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Abstract 

The grinding temperature is of great importance for quality and integrity of machined 

cemented carbide tool. Tool edge surfaces may be damaged by softening or being 

stressed, hardened, burned or cracked. Former research on grinding temperature 

prediction often made assumptions to simplify heat convection due to the grinding 

fluid. However, these simplifying assumptions can sometimes undermine the 

mathematical relationships between grinding conditions and surface temperature, 

particularly in low temperature grinding where fluid convection is most important. 

This paper is an attempt to provide an improved comprehensive thermal model for 

prediction of contact temperatures and for monitoring and control of thermal damage. 

Based on previous thermal model research, this paper tackles a key element of the 

thermal model for temperature prediction. It proposes a convective heat transfer 

model based on the classic theory of turbulent flow passing a plate. Theoretical 

predictions from the thermal model of turbulent flow developed in this paper are 

compared with experimental values. Predictions are further compared with values 

from a previously published laminar flow model. And it is shown that the new model 

leads to a significant reduction in predicted temperatures. The results suggest that the 

thermal model for turbulent flow provides a reasonable estimate of predicted 

temperature values within the region of the fluid boiling temperature. The estimates 

appear to be an improvement compared to the laminar flow thermal model. The 

turbulent flow thermal model is considered to improve estimates of background 

contact temperatures in grinding cemented carbide. 
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1. Introduction 

Nowadays, 85% of all cemented carbide tools are coated [1]. Cemented carbide 

coated tools require high hardness, excellent wear resistance and long tool life. 

Cemented carbide, as an important material for coated tools, has a series of 

advantages such as high hardness, high abrasion resistance, high strength and good 

toughness. The cemented carbide and the coating must have a close union. Therefore, 

the surface processing quality of the cemented carbide substrate has an important 

influence on bonding strength of the substrate and the coating. Because of its high 

hardness, low thermal conductivity and linear expansion coefficient, brittleness and 

poor impact toughness, cemented carbide is difficult to machine. Machining is mainly 

by grinding [2]. In the grinding of cemented carbide, specific energy is very high. 
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Most of the energy is converted into heat in the grinding contact zone [3]. The 

temperature of the grinding zone increases rapidly [4]. When a critical temperature is 

exceeded, thermal damage such as burn and microcracks occur on the surface of the 

workpiece [5]. A rapidly increasing high temperature in grinding may have a serious 

influence on the surface of cemented carbide. The bonding quality of the coating 

applied with the cemented carbide substrate may be greatly affected. Therefore, it is 

important to study the grinding heat transfer and temperature in the grinding process 

in order to avoid grinding defects and to increase the bonding strength of the substrate 

and coating. 

In the last several years, significant progress has been made in the quality of 

grinding cemented carbides. A resin bond diamond grinding wheel was used to grind 

cemented carbide material. In one study the grinding energy was proposed to divide 

into two parts: chip formation energy and plastic flow energy caused by ploughing [6]. 

Abdullah et al. studied creep feed grinding of cemented carbide with a resin bond 

diamond grinding wheel. The results showed that the surface roughness and wheel 

wear decrease with the increase of wheel speed. When the feed increased, the surface 

roughness was higher and wheel wear increased [7]. Sun and others studied the 

removal mechanism of nanostructured cemented carbide and its surface properties 

after grinding [8]. Ling Yin and others carried out plane grinding research on 

cemented carbide materials. The surface roughness, flatness and material removal rate 

of the workpiece after grinding were studied [9]. Denkena and others analyzed the 

effects of different grinding methods and different grinding wheels on the surface 

characteristics of cemented carbide cutting tools. The results showed that grinding has 

a strong influence on surface roughness, shape and residual stress of the sample [10]. 

In summary, there are only a few studies on grinding heat and grinding temperature 

for cemented carbide. The temperature of cemented carbide grinding is an important 

aspect of the cemented carbide grinding process and surface machining quality. The 

analysis of cemented carbide grinding temperature is of significance to the 

improvement of cemented carbide grinding technology.  

In this paper, a mathematical model of the grinding heat flux and grinding 

temperature is established for cemented carbide grinding. Based on the theory of heat 

transfer, a convective heat transfer coefficient for turbulent flow in the grinding 

contact zone is derived. The grinding temperature was measured using an inserted 

artificial thermocouple. Thermal models for laminar coolant flow and for turbulent 

coolant flow for cemented carbide grinding under different grinding parameters are 

analyzed to predict the maximum temperature of the workpiece. 

 

2. Grinding heat flux and temperature 

Thermal modelling has been extensively studied as a predictive tool to calculate 

grinding temperature in order to avoid heat damage [11-13]. The heat transfer is 

usually expressed in terms of heat flux because this enables convenient calculation of 

conduction and convection quantities. Basic definitions are briefly summarized below 

for clarity before developing the new turbulent convection model. 

2.1 Grinding heat flux 
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In a grinding process, the grinding power is almost all transformed into grinding 

heat. The total grinding heat flux is 
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Where 
tF -tangential grinding force, sv -wheel speed, b -grinding width, cl -real 

grinding contact length. 

Flux values are defined as rate of heat flow divided by the grinding contact area. 

The total grinding heat flux qt generated in the contact zone is distributed to four heat 

sections: workpiece, wheel (abrasive), chips and fluid [13-15].  

 fchswt qqqqq    (2) 

Where wq -grinding heat flux transferring into the workpiece, sq -grinding heat flux 

transferring into the abrasive, chq -grinding heat flux transferring into the chips, 

fq -grinding heat convection transferring into the grinding fluid, tq -total grinding 

heat flux. 

2.2 Grinding temperature  

Some energy is immediately transported from the grinding zone by the chips and 

plays no further part in heat partition. From Equation (2),   

 fswcht qqqqq    (3) 

Fluid flux fq initially enters the workpiece and then re-emerges from the workpiece 

in the convection cooling process, giving rise to a partition Rws of heat flux between 

the work and grain. 
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So that by equation (3) and (4),  
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Where Tmax is taken to be the maximum background temperature rise in the grinding 

contact zone, Ta is ambient temperature. The terms hw and hf are critical for heat 

conduction into the workpiece and into the fluid and are both are very important for 

low temperature grinding. 

2.3 Work-grain heat partition 

The work-grain partition ratio Rws according to Rowe et al. 1997 [16] is expressed 

as, 
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Where 0r - Effective contact radius of the abrasive grain, wwww ck ..  - Thermal 

property of workpiece, wk - Thermal conductivity of the workpiece, w - Density of 

the workpiece, wc - Specific heat capacity of the workpiece, gk - Conductivity of the 

abrasive. 

A conduction factor for the net heat flow into the workpiece wh  is defined as [22] 
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The factor C has a maximum value1.13 for a uniform heat flux distribution or1.06 for 

a triangular heat flux [17].  

Heat flux to the chip is expressed as [22] 
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Where wv - Feed speed, chT - Material chip temperature, ea - Real cutting depth 

2.4 Contact length 

The real contact length lc for an elastic contact is given by [18],  
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Where '

nF -unit normal grinding force, sd -wheel diameter, rR -values of the 

roughness factor, Ks-elastic properties of wheel in the contact, 
s

s
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 , Kw-elastic 

properties of material in the contact, 
w

w
w

E
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 21
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wE ,
sE -Young Modulus of material 

and wheel, w , s -Poisson ratio of material and wheel. 

2.5 Convective heat transfer coefficient for laminar flow 

The convective heat transfer coefficient hf of the laminar flow model (LFM) is 

derived as [19-20], 
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Where f  - fluid density, cf - specific heat capacity of fluid, ηf - dynamic viscosity of 

fluid, kf - thermal conductivity of fluid 

 

3. Convective heat transfer coefficient for turbulent flow 

3.1 Turbulent flow development 
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Because the grinding depth and grinding arc length are usually small compared with 

the diameter and the curvature of the grinding wheel, the grinding arc length was 

assumed to be a straight line and the length of the line is lc. The grinding fluid in the 

grinding arc is simplified to flow between two plates composed of the grinding wheel 

and the workpiece. For conventional operation, it is assumed that the grinding fluid in 

the grinding arc region is Newtonian with constant physical parameters. The 

convective heat transfer of the grinding fluid in the grinding arc zone is simplified to 

the convective heat transfer of the fluid flowing past the surface of the workpiece at a 

fixed speed. The grinding fluid is carried into the grinding arc zone by the grinding 

wheel, assuming that the flow velocity u∞ of the grinding fluid is equal to the grinding 

wheel velocity vs. As can be seen from Figure 1, when the fluid flows along the plate 

at a fixed speed vs, the flow boundary layer thickness δ is very thin at the beginning 

stage. Influenced by the viscous force of the grinding fluid, the fluid flows in an 

orderly stratified flow. The flow stage at this region is called the laminar flow region.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Schematic diagram of flow region development on the plate 

With the increase of flow distance x, the influence of wall viscous force increases, 

the flow boundary layer thickness δ increases and the inertia force becomes bigger 

than the viscous force, which makes the flow layer more and more unstable. 

From position xc, the fluid flow changes from laminar phase to turbulent , known as 

the transition region. Subsequently, the fluid flows in the X direction with an irregular 

pulsation, known as the turbulent flow region.  

The position xc is called the critical distance and can be calculated by the critical 

Reynolds number Rec. The critical Reynolds number is generally between 2×105 to 3

×106. The laminar flow layer quickly transforms into a turbulent flow layer when the 

incoming flow disturbance is strong, the wall is rough or there is onset of fluid boiling. 

All three factors may apply in grinding. In particular, the wheel grits protruding 

through the pore space implies a very rough grinding wheel surface. This tends to 

reduce the critical Reynolds Number and increases the importance of introducing a 

turbulent model.[26] 
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Where ρf is fluid density, ηf is fluid viscosity, xc is critical distance；u∞ is the fluid 

flow velocity.  

 

3.2 Derivation of the convective heat transfer coefficient. 

The convective heat transfer coefficient of grinding fluid for laminar flow past the 

workpiece surface at velocity u =vs can be solved by using the momentum integral 

equation (13) and the energy integral equation (14). [26] 
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The turbulent flow analysis for the turbulent flow model (TFM) follows similar lines 

to the LFM analysis. However, the momentum and energy equations for turbulent 

flow are equations (15) and (16), [26] 
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where εm is the momentum diffusion rate of turbulent flow and εT is the thermal 

diffusion rate of turbulent flow.  

Introduction of dimensionless values 
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Derived from equations (19), (20) and (21),  
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Where Cf is the resistance coefficient for turbulent flow over the plate [26], 
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Then derived from equations (22) and (23) 
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The convective heat transfer in turbulent flow past a flat surface can be modeled as 

[26] 
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If the surface temperature of the workpiece is higher than the critical onset 

temperature of fluid boiling but below the temperature at which the fluid burns out in 

the grinding contact zone, it is safe to assume that the entire fluid layer is in a 

turbulent state. Then the convective heat transfer coefficient of the TFM 
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The wall temperature distribution in grinding arc zone is not constant. An 

approximate expression for average temperature rise is 2/3 maximum temperature. 

Thus, the average temperature rise must replace maximum temperature rise, thereby 

introducing a further factor of 2/3 into equation (26). Then the convective heat 

transfer coefficient for turbulent flow is 
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Relc is the Reynolds number of the fluid flowing along the grinding arc length.  

f

csf

l

lv
Re

c 


                               (28) 

Pr is the Prandtl number of the fluid. 
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Where ρf is the fluid density, ηf is the fluid viscosity, kf is the heat transfer coefficient 

of the fluid, vs is the wheel velocity.  

So, the convective heat transfer coefficient of TFM can be derived from equation (27), 

(28) and (29), 
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3.3 Thermal model for turbulent flow 

So that by equation (1), (6), (7), (8), (9) and (30), the maximum workpiece 

temperature for turbulent flow is  
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The difference between the TFM and the LFM models derives from four variables, 

fluid density ρf, fluid viscosity ηf, wheel speed vs and contact length lc. In these 

experiments, wheel speeds were 10, 20 and 30 m/s. Wheel speed would provide 

another variable to test the model more extensively in the future. 

 

4. Experimental procedure 

The grinding experiments were carried out on a CNC grinding machine MKL7120, as 

shown in Fig. 2.  

 

Figure 2 Grinding bench for force and temperature measurement 

The grinding bench width×length was 200 mm×630 mm. The grinding table 

longitudinal travel was 650 mm, longitudinal feed speed was 10-20000 mm/min, and 

Wheel Nozzle 

Workpiece 

Dynamometer 

Single point diamond dresser 

Thermocouple 
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minimum set unit was 0.001 mm. Vertical axis transverse stroke was 220 mm, feed 

speed was 0-2000 mm/min, and minimum set unit was 0.001 mm. Grinding head 

vertical feed speed was 0-1000 mm/min, the distance of the spindle center to table 

surface was 110-530 mm. Grinding head motor power was 9 kW, and maximum 

grinding speed was 3000 r/min. The coolant supply pump pressure was 8 bar, and 

maximum coolant flow was 80 L/min. The height of the nozzle was adjustable, and a 

regulating valve was used to control the coolant flow. In this experiment, a three-way 

piezoelectric quartz crystal dynamometer was used to measure the grinding force. The 

charge signals of the dynamometer were transformed into voltage signals by a charge 

amplifier (JY5003) and then collected by a NI data acquisition card (PCI-6024E). In 

order to measure the grinding force, the workpiece was mounted on a jig, the jig was 

fixed on the dynamometer, and the dynamometer was fixed on the working table of 

the grinder.  

In experiments, a green silicon carbide grinding wheel GC80K5V was used to 

grind cemented carbide. The grinding wheel diameter was 355 mm, wheel width was 

38.1 mm and bore diameter was 127 mm. A single grain diamond dressing pen was 

used for dressing. For dressing, the feed speed was 100 mm/min, the grinding wheel 

speed was 20 m/s, and the dressing depth was 20 m per dress. The grinding material 

was cemented carbide YG6. Cobalt content accounted for 6%, and WC and other 

minimum alloy components (TaC, Ni, etc.) accounted for 94%. The hardness was 

90-91.5 HRA and the bending strength was 2800-3000 MPa. Water based emulsion 

was used in the grinding process. Physical and mechanical properties of cemented 

carbide and the coolant are shown in Table 1. The experimental scheme is shown in 

Table 2. Twenty-eight measurements were made, each of the seven shown were an 

average of 4 measurements.  

 

Table 1 Physical and mechanical properties 

Parameters Cemented carbide Silicon carbide wheel Emulsion 

Thermal conductivity k (W/mK) 79.6 110 0.56 

Density ρ (kg/m3) 14800 3210 1000 

Specific heat capacity c (J/kgK) 209 1088 4200 

Thermal diffusivity α (m2/s) 2.58e-5 3.15e-5 1.3e-5 

Thermal property β (J/m2Ks0.5) 15691 19600 1534 

Poisson ratio ʋ 0.21 0.14 N/A 

Modulus of elasticity E (N/m2) 635e9 450e9 N/A 

Viscosity η (Ns/m2) N/A N/A 0.001 
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Table 2 Grinding scheme 

No. 
Table speed vw 

(mm/min) 

Grinding depth ae 

(m) 

Wheel velocity vs 

(m/s) 

1 100 10 30 

2 100 20 30 

3 100 30 30 

4 200 10 30 

5 300 10 30 

6 200 10 20 

7 200 10 10 

 

Table 3 summarizes typical compositions of water-based fluids as loosely classified 

by Howes (1990) [21]. In this classification, emulsifiable oils often known as soluble 

oils contain 50-80% of mineral oil in the concentrate. The term ‘soluble’ is slightly 

misleading since a substantial proportion of emulsifier is required to achieve 

miscibility. True solutions do not require emulsifiers. Water-based fluids containing 

either synthetic or mineral oil are widely known as emulsions. Emulsions offer better 

cooling than neat oils but need frequent changing where low surface roughness must 

be maintained. The average temperature at which boiling commences in an oil/water 

emulsion is approximately 130°C [21]. A greater proportion of oil in the grinding 

fluid increases the burn-out temperature. In previous measurements by the author, 

maximum temperatures up to 180°C were recorded using emulsions before it became 

obvious that complete burn-out had occurred. [22] In the following experiments 

conducted on tool carbide, it was found that higher temperatures were achieved before 

complete burn-out occurred. It was assumed that the reason for the higher burn-out 

temperatures was the use of a much higher oil content in the emulsion. The 

corresponding temperature predictions were made assuming fluid convection was 

maintained throughout. 

 

Table 3 Typical Compositions of Water-Based Fluids [22] 

Fluid 

% Composition of Concentrate 
Dilution 

with Water 
Mineral 

Oil 

EP/Lubrication 

Additives 
Emulsifiers 

Coupling 

Agents 

Corrosion 

Inhibitors 

Emulsifiable 

oils 
50-80 0-10 10-40 0.5-3 0-10 1:40-1:80 

Semi- 

synthetics 
5-30 0-10 Up to 50 0.5-3 0-10 1:50-1:80 

Synthetics Up to 5 - 0-40 0.5-3 
Up to 

40-1:200 
1:10 
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Grinding temperature was measured by the top wire method. The blind hole in the 

workpiece was pre-machined by ultrasonic processing. The distance between the 

blind hole end and the surface was 51m. The thermocouple was encased with a 

ceramic tube. The blind hole was fixed with a solidified adhesive to ensure that the 

thermocouple end was in contact with the workpiece, as shown in Fig. 3. In 

experiments, for example No.1, the cemented carbide was first ground two times and 

each grinding depth was 20 m. Then the cemented carbide was ground at No.1 

parameters in order to measure the temperature on the surface of the workpiece at 

grinding depth 10 m. The same method was used for Nos.2-7.  

 

 

Figure 3 Schematic diagram of fixing the artificial thermocouple 

The fixed temperature point method was used to calibrate the thermocouple. The 

thermocouple was placed in the incubator PHG-9146A. The temperature interval of 

the incubator was set to 10°C, and the corresponding voltage values of temperature 

increase were obtained respectively. The data were fitted and processed to obtain the 

thermoelectric potential-temperature calibration results. The thermocouple signals 

were amplified with a NI thermocouple amplifier module SCXI-1102. The 

thermoelectric potential data were collected by a NI data acquisition card PCI-6024E, 

and the grinding temperature was obtained by matching the thermocouple calibration 

results. The schematic of the experimental equipment is shown as Fig. 4.  

 

Figure 4 Schematic of experimental equipment 

5. Results and discussion 

The grinding force in both horizontal and vertical directions were measured by 

dynamometer. Since the grinding contact area is curved, the force measured needs to 

be transformed into tangential grinding force and normal grinding force. The 

conversion formula is as follows,  

Ceramic 

tube 

Workpiece 

Thermocouple Solidified adhesive 

51m 

Workpiece  

Grinding 

wheel Amplifier module 

Charge amplifier 

Data  

acquisition  

card 

Computer 

Dynamometer 

Grinding table 

Thermocouple 
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Where Fy is the horizontal force by the dynamometer, Fz is the vertical force by the 

dynamometer, Fn is the normal grinding force, Ft is the tangential grinding force, θ 

stands for the angle between the vertical direction of the table and the normal grinding 

force, ae is the grinding depth, ds is the diameter of the grinding wheel. Grinding force 

by the dynamometer and grinding temperature signals are shown in Fig. 5. 

 

 

 

 

 

 

(a) horizontal force signals                    (b) vertical force signals  

 

 

 

 

 

 

 

 

 

 (c) grinding temperature signals  

Figure 5 Grinding force and temperature electrical signals 

Typical results of grinding force and temperature of cemented carbide YG6 by using 

green silicon carbide wheel are shown in Table 4. With an increase of wheel velocity, 

both the tangential grinding force and the normal grinding force decrease. With the 

increase of the wheel velocity, the cutting thickness of single abrasive grains 

decreases and the grinding force of single cutting edge is reduced, so the grinding 

force is reduced. The tangential grinding force and normal grinding force are 

increased with the increase of table speed. With the increase of the table speed, the 

cutting thickness of the abrasive grains increases, the grinding force of a single 
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abrasive cutting edge increases, and the number of effective abrasive grains increases 

in unit time, so the grinding force increases. With an increase in grinding depth, both 

the normal grinding force and the tangential grinding force are increased. With the 

increase of grinding depth, the cutting thickness of the abrasive grains increases, the 

grinding force of single abrasive grains increases, the contact arc length of grinding 

area is increased, so the grinding force increases. 

Table 4 Experimental parameters and measurement results 

No. 1 2 3 4 5 6 7 

Grinding wheel velocity vs (m/s) 30 30 30 30 30 20 10 

Table speed vw (m/s) 0.1 0.1 0.1 0.2 0.3 0.2 0.2 

Grinding depth ae (μm) 10 20 30 10 10 10 10 

Grinding width b (mm) 6 6 6 6 6 6 6 

Tangential grinding force Ft (N) 14.3 26.3 33.4 37.9 47.4 54.5 76.4 

Normal grinding force Fn (N) 71 297.2 352.4 160.3 170.8 200.4 261 

Experimental temperature Tmax (°C) 128.5 145.5 159 182 197.8 171.1         142.4 

 

The critical distance xc is an important value in considering using LFM or TFM 

analysis for workpiece temperature calculation. The critical Reynolds number of fluid 

flow between two plates is generally between 2×105 to 3×106 and wheel speeds 

were 10, 20 and 30 m/s. The range of the critical distance xc calculated from Eqn. 12 

is 6.7-300 mm. In these experiments, the range of grinding arc lengths is 3.04-6.23 

mm. The reason is that the critical Reynolds number of grinding fluid in the grinding 

arc is different from that of flow between two plates because of a rough workpiece, 

rough grinding wheel, and entry conditions. The critical Reynolds number of the fluid 

in grinding is difficult to obtain for a specific range of values.  

The comparison of experimental and theoretical temperatures from the LFM and TFM 

under different experimental schemes is shown in Table 5 and 6 respectively.  

Table 5 Comparison of experimental and LFM theoretical temperatures  

No.  1 2 3 4 5 6 7 

Grinding arc length lc 

(mm) 
3.04 5.56 6.23 4.05 4.15 4.42 4.94 

Total grinding heat flux 

qt (W/mm2) 
23.6 23.65 26.81 46.79 57.11 41.10 25.78 

Heat flux to the chip qch 

(W/mm2) 
4.53 3.34 4.47 4.58 6.71 4.20 3.76 

Conduction factor for 

the net heat flow into 
89994 66545 62865 110265 125858 99575 99839 
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the workpiece  

hw (W/ (m2 K)) 

Work-grain partition 

ratio Rws 
0.752 0.752 0.752 0.752 0.750 0.712 0.701 

LFM hf (W/(m2 K)) 47811 35438 33326 41305 40255 32241 21571 

Experimental surface 

temperature T (°C) 
128.5 145.5 159 182 197.8 171.1 142.4 

LFM T (°C) 124.1 169.7 194.6 229.4 247.5 219.3 147.1 

Error (%) 3.54 14.3 18.3 20.7 20.1 21.9 3.19 

 

In the fourth, fifth and sixth groups of experiments, the error between the predicted 

and experimental values of grinding temperature is bigger than other groups. The 

main reason is that the surface grinding temperature is high in the fourth, fifth and 

sixth groups of experiments. In the grinding arc area, the grinding fluid at the boiling 

state seems to greatly increase the convection heat transfer coefficient. The convective 

heat transfer coefficient for LFM appears to be calculated inaccurately at the fluid 

boiling state.  

The comparison of experimental and predicted results using the TFM is shown in 

Table. 6. The results show that the TFM provides reasonable temperature predictions 

at fluid boiling temperatures. Comparison with the predictions in Table 5 shows that 

predicted convection factors for the TFM are higher than for the LFM as would be 

expected given the reduced boundary layer thickness. The experimental and predicted 

temperature values of most groups were more consistent. The estimates using the 

TFM appear to be an improvement compared to the LFM thermal model at the fluid 

boiling temperature. 

Table 6 Comparison of experimental and prediction results by thermal model of TFM 

No.  1 2 3 4 5 6 7 

Grinding arc length lc 

(mm) 
3.04 5.56 6.23 4.05 4.15 4.42 4.94 

Total grinding heat flux 

qt (W/mm2) 
23.6 23.65 26.81 46.79 57.11 41.10 25.78 

Heat flux to the chip qch 

(W/mm2) 
4.53 3.34 4.47 4.58 6.71 4.20 3.76 

A conduction factor for 

the net heat flow into 

the workpiece  

hw (W/ (m2 K)) 

89994 66545 62865 110265 125858 99575 99839 

Work-grain partition 

ratio Rws 
0.752 0.752 0.752 0.752 0.750 0.712 0.701 

TFM coefficient hf 

(W/(m2 K)) 
82353 73095 71284 77675 77305 55156 30985 
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Experimental surface 

temperature T (°C) 
128.5 145.5 159 182 197.8 171.1 142.4 

TFM T (°C) 103.2 129.4 145.2 188.9 206.1 189.8 138.0 

Error (%) 24.5 12.4 9.5 3.65 4.03 9.8 3.2 

 

5.5 Measured fluid convection factors analysis 

Convective heat transfer coefficients (CHTC) were measured inversely from Eq. (6) 

using measured temperatures. Table 7 lists the average experimental values of the 

CHTC from the tests. Because of measurement errors of grinding force, grinding 

power or temperature, the experimental CHTCs are estimated to be around ±5% 

[23]. Figure 6 and 7 shows the CHTCs of LFM, TFM and inverse measurement 

within the measured temperature range of 20°C-200°C, with data from Table 5-7 and 

data from reference [19, 24, 25] respectively. The measured convection coefficients in 

Figure 6 tend to be larger than the predicted values for the LFM but lower than the 

values for the TFM. The predicted values are almost constant with increasing 

measured temperature. Examining Figure 6 in more detail, the measured values drop 

down for the two sets of data at the lowest temperatures entering the boiling zone but 

then increase as boiling temperatures increase. This is consistent with the known 

tendency for increase in convection factor with more vigorous bubbling and 

evaporation. However, as the surface temperature further increases, there comes a 

point where the fluid is rapidly boiled away; a condition known as fluid burn-out. 

 

Table 7 Heat convective heat transfer coefficients hf 

No. 1 2 3 4 5 6 7 

Experimental surface 

temperature T (°C) 
128.5 145.5 159 182 197.8 171.1 142.4 

Experimental convective 

heat transfer coefficient 

hf (W/(m2 K)) 

46830 

±5% 

51786

±5% 

55019 

±5% 

81404 

±5% 

75600 

±5% 

53175 

±5% 

22766 

±5% 
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Figure 6 Fluid CHTCs of TFM, LFM and Measurement 

The experimental values in Figure 7 show a wider temperature range including lower 

temperatures. The measured values for hf reduce as temperatures approach 1000. The 

TFM predictions are clearly an improvement compared with the LFM predictions. 

The measured values of convection coefficients appear to reach a minimum at 

approximately 1200C before increasing up to approximately 1400C. At even higher 

temperatures the measured values reduce again towards zero as expected. 

 It appears probable that the difference between the results in Figure 6 and the results 

in Figure 7 is due to the much higher proportion of emulsified oil in the coolant used 

for the experiments in Figure 6. A larger proportion of oil in the coolant allows higher 

temperatures to be achieved before coolant burn-out occurs within the grinding 

contact. Previous results show that when burn-out occurs, the convection heat transfer 

coefficient is greatly reduced. This usually occurs above the top end of the 

temperature range for the results in Figure 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 Fluid CHTCs of TFM, LFM and Measurement with water-based emulsion  

Data from Ref. [19, 24, 25]. 

The results presented in Figures 6 and 7 cover a wide range of carefully conducted 

experiments by several different researchers. Taken in their entirety, the results 

provide powerful evidence that high values of fluid convection factor are found in low 

temperature grinding and that a turbulent flow model is an improvement compared to 

a laminar flow model. 

 

6. Conclusion 
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In this paper, a temperature prediction model of the grinding process has been 

developed with a convective heat transfer coefficient based on turbulent flow, the 

TFM. The proposed thermal model using the TFM results in a reduction in the 

grinding temperature prediction, as compared with that obtained by the LFM under 

the same conditions. Temperature predictions using the TFM at the fluid boiling stage 

are more consistent with experimental data than those of the LFM. It is confirmed that 

fluid convection substantially reduces grinding temperatures up to the point where 

fluid burn-out occurs. The grinding thermal models of TFM and LFM can be used to 

control the grinding quality by properly selecting the grinding parameters and fluid 

supply conditions. The development and refinement of fluid convection models are 

vital for the advancement of intelligent grinding technology and fluid supply 

equipment.  
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