluids were also acquired from Saint-Gobain Warren Amplex Superabrasives 

and Nanophase, respectively.   

Both the long and short hot wire probes were developed to measure the thermal 

conductivity of nanofluids based on transient hot wire method.  For Al2O3 nanofluids, the 

thermal conductivity enhancement increases with increasing volume fraction of 

nanoparticles.  Only 4 vol% loading of Al2O3 nanoparticles can increase the thermal 

conductivity by 17% for 30 nm particles and 14% for 40 nm particles.  Diamond 

nanofluids also show some enhancement in thermal conductivity (13% for 100 nm 

diamond particles and 8% for 200 nm diamond particles at 1.5 vol%).  However, carbon 

nanotube nanofluids only have little enhancement in thermal conductivity.  This is 

probably attributed to the dispersion method as well as the quality of nanotubes.  High 

volume fraction water-based Al2O3/ZnO nanofluids were also tested.  Much higher 

thermal conductivity enhancement of 61% was observed for ZnO nanofluids at 15 vol%. 

The convection heat transfer coefficient measurement apparatus was also 
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developed.  The calibration was conducted on pure water and the results are consistent 

with the literature.  The water-based Al2O3 nanofluid (average particle size of 46 nm) of 

various volume fractions was used for convection heat transfer study.  The nanofluids 

showed higher Nusselt number than its base fluid at the same Reynolds number; however, 

in terms of convection heat transfer coefficient vs. flow rate, there is no significant 

difference between the nanofluids and the base fluid.  The increase in Nusselt number of 

nanofluids is mainly due to the higher viscosity, compared to the base fluid. 
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CHAPTER 3 

 

MINIMUM QUANTITY LUBRICATION (MQL) GRINDING USING 

NANOFLUIDS 

 

 

MQL grinding (conventional abrasive wheels) of cast iron using water based and 

oil based nanofluids was investigated.  Grinding performance is evaluated and compared 

in terms of grinding force, G-ratio, and surface roughness, etc. 

Water-based Al2O3 and diamond nanofluids were applied in MQL grinding 

process and the grinding results were compared with those of pure water.  During the 

nanofluid MQL grinding, a dense and hard slurry layer was formed on the wheel surface 

and could benefit the grinding performance.  Experimental results showed that G-ratio, 

defined as the volume of material removed per unit volume of grinding wheel wear, could 

be improved with high concentration nanofluids.  However, water based nanofluids are 

not able to provide superior cooling capacity in MQL grinding process.  Thus, the 

research of MQL grinding using nanofluids focuses on the advanced lubrication 

properties hereafter. 

Oil-based nanofluids were also applied in MQL grinding.  Active MoS2 

nanoparticles were added in low and high concentrations, to three commercially available 



 34

base oils.  To test value addition due to nanoparticles, their MQL grinding performances 

were compared with that of the pure base oils (without MoS2 nanoparticles) and with 

regular water based grinding fluid using flood cooling (wet) application. The results 

showed that lubricants with novel MoS2 nanoparticles significantly reduces the tangential 

grinding force and friction between the wear flats and the workpiece, increases G-ratio 

and improves the overall grinding performance in MQL applications. 

 

3.1. Background 

Grinding is widely used as the finishing machining process for components that 

require smooth surfaces and precise tolerances.  Large fluid delivery and cooling systems 

are evident in production plants.  As mentioned in Chapter 1, from both environmental 

and economical points of view, there are critical needs to reduce the use of cutting fluid 

in grinding process, and MQL grinding is a promising solution.   

MQL grinding using conventional abrasive wheel has been investigated 

(Brinksmeier et al., 1997; Baheti et al., 1998; Hafenbraedl and Malkin, 2000), and it was 

concluded that MQL has shortcomings of insufficient workpiece cooling with 

conventional abrasives. 

The fluid and the grinding wheel are the key technical areas that can enable the 

success of MQL grinding processes.  The advanced heat transfer and tribological 

properties of nanofluids may provide better cooling and lubricating in the MQL grinding 

process, and make it production-feasible. 
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3.2. MQL Grinding using Water Based Nanofluids 

3.2.1. Experimental Setup 

The grinding experiments were conducted in an instrumented Chevalier Model 

Smart-B818 surface grinding machine.  The setup of the grinding experiment is shown in 

Figure 3.1.  A vitreous bond aluminum oxide grinding wheel (Saint-Gobain/Norton 

32A46-HVBEP) with 508 µm average abrasive size was used.  The initial diameter and 

the width of wheel were 177.8 mm and 12.7 mm, respectively.  The workpiece material 

was Dura-Bar 100-70-02 ductile iron with a carbon content of 3.5-3.9% and hardness of 

50 Rockwell C.  The width and length of the workpiece surface for grinding are 6.5 mm 

and 57.5 mm, respectively.  MQL grinding utilized a special fluid application system 

shown in Figure 3.1(b) provided by AMCOL (Hazel Park, Michigan).  In this system, 

biaxial hose is used to independently transport liquid and air to the point of use and then 

the liquid is surrounded with air (coaxial) and propelled onto the tool or workpiece by air 

pulse.  For flood cooling, Cimtech 500 synthetic grinding fluid at 5 vol% concentration 

was used and the flow rate was measured 5400 ml/min.  For MQL grinding, the flow rate 

was set to 5 ml/min for all grinding fluids including water-based nanofluids.   

The surface grinding parameters were kept constant throughout the experiment – 

30 m/s wheel surface speed, 10 μm depth of cut and 2400 mm/min workpiece velocity 

(feed rate).  Before every test, the grinding wheel was dressed at 10 μm down feed, 500 

mm/min traverse speed and −0.4 speed ratio using a rotary diamond disk with 96 mm 

diameter and 3.8 mm width. 

The normal and tangential grinding forces were measured using a Kistler Model 

9257A piezoelectric dynamometer.  The grinding temperatures were measured by the 
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embedded thermocouple method (Shen et al., 2009), which will be discussed in detail in 

Chapter 4.  After each grinding pass, the workpiece was allowed to cool to the initial 

temperature before the next pass was taken.  The wheel wear measurement method is the 

same as described in (Shih et al., 2003). The wheel was 12.7 mm wide.  The width of the 

part was narrower, 6.5 mm.  A worn groove was generated on the wheel surface after 

grinding.  A hard plastic part was ground to produce a replica of the worn grinding wheel. 

A Taylor Hobson Taylorsurf profilometer was used to measure the depth of wheel wear 

on the replica.  Each G-ratio grinding test had to wear out at least 6 μm of the wheel to 

ensure the accuracy of G-ratio.  The same profilometer was used to measure the surface 

roughness of ground surfaces.  Three measurement traces parallel and perpendicular to 

the grinding direction were measured.  The average of the three arithmetic average 

surface roughness (Ra) measurements along and across the grinding direction was used to 

represent the roughness of a ground surface. 

 

(a)  (b)  
Figure 3.1. Experimental setup: (a) Experiment layout and (b) MQL fluid 
delivery device 
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3.2.2. Grinding Fluids  

Four types of fluids were used in grinding tests, water-based Cimtech 500 

(Milacron, Cincinnati, OH) synthetic grinding fluid at 5 vol% concentration, pure water, 

water-based Al2O3 nanofluids, and water-based diamond nanofluids.  The Al2O3 

nanofluids were prepared by dispersing 40 nm Al2O3 nanoparticles (NovaCentrix, Austin, 

Texas) to the deionized water.  Three volume fractions of Al2O3 nanofluids at 1.0%, 2.5% 

and 4.0% were tested.  The 4.0 vol% is already on the high side of concentration for 

Al2O3 nanofluids because of the noted increase in viscosity.  Two diamond nanofluids 

samples are provided by Warren/Amplex Superabrasives of Saint-Gobain.  Both samples 

are formulated to have weight fraction of 250 carats/1000 ml, which have an equivalent 

volume fraction of 1.5% diamond.  One sample contains 200 nm carbon coated diamonds 

and the other contains 100 nm non-coated mono-crystalline diamonds. 

Table 3.1. Fluid thermal conductivity 

Fluids 
Thermal 
conductivity 
(W/m-K) 

Thermal 
conductivity 
enhancement 

Deionized water 0.603 -- 
Cimtech 500 synthetic fluid (5 vol%) 0.593 -- 

1.0 vol% 0.645 7% 
2.5 vol% 0.670 11% Al2O3 nanofluids (40 nm diameter) 
4.0 vol% 0.693 5% 

Diamond nanofluids  
(200 nm carbon coated) 0.654 6% 

Diamond nanofluids  
(100 nm non-coated ) 

1.5 vol% 
0.684 10% 

 

The thermal conductivity of fluids involved are all measured at room temperature 

using transient hot wire method as described in Chapter 3.  The results are summarized in 

Table 3.1.  All the nanofluids show some enhancement in thermal conductivity.  Al2O3 
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nanofluids have thermal conductivity enhancement of 7%, 11% and 15% for 1.0%, 2.5% 

and 4.0% volume fraction concentration, respectively.  Diamond nanofluids at 1.5 vol% 

have thermal conductivity enhancement of 6% for 200 nm carbon coated diamond and 

10% for 100 nm non-coated diamond.  The 5% concentration Cimtech 500 synthetic 

grinding fluid causes the thermal conductivity drop to 0.593 W/m-K. 

 

3.2.3. Grinding Forces 

The specific grinding forces, which is defined as the forces divided by the width 

of grinding, vs. passes are shown in Figures 3.2 and 3.3.  These forces are the average 

values in each grinding pass.  The grinding forces for every 5 passes are plotted.  As 

shown in Figure 3.2, flood cooling and MQL grinding using Cimtech 500 generate 

similar normal and tangential forces during the entire process.  These forces are lower 

than MQL grinding using pure water, which is expected because of the better lubricating 

properties of Cimtech 500 cutting fluid.  Dry grinding without lubrication generates the 

highest forces.  On the other hand, the forces increase with the number of passes, which 

contributes to the wheel wear.  Notice that the forces for dry grinding increase 

exponentially after 110 passes.  These large forces generate excessive heat and lead to 

visible burning of the workpiece, which can be identified by discoloration on the ground 

workpiece surface.  

MQL grinding force results using pure water (considered as the datum) and water 

based nanofluids are compared in Figure 3.3.  In the beginning (before 35 passes), all the 

forces are comparable.  With increasing passes, MQL grinding using different fluids 

exhibit different performance.  For Al2O3 nanofluids, at 1.0 vol% low concentration, the 
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grinding forces increase progressively which is similar to the case of pure water.  At 

higher concentration (2.5 and 4.0 vol%), the grinding forces remain flat after increasing 

in the beginning.  This may be due to the hard and dense slurry layer observed on the 

grinding wheel.  However, compared with Al2O3 nanofluid of 2.5 vol%, the one with 4.0 

vol% gives much higher forces.  The possible explation is that the high concentration of 

Al2O3 (4.0 vol%) leads to excessive loading of the vitreous bond grinding wheel, 

resulting in higher grinding forces. 

For diamond nanofluids, the grinding forces become flat after about 45 passes.  

Again, the slurry layer is readily observed when using 200 nm carbon coated diamond 

nanofluids, but not for 100 nm non-coated diamond nanofluids.  Intense loading on the 

wheel is likely why the grinding forces are higher with 200 nm carbon coated diamond 

nanofluid than with 100 nm non-coated diamond nanofluid.  In general, the slurry layer 

can reduce the grinding forces by reducing the wheel wear, which is supported by the G-

ratio measurement results. 

The force ratio Ft /Fn indicates the combination of abrasive cutting and friction 

between the wear flats and the workpiece.  In all the experiments, this ratio decreases 

from the beginning and then reaches a relatively steady state value.  As shown in Figure 

3.2, the force ratio is 0.15 for dry, 0.2 for pure water and Cimtech 500 MQL, and 0.25 for 

Cimtech 500 flood cooling grinding.  For nanofluid MQL grinding, as shown in Figure 

3.3, the force ratio is 0.25 for all three Al2O3 based nanofluids and about 0.27 and 0.2 for 

the 100 and 200 nm diamond nanofluids grinding, respectively.  The initial drop is 

probably due to the rise of workpiece temperature during grinding.  In dry grinding, the 

ratio is very low, which is attributed to the workpiece burning and associated phase 
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changes (Malkin, 1989). 
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Figure 3.2. Specific grinding forces 
and force ratio for wet, dry and MQL 
grinding using Cimtech 500 and pure 
water 

Figure 3.3. Specific grinding forces 
and force ratio for water based 
nanofluids MQL grinding 
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The specific tangential versus specific normal force for all grinding conditions are 

illustrated in Figure 3.4.  For given grinding conditions, a plot of tangential versus normal 

force component per unit width should yield a straight line with a slope equal to the 

friction coefficient between the wear flats and the workpiece.  According to Malkin’s 

analysis (Malkin, 1989), above the burn limit, the slope gets steeper which suggests a 

decrease in friction coefficient associated with workpiece burn.  The phase changes and 

the formation of oxides on cast iron workpiece cause the reduction in friction coefficient.  

This change in slope or friction coefficient is also observed in this study.  As shown in 

Figure 3.4, the specific tangential grinding force of about 2.2 N/mm is the transition point 

for grinding burn and change of slope.  This corresponds to a specific energy of 165 

J/mm3, which is a little higher than 135 J/mm3 burning limit for low carbon and low alloy 

steels (Malkin, 1989). 

Linear curve fitting was applied to data points above and below 2.2 N/mm 

specific tangential grinding force.  In the absence of workpiece burn, below the specific 

tangential grinding force of 2.2 N/mm, the slope is 0.33, which implies a friction 

coefficient of 0.33 between the wear flats and the workpiece.  With grinding burn, the 

slope is much lower, 0.09.  This indicates a much smaller friction coefficient beyond this 

grinding burn point.  This observation is consistent with the findings in previous grinding 

studies (Malkin, 1989).  Workpiece burning, evidenced by visible discoloration, is 

apparent in three grinding conditions: dry, pure water MQL, and 1.0 vol% Al2O3 

nanofluids MQL grinding.  For dry grinding, except for several initial passes, most of the 

data points are above the burn limit.  This has also been observed on the discoloration of 

the ground surface.  In dry grinding the first few passes has no discoloration.  After that, 
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severe discoloration was observed.  The experimental observations of discoloration match 

to the burn limit prediction in Figure 3.4.  Slight discoloration was observed for pure 

water and 1.0 vol% Al2O3 nanofluids MQL grinding.  As shown in Figure 3.4, some data 

from these experiments also locate above the burn limit.  For pure water, the lack of 

lubricity contributes to the workpiece burning.  For 1.0 vol% Al2O3 nanofluid, it is likely 

attributed to the relatively high grinding force than the other nanofluids, as shown in 

Figure 3.3.  No burning marks were observed for 2.5 vol% Al2O3 nanofluids, diamond 

nanofluids, flood cooling, and MQL grinding with Cimtech 500 as the specific tangential 

forces in these experiments are all below 2.2 N/mm. 
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3.2.4. G-ratio 

G-ratio is defined as the volume of work-material removed divided by the volume 

of wheel wear.  A high G-ratio indicates low wheel wear rate.  Nanofluid MQL grinding 

generally exhibits the high G-ratio, ranging from 16 to 33, as shown in Figure 3.5.  Flood 

cooling and MQL grinding using Cimtech 500 provides similar G-ratio, about 17.  Dry 

grinding exhibits the worst wheel wear, i.e., the lowest G-ratio, about 12, while MQL 

using pure water has only a slightly higher G-ratio than that of dry grinding. 
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Figure 3.5. G-ratio results 
 

For MQL grinding with Al2O3 nanofluids, the G-ratio increases with increasing 

volume fraction of Al2O3 nanoparticles.  The two highest G-ratio results are observed in 

MQL grinding with 2.5 and 4.0 vol% Al2O3 nanofluids.  This is attributed to the 

formation of the slurry layer which can protect the grinding wheel from grain/bond 
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fracture.  High concentration nanofluid has better protection and improves the G-ratio.  

The slurry layer is not observed in MQL grinding with 1.0 vol% Al2O3 nanofluid, which 

has a low G-ratio.  In early research (Komanduri and Reed, 1980), it was found that a thin 

slurry layer of silicon carbide on the wheel surface can protect the bonding material from 

thermal and/or mechanical degradation or damage, thereby causing a high G-ratio.  This 

research further validates this observation.  

For MQL grinding with diamond, the same phenomenon of slurry formation and 

high G-ratio was observed in the 200 nm diamond nanofluid.  For the 100 nm diamond 

nanofluid, no slurry layer was observed and the G-ratio is lower than that of the 200 nm 

diamond nanofluids.  Compared to the 100 nm diamond nanofluid, it should also be noted 

that the 200 nm diamond nanofluid is more viscous and more readily to form the slurry 

layer. 

 

3.2.5. Surface Roughness 

The surface roughness (Ra) of the ground workpiece are presented in Figure 3.6.  

Flood cooling has the best surface finish (lowest surface roughness).  In general, MQL 

grinding using nanofluids has better surface finish than pure water but worse than the 

flood cooling and MQL grinding using Cimtech 500.  Cimtech 500 synthetic grinding 

fluid provides good lubrication, while pure water has poor lubricating capability.  The 

flood cooling also provides efficient chip flushing.  The fact that the nanofluids 

outperform the pure water can be partly due to the reduction in grinding forces and 

friction.  Dry grinding has the worst surface finish, which is expected. 

For Al2O3 nanofluids, 2.5 vol% has better surface roughness than that of 1.0 and 
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4.0 vol%.  The 2.5 vol% Al2O3 nanofluid has the lowest specific tangential grinding 

forces (see Figure 3.3) among the three.  The 4.0 vol% Al2O3 nanofluid has lower specific 

tangential grinding forces than the 1.0 vol% Al2O3 nanofluid.  As a result, the 4.0 vol% 

Al2O3 nanofluid has better surface finish across the grinding direction.  However, along 

the grinding direction, it has worse surface finish than the 1.0 vol% Al2O3 nanofluid.  

This is likely due to the thicker slurry layer in 4.0 vol% Al2O3 nanofluid MQL grinding, 

which may scratch the workpiece along the grinding direction. 
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Figure 3.6. Surface roughness results 
 

The 200 nm coated diamond nanofluids have slightly better surface finish than the 

100 nm non-coated diamond nanofluid.  Although the former has slightly higher 

tangential forces, it has lower force ratio (friction coefficient).  In general, diamond 

nanofluids perform better than Al2O3 nanofluids in terms of surface roughness due to of 
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the lower specific tangential grinding forces, as seen in Figure 3.3. 

 

3.2.6. Grinding Temperature 

The comparison of wet, dry, and MQL grinding temperature at the workpiece 

surface was plotted in Figure 3.7.  Flood cooling has the lowest temperature and dry 

grinding has the highest, which is expected.  In Figure 3.7, all the MQL grinding 

experiments have the same flowrate (5 ml/min).  By applying MQL, the peak temperature 

is about 100-150°C lower than that in dry grinding.  This is due to both cooling and 

lubrication effects of the fluids provided by MQL, as lubrication reduces the cutting 

forces and cutting energy, while convection heat transfer and/or boiling carries away 

some of the heat. 

There is no significant difference in grinding temperature among the experiments 

using different types of fluids for MQL grinding.  The Cimtech 500 synthetic grinding 

fluid has slightly lower grinding temperature.  This is probably attributed to the better 

lubrication properties of Cimtech 500 synthetic grinding fluid.  The 4.0 vol% aluminum 

oxide nanofluids also has a slightly lower workpiece surface grinding temperature.  This 

is probably due to the dense slurry layer formed during grinding, which may cause more 

heat to enter the grinding wheel rather than the workpiece. 
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3.2.7. Summary 

Grinding of cast iron under different lubrication conditions was studied.  Grinding 

performance was investigated and compared in terms of grinding forces, G-ratio, and 

surface roughness.  Dispersion of solid particles was found to play an important role, 
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especially when a slurry layer was formed.  The slurry layer generated higher G-ratio 

(less wheel wear), smaller grinding forces and better surface finish.  To elucidate how the 

slurry layer forms and how the dispersed solid particles and the slurry layer affect the 

grinding performance, further research is needed. 

The preliminary study of MQL grinding showed that it could significantly reduce 

the grinding temperature compared to dry grinding.  However, there is no significant 

difference in grinding temperature when using nanofluids.  This is probably because that 

the amount of the nanofluids applied in MQL grinding is too small to make any 

difference even though they have better thermal conductivity.  In addition, convection is 

probably the dominant cooling phenomenon for cutting fluids in grinding processes 

rather than conduction.  According to the previous convection heat transfer study of 

nanofluids (Chapter 2), Al2O3 nanofluids virtually showed no improvement in the 

convection heat transfer coefficient compared to the base fluid.   

From above, it is concluded that nanofluids are not able to provide superior 

cooling capacity in MQL grinding process.  Therefore, the future research of application 

of nanofluids in MQL grinding should focus on the advanced lubrication properties. 

 

3.3. MQL Grinding using Oil Based Nanofluids 

The core functionalities of cutting fluids are to cool and lubricate the grinding 

zone.  The water based fluids are used mainly where good cooling properties are required, 

while the oil based fluids are used mainly where good lubricating property is a major 

requirement. 

Although the nanofluid has showed enhanced thermal conductivity, it was unable 
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to improve the convection heat transfer properties.  The experimental results in the 

previous section further confirmed that there is no advantage of applying nanofluids in 

MQL grinding in terms of workpiece cooling (Shen et al., 2008a).  On the other hand, the 

suspension of nanoparticles can also improve the tribological properties of the base fluids, 

which can help lubricate the grinding zone.  Therefore, the oil based nanofluids with 

advanced tribological properties are now considered for MQL grinding. 

Molybdenum disulphide MoS2 is a predominant material used as solid lubricant, 

due to their hexagonal closed pack (HCP) lamellar structure. The lamellas orient parallel 

to the surface in the direction of motion (Wu et al. 2006). According to Verma et al. (2007) 

and others, MoS2 in its nanoparticulate form has exceptional tribological properties, 

showing that MoS2 nanostructured additive in paraffin oil reduces friction under extreme 

pressure conditions. Malshe and Verma (2006) proposed for the first time that 

nanoparticles of MoS2 suspended in the grinding fluid could navigate in the grinding 

wheel – workpiece contact zone and provide significant lubrication. 

In this section, MQL grinding performance of different lubricants with MoS2 

nanoparticles additives was evaluated and compared with that of conventional flood 

application.  

 

3.3.1. Experimental Setup 

The experimental setup is exactly the same as in Section 3.2.1, as is the grinding 

parameter.  The flow rate was selected at 5400 ml/min for flood cooling (wet) application 

and 5 ml/min for MQL. 
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3.3.2. Grinding Fluids 

For flood cooling application, water based synthetic grinding fluid Cimtech 500 

(5 vol% concentration) was used.  For MQL application, three commercially available 

oils; namely: paraffin oil (mineral based oil), soybean oil (vegetable based oil) and 

commercial MQL metal working fluid CANMIST (high purity fatty alcohol based oil, 

AMCOL Corp.) were chosen as the base fluids, as listed in Table 3.2. 

Table 3.2. Summary of base fluids 
Name Type Application 

Cimtech 500 Water based synthetic grinding fluid (5 vol%) Flood 
Paraffin oil Mineral based MQL 
Soybean oil Vegetable based MQL 

CANMIST oil High purity fatty alcohol based MQL 
 

MoS2 nanoparticles based grinding lubricant additive consisted of molybdenum 

disulphide nanoparticles (<100nm) intercalated with triglyceride chemistry plus 

emulsifier (Alcolec) lecithin.  This additive was dispensed in the three base oils.  These 

control media were selected based upon published literature and authors’ prior experience.   

Soybean and paraffin oil is used as base oil in a number of commercially available 

grinding fluids, for example, “Tru Cut 203NC” a paraffin oil based grinding fluid and  

“ELM SoyEasy UNI-Cut™”, a soybean oil based grinding fluid. 

To prepare the described nanoengineered molybdenum disulphide additive 

(Malshe et al., 2006), first, MoS2 in powder form (Alfa Aesar, 98% pure, 3-5 µm average 

particle size) was ball milled in SPEX 8000D mixer mills using hardened steel vials (with 

a constant ball to powder ratio of 2:1) for 48 hours.  This dry milled MoS2 was then 

added to pure canola oil (Crisco) with a ratio of 1:1.5 (dry milled MoS2: Canola oil) % by 

weight and again ball milled for 48 hours using the same equipment. 
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From high resolution transmission electron microscope (TEM) analysis, it was 

found that the resultant nanoengineered MoS2 particles shaped like “elongated coconut” 

as shown in Figure 3.8.  The average size of MoS2 particle repetitively measured by 

HRTEM was about 70 nm along major axis and 40 nm along minor axis. 

 

 
Figure 3.8. TEM image of nanoengineered MoS2 particle 
(Shen et al., 2008b). 

 

Particle size analysis was done on nanoengineered MoS2 (nMoS2) additive to 

determine the domain size of the particles using HORIBA laser scattering particle size 

distribution analyzer, LA950 model.  The particle size distribution is shown in Figure 3.9. 

The average size of agglomeration of nMoS2 particles was found to be 250 nm, 

using particle size analyzer.  Therefore, comparing both HRTEM results and particle size 

analysis results, it can be concluded that the MoS2 particles present in the dispersions are 

nanosized particles. 

Dispersions were prepared by mixing hybrid MoS2 additive and base oil.  

Considering the severe challenge of deagglomeration with respect to nanoparticles, an 

emulsifier (lecithin) was added to nMoS2 additive (additive: emulsifier, 1:2) before 
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adding to base oil.  The dispersions were physically agitated followed by ultrasonication 

(BRANSONIC ultrasonic cleaner) for four hours to ensure homogeneity of the 

dispersions used in MQL grinding. 

 

 
Figure 3.9. Particle size distribution of nanoengineered MoS2 

 

Nanoengineered MoS2 additive, in MQL dispersions, was added in two 

concentrations, referred as high concentration (20% by weight of nMoS2) and low 

concentration (5% by weight of nMoS2).  A total of nine samples, including the base 

fluids and the base oils with MoS2 nanoparticle additives, were used in MQL application, 

as summarized in Table 3.3. 

The nanoparticle design used in the present study consisted of three multilayers of 

chemistry at the nanoscale, particularly (1) MoS2, (2) overlayer of Canola Oil 

(triglyceride molecules) and (3) lecithin.  ApNano Materials, Inc. New York, has carried 

out an extensive research on health and safety aspects of fullerene type MoS2 

nanoparticles based lubricants.  They found it to be non-toxic and an environmentally 

friendly material.  Further, MoS2 is extensively used as solid lubricant in various 

manufacturing and application sectors using proper safety precautions stated in MSDS 
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(CAS no.1317-33-5).  Canola oil and lecithin (emulsifier) are traditionally, environmental 

and human friendly chemistries used as edible oil and common ingredient of food 

respectively.  

Table 3.3. Summary of samples for MQL application 

Samples MoS2 
(weight %) 

Emulsifier (Lecithin) 
(weight %) 

Paraffin oil -- -- 
Paraffin oil (Low) 2% 10% 
Paraffin oil (High) 8% 40% 
Soybean oil -- -- 
Soybean oil (Low) 2% 10% 
Soybean oil (High) 8% 40% 
CANMIST -- -- 
CANMIST (Low) 2% 10% 
CANMIST (High) 8% 40% 

 

3.3.3. Grinding Forces 

According to Malkin et al. (2007), the forces generated in grinding are directly 

proportional to the grinding energy, which depends on chip formation, plowing effect and 

sliding of grains over the surface of workpiece.  The specific tangential grinding forces 

and force ratio, Ft/Fn (Ft: specific tangential grinding force, Fn: specific normal grinding 

force) vs. passes for all the grinding fluids are shown in Figures 3.10-3.13.  The plotted 

forces are the average value of every 5 grinding passes.  MQL grinding with pure base 

oils (without nMoS2) generate lower tangential forces than flood cooling as shown in 

Figure 3.10.  This clearly demonstrates that, MQL system was able penetrate into the 

region of contact between the grinding wheel and the workpiece more effectively than 

flood cooling.  Among the base oils, soybean oil seemed to generate lowest tangential 
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grinding force while the other two oils performed likely, although paraffin oil has slightly 

lower tangential grinding forces than CANMIST oil at the beginning.  The force ratio is 

0.23 for flood cooling with Cimtech 500, 0.20 for MQL with both CANMIST and 

paraffin oil, and 0.16 for MQL with soybean oil.  This indicates the lubrication properties 

of each base fluid.  It is apparent that the water-based Cimtech 500 has the least 

lubrication, while soybean oil has the best among the three offered base oils. 
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Figure 3.10. Specific tangential grinding forces 
and force ratio for base fluids and flood cooling 
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The comparison of specific tangential grinding forces and force ratio (Ft/Fn) for 

CANMIST and paraffin oil based lubricant group is shown in Figures 3.11 and 3.12, 

respectively.  The lubricants with above described nMoS2 showed significant 

improvement in grinding performance by lowering the grinding forces and the force ratio.  

CANMIST and paraffin oils with nMoS2 significantly reduced the grinding forces as well 

as the friction between the wear flats and the workpiece as compared to the base fluids.  

This significant reduction can be attributed to the enhanced penetration of MoS2 

nanoparticles and their entrapment at the grinding interface.  This action results in the 

formation of a durable tribofilm that effectively improves the slipping of grains between 

the wheel and the workpiece offering advanced “on-site” lubrication under extreme 

pressure.  Although the fluids with high nMoS2 concentration (20%) showed lowest 

tangential force and grinding force ratio, the reduction was not very significant compared 

to that of fluids with low nMoS2 concentration (5%).  This shows that by adding a small 

quantity of nMoS2 additive, the grinding performance can improve significantly. 

For soybean oil based fluids, as shown in Figure 3.13, the improvement with the 

nMoS2 is relatively less as compared to the other two groups.  The reduction in grinding 

forces with nMoS2 additive (both low and high concentration) is less, and there is 

virtually no improvement of friction between the wear flats and the workpiece compared 

to that of pure soybean oil (without nMoS2).  This indicates that the improvement of 

lubrication with nMoS2 additive could also depend on the base fluid chemistry which will 

guide their interaction (teaming) with the molecules of emulsifier and canola oil present 

along with the MoS2 nanoparticles.  Thus the selection of appropriate base fluid is also 

critical in the application of nMoS2 based lubricants in MQL grinding and requires 
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further course of research in this field. 
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Figure 3.11. Specific tangential grinding forces 
& force ratio for CANMIST oil group 

 

In the plots of specific tangential force vs. passes for all lubricants, it can be seen 

that the value of the force increases with increased number of passes except for pure 

paraffin oil.  This variation in data was caused by the increased wheel wear with 

increased number of grinding passes.  The decrease in force values for pure paraffin oil 

after 170 passes seems to be unusual and will be subjected to further tests for verification, 
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in future research.  High pressure and temperature, generated during surface grinding, do 

not allow lubricants to flow smoothly and uniformly in the interface.  Penetration of 

liquid (and thus, nanoparticles of MoS2) and trapping of debris at machining interface are 

stochastic processes and vary as the wheel wears.  We believe, this stochastic behavior is 

reflected in the variation of the presented data.  Further research will take this into the 

account for in depth analysis. 
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Figure 3.12. Specific tangential grinding forces 
& force ratio for paraffin oil group 
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It should also be noted that the number of grinding passes throughout the 

experiment was quite large (200 passes).  Under such conditions, tangential grinding 

force and force ratio values of MQL grinding with nMoS2 based lubricants seems to be 

far better than those of base fluids and flood lubrication.  
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Figure 3.13. Specific tangential grinding forces & 
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The above observed characteristic behaviors of nMoS2 based lubricants, namely, 

enhanced penetration and entrapment at grinding interface, formation of tribofilm, base 

fluid chemistry and effects of concentration of MoS2 nanoparticles on MQL grinding 

performance will be analyzed in depth in future research. 

 

3.3.4. G-ratio 

Wheel life in grinding process is expressed in terms of grinding ratio or G-ratio 

and is defined as the volume of material removed per unit volume of grinding wheel wear.  

Wheels with a high G-ratio last longer than those with lower G-ratios (Krueger et al., 

2000).  The grinding wheel wear occurs due to the friction between the abrasive grains 

and the workpiece.  High fluid lubricating capacity reduces the wear on the grinding 

wheel by decreasing grain-workpiece friction, allowing the abrasive grains to remain 

bound to the binder for longer periods and leading to lower wear of the tool (Silva et al., 

2005).  

The G-ratio results for all the grinding experiments are shown in Figure 3.14.  All 

the MQL grinding operations with pure oil based fluids have much higher G-ratio 

(ranging from 28 to 42) than flood cooling with water-based Cimtech 500 synthetic 

grinding fluid.  This can be attributed to the excellent lubricating capacity of oil based 

fluids and to the good lubricating conditions provided by MQL, which give much lower 

grinding forces as discussed in previous section. 

It is important to note that G-ratio is higher for high concentration of nMoS2 

additive conditions for all the base oils, including soybean oil.  We believe that this can 

be explained by the reduction in grinding forces with nMoS2 additives, thereby, ensuring 
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the retention of grit sharpness due to less wear and lower plastic deformation at reduced 

temperature.  The most significant improvement can be seen in CANMIST oil based 

fluids.  Both the CANMIST oil based lubricants, with high and low concentration of 

nMoS2 gave a high G-ratio value compared to that of pure CANMIST oil.  It is important 

to bring out that the effect on tangential grinding forces for pure versus additive 

contained soybean oil are miniscule, however G-ratios are distinctively higher and we 

continue to believe that this will be one of the future areas of research. 
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Figure 3.14. G-ratio results 
 

3.3.5. Surface Finish 

The arithmetic average surface roughness (Ra) results for all the grinding 

experiments are presented in Figure 3.15.  Flood cooling has the lowest surface 

roughness.   This is probably due to the chip flushing nature of food cooling, which 

reduces the grinding wheel and prevents the scratching of the workpiece surface.  Among 
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all the pure oils, soybean oil has the best surface finish, possibly due to the lower 

tangential grinding forces (less rubbing and plowing). 
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Figure 3.15. Surface finish results 
 

For both groups of CANMIST and paraffin oils, MoS2 nanoparticle additives can 

significantly improve the surface finish.  This is because CANMIST and paraffin oil 

based nano-lubricant can achieve lower tangential grinding forces, less friction between 

the wear flats and the workpiece, and less wheel wear (higher G-ratio).  However, the 

high concentration MoS2 nanoparticles affect the surface finish negatively compared to 

low concentration ones, probably due to the increasing wheel loading. 

For the group of soybean oil, the MoS2 nanoparticle additives virtually have no 

influence on the surface finish.  This is actually consistent with grinding forces, force 

ratio and G-ratio results presented in the previous sessions.  The only noticeable 

improvement in G-ratio with the high concentration MoS2 nanoparticles is offset by the 

possible higher wheel loading, leading to hardly any changes in workpiece surface finish. 
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3.3.6. Summary 

It is shown for the first time that nanoparticles of MoS2 could provide key value 

addition in MQL grinding, when using various off the shelf base fluids such as paraffin 

oil, soybean oil and CANMIST oil.  Also, it is reported that the nanoparticles of MoS2 

offer unique advantages in MQL when they present the possibility of navigating in the 

grinding zone and delivering reduction of grinding forces (27% for CANMIST oil group, 

21% for paraffin oil based group and 9% for soybean oil group), and most distinctively 

increase life of expensive grinding wheels by increasing G-ratio (46% for CANMIST oil 

group, 35% in paraffin oil group and 15% in soybean oil group).  Superior grinding 

performance with minimum application of MoS2 based lubricants (5 ml/min compared to 

5400 ml/min application in flood cooling) shows its cost-effectiveness.  In addition, 

MoS2 nanoparticle additives can improve the surface roughness (except for soybean oil 

group).  However, compared to flood cooling, MQL still has problems of inefficient ship 

flushing, resulting in poorer surface finish.   

Overall, this research presents a significant opportunity for fundamental science 

and sustainable engineering solution for MQL grinding and needs further investigation.  

 

3.4. Micro-scale Mechanism of MQL Grinding using Nanofluids 

Material removal during grinding occurs as abrasive grains interact with the 

workpiece material.  Malkin (1989) proposed a grinding force model, reasoning that the 

grinding forces can be considered to consist of cutting and sliding components.  The 

cutting component has two mechanism involved: (1) chip-formation, which is the actual 

material removal process, and (2) plowing, which is the deformation of workpiece 
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material without removal.  It can be considered as the side flow of material from the 

cutting path to the ridges (plastic deformation).  The sliding component is contributed to 

the dulled flattened tips on the abrasive grains sliding against the workpiece surface 

without removing any material. 

Good lubrication in the grinding zone can largely reduce the sliding forces.  The 

lubricating properties of solid lubricant such as MoS2 are attributed to a layered structure 

on the molecular level with weak bonding between layers.  Such layers are able to slide 

relative to each other with minimal applied force, thus resulting in low friction properties.  

In MQL grinding using oil based nanofluids, it is believed that the suspended MoS2 

nanoparticle additives can navigate at the machining interface to yield and scarify for 

delivering a tribofilm to provide selective lubrication at tool-workpiece interface and the 

transient (explosive) evaporation of oil molecules overcoated on the nanoparticles acting 

as an effective vehicle for heat transfer, and as a result significantly reduce frication. 

 

3.5. Concluding Remarks 

In this chapter, MQL grinding (conventional abrasive wheels) of cast iron using 

water based and oil based nanofluids was investigated.  Grinding performance is 

evaluated and compared in terms of grinding force, G-ratio, and surface roughness, etc. 

Water-based Al2O3 and diamond nanofluids were applied in MQL grinding 

process and the grinding results were compared with those of pure water.  Dispersion of 

solid particles was found to play an important role, especially when a slurry layer was 

formed.  The slurry layer generated higher G-ratio (less wheel wear), smaller grinding 

forces and better surface finish.  Experimental results showed that G-ratio, defined as the 
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volume of material removed per. unit volume of grinding wheel wear, could be improved 

with high concentration nanofluids.  MQL grinding showed that it could significantly 

reduce the grinding temperature compared to dry grinding.  However, there is no 

significant difference in grinding temperature when using nanofluids.  It was further 

concluded that nanofluids are not able to provide superior cooling capacity in MQL 

grinding process.  Thus, it was suggested that the future research of MQL grinding using 

nanofluids should focus on the advanced lubrication properties instead. 

The tribological behavior and performance of oil based cutting fluids with novel 

molybdenum disulphide (MoS2) nanoparticle additives in MQL grinding were also 

studied.  It is shown for the first time that MoS2 nanoparticle additives can offer unique 

advantages in MQL, that is, reducing grinding forces, increasing G-ratio, and improving 

the surface finish (compared to that of base fluids except for soybean oil group).  

However, compared to flood cooling, MQL still has problems of inefficient ship flushing, 

resulting in poorer surface finish.  The experimental results further imply that it is 

possible to improve the tribological properties of the cutting fluids by adding lubricating 

nanoparticles, and consequently to enhance the performance of MQL grinding. 
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CHAPTER 4 

 

GRINDING TEMPERATURE MEASUREMENT AND ENERGY 

PARTITION 

 

 

A new thermocouple fixating method for grinding temperature measurement is 

presented.  Unlike the conventional method using a welded thermocouple, this new 

method uses epoxy for affixing the embedded thermocouple within a blind hole in the 

workpiece subsurface.  During grinding, the thermocouple junction is exposed and 

bonded to provide direct contact with the ground surface by the smearing of workpiece 

material.  Experiments were conducted to evaluate this simplified thermocouple fixating 

method including the effect of thermocouple junction size.  Heat transfer models were 

applied to calculate the energy partition for grinding under dry, wet, and MQL conditions.  

For shallow-cut grinding of cast iron using a vitreous bond aluminum oxide wheel, 

the energy partition, ratio of the energy entering the workpiece, using a small wheel depth 

of cut of 10 μm was estimated as 84% for dry grinding, 84% for MQL grinding, but only 

24% for wet grinding. Such a small energy partition with wet grinding can be attributed 

to cooling by the fluid at the grinding zone. Increasing the wheel depth of cut to 25 μm 

for wet grinding resulted in a much bigger energy partition of 92%, which can 
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be attributed to fluid film boiling and loss of cooling at the grinding zone. 

When using vitrified bond CBN wheel, the energy partition was estimated as 68% 

for dry grinding, 54% for MQL grinding, and 13% for wet grinding.  Experimental results 

showed that the insufficient cooling problem of MQL grinding is not as significant using 

the vitrified CBN wheel, which makes the MQL grinding feasible in the high volume 

production. 

 

4.1. Introduction 

As mentioned in Chapter 1, the grinding process generates a very high input of 

energy per unit volume of work-material removed.  Virtually all the energy is converted 

to heat, which can cause high workpiece temperature and related thermal damage such as 

grinding burn, phase transformation, tensile residual stresses, surface cracks, reduced 

fatigue strength, thermal distortion and inaccuracies (Malkin, 1989).  Therefore, heat 

transfer in grinding is of significant importance. 

Experimental investigations of heat transfer in grinding require accurate 

temperature measurements.  Methods for temperature measurement in grinding include 

thermal imaging (Sakagami et al., 1990; Hwang et al., 2004), optical fiber (Ueda, 1986; 

Ueda and Sugita, 1992; Curry et al., 2003), foil/workpiece (single pole) thermocouple 

(Rowe et al., 1996; Xu et al., 2003; Huang and Xu, 2004; Batako et al., 2005; Lefebvre et 

al., 2006), and embedded (double pole) thermocouple (Littman  and Wulff, 1995; Kohli et 

al., 1995; Guo et al., 1999; Xu and Malkin, 2001; Upadhyaya and Malkin, 2004; Kim et 

al., 2006).  The embedded thermocouple method is the most widely used of these 

techniques because of its relative simplicity, low cost, accuracy, and reliability.  With this 



 67

method, a double pole thermocouple is welded to the bottom of a blind hole drilled close 

to the ground surface from the underside of the workpiece (Guo et al., 1999; Upadhyaya 

and Malkin, 2004).  Welding the small tip of a double pole thermocouple at the bottom of 

the small hole requires special discharge welding equipment and skills.  During grinding, 

the thermocouple measures the temperature below the workpiece surface during 

successive passes until the welded junction is broken by the grinding action.  Accurately 

determining the position of the temperature measurement below the surface being ground 

is complicated by its size and also the blind hole.  Furthermore the embedded 

thermocouple and the hole can disturb the local temperature field. Therefore it is 

desirable to make the thermocouple and hole very small.  

The present investigation was undertaken to evaluate a simpler embedded 

thermocouple method for grinding temperature measurement which uses epoxy instead of 

welding to affix the thermocouple at the bottom of the blind hole.  During grinding the 

thermocouple junction is exposed and bonded to the workpiece by smearing of the 

workpiece material, thereby providing direct contact with the workpiece surface and a 

direct temperature measurement at the workpiece surface.  The proposed grinding 

temperature measurement method was then used to study the energy partition for dry, wet 

(flood cooling), and MQL grinding.  

On the other hand, to reduce the energy partition to the workpiece, and overcome 

the problem of insufficient workpiece cooling, CBN wheels are considered for MQL 

grinding.  CBN grains have very high thermal conductivity, which enhances heat 

conduction away from the grinding zone to the wheel (Lavine et al., 1989; Upadhyaya 

and Malkin, 2004).  For conventional shallow-cut grinding of steels with Al2O3 wheels, 
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energy partition has been typically found to range from 60% to 85% (Malkin, 1989; 

Kohli et al., 1995).  While significantly lower energy partition values of about 20% were 

found for grinding with a resin bond CBN wheel (Kohli et al., 1995).  Furthermore, with 

a porous vitrified CBN wheel, much lower energy partition values of only 3% to 8% were 

reported by Guo et al. (1999) and Varghese et al. (2000).  This additional reduction in the 

energy partition, beyond what was obtained with the resin bond CBN wheel, was 

attributed to cooling at the grinding zone by fluid entrapped in the wheel pores 

(Upadhyaya and Malkin, 2004).  Although CBN wheels are widely used in industrial 

production, there is limited research in CBN MQL grinding (Silva et al., 2005).   

In the first part of this chapter, the new thermocouple fixating method for grinding 

temperature measurement was first investigated.  The experiments were conducted which 

compare the performance of epoxy fixated thermocouples with that of welded 

thermocouples.  In the second part, MQL grinding performance of the vitrified CBN 

wheel using soybean oil, and soybean carbon nanotube (CNT) additives was studied.  

The experimental results including grinding forces, surface finish, grinding temperature 

and especially the energy partition are presented. 

 

4.2. Thermocouple Fixating Method for Grinding Temperature Measurement 

4.2.1. Grinding Test Setup 

Straight surface plunge grinding experiments (no crossfeed) were conducted on an 

instrumented Chevalier Model Smart-B818 surface grinding machine using the setup 

shown in Figure 4.1.  The grinding wheel was vitreous bonded aluminum oxide (Saint-

Gobain/Norton 32A46-HVBEP) of initial diameter ds=177.8 mm and width bs=12.7 mm.  
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The workpiece material was Dura-Bar 100-70-02 ductile iron with a carbon content of 

3.5-3.9%, hardness 50 Rockwell C, thermal conductivity 63 W/m·K, and thermal 

diffusivity 1.63×10-7 m2/s.  The workpieces were of length 58 mm in the grinding 

direction and width bw=6.5 mm corresponding to the grinding width.  Experiments were 

conducted without fluid (dry), under wet (flood) application conditions, and with 

Minimum Quantity Lubrication (MQL).  The same fluid (5 vol% Cimtech 500 synthetic 

grinding fluid in water) was used both for MQL and flood application. MQL application 

utilized a special fluid deliver system provided by AMCOL, as mentioned in Chapter 3.  

The flow rate was 5400 ml/min for flood (wet) grinding, but only 5 ml/min for MQL. 

All experiments were conducted in the down mode with the wheel and workpiece 

velocities in the same direction at the grinding zone (Figure 4.1).  The wheel velocity was 

vs=30 m/s.  Two sets of grinding parameters were used: fine grinding with a workpiece 

velocity of vw=2.4 m/min and depth of cut a=10 μm, and more aggressive grinding with 

vw=3.0 m/min and a=25 μm.  Prior to each grinding experiment, the wheel was dressed 

by taking a minimum of 15 passes across the rotating wheel using a rotary diamond disk 

dresser with a diameter of 96 mm and width of 3.8 mm (provided by Saint-Gobain) in the 

up mode with a speed ratio (ratio of peripheral dresser velocity to wheel velocity) of −0.4, 

a radial depth of 10 μm, and a traverse velocity of 500 mm/min.  During grinding, the 

normal and tangential grinding force components were measured using a Kistler Model 

9257A piezoelectric dynamometer, and the temperature was measured using an epoxied 

or welded thermocouple, as shown in Figure 4.1(b).  Both grinding force and temperature 

data were collected simultaneously at a 5 kHz sampling rate.  The workpiece was allowed 

to cool down completely after each grinding pass. 
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(a)  

 

 
(b) 

Figure 4.1. Experimental setup: (a) overview of the 
setup and (b) schematic drawing of grinding 
temperature measurement 

 

4.2.2. Thermocouple Fixating 

Most experiments were conducted with expoxied thermocouples which were 

affixed to the bottom of a blind hole using a high temperature epoxy (Permabond 920). 

Both 30 and 46 gage type K thermocouples were used to investigate the effect of junction 

Workpiece 

Nozzle 
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size. The junction diameter was 0.60−0.80 mm for the 30 gage thermocouple and 

0.20−0.25 mm for the 46 gage thermocouple.  A blind hole was drilled from the 

underside of the workpiece to within 1−2 mm of the workpiece surface by electrical 

discharge machining (EDM) with a tubular electrode.  The hole diameter was 0.8 mm for 

the 30 gage thermocouples and 0.3 mm for the 46 gage thermocouples.  The tubular EDM 

electrode left a knob at the bottom of the blind hole, as shown in the cross-sectional view 

in Figure 4.2(a), which made it difficult to affix the thermocouple.  Therefore EDM with 

a solid electrode of smaller diameter was subsequently used to remove the knob and 

create a tapered concave pocket as shown in Figure 4.2(b).  Figure 4.3(a) shows a cross-

section of the 30 gage thermocouple junction inside a 0.8 mm diameter hole.   

 

(a)   (b) 
Figure 4.2. Cross-section view of blind hole tips: (a) EDM drilled 
using a tubular electrode and (b) EDM modified using a solid 
electrode 

 

During grinding, the thermocouple junction is exposed (Figure 4.3(b)) and the 

deformed workpiece connects the thermocouple junction to the workpiece (Figure 4.4(a)) 

0.25 mm  0.25 mm  
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for temperature measurement.  The thermocouple was grounded in order to reduce noise 

and avoid the electric charge produced by the mechanical contact.  The time constant of 

the embedded thermocouple was on the order of 1 ms (Xu and Malkin, 2001).  Whether 

this response time is sufficiently fast may be ascertained by comparing to the 

characteristic time it takes for a point on the workpiece surface to pass through the 

grinding zone, which can be obtained as the contact length lc ( ads= ) divided by the 

workpiece velocity vw (Xu and Malkin, 2001).  In this study, the characteristic time was 

estimated as 33 ms, which is more than an order of magnitude bigger than the time 

constant of the embedded thermocouple. 

 

 
(a) (b) 

Figure 4.3. Illustration of thermocouple fixating: (a) cross-section 
view and (b) schematic drawing 

 

The sizes of the hole and thermocouple junction need to be closely matched.  If 

the hole is too large, a good connection between the thermocouple junction and 

workpiece is not obtained, as seen in Figure 4.4(b). It will be seen that this can adversely 

affect the temperature measurement.  

1 mm  
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(a) (b) 
Figure 4.4. Illustration of thermocouple fixating: (a) closely matched 
thermocouple tip and hole with good connection and (b) large hole 
leading to a gap surrounding the thermocouple tip 

 

A calibration test was conducted to verify that the epoxied thermocouple still 

works even after part of the junction has been ground away.  For this purpose, the ground 

thermocouple and workpiece assembly shown in Figure 4.4 was submerged in ice-water 

and in boiling water. Accurate temperature measurements were obtained. 

For comparison, experiments were also conducted using welded thermocouples 

(Figure 4.5).  Welded thermocouples require a larger junction and a bigger hole than 

epoxied thermocouples, which is a definite disadvantage. Furthermore, a welded 

thermocouple usually breaks just as it begins to become exposed during grinding, so the 

maximum temperature is actually measured slightly below the ground surface.  

Accurately determining the temperature at the workpiece surface with a welded 

thermocouple is usually done by extrapolation of subsurface temperature measurements 

to the surface (Guo and Malkin, 1996a).  By contrast, an epoxied thermocouple maintains 

direct contact with the workpiece surface as the junction is ground, thereby providing a 

direct measurement of the surface temperature (Figure 4.4(a)). 

Exposed 
thermocouple 

Workpiece 

Gap 1.0 mm  

Workpiece 

Connection

0.3 mm  

Exposed thermocouple 
(46  gage) 

Workpiece 

Exposed thermocouple 
(30 gage) 

Connection
0.8 mm
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(a) (b) 
Figure 4.5. Difference between (a) welded thermocouple and (b) 
epoxied thermocouple 

 

4.2.3. Experimental Design 

Grinding conditions for all experiments are listed in Table 4.1.  Experiments with 

welded thermocouples are designated as Exp. W.  From eight sets of experiments with 

epoxied thermocouples, four marked as Exps. E1, E2, ES1, and ES2, were conducted for 

the same grinding conditions as with the welded thermocouples.  For ascertaining the 

effect of junction size, smaller 46 gage thermocouples were used in Exps. ES1 and ES2.  

All the other experiments were conducted using 30 gage thermocouples.  One test, Exp. 

E3, was conducted with an epoxied thermocouple placed in an oversized hole, as seen in 

Figure 4.4(b), to identify the effect of hole diameter on the temperature measurement.  

Experiments EW1 and EW2 refer to wet grinding using different parameters.  

Experiment EM was with MQL. 
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Table 4.1. Experimental matrix design 
Experiment designation W E1 E2 E3 ES1 ES2 EM EW1 EW2
Fixturing method Welded Epoxied 
Thermocouple wire gage 30 30 30 30 46 46 30 30 30 
Depth of cut (μm) 10 25 
Workpiece velocity 
(m/min) 2.4 3 

Grinding fluid flow rate 
(ml/min) N/A (dry) 5 5400 

 

4.2.4. Temperature Rise 

During grinding, both the welded and epoxied thermocouples measure the 

temperatures at a distance z below the workpiece surface (Figure 4.3(b)).  Temperature 

measurements with the epoxied thermocouple in Figure 4.6 show the peak temperature 

rise for each subsequent grinding pass progressively increasing until the thermocouple is 

fully exposed (Figure 4.4(a)) and the connection between the thermocouple junction and 

workpiece is established.  At this point the peak temperature rise is reached, and it 

remains nearly constant for a number of additional grinding passes.  The location of the 

reference surface at z=0 can be defined by where this steady-state period begins, as 

illustrated in Figure 4.6.  The steady-state period in Figure 4.6 persists for more passes 

with the bigger 30 gage thermocouple than with the smaller 46 gage thermocouple. 
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Figure 4.6. Peak temperature rise vs. grinding passes for epoxied 
thermocouple method 

 

For a welded thermocouple, the reference of z=0 is usually defined at the position 

where the thermocouple begins to be exposed and the maximum peak temperature rise is 

measured.  However, this peak temperature probably occurs slightly below the surface 

since the next grinding pass usually damages the welded connection between the 

thermocouple and the workpiece.   

Measured temperature rises for dry grinding conditions are presented in Figure 

4.7.  For all experiments, the peak temperature is bigger closer to the surface at smaller 

depth z.  Note that when the thermocouple is further down below the ground surface 

(z≥0.2 mm), the temperature measured using the welded thermocouple (Exp. W) 

decreases faster than the temperature measured using the epoxied thermocouple, which 

suggests poor thermal contact.   When grinding at the surface where z=0, good contact is 

obtained between the workpiece surface and epoxied thermocouple (see Figure 4.4(a)). 
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This can explain why the maximum temperature measured using an epoxied 

thermocouple is higher than for the welded thermocouple under the same grinding 

conditions, except for Exp. E3 (small thermocouple in large hole) where a gap exists 

between the thermocouple junction and the workpiece (Figure 4.4(b)).  The lower 

temperature measured with the welded thermocouple is a further indication that its 

maximum peak temperature is measured below the surface just as the junction begins to 

be exposed.  The data obtained with the smaller 46 gage thermocouples in Exps. ES1 and 

ES2 generally show a faster response as well as a faster cooling rate than with the bigger 

30 gage thermocouples in Exps. E1, E2 and E3.  This can be attributed to reduced size 

and lower thermal inertia. 
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A comparison of grinding temperatures measured at the surface (z=0) under dry 

conditions is presented in Figure 4.8.  The peak temperature rises for Exps. E1 and E2 are 

almost identical at 500°C.  The peak temperature rises for Exps. ES1 and ES2 (smaller 46 

gage thermocouples) are slightly higher, 525°C and 511°C, respectively, which can again 

be attributed to the smaller junction size.  The welded thermocouple (Exp. W) gives a 

lower peak temperature rise (469°C), apparently because of its larger size and also 

damage to the weld joint, as described above.  Also the welded thermocouple requires a 

larger hole diameter (1.5 mm) for electrical insulation, which could also lower the 

measured temperature.  For Exp. E3 with the bigger hole, the thermal connection is not 

formed (Figure 4.4(b)) and the measured peak temperature is much lower (405°C).   
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Figure 4.8. Measured grinding temperature at the workpiece surface at 
depth z=0 (dry condition) 
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Figure 4.9. Temperature rise in wet grinding, 
different grinding conditions: (a) depth of cut, a=10 
μm and workpiece velocity, vw=2.4 m/min, and (b) 
a=25 μm and vw=3 m/min 
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Experiment EW1 was conducted under wet conditions with the same grinding 

parameters as in dry grinding, but the maximum temperature rise of 106°C (Figure 

4.9(a)) was much lower. This temperature rise is comparable to or slightly less than the 

film boiling temperature of the water-based grinding fluid.  In the absence of film boiling, 

the grinding fluid should provide significant cooling at the grinding zone, which is 

usually much more likely with creep feed grinding than with conventional shallow cut 

grinding (Fuh and Huang, 1994).  In another wet grinding test Exp. EW2 under more 

aggressive conditions (vw=3 m/min and a=25 μm), the peak temperature rise (474°C) 

greatly exceeded the film boiling temperature of the grinding fluid. 
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Figure 4.10. Temperature rise at different depths in 
MQL grinding (grinding fluid flowrate = 5 ml/min) 

 

The temperature rise for Exp. EM with MQL is shown in Figure 4.10.  The peak 

temperature rise of 444°C is about 60°C lower than for dry grinding (see Figure 4.8). 
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This lower temperature can be attributed, at least in part, to lubrication by MQL, which 

reduced the average tangential grinding force per unit width, Ft/bw, from about 2.0 N/mm 

with dry grinding to 1.8 N/mm with MQL.   

 

4.2.5. Energy Partition 

4.2.5.1. Traditional heat transfer models 

Straight surface grinding experiments were conducted as shown in Figure 4.11 

where a wheel of diameter ds rotating with a peripheral velocity vs removes a depth a of 

material from the workpiece as it passes under the wheel at velocity vw. Virtually all the 

grinding energy expended at the grinding zone is converted to heat, which is transported 

to the workpiece, grinding wheel, chips and grinding fluid.  The geometrical grinding 

zone is the region of length lc (= ads ) where the wheel interacts with the workpiece. 

vw

vs

Workpiece

a

ds

Grinding wheel

xaxb

2l

Heat flux q(x)
Nozzle

Grinding fluid

 
Figure 4.11. Schematic drawing of heat transfer in down 
grinding 

 



 83

The temperatures generated at the grinding zone can be calculated by considering 

the grinding zone as a band source of heat of length lc which moves along the surface of 

the workpiece at the workpiece velocity vw.  A critical parameter for this thermal analysis 

is the energy partition ε, which is defined as the fraction of the grinding energy 

transported as heat to the workpiece at the grinding zone.  Since the maximum grinding 

zone temperature rise θmax is measured and the total energy input can be readily 

calculated from the tangential force measurement, the thermal analysis can be used to 

evaluate the energy partition which occurred for grinding using the relationships (Guo 

and Malkin, 1992): 

max4/1
s

4/12/1
w

2/1
ww

da
vk

q θ
βα

=               (4.1) 

cw

st

lb
vF/q=ε                (4.2) 

where q is the heat flux into the workpiece, kw the workpiece thermal conductivity, αw the 

thermal diffusivity of workpiece, Ft the tangential grinding force, bw the width of the 

workpiece, and β a constant which depends on the heat source shape.  In this study, 

β=1.06 for the triangular shape heat source (Guo and Malkin, 1992).   

Guo and Malkin (1996a; 1996b) developed an inverse heat transfer model based 

on the moving heat source theory (Jaeger, 1942).  For a semi-infinite body, the quasi-

steady state temperature distribution θw(x,z) in the workpiece within a region [xa, xb] is 

given by 



 84

( ) ( ) ( ) ξξξθ dzxqzx a

b
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x ww ,,, Φ= ∫            (4.3) 

where qw(ξ) is the heat flux into workpiece, ξ a local coordinate in the x-direction, Φ  a 

function defined as: 
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where K0 is the modified Bessel function of the 2nd kind of order zero.  If the region [xa, 

xb] is divided into n very small sections [ξi, ξi+1] of equal length, where 
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The heat flux qw(ξi) within each section can be approximated as a constant qi.  

Equation (4.3) can be rewritten as: 

( ) ( )∫∑ + Φ=
=

1 ,,,
1

i

i

dzxqzx
n

i
iw

ξ

ξ
ξξθ            (4.6) 

At a depth z beneath the workpiece surface, discrete temperatures Tj were 

measured at n equally spaced points xj (j=1,2,…,n) as the workpiece moves at speed vw 

and the data was collected at fixed frequency.  These xj may or may not coincide with 

local coordinate ξi at the surface.  Consequently, we have the following n equations: 

( ) ( ) njdzxqzx i

i
j

n

i
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1
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=

ξ

ξ
ξξθ          (4.7) 
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Substituting the n measured temperature Tj for θw(xj,z) into Equation (4.7) leads to 

a system of n simultaneous equations:  

j

n

i
iji Tqc =∑

=1
                (4.8) 

where cji are coefficients defined as: 

( ) njidzxc i

i
jji ,...,2,1,          ,,1 =Φ= ∫

+ξ

ξ
ξξ           (4.9) 

Equation (4.8) can also be written in the matrix form: 
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For a given grinding condition, coefficients cji can be numerically evaluated and 

thus the heat flux can be determined if the temperature profile at a particular depth z is 

measured. Given the heat flux distribution, the energy partition, which is the fraction of 

the grinding energy transported as heat to the workpiece at the grinding zone, can be 

found by integrating the heat flux over the entire grinding zone.  Although it has the most 

flexibility, this method has stability problem and is very sensitive to the input temperature 

measurements. 

On the other hand, with the assumption of heat flux shape (for example, 

rectangular or triangular shape), the energy partition can also be found by matching the 

experimentally measured temperatures with the predicted values (Equation (4.8)).  This is 

so called “temperature matching method”, and is more widely used (Kohli et al., 1995; 
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Guo and et al., 1999; Xu and Malkin, 2001; Upadhyaya and Malkin, 2004).  In this study, 

the temperature method is used for energy partition calculation. 

 

4.2.5.2. Energy partition by curve fitting 

Experimental measurements of peak temperature rise versus depth z are plotted in 

Figure 4.12.  In each case, the peak temperature rise increases closer to the surface.  The 

inverse heat transfer model can be used to predict grinding temperature profiles at 

different depths.  Therefore, the energy partition can be determined by matching the peak 

temperatures at different depth for the measured temperatures and the theoretical results.  

A Matlab program was developed for obtaining a least square fit.  The energy partition 

calculated using this method is designated as εfitting. 
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Figure 4.12. Experimental and theoretical maximum temperature rise 
versus the depth z 
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For the welded thermocouple (Exp. W), it was found that εfitting=72% using the 

least square fit over the entire range, as illustrated in Figure 4.12.  However, the expoxied 

thermocouple undermeasures the temperature when it is positioned far below the 

workpiece surface, as discussed in the previous section.  Consequently, not all the 

experimental data points ranging from z=0 to z=0.3 mm are appropriate for curve fitting.  

Therefore, the R2 value, which determines the goodness of fit, was used to select a cutoff 

depth z0, i.e., data with depth z<z0, to maximize the R2 value.  The best fit theoretical 

curves and their corresponding R2 value for the epoxied thermocouple experiments are 

plotted in Figure 4.12.  The R2 value (=0.82) for the welded thermocouple is included for 

comparison. 

The data for the 30 gage epoxied thermocouples, except for Exp. EW1, match 

well with theoretical curves only near the workpiece surface (cutoff depth z0≤0.15 mm).  

Experiments E1, E2, and EM give εfitting=81%, εfitting=84%, and εfitting=70%, respectively.  

However, the R2 value for Exp. EM (=0.64) is lower than for the other experiments.  

Apparently the temperature measurements in Exp. EM have a larger variation than the 

others due to discontinuous fluid delivery using the MQL device with 1−2 Hz pulsed 

fluid delivery.  For Exp. EW1, the temperature rise is below the fluid burn-out limit of 

about 120°C.  A theoretical curve with εfitting=21% matches the data fairly well over the 

whole range (z0=0.3 mm) with R2=0.73.  Such a low energy partition in this case indicates 

effective cooling by the fluid at the grinding zone, as previously mentioned.  For more 

aggressive wet grinding, Exp. EW2, the temperature at the grinding zone was much 

higher than the burnout limit, so cooling at the grinding zone should have been 

ineffective. This can account for the much higher energy partition of εfitting ≈ 90%.  
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By contrast, the data obtained with the 46 gage epoxied thermocouple (Exps. ES1 

and ES2), does not match any theoretical curves (R2<<1).  In these cases, the measured 

temperature is very low far below the ground surface.  Apparently the small 

thermocouple junction fits loosely in the blind hole leading to a much larger contact 

thermal resistance.  Nonetheless, when the connection between the thermocouple junction 

and the workpiece starts to form during grinding (z<0.04 mm), the measured 

temperatures increases substantially as seen in Figure 4.12. 

 

4.2.5.3. Energy partition results by surface temperature matching  

One important advantage with epoxied thermocouples is that temperature 

measurements can be directly obtained at the workpiece surface as seen in Figure 4.6.  

Therefore it should be possible to use these peak surface temperature measurements to 

obtain more precise estimations of the energy partition values by matching the average of 

these peak temperature rises with the theoretical values according to either the simple 

heat transfer analysis (Equation (4.1)) or the inverse heat transfer model (Equation (4.8)).  

Again for this purpose, a triangular heat source was assumed.  For the welded 

thermocouple, only the peak temperature rise at depth z=0 was used to calculate the 

energy partition, since only one temperature measurement at the workpiece surface was 

available. 

The results are summarized in Table 4.2, which also includes corresponding 

values for the specific tangential force, grinding power, and heat flux to the workpiece at 

the grinding zone.  The energy partitions obtained with both heat transfer models (εsimple 

and εinverse) are almost identical, and they are also very close to the values obtained by 



 89

curve fitting (εfitting) with high R2 values (R2>0.8).  When the R2 value is lower, the 

estimated  ε is less accurate.  For Exp. EM, with R2=0.64, εfitting is about 14% lower than 

the values obtained with both heat transfer models.  Slightly higher energy partitions 

were obtained with the epoxied thermocouples (Exps. E1 and E2) than with the welded 

thermocouple (Exp. W) because the epoxied thermocouples indicate slightly higher 

surface temperatures.  Likewise higher energy partitions are also obtained with smaller 

epoxied thermocouples (Exps. ES1 and ES2) than with larger ones (Exps. E1 and E2). 

The very low energy partition of  only 24% for the fine wet grinding test, Exp. EW1, can 

be attributed mainly to effective cooling at the grinding zone below the film boiling 

temperature, as previously indicated. With more aggressive wet grinding (Exp. EW2), the 

grinding zone temperature greatly exceeded the fluid film boiling temperature, cooling at 

the grinding zone became insignificant.  The estimated energy partition of 84% for MQL 

grinding, Exp. EM, is almost identical to the energy partition for dry grinding, so it can 

be concluded that the minute amount of fluid applied by MQL provides virtually no 

cooling at the grinding zone.  

Table 4.2. Summary of heat transfer analysis in grinding experiments 
Exp. W E1 E2 ES1 ES2 EW1 EW2 EM 
Fixturing method Welded Epoxied 
Thermocouple wire gage 30 30 30 46 46 30 30 30 
Max. temperature rise (°C) 469 493 503 525 511 106 474 444 
Specific tangential force, Ft 
(N/mm) 2.00 2.05 2.09 1.96 2.00 1.50 2.40 1.79

Grinding power (W) 390 400 408 382 390 293 468 349 
εsimple - simple model 78% 80% 80% 89% 85% 24% 92% 83%
εinverse - inverse heat transfer 79% 82% 82% 90% 87% 24% 93% 84%
εfitting - curve fitting 72% 81% 84% -- -- 21% 90% 70%
         - R2 for the curve fitting 0.82 0.89 0.90 -- -- 0.73 0.85 0.64 
Heat flux into workpiece 
(W/mm2) 36.2 38.3 39.1 40.5 39.7 8.3 51.2 34.5 
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4.2.6. Summary 

A new thermocouple fixating method was developed for grinding temperature 

measurement which uses epoxy instead of spot welding to affix the tip of the 

thermocouple to the bottom of a blind hole. Experiments were conducted to compare the 

performance of epoxied and welded thermocouples. For expoxied thermocouples, the 

good thermal contact was obtained as the thermocouple junction became exposed by 

smearing of the workpiece material during grinding, thereby providing an accurate 

measurement of the surface temperature at the grinding zone.  For welded thermocouples, 

the junctions tend to be damaged during grinding as they becomes exposed and the 

maximum temperatures are slightly smaller than the temperatures measured with epoxied 

thermocouples. 

Grinding experiments and heat transfer analyses showed that grinding fluids 

provide negligible cooling within the grinding zone as evidenced by the high energy 

partitions which ranged from 84% to 92% for dry grinding, wet grinding, and MQL 

grinding.  An exception was observed for fine wet grinding which gave a much lower 

energy partition of 24%, due to cooling within the grinding zone below the film boiling 

temperature.  Although cooling by the fluid may be ineffective within the grinding zone, 

cooling can occur outside the grinding zone as evidenced by the much faster drop in the 

measured temperature from its peak value with wet grinding (Figure 4.9) than with dry 

grinding (Figure 4.8).  Bulk cooling of the workpiece in this way can be an important 

factor in controlling thermally induced dimensional inaccuracy and distortion. While 

MQL is effective in providing lubrication, it can be seen by comparing the temperature 

response curves for MQL (Figure 4.10) with those for dry grinding (Figure 4.9) that the 
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miniscule amount of applied fluid with MQL does not provide any significant cooling 

outside the grinding zone.  This is a major drawback which can limit the more 

widespread application of MQL for grinding. 

 

4.3. MQL Grinding using Vitrified CBN Wheels 

From the previous section, it is confirmed that with convectional abrasive wheels 

MQL does not provide significant cooling in grinding, resulting in a high energy partition 

to the workpiece.  To fundamentally lower the energy partition and reduce the workpiece 

temperature (in order to avoid thermal damage), CBN grinding wheels are considered in 

this section. 

In addition, from Chapter 3, it is concluded that some nanoparticle additives may 

improve the lubricating properties of the base fluids.  However, although it is the best 

lubricant among the three tested base oils, the soybean oil did not show any further 

significant improvement with MoS2 nanoparticle additives.  Therefore, soybean oil was 

again chosen as for the MQL application in this study.  In addition, another type of 

nanoparticles - carbon nanotube (CNT) was mixed in soybean oil as the additive to 

investigate the potential application of nano-lubricant in MQL grinding.   

 

4.3.1. Experimental Procedure 

Experiments of straight surface plunge grinding without crossfeed were 

conducted on the same machine (Chevalier Model Smart-B818 surface grinding machine 

with a 1.5 kW spindle).  The experimental setup is shown in Figure 4.13(a), very similar 

to the pervious setup.  The vitreous bond CBN grinding wheel (Universal Abrasive 
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VB126-J160-VT2W19) was used.  The grinding wheel is about 177.8 mm in diameter 

and 12.7 mm in width.  The surface speed of the wheel was 30 m/s.  The work-material 

was the same as before. 

For wet grinding, the water-based Cimtech 500 synthetic grinding fluid at 5 vol% 

was used.  MQL grinding, shown in Figure 4.13(b), utilized the same fluid application 

device provided by AMCOL (Hazel Park, Michigan).  Soybean oil and soybean oil mixed 

with CNT additives, denoted as CNT-soybean oil, were used for MQL application.  The 

CNT-soybean oil were prepared by mixing soybean oil with multi-wall carbon nanotubes 

using 2 wt% lecithin as surfactant and subjected to 2 hrs of ultrasonic homogenization.  

The added multi-wall carbon nanotubes (L-MWCNT-1020), provided by Shenzhen 

Nanotech Port Co. in China, has outside diameter of 10-20 nm and length of 5-15 μm.  

The flow rate was 5400 ml/min for flood (wet) grinding, but only 5 ml/min for MQL.  

The grinding wheel was dressed at 2 μm down feed, 500 mm/min traverse speed and –0.4 

speed ratio using a rotary diamond disk, which is 96 mm in diameter and 3.8 mm in 

width. 
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(a) 

(b) 

 

(c)  
Figure 4.13. Experimental setup: (a) overview, (b) MQL fluid 
delivery device, and (c) illustration of grinding temperature 
measurement  

 

Two sets of experiments were conducted.  The first set of the experiments 

investigates the influence of down feed and feed rate on grinding forces and surface 

finish under dry, MQL, and flood cooling conditions.  The down feeds and feed rates as 

well as the corresponding specific material removal rate (MRR) in this set of experiments 

are listed in Table 4.3.  The specific MRR is defined as the material removal rate per unit 

width.  The normal and tangential grinding forces were measured using a Kistler Model 
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9257A piezoelectric dynamometer. The surface roughness was measured using a Taylor 

Hobson Taylorsurf profilometer.  Three measurement traces perpendicular to the grinding 

direction were measured.  The average of three arithmetic average surface roughness (Ra) 

values was used to represent the roughness of a ground surface.  

Table 4.3. Grinding parameters and corresponding specific MRR 
Down feed (μm) Feed rate (mm/min) Specific MRR(mm2/s) 

1200 0.5 
2400 1.0 
3600 1.5 
4800 2.0 

25 

6000 2.5 
1200 1.0 
2400 2.0 50 
3600 3.0 

 

The second set of the experiments was to study the heat transfer in CBN MQL 

grinding.  The experiments were conducted in dry, wet and MQL grinding using both 

soybean oil and CNT-soybean oil, as listed in Table 4.4.  For each cutting fluid 

application except for dry grinding, two sets of cutting parameters were tested(1) 25 μm 

down feed and 2400 mm/min feed rate and (2) 50 μm down feed and 3600 mm/min feed 

rate.  For dry grinding, only the less aggressive cutting parameters (25 μm down feed and 

2400 mm/min feed rate) were applied.  The grinding temperatures were measured by the 

embedded thermocouple method (Shen et al., 2009) proposed in the Section 4.2, as 

shown in Figure 4.13(c).  The temperature and grinding force data were collected at a 

sampling rate of 5 kHz.  After each grinding pass, the workpiece was allowed to cool to 

the initial temperature before the next pass was taken. 
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Table 4.4. Experimental design for grinding temperature measurements 

Cutting fluid application Down feed 
(μm) 

Feed rate 
(mm/min)

Energy 
Partition 

Dry 25 2400 68.7% 
25 2400 53.8% MQL (Soybean oil) 50 3600 54.0% 
25 2400 54.3% MQL (CNT-soybean oil ) 50 3600 53.5% 
25 2400 13.2% Flood cooling 50 3600 13.8% 

 

As shown in Figure 4.13(c), the surface grinding experiments were conducted 

with a wheel of diameter ds rotating at peripheral surface speed vs removing a depth a 

(down feed) of work-material as it passes under the wheel at the workpiece speed vw (feed 

rate).  The grinding energy expended at the grinding zone is converted to heat, which is 

transported to the workpiece, grinding wheel, chips and grinding fluid.  The geometrical 

grinding zone is the region of length lc (= ads ) where the wheel interacts with the 

workpiece (Malkin, 1989).   

A critical parameter for grinding thermal analysis is the energy partition, ε, which 

is defined as the fraction of the grinding energy transported as heat to the workpiece.  In 

this study the grinding temperatures were measured using an epoxied thermocouple 

(Shen et al., 2009).  At the grinding pass when the thermocouple junction was exposed 

and bonded to the surface of the workpiece, the measured temperature reaches its peak.  

This peak temperature profile was used in the temperature matching method (Kohli et al., 

1995; Guo et al., 1999) to determine the energy partition.  In this method, the measured 

temperature profile is matched to the theoretically calculated temperature from the 

thermal model with a triangular heat source of length lc within the grinding zone moving 

along the ground surface at speed vw, as shown in Figure 4.14. 
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Figure 4.14 Schematic drawing of heat transfer in 
down grinding 

 

4.3.2. Grinding Forces 

The specific tangential and normal grinding force and force ratio vs. the specific 

MRR for 25 μm down feed is shown in Figure 4.15.  Both the normal and tangential 

specific grinding forces increase almost linearly with respect to specific MRR. For the 

specific tangential grinding force, although the amount of the cutting fluids was reduced 

by about a thousand times, MQL grinding still has about the same tangential forces for all 

tested conditions as compared to that of flood cooling.  This is likely due to the good 

lubrication of soybean oil as well as the more efficient penetration of the fluid into the 

grinding zone by MQL delivery system (Silva et al., 2005).  MQL grinding can achieve 

the same level of MRR as that of flood cooling.  It shows the potential feasibility of MQL 

in high volume production grinding. 
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Figure 4.15. Specific grinding forces vs. 
specific MMR (Down feed = 25 μm) 
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Adding CNT in soybean oil has no improvement in terms of the reduction in 

grinding force.  The previous study by Shen et al. (2008b) has pointed out that the 

improvement of lubrication with nanoparticle additives could depend on the base fluid 

chemistry which will guide their interaction (teaming) with the suspended nanoparticles. 

The selection of appropriate base fluid is critical in the application of nano-lubricant. The 

results of this study suggest that CNT as the additive lubricant is not appropriate for 

soybean oil based fluid from the friction reduction point of view. 

For specific normal grinding force, it is noticed that MQL grinding with pure 

soybean oil and CNT-soybean oil has larger normal forces than that of flood cooling.  

This is attributed to the larger viscosity of soybean oil, which results a higher hydraulic 

pressure in the grinding zone.  The higher normal grinding force and almost the same 

tangential grinding force lead to a smaller Ft/Fn force ratio for MQL grinding.  This 

implies that better lubrication of the cutting fluid in MQL grinding. 

The results of 50 μm down feed (seen in Figure 4.16) exhibited identical trend as 

that of 25 μm down feed.  At the same MMR, the specific tangential and normal grinding 

forces of 50 μm down feed are slightly higher than that of 25 μm down feed.  Larger 

specific normal force was also observed in MQL grinding with soybean oil and CNT-

soybean oil compared to that of flood cooling. 
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Figure 4.16. Specific grinding forces vs. 
specific MMR (Down feed = 50 μm) 
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4.3.3. Surface Finish 

The surface roughness results for 25 μm down feed are presented in Figure 4.17.  

The surface roughness increases with the increasing feed rate, as is expected.  Flood 

cooling generate slightly better surface finish than that of MQL grinding, likely due to 

better chip flushing to prevent scratching on the workpiece surface.  The CNT additive 

does not show improvement in terms of surface finish.  The surface finish results of 50 

μm down feed exhibited identical trend as that of 25 μm down feed, as shown in Figure 

4.18. 
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Figure 4.17. Surface finish results (Down feed = 25 μm) 
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Figure 4.18. Surface finish results (Down feed = 50 μm) 

 

4.3.4. Energy Partition 

For dry grinding, the measured surface temperature profile vs. the dimensionless 

distance, x/l, where x is the local coordinate described in Figure 4.14 and l=lc/2, is shown 

in Figure 4.19.  The experimental data matches perfectly with the theoretical temperature 

for ε=68.7%.  The good match validates the proposed grinding temperature measurement 

and energy partition calculation.  

Figures 4.20(a)-(c) present the temperature measurements in wet and MQL 

grinding using both soybean oil and CNT-soybean oil under 25 μm down feed and 2400 

mm/min feed rate.  The measured temperature in wet grinding, as shown in Figure 

4.20(a), is much lower and the energy partition ε=12.5%.  Note there is significant 
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discrepancy of calculated and measured in the trailing edge (x/l <–1).  It is due to the 

fluid cooling effect.  For MQL grinding, as shown in Figures 4.20(b) and (c), both 

grinding temperature and energy partition are between the values of dry and wet grinding.  

The temperature matching method gives ε=53.8% for MQL grinding using soybean oil 

and ε=54.3% for CNT-soybean oil.  The insignificant difference in ε shows the limited 

effect of CNT additive.  Even the thermal-physical properties of the MQL fluids can be 

very different, it makes essentially no impact on the energy partition.  Note that there is 

also cooling effect due to fluid in the trailing edge (–5<x/l<–1) in MQL conditions.  The 

fluid flow rate in MQL grinding is very small so that only a small portion of the fluid is 

able to pass through the grinding zone to cool the nearby trailing edge (–5<x/l<–1) of the 

ground work-surface. 
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Figure 4.19. Temperature rise at the workpiece surface 
(dry grinding) 
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Figures 4.20(d)-(f) present the temperature measurements in wet and MQL 

grinding using both soybean oil and CNT-soybean oil under 50 μm down feed and 3600 

mm/min feed rate.  Due to the limited spindle power, dry grinding is not feasible under 

this grinding condition.  The energy partition results are very similar to those under the 

25 μm down feed and 2400 mm/min feed rate grinding condition.  The measured 

temperature in wet grinding, as shown in Figure 4.20(d), is relatively low and matches 

with the theoretically calculated temperature for a much smaller ε=13.8%.  Significant 

cooling due to fluid in the trailing edge (x/l<–1) again is also evident, like in Figure 

4.20(a).  MQL grinding gives much higher temperature in this case due to the increased 

grinding power, but the energy partition is almost the same as before, ε=54.0% for MQL 

grinding using soybean oil and ε=53.5% for CNT-soybean oil. 

The energy partition results are summarized in Table 4.4.  About the same energy 

partition values (67% for dry, 54% for MQL, and 14% for wet grinding) were observed, 

regardless of the grinding parameter settings.  This is consistent with the findings in 

Varghese et al. (2000). 

 

4.2.5. Summary 

Grinding of cast iron using vitrified CBN wheels under dry, MQL and flood 

cooling conditions was studied.  Compared to the flood cooling condition, MQL grinding 

could achieve the same MRR without increasing grinding forces.  Flood cooling did 

produce slightly better surface finish than MQL grinding due to efficient chip flushing.  

The CNT additives showed no benefit to improve the grinding forces or surface finish. 
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Figure 4.20. Temperature rise at the workpiece surface: (a), (b), (c) 
25 μm down feed, 2400 mm/min feed rate, and (d), (e), (f) 50 μm 
down feed, 3600 mm/min feed rate. 
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Flood cooing condition had the lowest grinding temperature and smallest energy 

partition of about 13%.  The dry condition exhibited the highest grinding temperature and 

largest energy partition of 68%.  The energy partition under MQL condition is in between, 

about 54%.  These results are higher than the literature of CBN grinding.  Varghese et al. 

(2000) reported that values of the energy partition were found to range from 3 to 6% for 

grinding of nodular cast iron with a vitrified CBN wheel in flood cooling condition, and 

higher energy partitions up to 60% were obtained by reducing or eliminating the fluid.  

The difference between our and Varghese et al. (2000) results is likely attributed to the 

higher wheel surface speed (vs=60 m/s) used in their study.  Based on the study by Lavine 

(1988), high wheel speed reduces the energy partition and also enhance the forced 

convection within the grinding zone by increasing the flow rate of the cutting fluid. 

For conventional shallow-cut grinding of steels with  Al2O3 wheels, measurement 

of energy partition have been typically found to range from 60% to 85% (Malkin, 1989; 

Kohli et al., 1995).  Therefore, MQL grinding using vitrified CBN wheels with an energy 

partition of about 54% is better than the conventional grinding with Al2O3 wheels in this 

aspect. 

Overall, this study shows that the vitrified CBN wheel can improve the 

insufficient cooling problem of MQL grinding to certain extend.  It is feasible to combine 

MQL technique and vitrified CBN wheel to achieve high volume grinding production.  

But, how to further increase the MRR without sacrifice of the surface finish or thermal 

damage to the workpiece still needs more research.  Advanced CBN wheel with more 

porous vitreous bond is identified as a key technology to make the MQL CBN production 

grinding possible.   
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4.4. Concluding Remarks 

A new thermocouple fixating method was developed for grinding temperature 

measurement. Experiments were conducted to validate the proposed method.  The 

method was further used to experimentally investigate the heat transfer problems in 

grinding.  Grinding of cast iron using aluminum oxide and vitrified CBN wheels under 

dry, MQL and flood cooling conditions was studied. 

With conventional abrasive (aluminum oxide) wheels, grinding fluids provide 

negligible cooling within the grinding zone as evidenced by the high energy partitions 

which ranged from 84% to 92% for dry grinding, wet grinding, and MQL grinding.  An 

exception was observed for fine wet grinding which gave a much lower energy partition 

of 24%, due to efficient cooling within the grinding zone below the film boiling 

temperature.  Cooling by the fluid was found to be more effective outside the grinding 

zone rather than within the grinding zone. 

With superabrasive wheels (vitrified CBN wheels), much lower energy partition 

values were observed, about 68% for dry grinding, 54% for MQL grinding, and 13% for 

wet grinding.  It is concluded that the vitrified CBN wheel can improve the insufficient 

cooling problem of MQL grinding to certain extend, and it is feasible to combine MQL 

technique and vitrified CBN wheel to achieve high volume grinding production.  
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CHAPTER 5 

 

GRINDING THERMAL MODEL BASED ON THE FINITE 

DIFFERENCE METHOD 

 

 

A grinding thermal model has been developed based on the finite difference 

method (FDM) in order to estimate the energy partition and the convection heat transfer 

coefficient in grinding.  It also can be used to study the transient heat transfer and 

temperature distributions in workpiece with finite dimension and various boundary 

conditions.  The model is first validated by comparing with the traditional grinding 

thermal model assuming semi-infinite workpiece.  Effects of workpiece size, feed rate, 

and various cooling conditions are further investigated using the FDM model.  When the 

workpiece is short or the feed rate is low, transient heat transfer becomes more dominant 

during grinding.  Investigation of cooling effects revealed that the free convection and 

cooling in the leading edge have negligible effect, cooling in the trailing edge only has 

influence in the trailing edge region and cooling in the grinding zone has a significant 

effect on the reduction of workpiece temperature.  The model is further applied to 

investigate convective cooling in the grinding experiment.  The estimated average 

convection heat transfer coefficient in the grinding contact zone was about 4.2×105 
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W/m2-K for wet grinding and 2.5×104 W/m2-K for MQL grinding, while the estimated 

convection heat transfer coefficient in the trailing edge was much lower. 

 

5.1. Introduction 

The energy required to remove a unit volume of work-material for grinding is 

very high.  Virtually all this energy is converted to heat, which can cause high 

temperatures and thermal damage to the workpiece such as grinding burn, phase 

transformations, undesirable tensile residual tensile stresses, cracks, reduced fatigue 

strength, thermal distortion and inaccuracies (Malkin, 1989).  Workpiece thermal damage 

is the major limitation to increase the material removal rate (MRR) in grinding. 

A considerable research effort has devoted to both theoretical and experimental 

aspects of heat transfer in grinding.  The classic thermal analysis of moving heat source 

and the temperature at sliding contacts was studied by Jaeger (1942).  The application of 

Jaeger’s moving heat source solutions to heat transfer problems in grinding was first 

proposed by Outwater and Shaw (1952), whereby the grinding zone is approximated as a 

band source of heat moving along the surface of the workpiece.  Outwater and Shaw 

(1952) assumed that grinding heat is mainly generated at the shear plane, and thus the 

grinding temperature can be calculated by matching the average temperatures on the 

shear plane.  Hahn (1956) considered the frictional rubbing forces on the clearance 

surface and neglected the cutting forces on the rake surface in the grinding thermal model.  

Snoeys et al. (1979) and Malkin (1984) presented a comprehensive literature review of 

early research work on the prediction of workpiece surface temperatures in dry grinding 

without significant convective heat transfer.  
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Takazawa (1972) considered the partitioning of energy over the grinding contact 

zone based on grinding wheel bulk thermal properties.  Similar contact zone thermal 

model was also proposed by Rowe et al. (1988).  Shaw (1990) considered both real and 

apparent contact areas, and used an area ratio factor to correlate grain properties with 

such a model.   

Grain analysis considers the energy partitioning at the grain-workpiece interface, 

rather than the wheel-workpiece interface (the whole contact zone).  It was first proposed 

by Hahn (1956, 1962, 1966).  Later, many grain analysis heat transfer models have been 

developed (Liao et al., 2000; Maksoud, 2005).   The grain analysis models tend to give 

better results across a wide range of grinding conditions (Rowe et al., 1995).  

Lavine (1988) developed an energy partition model, which combines both the 

micro- and macro-scale thermal analysis.  The wheel and grinding fluid are considered to 

be a composite solid moving at the wheel speed.  It predicts the convective heat transfer 

coefficient on the workpiece surface, the fraction of energy entering the workpiece, and 

the workpiece surface temperature.  The model was further extended to account for the 

variation of the heat fluxes along the grinding zone in down grinding with large Peclet 

number (Jen and Lavine, 1995).  Ju et al. (1998) considered both the scales of the wheel-

workpiece and grain-workpiece contact length and developed a complete thermal analysis 

that can handle both up and down surface grinding without the assumption of large Peclet 

number. 

 Temperature measurements in the workpiece subsurface during grinding indicated 

that the triangular heat source is more accurate than the rectangular one (Kohli et al., 

1995).  Analytical investigations by Guo and Malkin (1995a) indicated that energy 
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partition is approximately constant along the grinding zone for regular down grinding, 

but varies greatly along the grinding zone for regular up grinding and both up and down 

creep-feed grinding.  

The inverse heat transfer method was also applied to grinding thermal modeling.  

Guo and Malkin (1996a, 1996b) first developed an inverse heat transfer method to 

estimate the heat flux distribution in the workpiece for regular grinding and the local 

convective heat transfer coefficient on the workpiece surface from the measured 

temperature distributions in the workpiece.  Inverse heat transfer models have been 

studied extensively in grinding processes (Hong and Lo, 2000; Wang and Chen, 2002; 

Kim and Kwak, 2006).  These models are similar to Guo and Malkin (1996a, 1996b), 

except that Wang and Chen (2002) generalized the inverse heat transfer model to the 3D 

case. 

Most of these traditional grinding thermal models have assumptions such as the 

steady-state condition, semi-infinite workpiece size, and adiabatic boundary condition on 

the workpiece surface.  The numerical method is an approach to overcome these 

constraints.  The finite element method (FEM) and finite difference method (FDM) are 

considered to model the heat transfer problems in grinding.  Guo and Malkin (1995b) has 

developed the FDM based grinding thermal model for the transient temperature 

distribution and shown that workpiece temperature rises rapidly during the initial wheel-

workpiece engagement, subsequently reaches a quasi-steady state value if the workpiece 

is sufficiently long and further increases during the final wheel-workpiece disengagement.  

The FEM has been widely employed to simulate the workpiece grinding temperature for 

both 2D and 3D cases and further developed to analyze the phase transformation and 
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thermal stress on ground surface (Mahdi and Zhang, 1995; Biermann et al., 1997; Wang 

et al., 2003; Mamalis et al., 2003; Lefebvre et al., 2006). 

FDM applies the discrete analog of the derivative and is simple to formulate, easy 

to apply and straightforward to extend to two or three dimensional problems.  In this 

study, a FDM based grinding thermal model is developed to study the heat transfer in 

grinding.  This model is similar to that developed by Guo and Malkin (1995b).  In 

addition to the transient heat transfer problem, this study also investigated the workpiece 

with finite dimension and various boundary conditions.  The model is introduced in 

Section 2 and validated by comparing with the solution of the traditional heat transfer 

model in Section 3.  Effects of workpiece dimension, feed rate, and various boundary 

conditions are studied using the FDM heat transfer model in Sections 4 and 5.  In Section 

6, the FDM heat transfer model is further applied in the grinding experiment to estimate 

the energy partition and convection heat transfer coefficient.  

 

5.2. Finite Difference Heat Transfer Model 

 To apply the finite difference method, the first step is to subdivide the 

computation domain into small regions and assigning each region a reference point.  In 

this study, the computation domain is the workpiece, as shown in Figure 5.1(a).  Each 

node is at the center of a small region, and designated by the indices, as seen in Figure 

5.1(b).  The grid size is defined as the distance between the two adjacent nodes.  In this 

study, the uniform grid size is used, i.e., zx ΔΔ = .  The moving heat source was assumed 

to be triangular. 
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(a) 

 
(b) 

Figure 5.1. Illustration of nodal network: (a) mesh of the computation 
domain (workpiece) and (b) close-up view of the nodal network 

 

5.2.1. Governing Equation 

 Now that the computation domain is characterized in terms of a nodal network, 

the governing equation and the boundary conditions need to be transformed into the finite 

difference form to compute the nodal temperatures.  The 2D heat transfer governing 

equation is: 
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where α is the thermal diffusivity of the workpiece.  Using the finite difference 

discretization, Equation (5.1) can be expressed as: 
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Considering the uniform mesh ( zx ΔΔ = ), Equation (5.1) can be rearranged as 

following: 
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5.2.2. Boundary Conditions 

In the finite difference method, either full grid or half grid can be used at the 

boundary.  The half grid has the advantage of direct expression of the nodal temperature 

at the boundary, while the full grid requires much less computation time and is more 

accuracy because of the uniform mesh.  Therefore, in this study the full grid was adopted 

at the boundary.  The surface grinding configuration is shown in Figure 5.2(a).  In this 

configuration, as seen in Figure 5.2(b), six boundaries, the leading edge, contact zone, 

trailing edge, front, back and bottom side of the workpiece, need to be considered.  Finite 



 114

difference equations for these boundary conditions (BCs) can be derived by energy 

conservation and the results are summarized in Appendix B.1. 

 
(a) 

 
(b) 

Figure 5.2. Illustration of the boundary conditions: (a) surface 
grinding process and (b) the corresponding BCs 

 

5.2.3. Surface Temperature 

Since the full grid was used at the boundary instead of the half grid, the 

temperature on the ground workpiece surface, Ts, which is of the most interest, needs to 

be derived using energy balance method.  Finite difference equations for the top surface 
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temperature prediction are presented in Appendix B.2. 

 

5.3. Validation of Finite Different Thermal Model  

 Unlike the traditional grinding thermal models which only give the steady state 

solution, the FDM heat transfer model can calculate the evolution of temperature within 

the workpiece which makes it capable to handle the transient heat transfer problems in 

grinding.  To validate the FDM heat transfer model developed in this study, the results of 

the FDM model is compared with the solution of the traditional heat transfer model 

(Kohli et al, 1995; Guo and Malkin, 1996a; 1996b).   

 The FDM heat transfer model was first applied to simulate the spatial and 

temporal temperature distribution of grinding Dura-Bar 100-70-02 ductile iron workpiece 

with length L=50 mm and thickness H=10mm.  The grinding parameters and work-

material properties are listed in Table 5.1.  The triangular moving heat source, as shown 

in Figure 5.2(b), with an average heat flux of 40 W/m2 and a width of contact length lc = 

1.33 mm was used.  All the BCs are set to be adiabatic, identical to the assumption for the 

traditional heat transfer model. 

Table 5.1. Summary of the parameters used in simulation 
Wheel diameter ds 177.8 (mm) 
Depth of cut a 10 (μm) 
Wheel speed, vs  30 (m/s) 
Feed rate, vw  0.04 (m/s) 
Thermal conductivity of workpiece, kw  63 (W/m·K) 
Thermal diffusivity of workpiece, αw  16.3×10-6 (m2/s) 
 

The spatial distributions of temperature field in the workpiece at time t = 0.15, 

0.40, 0.65, 0.90, and 1.15 (s) are shown in Figure 5.3.  The time t = 0 s is defined at the 
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start of wheel contacting the workpiece.  A similar pattern of the temperature field with 

high temperature region of about 480°C is observed beneath the moving heat source and 

propagating along the x-axis. 

 

t=0.15 s 

t=0.40 s 

t=0.65 s 

t=0.90 s 

t=1.15 s 

Figure 5.3. Temporal and spatial distributions of the workpiece 
temperature (L=50 mm and H=10 mm) 

 

The temporal and spatial distributions of temperature on the ground surface are 

plotted in Figure 5.4.  There are three regions, cut-in, steady-state, and cut-out.  In the 

cut-in region, the workpiece peak temperature rises rapidly when the grinding wheel first 
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engages with the workpiece.  In the steady-state region, the workpiece surface 

temperature profile reaches a stable status.  The peak temperature maintains at about 

480°C, the same level of peak temperature in Figure 5.3.  As the wheel disengaging from 

the workpiece, due to the boundary condition, the peak temperature increases to 550°C 

and higher for a short period of time in the cut-out region.  The transient heat transfer 

during the cut-in and cut-out region has been previously studied by Guo and Malkin 

(1995b).  This simulation results also indicate that a steady-state region exists if the 

workpiece is long enough. 
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Figure 5.4. Temporal and spatial distribution of the grinding 
temperature at the workpiece surface (L=50 mm, H=10 mm, vw=2400 
mm/min) 

 

 The steady-state FDM heat transfer solution is compared with that of the 

traditional heat transfer model.  As shown in Figure 5.5, the FDM surface temperature 
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profile at t = 0.625 s (steady-state region) is plotted against the results from the traditional 

heat transfer model (Kohli et al, 1995; Guo and Malkin, 1996a; 1996b).  The x-axis is the 

dimensionless distance, x/l, where x is the local coordinate with original point at the 

center of the grinding zone and l=lc/2.  The results match very well except some small 

deviation (less than 10°C) at the far trailing edge (x/l<-25).  This discrepancy is because 

the FDM model uses a workpiece with a finite dimension, while the traditional model has 

an assumption of semi-infinite body. 

 

-30 -25 -20 -15 -10 -5 0 5 100

50

100

150

200

250

300

350

400

450

500

Dimensionless lenght, x/l

Te
m

pe
ra

tu
re

 ri
se

 (o C
)

 

 

Traditional heat transfer model
FDM heat transfer model

 
Comparison of steady-state surface temperature profile 

 

 The temperature rise in the z-direction from the FDM model is also compared to 

the result from the traditional heat transfer model, as shown in Figure 5.6.  Again, very 

good match of the two curves with less than 5°C discrepancy is evident and further 

validated the FDM heat transfer model developed in this study. 
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Traditional heat transfer model
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Figure 5.6. Comparison of temperature rise along the z-
direction (at x/l=0) 

 

5.4. Effects of Workpiece Dimension and Workpiece Velocity 

5.4.1. Effect of Workpiece Length 

 As discussed in the previous session, when the workpiece is long, a steady state 

region exists.  However, if the workpiece is short, the whole process would become a 

transient heat transfer problem.  An example when the length of the workpiece in Sec. 3 

is shortened to 5 mm (same thickness H = 10 mm) is shown in Figure 5.7.  The peak 

temperature at the workpiece surface continues going up until the grinding wheel 

disengages with the workpiece.  No steady state can be reached during the whole process. 
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Figure 5.7. Effect of workpiece length (L=5 mm, H=10 mm, 
vw=2400 mm/min) 

 

5.4.2. Effect of Workpiece Thickness 

 The thickness of the workpiece mainly affects the temperature rise along the z-

direction in the workpiece.  The distribution of steady-state grinding surface temperature 

in the z-direction for H = 1, 2, 5, and 10 mm and L = 50 mm is shown in Figure 5.8.  

Compared to the traditional heat transfer model which assumes semi-infinite workpiece 

size, the temperature profile of H = 10 mm matches very well.  When the workpiece is 

thick enough, H > 5 mm, the FDM solution is almost identical to the result from the 

traditional heat transfer model.  The discrepancy starts to show when H < 2 mm.  Also, 

the thinner workpiece has higher surface temperature because the heat cannot be 

dissipated efficiently in the z-direction. 
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Figure 5.8. Effect of workpiece thickness (L=50 mm, 
vw=2400 mm/min) 

 

5.4.3. Effect of Workpiece Velocity 

 The workpiece velocity (feed rate) vw has the same effect as the length of the 

workpiece.  For example, as shown in Figure 5.9, under the same workpiece size (L = 50 

mm and H = 10 mm), when vw is small (vw=240 mm/min), the transient heat transfer may 

become dominant during the whole process, and the temperature is also much higher due 

to the prolonged period for the heat conduction. 
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Figure 5.9. Effect of workpiece velocity (L=50 mm, H=10 mm, 
vw=240 mm/min) 

 

5.5. Cooling Effects 

 An advantage of FDM grinding heat transfer model is the capability to study the 

impact of different cooling conditions.  The adiabatic surface boundary condition is 

assumed in the traditional heat transfer model.  The practical boundary condition can be 

very complicated, especially when the cutting fluid is applied.  In this study, the free 

convection and cooling in the three regions (leading edge, contact zone, and trailing edge) 

are analyzed and discussed in detail. 

The range of heat transfer coefficient (h) for free convection is form 10 to 103 

W/m2-K, while for forced convection and convection with phase change ranges is from 

102 to 105 W/m2-K (Incropera and DeWitt, 2001).  Jin et al. (2003) reported that the 

convection heat transfer coefficient within the grinding contact zone can be very high, 
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about 290,000 W/m2-K for the water-based cutting fluid and 23,000 W/m2-K for oil-

based cutting fluid.  In this study, h is assumed to range from 10 to 103 W/m2-K for free 

convection condition and 103 to 105 W/m2-K for forced convection and convection with 

phase change.  All the other parameters used in this section are the same as in Table 5.1. 

 

5.5.1. Free Convection  

 Figure 5.10 shows the steady-state surface temperature profiles for the whole 

surface (leading edge, contact zone, and trailing edge) under the adiabatic and free 

convection (h = 10, 102, and 103 W/m2-K) boundary conditions.  The results with free 

convection are almost identical to that with adiabatic boundary condition.  This indicates 

that the free convection is not strong enough to influence the heat transfer in the grinding 

process. 
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Figure 5.10. Effect of free convection (surface temperature) 
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5.5.2. Leading Edge 

 Assuming the contact zone and trailing edge is under adiabatic condition and the 

leading edge has h of 103, 104, and 105 W/m2-K, the steady-state surface temperature 

profile is shown in Figure 5.11.  The effect of cooling in leading edge is minimal.  Under 

high cooling rate with h = 105 W/m2-K in the leading edge, the peak temperature is 

reduced by only about 5%. 
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Figure 5.11. Effect of cooling in the leading edge (surface 
temperature) 
 

5.5.3. Trailing Edge 

 By imposing the h = 103, 104, and 105 W/m2-K in the trailing edge and adiabatic 

in the leading edge and contact zone, the steady-state workpiece surface temperature 

profiles is shown in Figure 5.12.  Cooling in the trailing edge has a significant impact on 
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the temperature profile.  But it only influences the trailing edge, not the contact zone or 

the leading edge.  The peak temperature remains about the same as that with high h in 

trailing edge cooling.  
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Figure 5.12. Effect of cooling in the trailing edge (surface 
temperature) 

 

5.5.4. Contact Zone 

 For h = 103, 104, and 105 W/m2-K in the grinding contact zone and adiabatic in the 

leading and trailing edges, the corresponding steady-state workpiece surface temperature 

profile is shown in Figure 5.13.  Efficient cooling in the grinding contact zone has a 

significant impact on the peak temperature and trailing edge temperature.  This 

observation confirms that the contact zone cooling is the most dominant factor in 

grinding. 
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Figure 5.13. Effect of cooling in the contact zone (surface 
temperature) 

 

5.6. Energy Partition Prediction 

In this section, the FDM heat transfer model was used to estimate the energy 

partition (ratio of the energy entering the workpiece) in the real grinding application.  The 

FDM heat transfer model traces the temporal distribution of the temperature in the 

workpiece, rather than only gives a steady-state solution.  Therefore, the temperature 

response measured by the thermocouple, which is in the time domain, can be directly 

matched to the results calculated from the FDM heat transfer model.  This makes the 

FDM advantageous when the grinding process is unable to reach the steady-state 

condition under the circumstance of short workpiece, slow vw, and others. 

According to the results in Chapter 4, the energy partition for the vitrified CBN 

wheel is estimated as 68% for dry grinding, 54% for MQL grinding, and 13% for wet 
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grinding (Shen and Shih, 2009), as summarized in Table 5.2.  These values were 

calculated based on the traditional heat transfer model, which has already considered the 

cooling within the grinding zone.  The reduced energy partition values in MQL and wet 

grinding are attributed to the convection cooling of fluids in the grinding zone.  However, 

the traditional heat transfer model is unable to estimate the convection heat transfer 

coefficient in the grinding process. 

Table 5.2. Grinding parameters and corresponding energy partition results 

Cutting fluid application Flowrate 
(ml/min) 

Depth of 
cut (μm)

Feed rate 
(mm/min)

Energy partition
(εdry or εfluid) 

Dry -- 68.7% 
MQL (soybean oil) 5 53.8% 
Wet (5 vol% Cimtech 500 
synthetic grinding fluid)  5400 

25 2400 
13.2% 

 

Inputs for the FDM heat transfer model, as presented in Section 4.3, has 177.8 

mm in diameter for vitreous bond CBN grinding wheel, 30 m/s wheel surface speed (vs), 

Dura-Bar 100-70-02 ductile iron work-material, 63 W/m-K thermal conductivity, 

1.63×10-7 m2/s thermal diffusivity, and 57 mm long, 6.5 mm wide and 20 mm tall 

workpiece. 

The total heat flux (qtotal) is assumed to be partitioned between the grinding wheel 

(qwheel) and workpiece/fluid (qwf).   

cw

st
wfwheeltotal lb

vFqqq =+=           (5.16) 

where Ft is the tangential grinding force and bw is the width of the workpiece.  In dry 

grinding, there is no heat flux carried away by the cutting fluids; therefore, 
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totaldryworkpiecewf qqq ε==            (5.17) 

In wet or MQL grinding, the heat flux enters both workpiece and fluids; thus,  

fluidtotalfluidfluidworkpiecewf qqqqq +=+= ε         (5.18) 

where εdry and εfluid are the energy partition into the workpiece under dry and wet/MQL 

condition, respectively. 

 The energy partition values in Table 5.2 were estimated by temperature matching 

method using the traditional heat transfer model (Kohli et al., 1995).  The same results 

with less than 0.1% discrepancy can also be obtained using the proposed FDM heat 

transfer model by imposing the adiabatic BCs, as shown in Figure 5.14.  The only 

difference is that the temperature matching was done in the time domain instead of in the 

space domain. 

 In Figures 14(b) and (c), the deviation from the experimental measurements and 

FDM results is evident under the wet and MQL conditions due to the assumption of 

adiabatic BCs.  This problem can be solved by using the appropriate boundary conditions.  

The FDM heat transfer model is further developed in the next section to estimate the 

convection heat transfer coefficient in the grinding process. 
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Dry grinding (Shen and Shih, 2009)
FDM heat transfer model (ε=68.7%)
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MQL grinding (Shen and Shih, 2009)
FDM heat transfer model (ε=53.8%)

 
(c) 

Figure 5.14. Temperature matching results: (a) dry 
grinding, (b) wet grinding, and (c) MQL grinding 
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5.7. Convection Heat Transfer Coefficient Prediction 

 Assuming the energy partition to the workpiece/fluid is the same in dry, wet and 

MQL grinding, i.e., totaldrywf qq ε=  regardless of the cooling condition. Thus, as long as 

εdry is known, the heat flux input qwf for the FDM heat transfer model can be found.  In 

addition, the heat flux into the cutting fluid can be expressed as: 

 ( ) ( )[ ]∫−
−=

l

l a
s

fluid dxTxTxhq           (5.19) 

where Ta is the fluid (or ambient) temperature. 

 The actual depth of cut in the grinding zone decreases from the leading edge side 

to the trailing edge side for down grinding.  This creates the non uniform convective 

cooling.  As shown in Figure 5.15, in this study the convection heat transfer coefficient in 

the grinding zone, hcontact, is assumed as a linear function.  

 ( ) ⎟
⎠
⎞

⎜
⎝
⎛ +

−
+=

2
12

1
c

c
contact

lx
l

hhhxh          (5.20) 

where ( )[ ]xhmaxh contact=2 , ( )[ ]xhminh contact=1 , and x is the local coordinate with original 

point at the center of the grinding zone.  The average convection heat transfer coefficient 

in the grinding zone, contath is defined as:  

 
2

21 hhhcontat
+

=            (5.21) 
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Figure 5.15. Assumption of convection heat transfer 
coefficient 

 

The convection heat transfer coefficient in the trailing edge, htrailing, is assumed to 

be uniform.  Due to the continuity constraint, the convection heat transfer coefficient 

should not change rapidly between the trailing edge and the end of the contact zone at x = 

−l, where the actual depth of cut is close to zero.  Therefore, 

1hhtrailing =             (5.22) 

According to Section 5, cooling effect in the leading edge is negligible.  Hence 

BCleading_edge is set to be adiabatic.  The other three boundaries, BCback, BCfront, and 
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BCbottom, are also set to be adiabatic.  A triangular heat source with an average heat flux of 

qwf was used. 

By matching the measured temperature profile to the calculated temperature from 

the FDM heat transfer model, the convection heat transfer coefficient within the grinding 

zone ( contacth ) and in the trailing edge (htrailing) can be found.  The temperature matching 

results are shown in Figure 5.16, and the estimated convection heat transfer coefficient 

values are summarized in Table 5.3.  The convection heat transfer coefficient in the 

contact zone is much higher than that in the trailing edge for all cases.  This is expected 

because of the much higher fluid velocity in the contact zone.  Wet grinding has much 

higher convection heat transfer coefficient than MQL grinding both in the contact zone 

and the trailing edge. 

Table 5.3. Summary of convection heat transfer coefficient  

Cutting fluid application 2h  
(W/m2-K) 

contacth  
(W/m2-K) 

trailingh  
(W/m2-K) 

MQL (soybean oil) 3.9 × 104 2.5 ×104 1.0 × 104 
Wet (5 vol% Cimtech 500 
synthetic grinding fluid)  7. 4 × 105 4.2 × 105 9.5 × 104 

 

As shown in Figure 5.16(a), for wet grinding, the uniform convection heat 

transfer coefficient in the trailing edge gives very good matching.  However, for MQL 

grinding, as seen in Figure 5.16(b), the convection heat transfer coefficient in the trailing 

edge may not be uniform.  The calculated temperature profile with a high htrailing matches 

with the experimental measurement very well in the trailing edge near the contact zone, 

but not in the trailing edge far away from the contact zone, while the calculated 

temperature profile with a zero htrailing has the opposite result.  It indicated that MQL only 

provided some cooling in the trailing edge near the contact zone.  This is probably due to 
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the low flow rate in MQL grinding which only allows a small portion of the fluid to pass 

through the grinding zone and cool the nearby trailing edge of the ground surface; 

however, in the trailing edge far away from the contact zone, MQL provides no cooling. 
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Figure 5.16. Convection heat transfer coefficient prediction: (a) 
wet grinding and (b) MQL grinding 
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5.8. Concluding Remarks 

 A FDM based grinding thermal model was developed and validated by comparing 

with the traditional heat transfer model.  The FDM heat transfer model was used to study 

the effects of workpiece size, workpiece velocity (feed rate), and cooling in the leading 

edge, trailing edge and grinding zone.  Transient heat transfer occurred in the cut-in and 

cut-out regions.  When the workpiece was short or the feed rate was low, the transient 

effect was more significant.  The thickness of the workpiece could influence the 

temperature profile along the z-direction in the workpiece.  As for cooling effects, the free 

convection and cooling in the leading edge were neglectable; the convection heat transfer 

in the trailing edge could not reduce the peak temperature; and the most efficient cooling 

was in the grinding contact zone. 

 The FDM heat transfer model was further applied in the grinding experiment to 

estimate the energy partition and convection heat transfer coefficient.  By imposing the 

adiabatic boundary conditions, the model was capable to estimate the same energy 

partition values as the traditional heat transfer model.  The estimated average convection 

heat transfer coefficient in the grinding zone was about 4.2×105 W/m2-K for wet grinding 

and 2.5×104 W/m2-K for MQL grinding.  The convection heat transfer coefficient in the 

trailing edge was about an order of magnitude lower than that in the grinding contact 

zone.  However, MQL only provides some cooling in the trailing edge near the contact 

zone.  In addition, a uniform convection heat transfer in the trailing edge may not be 

realistic for MQL grinding.  More complicated cooling boundary conditions needs to be 

investigated and the FDM heat transfer model needs to be further improved. 
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CHAPTER 6 

 

CONCLUSIONS AND FUTURE WORK 

 

 

This research advances the fundamental research of nanofluids and the state-of-

the-art MQL grinding.  The formulation and characterization of nanofluids, and MQL 

grinding of cast iron using nanofluids were investigated.  A new thermocouple fixating 

method for grinding temperature measurement was proposed, thermal analysis of MQL 

grinding was conducted, and a grinding thermal model based on the Finite Difference 

Method has been developed. 

 

6.1. Major Contributions 

The major contributions made in this research include:  

1. The fundamental research of nanofluids was conducted.  The suspension of 

nanoparticles has been proved to be able to enhance the thermal conductivity, 

especially with the high volume fraction of nanoparticles.  Although the 

nanofluids showed higher Nusselt number than the base fluid at the same 

Reynolds number; in terms of convection heat transfer coefficient vs. flow rate, 
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there is no significant difference between the nanofluids and the base fluid.   

2. The application of nanofluids in MQL grinding was evaluated for the first time.  It 

is concluded that nanofluids are not able to provide superior cooling capacity in 

MQL grinding process.  However, the suspension of nanoparticles can improve 

the tribological properties of the base fluids, which can help lubricate the grinding 

zone.  Therefore, the research of application of nanofluids in MQL grinding 

should focus on the advanced lubrication properties. 

3. It is shown for the first time that lubricant oils with novel MoS2 nanoparticles 

significantly reduces the tangential grinding force and friction between the wear 

flats and the workpiece, increases G-ratio and improves the overall grinding 

performance in MQL applications. 

4. A new thermocouple fixating method was developed for grinding temperature 

measurement which is easy to install, and can provide a direct measurement of the 

surface temperature. 

5. Thermal analysis for MQL grinding was studied for the first time.  For shallow-

cut grinding of cast iron using a vitreous bond aluminum oxide wheel, the energy 

partition was estimated as 84% for dry grinding, 84% for MQL grinding, but only 

24% for wet grinding due to cooling within the grinding zone below the film 

boiling temperature.  

6. Much lower energy partition to the workpiece (68% for dry grinding, 54% for 

MQL grinding, and 13% for wet grinding) was achieved by using vitrified bond 

CBN wheel.  The insufficient cooling problem of MQL grinding can be improved 

by using the vitrified CBN wheel, which makes the MQL grinding feasible in the 
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high volume production. 

7. A grinding thermal model has been developed based on the Finite Difference 

Method to better understand the transient heat transfer and temperature 

distributions in workpiece with finite dimension and various cooling conditions. 

8. The FDM heat transfer model was applied to estimate the convection heat transfer 

coefficient in grinding.  The average convection heat transfer coefficient in the 

contact zone was about 4×105 W/m2-K for wet grinding and 2×104 W/m2-K for 

MQL grinding, while the convection heat transfer coefficient in the trailing edge 

is much lower.  

 

Overall, the research included the fundamental research of nanofluids, evaluation 

of grinding performance, measurement of grinding temperature, thermal analysis and 

FDM heat transfer modeling of the grinding process.  It has showed that the key to the 

success of MQL grinding is (1) the grinding fluid with advanced tribological properties, 

(2) the grinding wheel with high thermal conductivity, and (3) the good understanding of 

cooling effects in grinding processes.  The first point can be achieved by the development 

of new type of nanofluids which contains the nanoparticles with advanced lubricity.  The 

second can be achieved using superabrasive grinding wheels such as CBN wheels.  And 

the last has been addressed by the methodology developed in this study. 

 

6.2. Recommendations for Future Study 

This study has identified several future directions for the development of 

engineering nanofluids and MQL grinding: 
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The mechanism of enhanced thermal conductivity for nanofluids is still not clear.  

Fundamental research needs to be continued in order to better understand the involved 

mechanism.  This is the foundation of the future nanofluids research, which can be used 

to guide the formulation of nanofluids for cooling application. 

The mechanism of enhanced lubricating properties for nanofluids needs to be 

further explored.  The experimental results have shown that the improvement of 

lubrication with lubricating nanoparticle additive could depend on the base fluid 

chemistry.  Thus the selection of appropriate base fluid is very critical in the application 

of nanoparticle based lubricants in MQL grinding and requires further course of research 

in this field.   

Based on the better understanding of nanofluids, future researches can be 

conducted on formulation of new nanofluids to achieve excellent tribological and thermal 

properties, and explore the feasible industrial application such as engine/fuel 

cell/radiator/ power electronics cooling and MQL machining.  

It has been shown that MQL grinding using vitrified CBN wheels is very 

promising for the high volume grinding production.  Therefore, the process needs to be 

further optimized.   

In addition, the dimension accuracy of the ground parts has not been addressed in 

this study.  It is another big concern for manufacturing production; especially with MQL, 

the accumulated heat can cause large thermal expansion of the workpiece, resulting in 

thermal distortion and inaccuracies.  Workpiece dimension accuracy for MQL machining 

has already been studied (Braga et al., 2002; Furness et al., 2006; Dhar et al., 2007), but 

not in MQL grinding, which definitely needs more investigation. 
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Chip flushing seems to be a major concern for MQL grinding, resulting in 

undesired surface finish of ground parts.  This problem has to be addressed before the 

MQL technology can be applied to the grinding production.  One possible solution is to 

design a chip cleaning sub-system such as vacuum suction or high pressure air blow, as a 

supplement to the MQL delivery system. 

The Finite Difference Method based heat transfer model developed in this 

research has been proved to be a simple and powerful tool to conduct the thermal analysis 

of the grinding process.  It needed to be further improved to be more accurate and more 

comprehensive.  For example, more complicated cooling boundary conditions and 

grinding zone geometry (especially for creep grinding) can be introduced into the FDM 

heat transfer model. 

Each of these suggested future topics can be used to further enhance the 

understanding of nanofluids and contribute to the development of environmentally benign 

MQL grinding processes.  
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Appendix A 
 

Characterization of Nanofluids 

 

 

The thermal properties of nanofluids including thermal conductivity and 

convection heat transfer coefficient are studied in this research. 

 

A.1. Thermal Conductivity Measurements 

A.1.1. Transient Hot Wire Method 

Transient hot wire method is widely used to measure thermal conductivity of 

materials, especially for fluids.  It was developed about thirty years ago (DeGroot et al., 

1974; Castro et al., 1976; Nagasaka and Nagashima, 1981; Hoshi et al., 1981).  Before 

that time, the thermal conductivity of fluids had historically proven to be a difficult 

transport property to measure accurately because the heat transfer by convection was 

recognized as a prominent source of error during the measurement (DeGroot et al., 1974).  

The most advantageous feature of the transient hot wire method for thermal conductivity 

measurements of fluids is its capability of experimentally eliminating convective error, 

and for this reason, it is a high precision technique for the measurement of the thermal 

conductivity of fluids (Nagasaka and Nagashima, 1981). 

The theory of the transient hot wire method was developed in Carslaw and Jaeger 
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(1959).  Based on the model of a perfectly conducting line heat source of infinite length 

surrounded by an infinite medium, the temperature rise of the heater wire, T, as a function 

of time, t, is given by (Batty et al., 1981): 

⎥
⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛= γα

π 2

4ln
4

)(
r

t
k

qtT            (A.1) 

where r is the radius of the heater wire; q is the heat dissipated per unit length, α and k 

are the thermal diffusivity and thermal conductivity of the fluid to be tested; and γ is 

Euler's constant. 

 Equation (A.1) is subjected to the following assumptions:  

1) The radius r of the wire is infinitesimal and the length is infinite. 

2) The surrounding medium is infinite. 

3) The temperature in the wire is uniform. 

4) Heating period is long enough, that is, Fourier number, Fo >> 1, i.e. 

120 >>=
r

tF α              (A.2) 

The first two assumptions are hard to achieve under real engineering conditions.  

Thus, the effects of departures from ideal conditions on the accuracy of the thermal 

conductivity determinations had been studied.  To avoid significant errors due to the 

effect of heater wire being finite, Blackwell (1954) proposed the minimum probe length 

to radius ratio, that is 

2/1
0

0632.0
⎟
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⎞

⎜
⎝
⎛>

F
r
L             (A.3) 
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where L is the length of the wire.   

Vos (1955) concluded that the effect of test medium being finite, i.e. the boundary 

effects, become significant if  

6.04
2 >

b
tα              (A.4) 

where b represents the shortest distance between the heater wire and the nearest boundary 

of the test medium. 

Equation (A.1) can also be rewritten as (Batty et al., 1981): 

( )t
k

qtT ln
4

)( Δ=Δ
π

            (A.5) 

Therefore, the curve of temperature, T, versus time, t, on a semi-log plot is a 

linear line, and the slope of this line is q/4πk.  Thus, if the heat flux q is known, the 

thermal conductivity of the test fluid can be determined experimentally by monitoring the 

wire temperature.   

In practice, it is easy to measure the temperature of the heater wire if it is made of 

platinum since its resistance-temperature is well-established and measurement of 

resistance is much easier than measurement of temperature.   For the range 0 to 630ºC, 

Callendar equation gives (Lowenthal and Harper, 1960): 

( )21)0()( bTaTRTR ++=            (A.6) 

where R(T) is the resistance of the platinum wire at temperature, T and R(0) is the 

resistance of the platinum wire at 0ºC; a and b are Callendar-Van Dusen coefficients.  
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According to ASTM Standards E 1137, a=3.9083× 10-3 (ºC-1) and b= 5.775 × 10-7 (ºC -2). 

 

A.1.2. Experimental Setup 

The thermal conductivity measurement apparatus, as shown in Figure A.1, was 

built based on transient hot wire method described in Section A.1.1.  Two hot platinum 

wire probes, 76 μm in diameter, were developed.  One probe is made of a long wire (200 

mm long), as shown in Figure A.1(a) and the other probe has a short platinum wire (20 

mm long), as shown in Figure A.1(b).  The short wire probe is particularly suitable to test 

nanofluids because only a small amount of fluid is required.  Both platinum wires are 

coated with thin Teflon film for electrical insulation.  As shown in Figure A.1(c), the hot 

wire probe is inserted in a tube with inner diameter of 22.1 mm.  The tube is filled with 

test fluid so that the platinum wire is submerged.  The required volume of test fluid is 

approximately 250 and 25 ml for long and short wire probe respectively.  The hot wire 

probe is then connected in the circuit which consists of a DC power supply and a 

Wheatstone bridge. All the data are collected by a PC based data acquisition system at 

100 Hz.  As shown in the schematic drawing Figure A.2, the platinum wire is heated by 

DC current passing through the wire.  Meanwhile this heat flows into the surrounding 

fluid. The wire resistance increases as its temperature rises (the resistance of the platinum 

wire at room temperature was measured to be 5.08 and 0.54 Ω for long and short wire 

respectively).  The Wheatstone bridge is used to determine the resistance of the platinum 

wire, which is converted to the temperature of the platinum wire using Equation (A.6).  

Thus the thermal conductivity of the surrounding fluid can be determined using Equation 

(A.5). 
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(a) 

(b) (c)  
Figure A.1. Thermal conductivity measurement setup: (a) Long hot wire 
probe (200 mm wire marked by dashed line), (b) Short hot wire probe 
(20 mm wire marked by dashed line), and (c) Thermal conductivity 
measurement apparatus 
 

 
Figure A.2. Thermal conductivity measurement 
schematic drawing 

 

The dimension of the apparatus was designed in such a way that all the criteria 

(A.2)–(A.4) are satisfied, thus the systematic errors become insignificant.  The 

Long platinum wire 

Short platinum wire 

Hot wire probe 

DC power supply 

Wheatstone bridge 
To data  
acquisition  
system 
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verification of these criteria is shown in Table A.1.  Here, the thermal diffusivity of water 

and ethylene glycol are used as they are the most common base fluid for nanofluids.  

Time duration of the experiment t is estimated as 30 s.  The boundary b is estimated as 

the half inner diameter of the cylindrical tube. 

Table A.1. Verification of criteria for both long and short hot wire probes (r = 
38 μm, t = 30 s, b = 11.05 mm) 

Parameter Long hot wire probe Short hot wire probe 
L (mm) 200  20 Criteria 

 
α ×106 (m2/s) 93.9 (1) 14.9 (1)   93.9  14.9  

120 >>=
r

tF α  Fo 1951 3098 1951 3098 

r
L  5263 5263 526 526 2/1

0

0632.0
⎟
⎠
⎞

⎜
⎝
⎛>

F
r
L  2/1

0

0632.0
⎟
⎠
⎞

⎜
⎝
⎛ F  176 221 176 221 

Boundary effects 
become significant 

if  6.04
2 >

b
tα  

2

4
b

tα  0.09 0.15 0.09 0.15 

(1) Incropera and DeWitt (2001). 

 

A.1.3. Calibration 

Calibration was carried out on deionized water and ethylene glycol. The thermal 

conductivity of water and ethylene glycol are 0.252 and 0.606 W/m-K at room 

temperature (Incropera and DeWitt, 2001).  Theoretically, heat dissipated per unit length 

q of the wire can be calculated using: 

L
VIq =               (A.7) 

where V is the voltage applied on the wire and I is the current passing through the wire.  
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Since the output voltage of the DC power supply is known, both V and I can be 

determined from Wheatstone bridge. 

However, in reality, the platinum wire is connected to the circuit by connecting 

wires, therefore, there is heat loss on these connecting wires and conjunctions.  Especially 

for short wire, this heat loss is even larger since its resistance is not that much larger than 

the connecting wires. Also, there is uncertainty in the measurement of wire length.  

Therefore, the heat dissipated per unit length q needs to be compensated when used in 

Equation (A.5) to determine the thermal conductivity: 

L
VIq η=              (A.8) 

where η is determined by matching the measured thermal conductivity of water with the 

literature value, which is 66% and 79% for short wire and long wire probe respectively.  

To justify the accuracy of the apparatus, the thermal conductivity of ethylene glycol was 

then measured, and it is in good agreement with literature value. 

Sample data plot for ethylene glycol measured by both long and short wire probe 

are shown in Figure A.3.  Clearly, there exist linear relationship between temperature and 

the logarithmic time within certain time interval.  The departure from the linear line at the 

end is because of the convection heat transfer effect.  Also, it is obvious that the short 

wire probe responds much faster than the long wire probe.  A segment of data was chosen 

such that the linearity is guaranteed within the selected region.  This segment of data was 

later used for linear fit in order to calculate the thermal conductivity.  The corresponding 

calculated thermal conductivity results for different selected time interval are also shown 

in Figure A.3.  It is clear that the later time interval gives a little higher value due to the 
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growing convection effect, but this difference is considerably small.  To avoid both the 

instability of the circuit right after switch-on and the severe convection effects, the time 

interval of 3 to 6 (s) for long wire and 0.5 to 2 (s) for short wire are used for future 

calculation.  Thus, the measured thermal conductivity of ethylene glycol is 0.2519 and 

0.2518 for long and short respectively.  Obviously, both long and short wire probes can 

give accurate results compared with the reference data — thermal conductivity of 

ethylene glycol at room temperature is 0.252 W/m-K (Incropera and DeWitt, 2001).  

 

A.2. Convection Heat Transfer Coefficient Measurements 

A.2.1. Principle 

For internal flow in a tube with constant surface heat flux q, as shown in Figure 

A.4, the mean temperature of the fluid Tf (x) varies linearly with the axial distance from 

the entrance x (Incropera and DeWitt, 2001): 

( ) x
Qc

qSTxT
p

inf ρ
+=             (A.9) 

where Tin is the fluid temperature at the inlet, S is the surface perimeter, ρ, cp, Q are the 

density, specific heat capacity, and flowrate of the fluid, respectively.  

 



 149

10-2 10-1 100 101 10226

28

30

32

34

36

38

40

42

Time, t (s)

T
em

pe
ra

tu
re

 ( 
o C

 )

Time interval 
for linear fit  

(s) 

Thermal 
conductivity

(W/K-m) 
1-3 0.2505 
1-6 0.2514 
1-10 0.2518 
3-6 0.2519 
3-10 0.2523 
6-10 0.2534 

1-10 s

1-6 s

1-3 s

3-10 s 

6-10 s 
3-6 s

(a) 

10-2 10-1 100 101 10240

45

50

55

60

65

70

75

80

85

Time, t (s)

T
em

pe
ra

tu
re

  (
 o C

 )

0.5-3 s

0.5-2 s

0.5-1 s

1-3 s

2-3 s
1-2 s

Time interval 
for linear fit  

(s) 

Thermal 
conductivity

(W/K-m) 
0.5-1 0.2476 
0.5-2 0.2505 
0.5-3 0.2532 
1-2 0.2518 
1-3 0.2559 
2-3 0.2628 

(b) 

Figure A.3. Sample thermal conductivity measurement data for 
ethylene glycol: (a) sample data measured by the long wire 
probe and (b) Sample data measured by the short wire probe 
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Figure A.4. Internal flow in a tube 
 

In addition, the conservation of energy gives: 

SL
TTQc

q inoutp )( −
=

ρ
          (A.10) 

where Tout is the fluid temperature at the outlet, L is the length of the tube.  The heat flux 

q can be solved by measuring the fluid temperature at both inlet and outlet (Tin and Tout). 

The local convection heat transfer coefficient is defined as: 

( ) ( ) ( )xTxT
qxh

fw −
=           (A.11) 

where Tw(x) is the wall temperature at location x.  The dimensionless convection heat 

transfer coefficient, Nussult number, is defined as: 

k
hDNu =            (A.12) 

where D is the tube diameter and k is the fluid thermal conductivity. 
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A.2.2. Experimental Setup 

The schematic drawing and experimental setup of heat transfer coefficient 

measurement design are shown in Figure A.5.  The testing section consists of a stainless 

steel tube with a diameter of 0.83 mm and a length of 304.8 mm which is considered as a 

micro-size channel. 

The flow loop is driven by a peristaltic pump (Newport FPU5-MT-N).  A filter is 

placed before the test section in order to avoid clogging.  The test section consists of a 

metallic tube, a heating element, and temperature sensors.  The insulation for the two 

setups are different because of the tubing size.  The micro tube is placed inside a Teflon 

pipe filled with fiberglass, while the regular tube is insulated by two layers of ceramic 

insulation strips.  Two T-type thermocouples are placed at the entrance and the exit of the 

test section to measure the flow inlet and outlet temperature.  Five T-type thermocouples 

are evenly positioned along the tube to measure the wall temperature.  The metallic tube 

is heated by the DC power supply (BK Precision 1692, Test Equipment Depot) when the 

fluid is passing through, and hence the forced convection heat transfer occurs.  The outlet 

fluid is then cooled by a flow-through chiller (VWR 1106), which is turned on and off 

periodically by a temperature controller (Omega CN8592) in order to maintain the fluid 

at the temperature before it enters the test section again.   The wall temperatures and the 

fluid temperatures at inlet and outlet are recorded after the system reaches a steady.  

The volumetric flowrate was estimated by measuring the volume of fluid 

transported per unit time.  The heat loss δ can be estimated using: 

VI
TTQc

P
q inoutptot )(

11
−

−=−=
ρ

δ         (A.13) 
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where P is the input power of the DC power supply (P = VI), qtot represents the total heat 

entering the flow, )( inoutptot TTQcq −= ρ , V and I are the output voltage and current of the 

DC power supply, respectively.  The heat loss in the experiments is about 5% in the 

current setup. 

 

Pump

DC Power Supply

Cooler

Thermocouple

Filter Valve

Flow

(a) 

(b) 
Figure A.5. Convection heat transfer measurement apparatus: 
(a) convection heat transfer measurement schematic drawing 
and (b) experimental setup 

 

A.2.3. Calibration Results 

The calibration tests were conducted on pure water and the tested flow rate ranged 

from 110 to 410 ml/min, which corresponds to Reynolds number of 3,600 to 14,000.  The 

Reynolds number is a dimensionless number, defined as 
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ν
UDRe =                                                        (A.14) 

where U is the mean velocity of the fluid, D is the tube diameter, and νis the kinematic 

viscosity.  Since the critical Reynolds number corresponding to the onset of turbulence is 

2,300 (Incropera and DeWitt, 2001), the tests for microchannel setup were conducted in 

the turbulent regime.   

Many correlations have been well-established for heat transfer flow such as 

Hausen correlation and Shah correlation for laminar flow, Dittus-Boelter correlation and 

Gnielinski correlation for turbulent flow (Incropera and DeWitt, 2001), but the 

convective heat transfer behavior of flow in microchannels is still controversial.  Morini 

(2004) presented a detailed review of single-phase convective heat transfer in 

microchannels and most of the experimental research work being reviewed does not 

match well with the conventional theory.   Some of those research works were conducted 

in the circular cross-section microchannels (Bucci et al., 2003; Tso and Mahulikar, 2000; 

Choi et al., 1991; Yu et al., 1995; Adams et al., 1998; Celata et al., 2000; Kandlikar et al., 

2001).  Among these, only Bucci et al. (2003) reported that experimentally measured 

Nusselt number agrees with the conventional theory.  Tso and Mahulikar (2000) reported 

that the measured Nusselt number is lower than the prediction of conventional theory.  

All the other researches (Choi et al., 1991; Yu et al., 1995; Adams et al., 1998; Celata et 

al., 2000; Kandlikar et al., 2001 ) showed that the Nusselt number is larger than that 

predicted by conventional theory.  Choi et al. (1991), Yu et al. (1995) and Adams et al. 

(1998) also proposed correlations for convection heat transfer of flow in microchannels.  

To verify our experimental setup and methodology, we will compare our experimental 
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results with their correlations as well as the conventional theory.  Those convection heat 

transfer correlations will be first introduced in the following: 

Choi et al. (1991) studied the friction factors, inner wall surface roughness, and 

convective heat transfer coefficients for flow of nitrogen gas in microtubes ranging from 

3 – 81 μm in both laminar and turbulent regimes, and proposed correlations: 

3/117.1 PrRe000972.0=Nu  (Re < 2,000)       (A.15) 

3/196.16 PrRe1082.3 −×=Nu  (2,500 < Re < 20,000)      (A.16) 

where Pr is Prandtl number, defined as: 
α
υ

  y,diffusivit thermal
  , viscositykinematicPr =  

Yu et al. (1995) studied the fluid flow and heat transfer characteristics of dry 

nitrogen gas and water in microtubes, with diameters of 19, 52, and 102 μm , for Re 

ranging from 250 to over 20,000, and proposed  a correlation: 

2.02.1 PrRe007.0=Nu   (6,000 < Re < 20,000)                 (A.17) 

Adams et al. (1998) studied turbulent, single-phase forced convection of water in 

circular microchannels with diameters of 0.76 and 1.09 mm, and modified the Gnielinski 

correlation to accommodate the small diameters encountered in microchannels: 
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for the range of conditions: 43.6Pr53.1 ≤≤ ; 000,23Re600,2 ≤≤ ; and 

mm 09.1mm 102.0 ≤≤ D .  where NuGn is given by Gnielinski equation (Incropera and 
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DeWitt, 2001), which is the well-known correlation for Nusselt number in turbulent 

regime: 

( )( )
( ) ( )

( ) 2
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for  6105Re2300 ×≤≤   and  200Pr5.0 ≤≤ . 
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Figure A.6. Microchannel setup calibration 

 

The calibration results for microchannels are shown in Figure A.6.  The measured 

Nusselt number falls between the correlations in the literature.  However, our 

experimental results also indicted that the convection heat transfer coefficient in 

microchannels is larger than that predicted by conventional theory (Gnielinski equation). 

But they are very close to Adams correlation, this is most likely because the diameter of 
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our microchannel setup (0.83mm) is very close to that in Adams’ experiment (0.76 and 

1.09 mm).  Overall, the calibration results demonstrated that the current experimental 

setup is capable to measure the convection heat transfer coefficient of fluids in the 

microchannels. 
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Appendix B 

 

Finite Difference Method Heat Transfer Modeling 

 

 

B.1. Boundary Conditions 

For the boundary condition within the grinding zone, as shown in Figure B-1, by 

considering the heat conduction between the nodes, heat flux from the wheel-workpiece 

interface, as well as the forced convection or convection with phase change within the 

grinding zone, the energy conservation gives: 

( )[ ]amcontactopmmmmmm TtTAG
t
TVcAqqqq −+

∂
∂

=+++ →→+→− 1,)1,()2,()1,()1,1()1,()1,1( " ρ      (B.1) 

where ρ, Cp are the density and the specific heat capacity of workpiece, Ta the fluid (or 

ambient) temperature; 1zxVo ••= ΔΔ ; 1xA •= Δ ; and Gcontact is the combined heat 

transfer coefficient, defined as:  
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where hcontact  is the convection heat transfer coefficient within the contact zone, and k is 

the thermal conductivity of the workpiece.  The heat flux terms can be expressed as: 
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Equation (B.1) can be rewritten as: 
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For the BC in the region of leading edge, there is no heat flux; therefore, the 

BCleading_edge can be derived by modifying Equation (B.6):  
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 and hleading  is the convection heat transfer coefficient in the 

leading edge.  

All the other boundary conditions (BCtrailing_edge, BCback, BCfront, and BCbottom) are 

very similar to Equation (B.7).  Note that, if the adiabatic boundary is imposed, all the 
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BCs will still hold by simply setting the convection heat transfer coefficient (hcontact, 

hleading, htrailing, hfront, or hback) to zero. 

 

 

Figure B.1. BC within the contact zone 
 

B.2. Surface Temperature 

As seen in Figure B.2, the energy conversation at the surface (within the contact 

zone) gives:  
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Similarly, the surface temperature in the region of leading and trailing edges can 

be expressed as following, respectively. 
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Figure B.2. Interpretation  of the surface temperature (contact 
zone) 
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