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ABSTRACT

The aims of the investigation were to predict temperature distributions in form grinding
for a range of workpiece profiles and to evaluate the proportion of the energy entering
the workpiece as a basis for the control of grinding temperatures and the avoidance of
thermal damage. Based on previous work, the characteristics of form grinding were
identified and theories and techniques established for analysis of form gnnding

temperatures.

The theory of the instantaneous infinite plane heat source was applied to form grninding.
A temperature equation for grinding was established based on the assumption of a
trnangular heat flux distribution. A thermal model for form grinding was developed
taking account of heat transfer to the grninding wheel, the chips, the fluid and to the
workpiece. The thermal model was applied to a range of workpiece profiles to predict

temperature distributions on different profiles.

A computer program for the thermal analysis was designed and developed. The
distribution of temperature in the formed workpiece was calculated numernically using
MATLAB. The program was designed for a range of typical workpiece profiles. It was
used to calculate geometric contact length, real contact length, partition ratio and
temperature distribution for each of the profiles. Temperature distributions were

presented in the form of graphs.

Experiments were carried out to evaluate the thermal model and to reveal problems in
form grinding. The temperature distributions for a vee form and for an inverted vee
form were analyzed under dry and wet grinding conditions. The factors which effects
grinding temperature were discussed. The factors include contact length, depth ot cut.
workspeed, temperature ratio, specific energy, partition ratio and workpiece shape. The
experimental results show that predicted temperatures and measured temperatures agree

reasonably well, when allowance 1s made for the experimental difficulties.

The investigation of the theoretical model was extended to the temperature distnibution

1n creep feed grinding.



A method for optimizing a grinding operation was proposed and the application of the
method was demonstrated. The method was based on the use of a design chart. The
design chart can be used to determine grinding conditions so as to achieve maximum

possible grinding productivity and to ensure workpiece quality at the same time.
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NOMENCLATURE

Symbol

dns

dnc

Meaning

the wheel depth of cut

the normal depth of cut

the normal depth of cut at the shoulder surface

the normal depth of cut at the cylindrical surface

the area of the grinding contact zone

the width of cut

specific heat capacity

equivalent diameter of the grinding wheel

the diameter of the grinding wheel

the diameter of the workpiece

specific grinding energy

specific grinding energy to the chips

specific grinding energy to the fluid

the modulus of elasticity of the grinding wheel

the modulus of elasticity of the workpiece

the normal grinding force

the tangential grinding force

IAY

S. I. Units

J/m’

J/m’

J/m’

N/m’

N/m*



SN I

mcas

height of the workpiece m
convection coefficient of coolant J/msK
stiffness of the grinding wheel m*/N
stiffness of the workpiece m*/N
the contact length at any position in the contact zone m
total contact length of the contact zone m

the geometric contact length m

the contact length between surfaces acted on by a normal force m

the real contact length m

concentration factor

grinding power \%Y
measured grinding power \%Y
the power distributed to the cuvre \%Y
the power distributed to a strip \%Y%
heat flux distribution over the grinding area W/m®
average heat flux over the grinding area W/m®
radius of the grinding wheel m
radius of the rounded corner of the wheel m
wear flat radius on the surface of the grain m



WS

X1

XYZ

O

fraction of the total energy partitioned to the workpiece

fraction of the total energy partitioned to the gnnding wheel

fraction of the total energy partitioned to the chips

fraction of the total energy partitioned to the fluid

energy partitioning between the workpiece and wheel

the roughness factor

1s the time since a position entered the contact zone S

1s the total time of contact S
heat source velocity m/s
infeed rate m/s
wheel velocity m/s
workpiece velocity m/s
an arbitrary position in the grinding contact zone m
material removal rate m’/s
the distance between the heat source and the finished surface m

Cartesian coordinates referenced to workpiece

thermal diffusivity, defined as k/rc m®/s
angles ot profile on workpiece degree
infeed direction of the wheel in angle approach grinding degree

VI



O angle between the workpiece axis and the grinding wheel axis  degree

K thermal conductivity W/mK
Kye thermal conductivity of the grain W/mK
L the ratio between the tangential force and the normal force

v temperature K

O, fluid temperature K

O, the temperature experienced by a flat plane K

0. maximum temperature K

0 .. measured temperature K

O .1 the melting temperature of the workpiece K

0, the temperature at a discontinuity K

0, temperature on the grinding surface K

P density keg/m’
Vg Poisson’s ratio of the grinding wheel

L, Poisson’s ratio of the workpiec
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Chapter 1 Introduction

1.1 Background to the investigation

Form grinding 1s used for many engineering components and cutting tools with complcx
forms which cannot be effectively manufactured using a plain cylindrical wheel. In form
grinding as 1n other grinding processes, high temperatures can sometimes lead to loss of
quality. The risk of damage is often increased in form grinding. One of the differences
1s that the interface zone between the grinding wheel and the workpiece 1n form
grinding may be much bigger than in, for example, cylindrical grinding. Also 1t 1s more
difficult to ensure the delivery of the coolant into the contact zone. The process may
therefore be less efficient leading to greater heat generation. The heat accumulation 1n
the workpiece causes temperature rises and 1if sufficient, leads to thermal damage. On

the other hand, a large contact area spreads the heat over a larger area which reduces the

maximum temperature.

The temperature distribution 1s an indicator of the heat accumulated 1n the workpiece. If
the temperature distribution 1s known 1t can be used with a model of the grinding
process to predict the onset of the workpiece thermal damage. Consequently there 1s
also potential for process control and prevention of thermal damage using temperature
prediction with an adaptive control system. It 1s therefore important to investigate the
temperature distribution 1n form grinding 1in order to establish a basis for the

development of strategies that enable thermal damage to be avoided.

1.2 Aims and objectives

The aims of the research were to develop an approach to investigate the temperature
distribution 1n form grinding, and to evaluate the total grninding energy entering the

workpiece. In order to achieve the aims 1t was decided to set the following objectives:

¢ to review previous research into temperatures generated 1n form grinding.

. to develop a thermal modelling approach for form grinding based on previous

work on plane grinding and cylindrcal grinding.



. to apply the thermal model to analyse temperature distributions for particular

forms.

. to analyse the energy partition ratios for the workpiece, grinding wheel, chips

and coolant.

. to undertake a series of experiments for form grinding and measure temperatures

on the workpiece surface, the measured temperatures to be compared with the results of

theoretical analysis for validation.

. to analyse the effects of workpiece shape on temperature distribution.

. to develop a design chart for optimum grinding conditions 1n order to advance

quality and productivity based on the investigation.
1.3 Scope of the investigation

Previous 1nvestigations on grinding temperature and workpiece thermal damage are
reviewed in chapter 2. Previous work includes thermal modelling, grinding temperature
measurement and analysis, the analysis of the contact mechanism between the grinding
wheel and the workpiece, energy partitioning, the coolant effect, form gnnding and
creep feed grinding. Finally, as the basis for the current investigation, some
achievements in the Advanced Manufacturing Technology and Tribology Research

[aboratory are summarised.

In chapter 3, a solution for the surface and sub-surface temperature 1s derived for a

triangular heat flux distribution based on one dimensional heat transfer.

In chapter 4, a thermal model for form grinding 1s proposed. The contact area between
the grinding wheel and workpiece plays a very important role in the thermal model,
hence the geometric contact lengths in several typical grinding operations are analysed.
The typical grinding operations include face grinding, vee form grinding, flute form
erinding and angle approach grinding. The real contact length 1s also discussed. The

grinding power distribution on the contact area and determination of the energy

partitioning are key problems in grinding temperature prediction. The methodolog



used to determine power distribution and to determine the partition ratios are described.

Finally, the influence of convection cooling on grinding temperature and the

temperature distribution at a point of discontinuity on a formed workpiece is discussed.

The computer program for thermal analysis i1s introduced in chapter 5. The program
was developed using MATLAB. The program was designed for several typical
workpiece profiles including the face grinding, vee and inverted vee form grinding, flute
form grinding and angle approach grinding. The program was used to calculate
geometric contact length, real contact length, partition ratio and temperature distribution

for each of the profiles. The output of the program can be numerical or graphical.

The experimental system developed for the investigation is described in chapter 6. The
experimental system was required to measure grinding temperature, grinding power and
the real depth of cut of the grinding wheel. The experimental system consisted of three
sub-systems, the temperature measuring sub-system, the grinding power measuring sub-
system and the depth of cut measuring sub-system. Issues concerning the grinding
machine set up, jig assembly, thermocouple installation and calibration, power sensor
calibration, signal conditioning, data logging and post processing and the method for

depth of cut measurement are discussed. The experimental procedure 1s also described.

Experimental results are analysed in chapter 7. The temperatures measured from
experiments are compared with those calculated using the thermal model. The
temperatures of the vee form and inverted vee form workpieces under dry and wet
grinding conditions are analysed. The factors affecting grinding temperature are
discussed. The factors include contact length, depth of cut, workspeed, specific energy,
partition ratio and workpiece shape. For each workpiece profile, such as the vee and
inverted vee form the temperature on the short flank, long flank and apex of the inverted

vee form or valley of the vee form are discussed separately.

An introduction to creep feed grinding is presented in Chapter 8. Previous creep feed
grinding studies are reviewed and major characteristics of creep feed grinding are
summarised. A theoretical investigation of temperature distributions 1n creep feed

grinding based on the thermal model for form grinding is presented 1n chapter 3.



Temperature distributions at the contact interface and on the finished surface were

calculated and 1llustrated graphically using the computer program. The results arec

analysed and explained.

A method for optimising a grinding operation i1s proposed in chapter 9. The method
employs a design chart. The design chart i1s used to determine grinding conditions for
maximum productivity and to ensure workpiece quality at the same time. The

methodology for deriving the design charts is described. A worked example, using a

design chart 1s presented.

In Chapter 10, a summary of the advances achieved, and the conclusions reached are

presented.

Recommendations for further work are given in Chapter 11.



Chapter 2 Literature review

2.1 Thermal models of grinding

The foundation for almost all later work 1s the paper on moving heat sources by Jaeger
[Jaeger, 1942]. The moving band source model 1s widely used as a basis for modelling
shallow cut grinding processes. The multitude of short intense energy inputs which
arise from all the grain-workpiece interactions taken together are usually assumed to be
equivalent to a uniform band heat source moving along the workplace surface at the
workspeed. The analysis of a moving heat source on a semi-infinite body by Jaeger was

used 1n most theoretical investigations for temperature prediction.

Outwater and Shaw applied the moving heat source model to the grinding process to
obtain an equation for the mean surface temperature [Outwater, 1952]. The equation
predicted a surface temperature as high as 3000° F for a fine grinding operation. Values
of the mean temperature between a chip and the grinding wheel were estimated using a
wheel-work thermocouple. The analysis showed that virtually all grninding energy was
dissipated as heat 1in the grinding zone but only a proportion of the grninding energy was
applied to the workpiece as a band source. Outwater and Shaw attempted to use a shear

plane model to determine the proportion.

Hahn challenged the assumption of the heat generation taking place at the shear plane
[Hahn, 1956]. It was argued that in grinding unlike conventional single point cutting,
the rubbing forces on the grain at the clearance face are appreciable. This was justified
on two accounts. Firstly, the geometry of a grain indicated that there 1s no clearance
angle in grinding. The second argument was based on the expernmental evidence of the
erinding forces. The ratio of tangential to normal force in grinding 1s found to be
typically of the order of 0.3 to 0.5 which 1s charactenistic of a sliding process. This
suggests that the principal location of heat generation 1s at the grain wear flats. In
turning, the ratio of tangential to normal forces 1s typically 2 to 3. Thus the grinding
process 1s more realistically described by considering the frictional rubbing forces on

the wear flat and neglecting the shear plane cutting forces. This was called the ‘rubbing

hypothesis’.



Hahn clarified some of these features by describing test results and then formulating
suitable hypotheses to explain them [Hahn, 1962]. In the tests, the grinding wheel was
pressed against the workpiece with a constant normal force under plunge grinding
conditions so that a uniform force intensity across the grinding wheel face was obtained.
The normal force between the grinding wheel and the workpiece was prescribed. The
principal variable measured was the rate of material removal. The tangential grinding
force was measured by a specially built strain gauge torque dynamometer upon which
the work-holding chuck was mounted. It was found that higher force intensities are
required in order to exceed the ploughing-cutting transition. A basic factor in the
grinding of metals of the same hardness is the fracturing characteristics at the ‘free’
plastic surface. It was found that the rate of wheel wear for hard and soft wheels 1s a

function of the actual length of the contact zone, and 1s not dependent on their

mechanical strength until gross wheel breakdown occurs.

Des Ruisseaux and Zerkle investigated the temperature in the vicinity of chip formation
and related this temperature to the temperature experienced by the workpiece surface
which remained after grinding [Des Ruisseaux, 1970 (1)]. The results indicated that the
temperature predicted 1n the region of chip formation can be substantially greater than
those which resulted on the remaining surface of the workplace. Des Ruisseaux and
Zerkle applied Jaeger's theory of moving heat sources to two models to determine the
effect of convective surface cooling on temperature distributions [Des Ruisseaux, 1970
(2)]. The paper acknowledged the difficulty of determining and applying a convection
coefficient which 1s different in the grninding zone from the surrounding area but

suggested the importance of cooling 1n the contact region.

Lee, Zerkle and Ruisseaux made an experimental study of thermal aspects of cylindrical
plunge grinding [Lee, 1970]. In cylindrical plunge grinding, the workpiece temperature
was considered as a superposition of a base temperature and an interference zone
temperature. A solution for the transient base temperature distribution was denved.
The experiment was divided into two parts. Firstly, the heat transter coetficient at the
workpiece surface was measured. Secondly, specific grinding energy and workpiece
temperatures were measured. The energy entering the workpiece during grinding was

determined from the base temperature solution and experimental data. It was concluded

that the energy entering the workpiece 1s 75 to 85 percent of the total grinding energ




duning dry grinding and 25 to 35 percent during wet grinding. The proportion for wet

grinding 1s much lower than the proportion found by later investigators, which suggests

that the method for wet grinding was flawed.

Mans and Snoeys compared models for evaluation of temperature in the heat affected
zone [Maris, 1973] and considered energy partitioning. The predicted temperature
fields and theoretically determined heat affected zones were compared with
experimental data. They suggested 70%-80% of the energy is applied to the workpiece
and about 15%-20% 1s applied to the chips and the remaining part conducted to the
grinding wheel, although the heat to the chips and to the wheel could not be accurately
established. It was suggested that coolant is effective only when the coolant can

penetrate 1nto the contact zone 1n order to reduce the high local temperature in the

contact area.

Malkin showed the importance of the grain wear flats for the specific energy iIn
grinding. Malkin calculated the maximum heat which could be convected from the
workpiece zone by the chips by considering the removal rate and the energy required to

raise the material removed to melting temperature [Malkin, 1974].

Howes found that fluid film boiling severely limits cooling when the temperature 1n the
erinding zone exceeds the boiling temperature for the fluid [Howes, 1987]. Above the
boiling temperature the principal eftect of the fluid 1s bulk cooling outside the contact
zone. It was therefore concluded that the importance of the fluid for shallow cut
erinding 1s the reduction in the grinding forces and grinding temperature due to more

effective lubrication.

Rowe and Pettit developed a thermal model to predict the position of the burn boundary
taking into account energy conducted to the grinding wheel [Rowe, 1988]. By the use
of upper and lower bounds, 1t was also possible to take account of chip energy and
energy convected by the fluid. Compared with previous thermal models, the advance of
Rowe's model was the partitioning of the heat flux between the grinding wheel and the
workpiece based on two bodies 1n relative shiding contact. This allowed more realistic
values of heat flux to be employed in the model. The basis of thermal modelling

proposed had the advantages of simplicity and reasonable accuracy of prediction. Rowe



adopted aspects of the previous work by Des Ruisseaux and Zerkle in that the coolant
effects and the maximum chip convection effects by Malkin were used to modify the
energy applied at the grain-workpiece interaction and the result compared with the
results obtained without these effects. The effect of a deformable wheel was also
included. These two methods led to upper and lower bound solutions which were found
to enclose the burn boundary results obtained from several publications and also
enclosed experimental results. A key feature of this work was the determination of the

workpiece-wheel partitioning factor Rywg based on a simultaneous solution of the

conduction 1nto the grinding wheel and into the workpiece. The average temperature in

the grinding zone was assumed to be equal for the wheel and for the workpiece.

Shaw proposed a simplified approach to grinding temperature modelling [Shaw, 1990].
Shaw linearized the Jaeger model and employed a simplified theory in estimating the
partition of energy between wheel and workpiece. The linearized model provided a

convenient means for estimating the fraction of the total grinding energy going into the

workpiece.

Tonshoff, Peters, Inasak: and Paul reviewed modelling and simulation of grninding
processes [ Tonshoff, 1992]. Grninding energy models and force models were presented.
The kinematic and energetic processes were taken into consideration for temperature
models. Different approaches to modelling were compared in the paper. The benefits
and the limitations of model application and simulation were also discussed. In the
investigation, the distinction was made between physical models which were
deductively derived from basic physical principles and empirical models which were
developed on the basis of grinding tests. The approaches to the modelling and
simulation of grinding processes were compared and critically evaluated. It was

concluded that 1t 1s possible to describe grinding in the form of models 1n order to make

grinding reproducible.

Chang and Szeri modelled the grinding process under the condition that a single phase

coolant was applied [Chang, 1994]. It was found that due to the shortness of the
residence time of both grit and coolant and the high rate of heat generation, local
thermal equilibrium is unlikely to be reached within the grinding zone. Their model

was therefore developed to calculate distinct temperatures for coolant and grit. The



wheel was viewed as a porous matrix, saturated by coolant and air. Volume averaging
techmques were applied to solve the problem of heat conduction in the porous media.
The heat conduction 1n the direction of motion was included in the model. The model
was used to calculate the maximum temperature in the grinding zone, the workpiece
temperature distribution, the partition ratio for grinding energy entering the workpiece

and the critical grinding energy flux for workpiece burn. Calculations were compared

with experimental data for two types of coolant, water and oil.

Lavine, Malkin and Jen analysed the heat transfer into the grains of the grinding wheel
assuming the grains to be conical in shape [Lavine, 1989]. Later Rowe and Black
[Rowe, 1996] showed that the cone assumption was less accurate than the plane grain
assumption of Hahn [Hahn, 1962], despite the increased complexity of the cone
assumption. Lavine experienced a difficulty in specifying the temperature matching
condition [Lavine, 1991]. The difficulty arises when the energy conservation equation
1s based on a mixture of localised grain contact temperatures and a non localised
background temperature. For convective cooling, Lavine's model considered the wheel
and grinding fluid to be a composite solid. The heat flux entering the workpiece surface
was taken as uniform. A problem encountered was that the properties of the composite
solid were difficult to specify and that the specification of the properties depended on

specifying the porosity of the wheel very near the workpiece surtace.

An improved analysis for the partitioning of the grinding energy at the grain-workpiece
interface was presented using Lavine's conical grain assumption [Rowe, 1991]. A
method was proposed to establish a wheel-workpiece partition ratio based on
temperature compatibility at the grain-workpiece interface. This method ensures
temperature matching is applied at the interface and is explicit. It was argued that the
analysis by Lavine failed to correctly identify temperature compatibility. The method of
Rowe, 1988 avoided this difficulty by establishing a workpiece-wheel partition ratio
based purely on a common background temperature of the wheel and workpiece

interface.

Rowe and Morgan, 1991 suggested that the proportion of the grinding energy entering
the workpiece might be analysed either for the whole grinding wheel-workpiece contact
zone or for the average grain contact zone which was two orders smaller. It was

considered that a grinding contact zone analysis which was simpler and relied on



composite wheel properties might be useful in practice. However, it was recognised
that there was a need to determine the effective thermal properties of the composite
wheel. Properties of composite wheels are not readily available. It was pointed out that
there was a need to define an approximate average size of the grain contact area in order

to achieve accurate solutions for the wheel-workpiece partition ratio with grain level

analysis.

Rowe recognised that the deflections within the grinding contact zone influenced the
intensity of the heat flux and hence the temperature in grinding [Rowe, 1993]. The
relationship between the grinding wheel and the workpiece contact length was therefore
established. The real contact length between the grinding wheel and the workpiece was
modelled based on the theory of contact mechanics. The proposed model more
accurately described the mechanics of grinding contact than previous contact models.
Application of the proposed model to published experinmental data for plunge surface
grinding explained why measured contact length can be 50% to 200% greater than the
geometric contact length. An iIncreased contact length reduces the maximum
background temperature for the same energy imput. It was found that the main
parameters influencing contact length are the real depth of cut, the elastic deflection of

the grinding wheel and the surface topography of the grinding wheel.

New findings were presented for temperature, heat flux distribution and the implications
for workpiece damage and partition ratio [Rowe, 1995]. Workpiece temperatures were
measured using a 25um single pole thermocouple assembly. It was found that the
critical temperature under grinding conditions for the onset of temper colours for ferrous
materials lies within the range 450 to 500 deg.C. Measured temperatures 1n the contact
zone compared better with theory assuming a square law heat flux than assuming a
uniform heat flux. The effective contact length for vitrified CBN and alumina wheels
was confirmed to be greater than the geometric value. Substantially lower partition
ratios were found with CBN compared to alumina. Rowe and Black compared
triangular and square law heat flux distributions and indicated that both give improved

prediction of measured temperature distributions.

Guo and Malkin developed a thermal model for the transient temperature distribution

under regular and creep-feed grinding conditions [Guo, 1995]. Numerical results were
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obtained using a finite difference method. The results indicated that the workpiece
temperature rises rapidly during initial wheel-workpiece engagement. The temperature

distribution subsequently reaches a quasi-steady state magnitude if the workpiece is

sufficiently long.

Jen and Lavine further improved their model and used it to predict the occurrence of

film boiling of the grinding fluid [Jen, 1996]. It was found that the predicted maximum

temperatures were 1n better agreement with experimental results when the effect of film

boiling was included.

The heat flux distributions and the convective heat transfer coefficient are important for
the heat transfer analysis of grinding. Inverse heat transfer methods were used to
estimate the heat flux and convection heat transfer coefficient distributions on the
workpiece surface by Guo and Malkin [Guo, 1996 (1)]. Three inverse heat transfer
methods were developed: temperature matching, integral and sequential methods. The
accuracy and stability of each method was evaluated using simulated temperature data.
The methods were applied to estimate the distributions of the heat flux and the
convection heat transfer coefficient [Guo, 1996 (2)]. The results indicated that the heat
flux to the workpiece was linearly distributed along the grinding zone and could be
represented by a triangular heat source. It was predicted that about 70 to 75 percent of
the total energy was transferred as heat to the workpiece when grinding steel with a
conventional aluminium oxide wheel and 20 percent with CBN superabrasive wheels,

based on a geometric contact length.

Rowe compared the theoretical values of partition ratio with the values of partition ratio
evaluated from experimental measurements [Rowe, Morgan and Black, 1996].
Improved agreement was found for partition ratio and temperature when allowance was
made for convection by the chips. It was concluded that energy convection by the chips

1s particularly important when the specify energy is low.

Rowe and Black further developed the models of Rowe and Morgan to predict the
background temperature in grinding based on experimental findings [Rowe and Black.
1996]. The thermal model took into account a triangular heat flux distribution 1n the
erinding zone, the real length of contact and experimentally validated grain thermal

properties. It was shown that the plane grain assumption by Hahn in 1956 based on 2-D
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heat transter, was more accurate than Lavine's conical grain assumption based on 1-D

heat transter. This allowed a simple grain contact analysis to be developed to predict
the energy partitioning between the workpiece and wheel. The analysis takes into
account two dimensional transient heat transfer in the grain and maintains the
temperature compatibility at the grain wear flat-workpiece interface. The proportion of

the total energy entering the workpiece was estimated by correlating measured

temperature distributions with theoretical distributions.

Rowe 1nvestigated temperatures in CBN grinding. The main advantage of a CBN
grinding wheel 1s the long wheel life owing to the hardness of the CBN abrasive.

Research has confirmed another advantage of CBN, which is cooler grinding. The new
research allows the temperature in grinding to be predicted based on experimentally
validated CBN thermal properties. A feature of CBN grinding wheels 1s the reduced
risk of thermal damage to the workpiece. This advantage can allow a marked increase
In removal rate whilst maintaining surface quality of the component compared to
grinding with conventional abrasives such as aluminium oxide due to the lower grinding
specific energy. The experimental investigation has shown that a major advantage of
CBN grinding 1s that a lower proportion of the total grinding energy enters the
workpiece compared to grinding with alumina wheels. The results further indicate that

the effective thermal conductivity of CBN abrasive 1s considerably lower than its

reported theoretical value of 1300W/mK.

2.2 Form grinding

Gordeev published a paper on angle approach form grinding [Gordeev, 1976]. The
angle approach grinding operation consisted of the simultaneous machining of several
adjacent surfaces on a cylindrical component. Gordeev proposed equations for contact
lengths on both the cylindrical surface and the shoulder surface. It was found that the
ratio of the two contact lengths varied with the ratio of grinding wheel diameter at a
particular cross section and the diameter of the cylinder. The contact length ratio
increased with increasing diameter ratio. The contact length ratio also increased with

the approach angle.

Graham and Falconer investigated the problem of wheel-workpiece conformity in form

grinding [Graham, 1978]. The conformity of fit between a grinding wheel and a
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workpiece was defined in terms of the curvature difference between the appropriate
adjacent wheel and workpiece surfaces. Both static and dynamic conformities were
investigated and it was found they were simply related. In practical grinding situations,
the static conformity was greater than the dynamic conformity by a factor equal to half
the wheel/workpiece speed ratio. The investigation revealed that the conformity of fit
was greater when the curvature difference between a wheel and a workpiece surface was
smaller. Greater conformity tended to result in the production of relatively thin grinding
chips. Thus, the grinding wheel tends to exhibit relatively hard grade characteristics and
the specific energy of metal removal is high. It was also found that the conformity of fit
between an annular face and the appropriate wheel surface is relatively sensitive to
changes in wheelhead approach angle in an external cylindrical form grinding operation.
When the wheelhead approach angle was increased from 10° to 45°, the conformity of fit
between the wheel and the workpiece annular face was altered by a factor of four. The

consequence of conformity of fit reduction was that chip thickness was increased and

the etffective hardness of the grinding wheel was reduced.

Salje, Damlos and Teiwes investigated surface profile grinding and angular plunge
profile grinding [Saljé, 1981]. Several problems were found and discussed. The first
problem was that an axial force occurred when grinding asymmetrical profiles. The
axial force caused a major problem, which was the deformation of the grinding wheel in
the axial direction. The deformation of the grinding wheel resulted in an inaccurate
workpiece profile. The second problem was that surface roughness of the workpiece
profile varied with different dressing conditions and different plunge angles. It was
suggested that the minimum deformation in the axial direction could be achieved by
selecting correct grinding wheel geometry and stiffness. It was also suggested that the
dressing conditions and plunge angle must be selected so as to avoid burn or chatter

marks on the workpiece profile.

In form grinding operations, problems of burn marks, thermal cracks and inaccuracies in
ground workpiece profiles are often encountered. Trmal carried out a general approach
to those problems by geometrical analysis and comparing process parameters [Trmal,
1982]. A high wheel-workpiece conformity is indicative of the difference between
plane and form grinding. The effect of wheel-work conformity was assessed

experimentally. It was found that high conformity of the wheel face and work shoulder
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resulted in a low level of self-dressing and increased risk of thermal problems on the
workpiece surface. It was also found that the thermal problem could be reduced by
coarser dressing, an increase in approach angle and better coolant application. The
Investigation showed that in angle approach grinding the use of two independent infeeds
could provide means for optimisation of the cycle. Experiments showed that a grinding

wheel with a slotted face could increase the level of self-dressing and improve the

coolant application.

2.3 Contact length investigation

The contact length between the wheel and workpiece in the grinding has been identified

as the chief factor influencing the grinding process and the accuracy of the ground

surface.

Makino measured temperature using a thermocouple and identified that the actual length
of the heat source was two to three times the geometric contact length [Makino, 1966].
The assumption of a geometric contact length overestimates the heat flux density in the

contact zone and as a result predicts artificially high temperatures.

Verkerk mvestigated the real contact length in grinding by measuring the heat pulses
due to the transition of grains past a thermocouple embedded 1n the workpiece [ Verkerk,
1975]. It was found that the real contact length was substantially greater than the
geometrical value. This means that the band heat source for deformable wheels will be
much wider than for a rigid grinding wheel and the maximum grinding zone

temperature 1s correspondingly reduced.

Gu and Wager investigated the contact zone in surface grinding and presented a
technique for measuring the contact length between wheel and workpiece [Gu, 1990].
The techniques which were employed for the investigation of contact length were
categorised into two groups. One group related to the thermocouple technique, where
the contact length was measured in-process. The other group was based on the
technique of suddenly interrupting the grinding process so as to obtain traces of grains
left on the surface of the contact zone. By means of the technique, the profile and the
length of the contact zone were obtained. Two major distinctions between these two

groups were identified. First, different results were obtained. The results from the
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former indicated contact lengths between the wheel and workpiece almost approaching
the lengths of the trace left by the highest grain of the contact part on the wheel
circumference, while those of the latter technique were traces of individual grains on the
contact zone. Secondly, an interrupted patch technique presented the same, albeit many.
grains repeatedly to the workpiece, whereas the thermocouple techniques could
randomly sample a wider range of the total grains on the wheel. Thus, without a strict
definition, 1t 1s difficult to determine which of the traces of individual grains by the
latter technique could be taken as representative of the contact situation between the
wheel and workpiece. In the absence of a clear definition of the contact length between
the wheel and workpiece, 1t was proposed to use the longest of the traces left on the

workpiece by i1ndividual grains. This provided more ready comparison with

thermocouple techniques.

Two significant ways of dividing contact zones were used. The first way was dividing
the contact region into two sliding regions and one cutting region using the thermal
contact characteristics between the workpiece and grains. The evidence of the two
shding regions was presented. The second way was dividing the contact zone into the
entry regions and exit region. The entry region was defined as the region between the
starting contact point and the wheel centre. The exit region was defined as the
remainder of the contact zone. The results indicated that such divisions led to a better
understanding of the contact zone. The experiments indicated that there was a shiding
region, following the cutting region. The sliding region influenced the roughness of the
workpiece in conventional surface grinding. The relative lengths of the sliding region
and the cutting region changed with grinding conditions. From strictly geometrical
considerations with respect to the wheel centre, it was reasonable to divide the contact
zone into the entry region and the exit region. The experiments showed that the two
regions related to the symmetric models of other investigations only in the case of

shallow cutting depths. For cutting depth greater than 0.007 mm, the contact length was

shown to be the geometric contact length plus a constant.

Zhou and Lutterwelt investigated grinding contact length and divided the contact length
distinctly into the maximum contact length and the local contact length [Zhou. 1992].
The maximum contact length, is the maximum interface length between the grains on

the wheel peripheral surface and workpiece in the whole grinding zone. The local
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contact length is the interface length between the grains on the wheel peripheral surface
and workpiece at any point in the whole grinding zone. A method for measuring both
contact lengths was proposed. The method was called the applied power source
method. The method was characterised by two advantages over other methods. The
first advantage was both maximum contact length and local contact length could be
conveniently measured. The results were stable and reliable. The second advantage

was that the method was simple, easy to implement and the signal for contact length

was strong. The results obtained showed that the maximum contact length was about

22% to 25% longer than the local contact length.

Q1 and Rowe proposed a contact length model based on the mechanics of cylinders in

contact and included the effect of the surface roughness of the grinding wheel [Qi,
1994]. The contact length model expressed the contact length as the orthogonal
combination of the contact length due to elastic deflections and the contact length due to
the depth of cut. The contacting surfaces in the abrasive machining process are far from
smooth. It was therefore not possible to model the elastic deflection using Hertz
analysis. The real contact length based on the analysis of Hertz was modified using a

roughness factor approach.

Q1, Rowe and Mills further investigated the contact behaviour between a grinding wheel
and a workpiece 1n grinding [Q1, 1997]. The measurement methods for assessment of
contact length were investigated. The applied power source method was judged to give
the most reliable measurement of contact length. The measured results confirmed that
the measured contact length 1s considerably longer than geometric contact length. It

was stated that there was considerable evidence that the measurements represented real

contact phenomena.
2.4 Grinding power partitioning

When calculating grinding temperatures using moving heat source theory, it 1s usually
assumed that thermal properties are temperature-independent. Isenberg and Malkin
took the effects of variable thermal properties on the temperatures into consideration in
their numeric analysis of temperature [Isenberg, 1975]. Two non-linear cases were

studied. One case was for carbon steel where the thermal conductivity decreased and

the specific heat increased with temperature. The other case was for a matenal where
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thermal conductivity decreased with temperature and the specific heat kept constant.
Compared with the constant-property model, the maximum surface temperatures were
found to be significantly higher with small Peclet numbers and strong heat sources, but
the average surface temperature within the band was much less affected by the
variations of thermal properties with temperature. The variable-property model also

indicated significantly larger transverse temperature gradients, a phenomenon that

should cause greater thermal stresses.

In order to predict the thermal damage threshold, the energy partitioning to the
workpiece needs to be determined. However, it is not practicable to measure directly
the heat input into the workpiece or energy partitioning to the various heat sinks within
the grinding zone. Rowe, Morgan, Pettit and Lavine therefore employed heat transfer
models to evaluate the energy partitioning analytically [Rowe 1990]. Several thermal
models were developed by employing different energy partitioning assumptions. The
eftects of each model on the predicted critical values of temperature and specific energy
were investigated. Based on the investigation, it was proposed to model the energy
partition based on a grain model using a non-steady heat solution. A simple way of
approximating the large reduction of heat into the grinding wheel resulting from the
above effect was to employ a factor based on the ratio of the wear flat area to the
workpiece contact area. This ratio was employed to modify the equation for the
partition ratio. The assumption of a composite wheel was another way to introduce a
modification of partition ratio which produced a similar order of change. In employing
the composite wheel-workpiece thermal models the analysis was simplified. However,

the results were wheel dependent.

Ramanath and Shaw investigated the abrasive grain temperature at the beginning of a
cut in fine grinding [Ramanath, 1988]. In any grnnding operation heat flows
periodically into the abrasive grains in the surface of the wheel during wheel-work
contact and is extracted during the remaining portion of a single revolution of the wheel.
If an assumption could be made that all of the heat flowing inward 1s extracted outward
during the cooling portion of a single wheel revolution, then the partition ratio for heat

entering the workpiece might be readily estimated. The research was focused on the

conditions under which the assumption represented an acceptable approximation. The
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theoretical values of the partition ratio were claimed to be in good agreement with the

measured values using aluminium grinding wheels and CBN grinding wheels.

2.5 The effect of coolant on temperature

Lavine proposed a simple model for convective cooling during the grinding process
[Lavine, 1988]. The functions of the coolant were summarised. The first function was
lubrication, thereby reducing the amount of heat generated. The second function was to
remove heat from the wheel and workpiece surfaces via convection. The third function
was to help to keep the grinding debris from sticking to these surfaces. Oil-based fluids
were better lubricants and water-based fluids were better coolants. The model
considered the wheel and grinding fluid to be a composite solid, moving at the wheel
speed. The properties of this composite were difficult to specify and were very sensitive
to the porosity of the wheel very near the workpiece surface. The model predicted the
convective heat transfer coefficient at the workpiece surface, the fraction of energy
entering the workpiece and the workpiece surface temperature. The model showed
remarkable agreement with published data for conventional and creep feed grinding

conditions.

Okuyama, Nakamura and Kawamura proposed a method to measure the heat transfer
coefficient 1n the vicinity of the wheel-workpiece contact zone [Okuyama, 1991]. The
accuracy of measurement was estimated by using the finite element method and the
factor for correcting the measured results was derived. The experiments were carried
out under different conditions of supplying coolant. The best methods to increase the
cooling efficiency were found. The first method was to set the velocity of coolant to
more than the critical value to penetrate the air flow layer formed around the wheel
periphery. The second method was to use a nozzle with a thin throat, about 1mm 1n
height, and attach a scraper plate above the nozzle outlet. The third method was to
choose a wheel of large grain size and dress roughly. The fourth method was to set a

higher wheel speed. Values of heat transfer coefficient were obtained in the

investigation.  Appropriate conditions for increasing the cooling efficiency were

clarified.

Kim, Howes and Gupta conducted an investigation to determine whether an economic

domain of shallow-cut grinding existed below the film boiling temperature [Kim,
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Howes and Gupta, 1997]. The investigation identified the potential benefits of grinding
below film boiling and provided preliminary theoretical evidence based on thermal
analysis of grinding and the results of previous research. The evidence showed that an
economic domain in shallow-cut grinding could exist. Their thermal analysis indicated
that specific removal rates of 16 mm’/mms might be possible with alumina wheels
operating at conventional wheel speeds with very small depths of cut. Film boiling of
the fluid 1n creep feed grinding was known to cause catastrophic overheating of the
workpiece and consequential thermal damage. In shallow-cut grinding, the
consequences of the fluid were less obvious but often just as catastrophic. The effect of
film boiling was explained. When film boiling occurs, the grinding fluid does not act as
an efficient coolant or lubricant, and the workpiece temperature and grinding forces rise
to match those of dry grinding. It was concluded that grinding below film boiling offers
several distinct advantages. Thermal damage to the workpiece surface was avoided as
cooling and lubricating properties of the fluid remain intact. The economic grinding

domain was identified for shallow-cut grinding.

Lavine and Jen used a thermal model which was previously developed to predict the
temperature in the grinding zone to predict the occurrence of film boiling of the grinding
fluid and to determine whether or not workpiece burn would subsequently occur
[Lavine, 1991]. Both film boiling and workpiece burn were assumed to occur at critical
grinding zone temperatures. The effect of various parameters such as fluid and grain
types were explored under conventional or creep feed grinding conditions. Grinding
fluids are used to lubricate and to remove grinding heat from the grinding zone. Under
some circumstances, the grinding fluid may undergo film boiling, causing a sudden
increase in temperature. The elevated temperature may or may not cause thermal
damage to a workpiece depending on a variety of factors. The occurrence of film
boiling was modelled by assuming that it occurs when a critical temperature was
reached. The critical temperature was approximately 100°C to 130°C for water and
300°C for oil. On occurrence of film boiling, the heat transfer to the fluid was
negligible. The consequence was a sharp rise in the workpiece background temperature.
For alumina wheels, this rise was insufficient to cause workpiece burn in conventional

erinding, but it did cause workpiece burn in creep feed grinding. For CBN wheels. the

heat removed by the abrasive grains was significant. As a consequence, higher grinding
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power was required to cause film boiling. Therefore, it was predicted that workpiece

burn would usually not occur even after film boiling occurs.

Jen and Lavine modified the earlier model to allow film boiling over a portion of the
grinding zone and later they indicated that the model was only valid when the grinding
power 1nput 1s uniformly distributed along the grinding zone [Jen, 1992]. Jen and
Lavine developed an improved general grinding model [Jen, 1995]. The improved
model accounted for the variation of heat fluxes along the grinding zone. With
appropnate modification, the improved model was used to account for film boiling with
variable heat fluxes [Jen, 1996]. An analysis that accounted for the effect of gas
entrapment 1n a cavity was presented to estimate the required wall superheat to initiate
the nucleate boiling of a bubble embryo. It was found that once nucleate boiling begins,
the bubble growth time required to blanket the workpiece surface was much smaller
than the time that a cavity stayed in the grinding zone, thus, the workpiece temperature
rose rapidly after the onset of nucleate boiling because the cooling effect of the grinding
fluid diminished in a very short time. It was claimed that the predicted maximum
temperatures were in good agreement with the experimental results and the predicted
workpiece temperature distributions along the grinding zone agreed qualitatively with
experimental results. The experimental results showed that when film boiling occurred,
the workpiece background temperature increase was greater under creep feed grinding

conditions than under conventional grinding conditions.
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Chapter 3 The triangular heat source solution

3.1 Theoretical basis

In grinding, a common cause of damage to machined parts arises from the intensity of
the energy input 1n the grinding zone. It has been suggested [Rowe, 1991] that thermal
damage can be avoided if the temperature of the workpiece surface is kept below a

critical level. It 1s therefore important to predict temperatures in grinding to control

thermal damage.

In order to 1dentify the temperature distribution in grinding, it was initially assumed that
the workpiece 1s a semi-infinite body and 1n order to simplify the heat transfer problem

1t was decided to take account of heat transfer in one dimension using the solution for an

instantaneous infinite plane heat source.

In the instantaneous infinite plane heat source theory as shown in Figure 3.1, the

temperature rise, due to an average heat flux resulting from a plane heat source at the

point M 1s [Grigull and Sandner, 1984]:

0 = - — (3.1)
47raz‘)/ exp( J

where

5 is the average heat flux of the infinite plane heat source

4 is the distance between the point M and the infinite plane heat source
t is the time period of temperature rise

It can be seen from equation 3.1 that the temperature at any point near the heat source

varies with the distance, z between the point and the plane. In other words. it 1s one

dimensional heat transfer.
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3.2 Heat flux distribution over the contact length

The grinding temperatures are dependent on the heat flux generated in the contact zone.
In order to calculate the grinding temperature, it is necessary to specify the heat flux
distribution 1n the grinding zone. The heat flux is often modelled as either a rectangular

or a triangular continuous planar heat source of average intensity q which moves along

the surface at the workspeed, as shown in Figure 3.2.

In grinding, the depth of grain penetration varies at different points along the contact
length between the grinding wheel and the workpiece. The largest depth of grain
penetration occurs at the start of contact, which is the point where the grinding whecl
contacts the workpiece first. The depth of grain penetration reduces gradually to zero
along the contact length. The heat flux from the heat source in the grinding contact area
1s not a uniform distribution. This viewpoint can be supported from the undeformed
chip thickness, since the i1dealized undeformed chip thickness 1s not uniform. The heat

generation progressively varies between the maximum chip thickness and zero. A

tritangular distribution 1s therefore reasonable.
3.3 Modelling the temperature field for a triangular heat source

The temperature in the grinding zone can be analysed assuming one dimensional heat
transfer for high values of Peclet number. In grinding, the Peclet number 1s high, so that
the flow of heat parallel to the workpiece surface can be neglected with respect to the
speed of the moving heat source. The heat flux generated in the grinding zone transfers
below the surface in the Z direction only. An arbitrary position on the workpiece 1s
affected by the heat source only when it traverses past the grinding contact zone, as

shown 1n Figure 3.3.

The triangular heat flux at an arbitrary position xj in the grinding contact area can be

expressed as

a(x,) = 2q(1- 5 (3.2

where:
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q 1s the average intensity of the heat source in the grinding contact area.

] 1s the length of heat source.

X 1S an arbitrary position in the grinding contact zone.

In Figure 3.3

T’ 1s the time period from an arbitrary point 1 on the workpiece entering the

erinding zone to the point reaching the position x..

T 1s the time period from the point o entering the grinding contact zone to the point

O

leaving the grinding zone.

so x; =1’v and 1 =1_v. Substituting these expressions into equation 3.2 yields

q(x;) = 25[1 - QJ (3.3)

(994

where

v 1s the velocity of the heat source

It can be seen that q is a function of argument t’ only, so the heat flux can be expressed

das.

q(r') = 25[1 - i] (3.3a)

-

0

In the moment dt’ at the time t’, q(t’) is the instantaneous heat flux of the heat source.

The quantity of heat transferred in this moment 1s,

r

0

q(z")dz"-: 25(1 —i]dr' (3.4)
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Theretore, the temperature rise of the arbitrary point M (x, 0. z) due to the effect of the
heat source 1n the grinding contact zone can be solved from the instantaneous plane heat
source, equation 3.1, based on superposition. The values in the temperature field

generated over time are superimposed on each other and the solution for a continuously

operating triangular heat source can be written as,

45[1 —-"—sz,.
n
O xzy = _[

Z2
= CXP| T 3.5
= cpJdralt - 7' p[ 40:(1‘ — r')] (3-2)

Evaluating the integration in equation 3.5 leads to, [Appendix 1]

s t 2 ] . - ) / 7
Q(Ilz)zq_f__ 4-&.._ 2z exp _Zz |, 49| z _ 2_}]_ | —erf] -2
coN T 3t, 3ar, dat | cpa | 3ar, T, \m

d‘

(3.6)

Equation 3.6 is the equation for the temperature rise of an arbitrary point M (x, z) in the

temperature field generated by a tnnangular heat source.

The maximum temperature at any position in the contact zone 1s on the surface of the

workpiece and therefore thermal damage always occurs at the grinding surface when

grinding either metals or other material. The maximum temperature at the surface

corresponds to z = 0. The temperature at the contact surface is given by

6,0 = _ﬂ(l — ._g_{_} (3.7)

coN T 37,
where
t is the time since a position entered the contact zone expressed as
X, [
t=— Or t=— (3.7a)
v 1.1
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Q|

1s the length of the heat source in the time t

1S the total time of contact

T, =— (3.7b)

1S an arbitrary position in the grinding contact zone

1s the average heat flux in the grinding contact zone expressed as

5:- = (3.7¢)

1s the grinding power
1S the area of the contact zone

1s the proportion of the energy entering the workpiece

1s the thermal diffusivity

a = — (3.7d)

The temperature in the contact zone is therefore obtained from equation 3.7 to 3.7d as

In order to evaluate the temperature distribution in the grinding zone each value in

equation 3.8 has to be estimated. The problem of value estimation i1s discussed In

4R P./I. _[ ___;_1_{_] 3.8)

9  —
0 An(xpee),v,

chapter 4.

[t 1s necessary to determine the maximum temperature value in the grinding contact

zone. The maximum temperature in the grinding zone occurs at the position where the

temperature gradient 1s zero.
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- =0 (3.9)

Ar(xec) v, (241 31 2 | 5.19)
Rearranging equation 3.10, yields

[ = —1-1 (3.11)

] 2 .

[t can be seen from equation 3.11 that the maximum temperature occurs at the middle of

the contact length.

Substituting equation 3.11 into 3.8 the maximum temperature is

0, =1.064——x__ | L (3.12)

AJ(cpr), V.

3.4 Summary

[t was assumed that the workpiece 1s a semi-infinite body so as to simplify the heat
transfer problem into one dimension. The solution for an instantaneous plane heat
source was applied to obtain the temperature solution for a triangular heat flux

distribution. The maximum temperature 1s found at the middle of the contact length.
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Chapter 4 A thermal model for form grinding

4.1. Geometric contact length for different forms

The area of the contact zone influences grinding temperature. In form grinding the
contact area between the workpiece and the grinding wheels is different for different

workpiece profiles. A complex workpiece profile can be considered to consist of

several elementary shapes. It 1s therefore necessary to discuss some basic contact

conditions separately.

The contact 1n form grinding 1s more complex than in cylindrical and surface grinding
due to the vanation of the contact length. The geometric contact length i1s discussed in

the following sections for different shapes of workpiece and then the real contact length

1s introduced.

There are a variety of shapes of workpiece in which form grinding 1s required. Of the
various shapes, the vee shape is one of the most common shapes in industnal
application. The vee shape is an important elemental shape because many forms can be
derived from an analysis of the vee shape. The vee shapes can be further classitied as

vee shapes, inverted vee shapes and unsymmetrical vee shapes.
4.1.1 Face grinding

Workpieces involving a vee section are illustrated in Figure 4.1. The shape with an
angle of 90 degrees is a frequent occurrence. Such operations are commonly used to

simultaneously grind an external cylindrical surface and a plane shoulder surface.

To simplify the problem, the operation considered initially is straight grinding of a
horizontal plane surface and a vertical plane on a horizontal surface grinding machine.

The surfaces to be ground are the horizontal surface, BC and the vertical surface, AB.

The geometric contact length on the surface BC is given by the usual expression

| =.ad (4.1)

g e e

where
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a, s the effective depth of cut of the grinding wheel

d, is the effective diameter of the grinding wheel

The geometric contact length on the surface AB need to be studied in more detajl.

The geometrical relationship between the grinding wheel and the workpiece is shown in
Figure 4.2 for the surface AB. When grinding the vertical plane surface, the cutting
load 1s concentrated near the edge of the wheel and the wheel comer will become
rounded [Malkin, 1989]. To make it clear, the corner has been enlarged. It can be seen
that the contact area between the grinding wheel and the workpiece consists of arcs M
and N. The contact length in face grinding the surface AB, is approximately part of a

circle centred on the grinding wheel axis. The contact length varies at different

positions across the contact zone.

In Figure 4.2:

a 1s the depth of cut.

N 1s the wear radius on the edge of the wheel.

M 1s a contact arc on the workpiece in the contact zone.
h, 1s the height of the workpiece face.

X, Y, z are the Cartesian co-ordinates referenced to the workpiece

The zone of matenal removal between the workpiece and the grinding wheel 1s not the
whole area of contact between the grinding wheel and the workpiece but 1s restricted to
the edge of the grinding wheel. After dressing the grinding wheel, there 1s a small
rounded comner on the grinding wheel profile. When grinding, the matenal removal rate
1s concentrated on the rounded comer of the wheel so that this area 1s worn rapidly and
the radius of the rounded comer is enlarged. In practice, the operator always puts a

small radius on the edge. The material removal is then concentrated on the radius which

tends to increase 1n size as the grains wear.
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The geometrical contact between a grinding wheel and a workpiece is illustrated in
Figure 4.3. Figure 4.3 1llustrates the cross-section D-D through the point P in the
contact area and across to the grinding wheel axis. The curve of intersection between
the cross section D-D and the edge of the grinding wheel 1s the arc AB. In order to

calculate the contact length at the point P at the edge of the wheel, a tangential line can

be drawn to point P. The profile angle a at the point P can be determined.

The depth of cut can be expressed as

a, =h, - %—(ds -d,) (4.2)

The effective diameter of the grinding wheel at P can be expressed as

d =d (4.3)

ep Sp

The geometric contact length at the point P in face grinding is therefore

lg = anpdsp (4.4)
where
h, is the height of the workpiece
d,, is the diameter of grinding wheel at point P
o is the angle of the profile of the rounded corner of the grinding wheel at P

a,, is the depth of cut at point P

It can be seen from equation 4.4 that the contact length is varied with the height of the

workpiece and the diameter of grinding wheel. It can also be seen that equation 4.4 can

be expressed approximately as equation 4.5 1f the rounded corner of wheel 1s 1gnored.

| =.h.d (4.5)

£ W' 5
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This follows because the radius of the rounded corner of the grinding wheel is very

small compared with the diameter of the grinding wheel.

4.1.2 Vee and inverted vee form grinding

In this section, the geometric contact lengths for vee and inverted vee form workpicces
will be discussed. The vee and inverted vee form surfaces consist of two flat surfaces
which are inclined at the angles o and B relative to the vertical direction. The vee and

inverted vee form workpieces and the grinding wheels are shown in Figure 4.4.

Figure 4.5 shows the geometric relationship between the workpiece and the grinding
wheel 1n 1nverted vee form grinding. The grinding wheel is formed to the required

profile of the workpiece to be ground. The infeed direction of the grinding wheel is 90°

relative to the grinding wheel axis.

[n Figure 4.5, the profile consists of a long flank and a short flank. The profile angle for
the short flank 1s a and the profile angle for the long flank is f3.

The contact length vanies across the profile of the flank. The contact length at an
arbitrary point on the contact profile can be viewed by making a cross section
perpendicular to the axis of the grinding wheel through the point. In Figure 4.5, a cross
section marked D-D 1s made through a point B on the contact profile. The plane ot the
projected view 1s made parallel to the short flank of the workpiece surface. Within the

plane of the projected view, the wheel is an ellipse of major axis d; and minor axis

dsina. A cutting point on the wheel periphery can be considered to move through the
arc length of contact AB at the peripheral wheel velocity v,. At point B, the radius of

curvature of the ellipse is d/2sina.. The ‘effective’ diameter of the grinding wheel at
this point 1s,

d =2 (4.6)

e .
SIN &

In this projected view, the ‘effective’ depth of cut of the grinding wheel normal to the
flank surface is
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d, = asina (47)

Based on the calculation of contact length in surface grinding, the contact length in the

section D-D 1s calculated using the effective grinding wheel diameter and the normal

depth of cut.

l, =4a,d, (4.8)

Substituting equations 4.6 and 4.7 into equation 4.8, yields,

[, = \ad, (4.9)

From equation 4.9 1t can be seen that the geometric contact length does not depend on

the profile angles a and B and the geometric contact length is the same as in horizontal
surface grinding of a horizontal flat surface. The geometric contact length is determined
by the depth of cut and the diameter of the grinding wheel only. Because the vertical
depth of cut 1s constant while the grinding wheel diameter varies across the inclined
surface, the contact length varnies across each tlank. The contact length 1s shortest at the
apex of the inverted vee form. The value of contact length increases across each flank
from the apex to the sides of the flanks of the inverted vee form. The contact zone on
each flank consists of all the contact lengths on the flank. It 1s seen from the above

analysis that the contact zone on the inverted vee form 1s as shown 1n Figure 4.6.

The geometric contact lengths for the vee form can be evaluated by the same method as
for the inverted vee form. It may also be seen from the above analysis that the value of
the longest contact length is in the valley of the vee form because the maximum
diameter of the grinding wheel contacts at this point. The contact length decreases along

each flank from the valley to the tops of the flanks of the vee form.
4.1.3 Flute form grinding

In flute form grinding, the workpiece profile consists of curves with different values of
radius of curvature as illustrated in Figure 4.7. The grinding wheel is formed to the
required profile of the workpiece to be ground. The feed direction of the grinding wheel

is normal to the grinding wheel axis. In Figure 4.7 a tangential line can be drawn at an
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arbitrary point P of the profile. The angle o 1s defined as the angle between the

tangential line at point P and the end surface of the grinding wheel. A cross section M-

M through the point P on the contact profile and perpendicular to the grinding wheel
ax1s can be considered. In the cross section, the contact length can be calculated usine

the same method as used for the vee and inverted vee forms.

The eftective depth of cut of the grinding wheel normal to the tangential line of the

point P 1s,
a, =asina (4.10)

The eftective diameter of the grinding wheel at the point P is,

ds
d, =— (4.11)
SIn &
The geometric contact length at the flute form is,
[, =4ad, (4.12)

The geometric contact length between the workpiece and the grinding wheel 1s only
determined by the vertical depth of cut of the grinding wheel and the diameter of
grinding wheel at the point P. Since the vertical depth of cut i1s constant and the
grinding wheel diameter varies across the curve profile of workpiece, the contact length

also varies across the curve profile of the workpiece. The maximum contact length 1s 1n

the valley 1n the flute form.

4.1.4 Angle approach grinding of a cylinder and a shoulder

The distinctive feature of angle approach grinding is that the grinding wheel axis and the

workpiece axis are not parallel. The angle between the workpiece axis and the grinding

wheel axis 1s defined as ¢, shown 1n Figure 4.8

The infeed direction of the grinding wheel is presented by the angle ¢,. which is the

angle between the infeed direction and the workpiece axis. Based on the relationships
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shown 1n Figure 4.8, the effective depth of cut of the grinding wheel normal to the

external cylindrical surface is,
a, =asmg, (4.13)
The effective depth of cut of the grinding wheel normal to the shoulder surface is.
a, =acosy, (4.14)

In conventional grinding, the cylindrical surface is generated by infeeding the
cylindrical wheel perpendicular to the axis of the workpiece. In angle approach
grinding, the cylindrical surface 1s generated by infeeding the formed wheel at the angle
O to the axis of the workpiece. When the grinding wheel axis is inclined at an angle ¢,

relative to the workpiece axis, the periphery of the grinding wheel appears to be an
ellipse [Malkin, 1989]. A projected cross-section I-I is shown at Figure 4.8 where the
wheel diameter 1s d; The grinding wheel 1s an ellipse in the projected view when seen

in a direction parallel to the workpiece axis. The grinding wheel appears as an ellipse of
major axis d,; and minor axis d, cos¢,.. The workpiece is a circle of diameter d,,. The
radius of curvature at the cross section I-I 1s d /2 cos¢,.. The effective equivalent
diameter of the grinding wheel at the cross esction I-I 1s given approximately by,
d
d =—3 (4.15)

ec d
sl
cosg, + y

wl

When ¢, = 0, equation 4.15 is equal to the usual equation for external cylindrical

grinding.

The geometric contact length between the cylindrical surface of the workpiece and the

grinding wheel 1s,

[ =.\la d (4.16)

g ncoec

Substituting equations 4.13 and 4.15 into equation 4.16 gives
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(4.16a)

The contact length between the cylindrical surface and the grinding wheel is calculated

using equation 4.16a.

The same method may be used for the analysis of the contact length on the shoulder
surface. A projected view of the cross-section II-II is also shown at Figure 4.8 where

the diameter of the wheel 1s d ;. The projected view of the cross-section II-II is an
ellipse of major axis d; and minor axis d sind ., the radius of curvature at the cross

section II-II 1s d/2s1n¢,.. The effective equivalent wheel diameter at the cross section

11-11

ds[!

siIng,,

d =

es

(4.17)

The contact length between the shoulder surface of the workpiece and the grinding

wheel 1s,

[ =.la..d (4.18)

gs es es

Substituting equations 4.14 and 4.17 into equation 4.18 gives,

d
I, = /acosgbf — (4.18a)
S gQ,

The contact length between the shoulder face and the grinding wheel 1s calculated using

equation 4.18a.

It is seen from equation 4.16a that the contact length between the cylindrical surface and

the grinding wheel is determined by the fixed angle ¢, the approach angle ¢, the depth
of cut, the diameter of the grinding wheel and the diameter of the cylindrical workpiece

surface. It is seen from equation 4.18a that the contact length between the shoulder
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surface and the grinding wheel 1s determined by the angle ¢, the approach angle ¢, the
depth ot cut and the diameter of the grinding wheel.

It 1s also found that the depth of cut of the grinding wheel into the workpiece in the

direction of the infeed 1s constant. However, the normal depths of cut on the shoulder
surface and the cylindrical surface vary with the approach angle ¢, As the approach
angle ¢, 1s increased, the depth of cut increases in the cylindrnical surface and the depth
of cut reduces 1n the shoulder surface. Therefore, increasing the approach angle, which
increases the depth of cut on the cylindrical surface, increases the contact length

between the cylindrical surface and the workpiece. The depth ot cut on the shoulder

surface reduces and the contact length between the shoulder surface and the workpiece

1s reduced.

Where the infeed direction of the grinding wheel is normal to the grinding wheel axis,

the relationship between the angle ¢, and the approach angle ¢;1s,
d)f T ¢ws — 900 (4 1 9)

Substituting ¢, = 90° - ¢, into equation 4.16a and equation 4.18a, yields

a cos ¢ d (4.16D)
cosg  +—>

!

_ fad, (4.18b)

'\J‘
a is the depth of cut measured in the infeed direction and 1s given by a =md L

| %

H.F

where v, is the feedrate and v, is the rotational speed of the workpiece.

Equation 4.16b is for the contact length between a cylindrical surface and the grinding
wheel where the infeed direction is normal to the axis of the wheel. Equation 4.18b 1s

for the contact length between the shoulder surface and the erinding wheel where the

infeed direction is normal to the axis of the wheel.
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[t 1s seen from equation 4.16b that the contact length between the cylindrical surface and
the grinding wheel is determined by the fixed angle ¢, the diameter of the grinding
wheel, the diameter of the cylindrical surface of the workpiece and the depth of cut of
infeed direction. When the angle ¢,, and the depth of cut are constant, the contact

length between the cylindrical surface and the wheel is determined by the diameters of

the wheel and the cylindrical surface. Therefore, increasing the diameter of the wheel,

iIncreases the contact length.

It 1s seen from equation 4.18b that the contact length between the shoulder surface and

the grinding wheel 1s independent of the angles ¢, and ¢, The contact length is only
determined by the diameter of the grinding wheel and the depth of cut.

[t can be seen from above analysis that the geometric contact length 1s different for the

different workpiece shapes.

The geometric contact length for the vertical face in horizontal surface grinding 1s,

lg = \/anpdsp (4.4)

The geometric contact length for the vee form and the inverted vee form in horizontal

surface grinding 1s,

[, = \Jad, (4.9)

The geometric contact length for the flute form in horizontal surface grinding is,

|, = \Jad, (4.12)

The geometric contact length between a cylindrical surface of a workpiece and the

wheel in angle approach grinding 1s,

(4.16a)
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The geometric contact length between the shoulder surface of a workpiece and the

grinding wheel in angle approach grinding is,

d
| = ’a COS 7
o ?, ing_ (4.18a)

The diameter varies with position around the profile of the grinding wheel. The contact

length at a particular position on the profile of the grinding wheel is determined by the
diameter of the grinding wheel at that position. The maximum contact length is where
the diameter of the grinding wheel is a maximum. Where the difference between the

maximum and the minimum diameters of the grinding wheel in the contact area is small,

the average diameter 1s used for calculation of the contact length.

4.2 The real contact length

Although the geometric contact length can be used in prediction of grinding
temperature, 1t 1s found that real contact length may be 1.5 to 3 times the geometric
contact length [Q1 and Rowe, 1997]. If the difference between the real contact length
and the geometric contact length 1s large, a significant error will result in the
temperature predicted. To predict grinding temperature more accurately and reliably, it
1S necessary to use the real contact length. A real contact length model for grinding was
developed by Rowe and Q1 [Rowe and Qi, 1993]. This model was applied to
temperature prediction for form grinding. The model indicates that the main parameters
influencing contact length are the real depth of cut, the elastic deflection of the grinding
wheel and the surface topography of the grinding wheel. The real length of contact, 1,
1s given by the orthogonal relationship between the contact length due to deflection, I,

and the geometric contact length 1.
l
=2+ (4.20)

The geometric contact length, 1, is given by the geometrec contact length for different

workpiece shapes as shown in equation 4.4, 4.9, 4.12, 4.16a, 4.13a.

The contact length due to elastic deformation, 1, 1s given by
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F %
/, = (Ser ; (K. + Kw)de] (4.22)

where K, the compliance of the grinding wheel is

K. = 5 (4.23)

1 -02
K = L (4.24)
nk
R 1s a roughness factor which characterizes the grinding wheel topography

E 1s the modulus of elasticity of the grinding wheel

E, 1S the modulus of elasticity of the workpiece
VL 1s the Poisson ratio
F_ 1s the normal grinding force

b 1s the grinding width

The application of equation 4.22 1s Iimited as the value of the normal force must be
known. The normal force cannot be readily obtained in most industnal gnnding
processes. However, the normal force can be estimated from the tangential force by
assuming a value of the coefficient of friction. T<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>