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The finite volume model is developed for multi-pass grinding by considering the grinding wheel and work contact zone as a

rectangular shaped moving heat source with uniform heat distribution at a velocity equal to the feed rate. Though some literature

dealt the thermal modelling of single pass grinding, in practical application multi-pass grinding is done in most of the industries to

enhance the finish of work material. Modelling the temperature profile in multi-pass grinding is complex due to the heat from previous

passes is carried out to the next pass. This heat accumulation from previous passes increase the peak flash temperature. Hence there

is an urge to develop a thermal model which calculates the depth of heat affected zone for multi-pass grinding. The experimentally

obtained grinding power is used in calculating the heat flux which replicates the condition of abrasive grains, work-wheel interaction

and process behavior. For experimental validation, thermocouple is placed at a depth of 1.5mm below the grinding surface and

temperature values are obtained as the material is ground till the wheel touches the thermocouple. The temperature distribution for

multiple grinding passes on the work material at different depths and time, Peak temperature and the heat flux distribution.
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1. Introduction

Grinding is the one of the most widely used finishing process which

is used for generating good surface finish and close tolerances. The

random shape and orientation of the abrasive grains tends to increase

the specific cutting energy for grinding and makes the microscopic

interaction between the wheel and workpiece complex.1 Virtually all

the energy expended for grinding is converted into heat in the grinding

zone2 and is distributed among workpiece, grinding wheel, coolant and

chips. In case of dry grinding the heat distribution is shared between

wheel, workpiece and chips.3 As the thermal conductivity of grinding

wheel is less and hence the heat generated is mainly distributed between

the workpiece and chips. The high temperature induced in the workpiece

causes thermal damage to the workpiece. This thermal damage is the

limitation for the productivity of the grinding process. Since grinding

is a finishing process, the work material is value-added by so many

processes by the stage it reaches the grinding operation and hence any

rejection or defects in final stage costs more. Further, this thermal damage

affects the service life and fatigue life of the component. Therefore, it

becomes very essential to understand and control the temperature induced

during grinding.

Measuring temperature in production environment needs complex

fixturing. Extensive research work has been carried out on temperature

measurement in grinding using various methods such as thermocouple

fixation method, infrared measurement method, thermal imaging method,

etc. Among these, temperature measurement using thermocouple is

found to be more feasible. However, this is like destructive method of

measurement; since, the thermocouple has to be placed as close as

possible to the grinding zone which needs drilling a hole in the

workpiece.4 This calls for modelling of temperature in the grinding zone

which can accurately replicate the real-time environment.

A considerable research effort has been made on both theoretical

and experimental aspects of heat transfer in grinding. Jaeger’s moving

heat source model was the base for almost all grinding temperature

modelling.5 Then the temperature distribution problem in grinding has

been solved by various researchers considering analytical6,7

mathematical8,9 and finite element modelling methods.10–14 Andrews et

al. and shillor et al. solved partial differential equations(PDE) to

compute the wheel-workpiece interaction temperature fields.15,16 Two

dimensional analytical and mathematical modelling was done by

Skuratov8
 to calculate the thermal aspects in grinding. Finite element

model in grinding process helps to solve the thermal problem with
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good accuracy and more reliability.17 Hence the literature shows only

finite element method was used for thermal modelling of single pass

grinding process. This paper uses finite volume method which has not

been used for the heat transfer analysis in grinding. Finite volume

method is used hence it has high computational efficiency, better

convergence and higher resolution over finite element method.

In this study, a finite volume model was developed to calculate the

temperature induced during grinding and the temperature distribution

in the work material. In order to simulate the industrial production

environment, multi pass grinding model was developed to understand

the effect of heat accumulation and thermal history of ground material

during the passes of grinding. Convective heat transfer losses also

changes with sample temperature due to the reduction in temperature

gradient. For this, Convective heat transfer coefficient (h) is calculated

for every grinding pass. This increases the peak flash temperature and

also the surface temperature of the work material. Hence, the heat

transfer phenomena in multi-pass grinding is complex as compared

with the single pass grinding. In the present study, a novel method to

carry over the residue temperature for the next grinding pass is done

using finite volume method. The temperature distribution of subsurface

was further derived based on the transient heat transfer behavior. The

developed model was experimentally validated, considering two types

of alumina grinding wheels and two types of steel workpiece materials.

2. Modelling and Simulation

A 3D thermal model was developed using implicit finite volume

method. The schematic of the generated model is shown in Fig. 1. In

the present model, the grinding wheel is modelled as a moving heat

source with space and time coordinates (x, y, z, and t). In analysis of

temperature distribution in grinding, two factors mainly affect the

temperature field in work material: (i) heat flux distribution and (ii)

shape of the heat source zone. In this study, the heat source is considered

to be rectangular in shape with a plane heat zone. The heat entered into

the workpiece per unit area, qw is considered to be constant along its

contact length lc.

In order to model the temperature distribution in grinding process,

the following assumptions were made:

i. The workpiece material is homogeneous and isotropic.

ii. The contact between the workpiece and wheel is considered as

a flat plane surface.

iii. Heat loss is assumed to be only by conductive and convective

mode of transfer neglecting radiative losses.

iv. The surface opposite to the ground surface i.e., the bottom of

the workpiece is assumed to be at room temperature throughout

the process.

The computation domain (Workpiece) is subdivided into small

elements as shown in Fig. 2(a) with the node lying at the center of each

element. The length of the element in x, y and z directions are taken as

Δx, Δy and Δz respectively where Δz is equal to the width of the sample.

The heat flux qw in Eq. (4) is calculated from the following equation

(1)

where ε is the energy partition to the work material, Pg is the grinding

power measured experimentally, lc is the length of contact between

grinding wheel and the work material and b is the width of contact

between grinding wheel and the work material. The energy partition to the

work material can be calculated by a formula suggested by Rowe,18 as

(2)

and

(3)

where, kg is the heat conductivity of abrasive grains, βw is the thermal

property of the work material, r0 is the average effective grain contact

radius, vs is the cutting velocity, kw thermal conductivity of workpiece,

ρw is the density of the workpiece and cw is the specific heat of the work

material.

The governing equation for the heat transfer problem is given by:

(4)

where, ΣQ is the quantity of heat energy lost or gained by the work

material, Qin is the heat input to the work material, Qout is the heat loss

from the work material, m is the mass of the material, Cp is the specific

heat of the material, ΔT is the temperature difference, and Δt is the time

qw
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Fig. 1 Illustration of boundary conditions for thermal model Fig. 2 (a) Mesh of the workpiece (b) Enlarged view of nodal network
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step in seconds. Based on the heat transfer criterion, five different types

of elements were created: (i) interior elements, (ii) left elements, (iii)

right elements, (iv) top elements without heat source and (v) top

elements with heat source (Fig. 2).

Considering a top element with heat source ‘P’ (Fig. 2(b)), heat flux

is contributed by conductive mode for the node P from east, west and

south elements. Heat source with a flux, qw is acting from its north

direction. Convection heat transfer is occurring in both front and back

surface, i.e., along z direction.

The heat transfer to and from the element P is given by the

equations:

(5)

(6)

(7)

(8)

(9)

where, QE, QW, QN, QS are the heat flux at the nodes east, west, north

and south respectively; Qconv,z is the convective heat flux in z direction;

,  are the temperature of the element P at previous time step and

current time step respectively. , , ,  are the temperature at

west node, east node, north node, south node in previous time step; Tamb

is the atmospheric temperature and h is the convection heat transfer

coefficient.

For interior elements the expressions for QN changes as given in Eq.

(10) while the expressions for QE, QW, QS and Qconv,z remain the same

as that of element P.

(10)

Similarly, for the left and right elements the expressions for QW and

QE varies respectively as shown below with expressions for all the

other heat flux remaining the same.

(11)

(12)

For the top elements without heat flux, the expression for QN

become:

(13)

Using finite volume discretization, Eq. (1) for the element P can be

expressed as

(14)

A similar approach is followed to evaluate the heat transfer on all

the other elements. The obtained equations are solved in matlab

software using gauss seidel method. These equations were converged

till the error value reduces to 10-14 or the number of iteration reaches

50. Implicit numerical method is adopted (i.e.) the value of first

iteration results were considered as initial values for the next iteration.

To find the temperature distribution in the workpiece, a workpiece

domain of 50 mm length, 13 mm width and 20 mm height has been

chosen. The optimum mesh size is fixed as 250 µm by considering the

time taken for simulation and the accuracy of the results. The work

materials chosen are AISI 52100 and AISI D2 steel whose thermal

properties are given in Table 1. Two types of alumina grinding wheels

with following specifications: 1) WA60J8VS3, (WA hereafter) 2) SG60

J8VS3, (SG hereafter) were used for this study.

3. Results and Discussion

The grinding model developed based on the above defined finite

volume method was solved using MATLAB and the results are discussed

in the present section. In-order to analyse the results, the workpiece is
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Table 1 Thermal properties of work material and abrasive18

 Properties

Material

Thermal

conductivity, k

(W/mK)

Density, ρ

(kg/m3)

Specific

heat, c

(J/kgK)

Thermal

property

AISI 52100 steel 34.3 7815 506 11650

AISI D2 steel 20 7695 461 8450

Aluminum oxide 35 3980 765 10300

β k ρ c, ,( )=

Fig. 3 Schematic of surface grinding showing cut-in zone, central

zone and cut-out zone
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conveniently divided into three zones along the grinding direction: (1)

Cut-in zone, (2) Cut-out zone and (3) Central zone (Fig. 3). At any

instance, the zone at which the heat source is in contact with the

workpiece is called the central zone. The trailing and the leading zones

are termed as cut-in and cut-out zones respectively.

The heat source (grinding wheel) starts interacting from the cut-in

zone, and moves towards the cut-out zone. Fig. 4 shows the temperature

profile for various passes in the surface of the ground material for

different wheel-work material combinations. It is clear from the figure

that heat builds-up/accumulates as the number of passes increases

under all the material conditions. In the cut-in zone, temperature rises

consistently till the central zone where the heat source is in contact with

the workpiece and the Maximum temperature is observed in the central

zone. In leading edge (cut-out zone) the temperature drops rapidly and

gets stabilized to a temperature which is termed as background

temperature.

The maximum temperature for WA grinding wheel (Figs. 4(b) and

(d)) is less compared with the SG grinding wheel Figs. 4(a) and (c) for

both AISI 52100 steel and AISI D2 steel. The reduced temperature

when grinding with WA grinding wheel is attributed to the self-

Fig. 4 Predicted temperature profile of the work material for various passes for 305 to 320 pass. Conditions: Feed rate - 7.2 m/min, cutting speed -

25 m/s, Depth of cut/ pass - 10 µm

Fig. 5 Micrographs of base materials (a) AISI 52100 steel (b) AISI D2 steel
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sharpening tendency of WA grains. This makes the WA grains to retain

the sharpness throughout the grinding process and the dominant

mechanism remains to be shear all the times during grinding. Grinding

of AISI D2 steel generates more temperature (Figs. 4(c) and (d)) when

compared with that of AISI 52100 steel grinding (Figs. 4(a) and (b))

and the maximum temperature is observed during grinding of AISI D2

steel with SG wheel. This is attributed to the variation in microstructure

among both AISI 52100 and AISI D2 steels. Fig. 5 shows the

microstructure of both AISI 52100 and AISI D2 steels. AISI 52100 steel

contains uniformly distributed fine carbides whereas AISI D2 steel

possesses long granular carbides along with the fine carbides. These

coarse carbides present in AISI D2 steel enhances the wear resistance

of the material.19,20 The higher wear resistance of AISI D2 steel is a

major reason for higher surface temperature in grinding of AISI D2

steel as compared to that of AISI 52100 steel.

Fig. 6 shows the temperature profile of the work material at various

depths from the ground surface. The maximum temperature attained at

the subsurface is far less than that at the surface under all grinding

conditions. This temperature variation is more prominent in AISI D2

steel (Figs. 6(c) and (d)). The difference in the temperature variation

between the work materials is attributed to the difference in their

thermal conductivity of the material.

The thermal conductivity of AISI D2 steel is about 40% lesser than

that of AISI 52100 steel (Table 1) and therefore the amount of heat

transferred to the subsurface in AISI D2 steel is lesser than that in AISI

52100 steel. The temperature distribution on the ground surfaces at

different time steps is presented in Fig. 7. At the initial time step, the

temperature in the contact zone is lower and the temperature rises as the

grinding proceeds. Grinding AISI 52100 steel with WA grinding wheel

(Fig. 7(b)) generates less temperature than grinding with SG grains (Fig.

7(a)) which is again attributed to the self-sharpening ability of WA

grains. It is also observed that the initial temperature (cut-in zone)

shows and increasing trend with increase in time step in case of AISI

52100 steel material (Figs. 7(a) and (b)). However, in case of D2 steel

(Figs. 7(c) and (d)), no such increase is observed and the initial

temperature in the cut-in zone is almost constant. The lower thermal

conductivity led to heat accumulation on the surface which is the reason

for the temperature retention in case of AISI D2 steel. The temperature

generated during grinding affects the surface integrity of the work

material in different ways: 1. Peak flash temperature is responsible for

the phase transformation of the material; 2. Background temperature

supports the thermal softening / tempering of the material. Because of

this reason, a study on the background temperature is also essential and

our present model is efficient in predicting both of the aforementioned

temperatures. Fig. 8 shows a 3D surface plot of temperature distribution

in x and y plane clearly showing the depth of heat affected zone, peak

flash temperature and also the background temperature.

4. Experimental Validation

Mill annealed AISI 52100 steel and AISI D2 steel samples were cut

Fig. 6 Predicted temperature profile of the work material for various depths at 320th grinding pass. Conditions: Feed rate - 7.2 m/min, cutting

speed - 25 m/s, Depth of cut/ pass - 10 µm
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into proper dimensions using power saw from a single ingot, and then

the samples were milled to closer dimensions (50 (Length) × 20 (Width)

× 20 (height)). Milled samples were through hardened and tempered to

attain the hardness of 60-62 HRc. The chemical composition of samples

were obtained using optical emissive spectroscopy and is presented in

Table 2. Alumina abrasive grains processed in two different routes were

used for this study; one is fused white alumina. The other wheel

contains 30% sintered sol-gel grains remaining 60% would be white

alumina grains. Both the grinding wheels were with same grain size,

hardness and porosity were used. Calibrated (Calibration range: 300oC

to 1200oC) Type K double pole thermocouple were used to measure the

temperature of the samples during grinding.21 Error compensation has

been carried out. Schematic of the temperature measurement is shown

in Fig. 9(a).Thermocouples were inserted in center of all samples at 1.5

mm below the ground surface in 2.3 mm diameter blind hole as shown

in Fig. 9(b). A 3 mm slot was made opposite to the ground surface to take

out the thermocouple, to fix the sample in vice without affecting its

flatness. Thermocouples were fixed in blind hole with the help of high

temperature epoxy permabond 920 as done by Bin Shen.22 Glass wool is

used as an insulator to cover the thermocouple inside the blind hole, to

avoid excess contact between sample and thermocouple. The temperature

data was acquired using agilent data acquisition system, analysed using

Benchlink software. Temperature was recorded continuously for every

50 ms till the thermocouple exposes to the grinding zone.

Multi-pass grinding experiments were conducted with the process

parameters presented in Table 3. No dwell (spark out) time was provided

at the end of the plunge cut. A constant surface speed was maintained

by adjusting RPM to compensate for changes in wheel diameter due to

wheel wear and dressing losses. Before commencing grinding

Fig. 7 Predicted temperature profile of the work material for various time steps at 320th grinding pass. Conditions: Feed rate - 7.2 m/min, cutting

speed - 25 m/s, Depth of cut/ pass - 10 µm

Fig. 8 Variations of temperature with depth below surface and length

of the work material when grinding AISI 52100 steel with sol-

gel alumina grinding wheel

Table 2 Chemical Composition of work material in weight percentage

Element C Si Mn P Cr Ni Fe

AISI 52100 Steel 0.95 0.29 0.44 0.168 1.49 0.12 96.4

AISI D2 steel 1.17 0.26 0.48 0.005 11.6 0.15 84.1



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 18, No. 11 NOVEMBER 2017 / 1491

experiments, the wheel was dressed by employing the dressing

parameters: Type of dresser- single point 2 ct diamond cutter, number

of passes- 10, depth of cut (DoC) - 20 µm per pass, transverse velocity-

100 mm min-1. Set of grinding experiments were conducted to study

the temperature effect on the workpiece.

In order to validate the simulation results obtained based on the

numerical model; grinding experiments were conducted to experimentally

measure the temperature induced during grinding using thermocouples.

The variations of peak temperature with number of passes from the

grinding experiments were plotted in Fig. 10. Since the thermocouple

was inserted 1.5 mm below ground surface (sub surface), as the number

of passes increases the distance between thermocouple and heat source

is reduced and the temperature recorded by thermocouple increases as

shown in Magnified view. Maximum temperature of 876oC was measured

at 261 passes in which the thermocouple was exposed to grinding

environment. Table 4 shows the values of temperature obtained both

experimentally and numerically for different wheel-work material

combinations. The simulation results are found to be in good agreement

with a maximum deviation of about 6% only. This deviation is may be

because of the assumption that the heat transfer to the surrounding is

mainly by convection neglecting the radiation loss.

5. Conclusions

Heat transfer analyses calculates the maximum temperature during

grinding and temperature distribution on work material for the AISI

52100 steel and AISI D2 steel workpieces while grinding with alumina

and sol-gel grinding wheel combinations with the proposed finite volume

method using the grinding power obtained from the experiments. The

major conclusions drawn are as follows:

• As number of passes increases the peak flash temperature also

increases for both AISI 52100 steel and AISI D2 steel. This is due to

Fig. 9 (a) Schematic of temperature measurement (b) Schematic

cross-section view

Table 3 Process Parameters chosen for grinding

Process Surface plunge grinding

Grinding Wheel
Tough Alumina grains (SG60J8VS3)

Friable Alumina grains (WA60J8VS3)

Wheel size (mm × mm × mm) 200(O.D) × 13(Width) × 31.75(I.D)

Cutting speed (m s-1) 25

Feed rate (m min-1) 7.2

Depth of Cut (DoC) (µm) 10

Table 4 Predicted and measured maximum temperature of ground

surface and deviation

Work

Material

Grinding

wheel

Predicted

peak

temperature

Experimental

peak

temperature

Deviation between 

measured & 

predicted values 

(%)

AISI 52100

steel

Sol-gel

Alumina
834.34 876.3 4.78

AISI 52100

steel

WA

Alumina
696.2 680.54 2.30

AISI D2

steel

Sol-gel

Alumina
1005.45 1067.56 5.81

AISI D2

steel

WA

Alumina
953.25 984.94 3.21

Fig. 10 Temperature variation by thermocouple from subsurface to

surface
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the increase in bulk temperature by previous grinding passes.

• Predicted temperature for various depths clearly indicates the

difference between the temperatures measured in subsurface of 25 µm

is lesser than the ground surface.

• The predicted background temperature in the work material clearly

shows the depth of thermal damage to the work material. Thermal

conductivity of the material ground plays a major role in background

temperature rise.

• Peak flash temperature and the back ground temperature is

measured experimentally using thermocouple. After the peak flash

temperature the temperature falls down suddenly.

• Predicted temperature of the ground surface is validated against

experimental data and found that predicted maximum temperature is in

good agreement with experimental results with the deviation of less

than 6%.
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