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Abstract

A study of a noncircular workpiece grinding mechanism for improving the quality of noncircular grinding was conducted. By
combining the principle of heat transfer, the geometry, and the kinematics in the high-speed grinding of noncircular workpiece, a
variable heat flow distribution model was developed to evaluate the temperature field. Through a reasonable hypothesis and
simplification, a three-dimensional (3D) finite element (FE) simulation model was established based on the variable heat source
distribution model. The temperature field in the workpiece was simulated with a 3D transient thermal FE code. The grinding
temperature test platform using an infrared thermal imager was established. Experimental results were compared with the results
of a simulation; the comparison results showed that the temperature field obtained from ANSY'S and the infrared thermal imager
were nearly identical, the maximum error was 5.91%, and the simulation results truly reflected noncircular high-speed grinding
heat conditions. Based on the analysis of experimental and simulation results, the influence of grinding process parameters on the
grinding temperature in high-speed grinding of the noncircular workpiece was revealed. This work should be helpful in solving
the problem of thermal damage on the surface of noncircular workpieces during high-speed grinding.
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Nomenclature X; Location of any point i in positive x direction (mm)
v The resultant relative velocity between the grinding 7 The radius of grinding wheel (mm)
wheel and the workpiece (m s ") Vs The grinding wheel speed (m s ')
vy The infeed velocity (m sH ny, The workpiece speed (rad min )
Vyy The relative velocity of workpiece (m s ') a, The grinding depth (mm)
w the angular velocity(rad/s) b The grinding width (mm)
0 The angle of the contact entry point (rad) Gy The average heat flux into the workpiece (W m )
() The workpiece rotational angles (rad) q; The total heat flux in grinding contact zone (W m™?)
M ; The specific material removal rate qs The heat flux density into the grinding wheel (W m )
\% The volume of removed material(mm?) q. heat flux due to convection (W m ?)
Ty The radius of curvature of the workpiece (mm) P The net grinding power (W)
I The length of contact arc (mm) R, The heat partition ratio to the workpiece
13 The angle between the starting point and arbitrary (Dimensionless)
point on the grinding arc area B,,  The thermal contact coefficient of workpiece material
(Wm2K™")
ky The thermal conductivity of workpiece material
P4 Zhaohui Deng W m ! K_])
edeng0080@vip.sina.com kg The abrasive thermal conductivity (W m™' K™")
Py The material density t of workpiece (kg m )
' Hunan Provincial Key Laboratory of High Efficiency and Precision ¢, The specific heat capacity of the workpiece material
Mgchining of Difficult to Machine Material, Hunan Un.iversity of {J kgil Kfl)
Science and Technology, Xiangtan 411201, Hunan, China h The heat transfer coefficient (W m72 Kﬁl)

Intelligent Manufacturing Institute, Hunan University of Science and 7o

! ! The effective contact radius of abrasive particles (mm)
Technology, Xiangtan 411201, Hunan, China
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Ocr The Real-time power of grinding (W)
The idle power of grinder (W)

o) The heating power of heat source (W)
T The measured temperature (°C)

T, The Simulation temperature (°C)

T, The ambient temperature(°C)

1 Introduction

Noncircular workpieces are extensively used as key compo-
nents in many industrial fields, such as camshafts and oval-
section pistons. Their machining quality plays a critical role in
the motion control accuracy and durability of engines in the
automotive industry [1]. In addition, for noncircular grinding
and mass production, it is far from easy to guarantee high
grinding quality and high processing efficiency simultaneous-
ly [2, 3]. In recent years, with the wide use of cubic boron
nitride (CBN) wheels, high-speed grinding shows great ad-
vantages in improving quality and efficiency [4], and the
workpiece material is machined by more grains which will
lead to a smaller force, less wheel wear, better surface quality
[5], which can further improve the machine efficiency dramat-
ically. However, most of these focus on infeed or effective
depth of cut [6] and do not consider the thermal damage
caused by the high temperature, such as surface burn, over-
tempering, residual tensile stresses, cracking, and
rehardening.

Therefore, theoretical investigation of grinding temper-
ature field is required, as stated by Malkin [7]. A model
was created for the dry grinding of ferrous materials by
Guo [8, 9], which has been successful for shallow grind-
ing. Later, a partition ratio model was created by Rowe
[10], which could be used to calculate the temperature in
the shallow or deep grinding of different workpiece ma-
terials and grinding wheels. Jiang and Ge [11] created an
integrated model of the surface grinding process while
considering the complicated microscopic interactions be-
tween grains and workpiece material in the grinding con-
tact zone, and experimental results demonstrated that the
model was in good accordance under dry and wet grind-
ing conditions. The heat load is regarded as a consecutive
heat source moving at the workpiece velocity. The ther-
mal analysis mainly requires knowledge of the form of the
heat source (parabola distribution [12], triangle distribu-
tion [13], the Rayleigh distribution [14]), the temperature
right round the grinding zone (by the thermocouple [15],
thermal infrared imager [16]), the actual contact length
[17], and so on.

Many examinations of the thermal effects in grinding have
been conducted both analytically and numerically. Numerical
simulation of the grinding process increased significantly as
the development of computer technology [18]. Researchers
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had more powerful and affordable method to predict work-
piece temperatures by implementing numerical models with-
out having to carry out many tedious experiments [19]. Li [20]
created a stochastically grain-discretized model that consid-
ered grain-workpiece micro interactions (i.e., rubbing,
plowing, and cutting) and was successful for 2D/3D temper-
ature mapping prediction in surface grinding. Nguyen et al.
[21, 22] developed temperature-dependent finite element heat
transfer model to describe the temperature field of traverse
cylindrical grinding and plunge cylindrical grinding process.

Furthermore, for the grinding temperature in noncircular
grinding, few studies have been conducted [23]. In addition,
a thorough understanding of the kinematic relationships in the
high-speed grinding of noncircular workpieces is necessary.
Once this is obtained, a heat model based on the geometric
model can be used to predict grinding temperatures, which is a
help to reveal the evolution law of grinding thermal in noncir-
cular grinding.

This study was concerned with the high-speed grinding of
noncircular workpieces in various applications. The main re-
search content was as follows: (1) with the investigation of
generalized models of geometry and kinematics for high-
speed grinding of arbitrarily shaped noncircular workpieces,
a variable heat flow distribution model for noncircular high-
speed grinding that considers instantaneous variations of the
geometric, kinematic, and specific grinding energy in the
workpiece was established; (2) numerical simulations were
developed to calculate the temperature distribution in the
workpiece during noncircular cylindrical grinding; (3) grind-
ing experiments were performed by using an infrared system
to measure the grinding temperature for validating the analyt-
ical and numerical model.

2 Model description

2.1 Geometry and kinematics of noncircular
peripheral grinding

The geometry and kinematics of generalized noncircular
peripheral grinding are illustrated in Fig. 1. The speed of
the grinding wheel and the workpiece rotating, wheel
infeeding, and radial retracting generate an arbitrary non-
circular profile on the workpiece. For the sake of simplic-
ity, it is assumed that the grinding wheel is regarded as a
relative movement around a fixed noncircular workpiece
in the deduce of the grinding kinematics [24]. The work-
piece rotational angle ¢ represents the fundamental inde-
pendent argument used to the grinding process modeling.
In the actual grinding scenario, w() is the angular ve-
locity of the noncircular workpiece. The infeed speed of
grinding wheel v, (@) and the relative speed of workpiece
viu(©), as well as the resultant relative velocity v,(¢)



Int J Adv Manuf Technol (2020) 107:3581-3592 3583
/ dv oVop oV v,(o)
M = — = - 4
w(@) = (0) = 305 = 39 Zaru(e) )
where
L. 1 L. 1 A 1
V(o) = 0(1A5 3 A0 TG, S r(elaoTiSon 3 2w )
(5)

A\ o o

1-\.-(?’
Fig. 1 Kinematics and geometry of noncircular grinding

between the wheel and the workpiece are given with the
angle . The relationships as follow:

V(@) = w(@)rw(e)

vi(@) = vu(@)sin(e + 6())
' cond (o) , (1)
(@) = V(@) (cos(@ + 8(¢))cosd—sin(¢@ + 8(¢))sind(¢))
! conf(¢)
0(p) = arcsinM (2)

Ts

All velocities vary with respect to ¢ during rotation of the
workpiece because of the vary geometry: (1) the distance be-
tween the center of grinding wheel and the rotation center of
noncircular workpiece OO, and (2) the angle of the cut-in
point 8(¢) and the radius of curvature r,,(¢) are continuously
changing. The contact length /.(¢) also varies at each instant
of workpiece rotation, which is correspondent to the differ-
ence between the angle of the cut-in point 8(¢) and the angle
of'the cut-out point 8 ' (¢). The deformations of the wheel and
the workpiece is neglected, so /(@) is given as [24]:

() = ,(8'(#)-0(¢))
- () e @)

where 7 is the radius of the grinding wheel.

The specific material removal rate M /W((p) is the other sig-
nificant output of the geometrical and kinematic model, which
is further used as a pivotal parameter in the heat model. The
calculation of the specific material removal rate variation,
M, (@), is based on the derivative of volume of the removed
material V with respect to time:

From Fig.1 A and B, respectively, are the cut-in point and
the cut-out point with the workpiece rotational angle ¢, and C
and D, respectively, are the cut-in point and the cut-out point
with the workpiece rotational angle @,. r( is the radius of
curvature of the workpiece contour in the contact cut-in point,
7y is the radial distance of the contact cut-out point, 7, is the
radial distance along the contact zone, and b is the grinding
width.

In cylindrical grinding, it should be noted that both
I.(¢) and M'W((p) are constant [25]. In contrast, because of
the discontinuous form movement of the noncircular contour,
the specific material removal rate and contact length are dy-
namically changed, finally, results in modification of the
grinding temperature, and it can even cause thermal damage.

2.2 Thermal model of noncircular peripheral grinding

Hitherto, many heat flow distribution models have been pro-
posed based on surface grinding, such as the triangle distribu-
tion heat source model and rectangular heat source model.
However, it is far more complicated for the situation of non-
circular grinding, and the temperature field distribution is sig-
nificantly different from the other grinding ways because the
contact length and the specific material removal rate change
throughout the rotation of the workpiece, and the heat flow
into the workpiece and the specific energy also vary with
changes in both /.(¢) and M ;((p)

The quadratic curve heat flow model was assumed based
on the special chip in the process and abrasive dust thickness
changes in cylindrical grinding, and it could accurately predict
the high-speed cylindrical grinding temperature [26].
Noncircular peripheral grinding can be regarded as the stack
of countless cylindrical grinding. According to the geometry
and kinematics of noncircular grinding, it was assumed that
the actual heat flow into the workpiece during noncircular
grinding also presents a conic distribution. Therefore, a new
heat flux distribution model (see Fig.2) which is similar to the
curve profile was developed to calculate the temperature and
energy partition ratio in the noncircular grinding.

As in Ref. [26], a quadratic distribution was described as:

o) =g (~ 25 + 1) ©)
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Fig. 2 Realistic heat flux to the workpiece in the noncircular grinding

x; is shown in polar coordinates:
%5 = r(@)sing (7)

Substituting Egs. (3) and (9) into Eq. (8), the function of the
heat source distribution in the form of polar coordinates is as
follows:

o(0.0) = a, <wa+ 6 2Ma>
sUp sYp
®)

Here, & is the angle between the starting point and arbitrary
point on the grinding arc area, and g,,, is the heat flow into the
workpiece and can be expressed as.

P
= qu = 7Rws
qw qt s blc
P
= Ry )
b(l + V—W> PRLICIL
Vs (@) + 75

where P =F, x v, which is relevant with the specific material
removal rate variation M /W(cp), and R, is the heat partition
ratio between the workpiece and the grinding wheel. It is seen
that the heat flow varies with the radius of curvature r,,, while
r,, varies with the workpiece rotational angles ¢. So, the heat
source distribution is variable with the workpiece rotational
angles.

Many scholars have performed extensive research on
the heat partition ratio of grinding, and they have pro-
posed many theoretical models for different grinding con-
ditions [27]. However, the actual grinding process is com-
plicated, and the heat partition ratio to the workpiece R,,
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is a variable. It is related to grinding wheel’s line speed
vs, workpiece speed n,, grinding depth a,,, material prop-
erties (k, p, ¢), and so on. The previous theoretical models
were established in a certain hypothesis to simplify the
modeling process and cannot completely reflect the actual
grinding situation, especially for more complex grinding
process of noncircular contour parts. In the situation here,
based on the previous research, a more straightforward
approach to determine the heat partition ratio in the work-
piece was used.

Unlike the previous method to calculate the heat partition
ratio based on the theoretical analysis, a method is presented
here to determine the heat partition ratio based on the surface
temperature of the workpiece measured during the grinding
experiment in combination with that obtained by numerical
calculation. As shown in Fig. 3, Ogr and O, are the grinding
power and the idle power of the grinder, respectively, which
can be measured by a digital power meter. The thermal parti-
tion ratio R,, is estimated according to the existing theoretical
model of grinding heat partition. Based on the variable heat
source model and theoretical heat partition ratio, the predicted
grinding temperature is determined by finite element (FE)
simulation. By fitting measured temperatures to the predicted
response using FE simulation, the actual heat partition ratio of
the workpiece is determined.

In this research, henceforth, an automobile camshaft is used
as a typical noncircular workpiece to study the grinding
temperature.

Measuring T+ O

[ Q. =9z - Crn ]

Y

[ Assuming g:and R ].—

Calculate T |

T

No

Determine

q,and R,

Fig. 3 Calculation procedure of heat partition ratio
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3 Numerical simulation of temperature
in noncircular high-speed grinding

3.1 Process of the numerical simulation

Three-dimensional, multi-step transient thermal models were
established by the FE software ANSYS 15. Figure 4 illustrates
the schematic diagram of heat transfer during the grinding of a
camshaft. The temperature field of the entire workpiece was
calculated based on an unsteady state heat conduction equa-
tion, which is the basis of finite element simulation of heat
transfer.

6k8T 6k6T GkaT
(o) 5 () e (g) v
dT

= pc ar (10)
in which g is the heat rate per unit volume generated, where p
is the density of the workpiece and c is the specific heat, and &
is the thermal conductivity. The camshaft was made of chilled
cast iron, and the material properties are listed in Table 1.

It is necessary to make some assumptions and simplifica-
tions for the heat transfer model on the basis of the actual
grinding conditions to improve the accuracy of the simulation.
Therefore, in addition to the basic assumptions, the following
assumptions and simplifications were made for the simulation
model of the high-speed grinding of camshafts:

(1) When the simulation model was established, the abrasion
of the grinding wheel and the phase change of the cam-
shaft material were not considered;

qc

4c

qc T

Fig. 4 Conduction in the workpiece during noncircular high-speed
grinding

(2) Because the grinding experiment used the dry-grinding
method, the cam surface and the surrounding environ-
ment of heat convection were negligible.

A 3D thermal solid element Solid 90 was selected for tran-
sient nonlinear thermal analysis, and which is suitable for
describing curved boundaries. Through a comparative simu-
lation of the three different unit specifications (0.01, 0.05, and
0.1 mm), it was found that the difference of calculation results
from 0.1 to 0.01 mm was less than 5%, but the calculation
time greatly increased. Therefore, the mesh was divided ac-
cording to the unit size of 0.05 mm.

In the grinding process, the cutting fluid is difficult to enter
contact area of wheel-workpiece. Some researchers have dem-
onstrated that the heat transfer mechanism of the dry-grinding
process is similar to the actual grinding [12, 16, 28]. So this
study mainly focused on the dry-grinding process of the cam-
shaft, without considering the heat taken away by the grinding
fluid, and the heat take away by the abrasive chip thickness
was neglected, i.e., heat flux due to convection g.=0. The
ambient temperature 7., is set as 25 °C according to the actual
experimental circumstances, 4 is the heat transfer coefficient.
Therefore, the energy distribution relation of the contact re-
gion is as follows.

9= gy + 45 (11)

where g, is the heat flux density that flows into the grinding
wheel, according to previous work [17]. Thus,

0.974k, 1"
* ﬁw\/rovs:| (12)

Therefore, ¢,, can be expressed by the following formula:
0974k, 1" P
l.-b

w= 1+
1 [ Bur/ToVs

Here, 3,, is the thermal contact coefficient of the workpiece
material, &, is the thermal conductivity of the workpiece ma-
terial, p,, is the workpiece material density, ¢, is the specific
heat capacity of the workpiece material, and k, is the abrasive
thermal conductivity. For CBN wheels, k; =240 W m 'k
and ry is the effective contact radius of the abrasive particles.
Typical calculation values were adopted in this study, ro =
15 pm.

According to the heat flux models obtained by the above
calculation, the simulations of grinding temperature were per-
formed. According to the calculation process shown in Fig. 3,
the true heat flux of the workpiece was continuously
corrected. As in the grinding process, the time to change the
workpiece surface temperature distribution also showed sig-
nificant changes, so transient thermal analysis was chosen.
The heat flux with the change in time imposed was constantly

ws

p— qw f— |:
9y 14y

(13)
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Table 1 Material properties of chilled cast iron Digital Wheel
Power Meter
Workpiece Density p Thermal Specific heat
(kg m*) conductivity capacity ¢ """“;:‘1‘1‘.!"_"]:'”"“‘
FWm'KY) ke 'K Eﬂé "
Chilled cast 7220 50.24 460 L Efastic cenier
g 3
G|

varying, so the time step and load step types needed to be
defined, and each step was divided into several substeps.

In the process of camshaft grinding, the direction and size
of the heat flux changed with the grinding process. It was
essential to select the appropriate coordinates to achieve the
loading of the heat source for the simulation of the grinding
temperature. According to the characteristics of the cam-
grinding process, each load step heat source was turned by
1°, and the time of each load step was determined by the
rotation speed of the cam. The cam contour surface was sub-
jected to multiple segmentation processing according to the
actual grinding conditions, and the corresponding relation of
grinding area with time was established. The grinding arc was
substituted for its secant line, the heat flux was projected to the
coordinates for the direction of the secant, and the load along
the direction of the coordinate values on the corresponding
moment was acquired by calculation. The load value and
loading direction of the heat flux change over the direction
of the tangent line of the grinding arc. The ratio between the
actual load value and the calculated theoretical value should
be taken as the correction coefficient, which was used to cor-
rect the load value on the coordinate axis, and the loading load
at the previous time should be deleted and then reloaded with
the modified value to guarantee the correct loading of thermal
load. This step was repeated until all time steps were
completed.

ANSYS

R15.0

20

77.9558
135,911
193.867
zsx.ez:H
309.778
367,733

425.689

483, 644

549.0879

Fig. 5 Temperature field distribution on camshaft surface
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Fig. 6 Schematic diagram of workpiece surface temperature
measurement device

Amplifier

3.2 Results of the simulation

The temperature profile of the grinding process can be obtain-
ed by using the universal postprocessor (POST1). According
to the analysis of the last section, most of the grinding heat
enters the workpiece, which leads to the increase in the surface
temperature of the cam. Because variety of the heat source in
the cam contour surface, the grinding temperature is also con-
stantly changing, resulting in the workpiece undergoing dif-
ferent time-temperature changes. The grinding temperature
distribution of the cam is shown in Fig.5, where the workpiece
speed n,, = 90 r/min, wheel line speed vy = 120 m/s, and grind-
ing depth a, = 0.01 mm. According to the simulation results, it
is found that the heat source increased firstly and then de-
creased from cut-in to cut-out; the temperature field is not
completely symmetrical along the length of the contact arc.

4 Experimental validation
4.1 Experimental apparatus

High-speed grinding experiments of camshaft were performed
on a grinding-temperature-measuring platform to verify the
theoretical and numerical models. The platform was mainly
composed of a super high-speed camshaft compound grinding
machine, infrared thermal imager, data acquisition system,
digital power meter, and other components, as shown in
Fig. 6. The maximum speed of the ultra high-speed camshaft
CNC compound grinding machine can reach 10,000 r/min.
The grinding machine uses a vitrified bond CBN grinding
wheel whose particle size is 70#, radius of grinding wheel is
200 mm, width of grinding wheel is 25 mm, and maximum
speed of grinding wheel is 200 m/s, and a diamond wheel is
used for dressing the grinding wheel. The digital power meter
uses the WT330 series power analyzer produced by Yokota,
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Fig. 7 Photographs of grinding
temperature experiment

Japan. The sampling frequency is 0.1 s, which was used to
measure the power of the spindle system.

As a typical noncircular workpiece, and the camshaft work-
piece curvature radius and surface grinding temperature gra-
dient are large, the thermocouple thermometry makes it diffi-
cult to measure to the temperature of whole workpiece sur-
face. Thermal imaging technology is widely used in grinding
temperature measurement; many literatures have reported its
advantages in measuring grinding area temperature [16].
Therefore, an infrared thermal imager was conducted using
to temperature measurements. While the cutting fluid has the
negative influence on the infrared thermal imager, therefore
the dry-grinding process was conducted. To calibrate the in-
frared camera, a miniature black body was used before each
experiment. The in-process grinding temperatures were mea-
sured through an FLIR SC300 Series infrared video camera,
and the frame rate is 60 Hz. The infrared thermal imager was

Table 2 Grinding test conditions

Project Parameter

Grinding ways Dry grinding

©400 x 25 mm, CBN

Chilled cast iron

—20 to 1200 °C

60, 90, 120, 130, 140, 150 m/s
60, 90, 120, 150 r/min

0.005, 0.010, 0.015, 0.020 mm

Grinding wheel
Camshaft specimen
Infrared thermal imager
Grinding wheel speed, vy
Workpiece speed, n,,
Grinding depth, a,

Digital
Power

Infrared thermograph
temperature measuring

set to a measurement range of 20 to 1200 °C with an accuracy
of+2 °C and was fitted with a 50-mm focal length germanium
lens with a 6.35-mm extension tube. The camera was fixed
with respect to the grinding zone, and the data were then sent
to a data acquisition computer for analysis.

4.2 Determination of experimental conditions

The contact of the grinding wheel with the workpiece during
the grinding of the camshaft can be regarded as a line contact,
the contact in the axial direction is uniform, and the grinding
process at the center of the workpiece is substantially the same
as at the edge position. The coolant concentrate had a negli-
gible cooling effect in the grinding contact regions. And the
heat exchange occurred between the edge region and the air
relative to the central region is negligible. It can be considered
that the temperature of the contact between the cam and the
side surface of the wheel was equivalent to the temperature of
the entire line contact arc, i.e., the measured temperature by
the infrared thermal imager was the temperature of grinding
contact zone. According to the experimental scheme, the ex-
perimental research was conducted as shown in Fig. 7.

To contain the starting conditions of the experiment were
consistent. The seventh piece of camshaft (the best area mea-
sured by the infrared thermograph) was machined to the same
size; each group of experiment were conducted 3 times, each
grinding 5 laps and the highest temperature of the workpiece
surface take the arithmetic mean of 3 times of experiments.

Grinding wheel dressing was performed five times per ma-
chining [29]. Test conditions are shown in Table 2.
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5 Results and discussion

The results in this work were used to validate the variable heat
source distribution model and the numerically predicted tem-
peratures with the experimentally acquired temperatures and
to reveal the influence of grinding process parameters on the
grinding temperature.

5.1 Comparison of simulation value and experimental
value under different contour angles

The surface maximum temperature curve when the grinding
condition is v = 120 m/s, n,, = 90 r/min, and a,,= 0.010 mm is
shown in Fig. 8. The measured temperature in the first and
second laps was significantly lower, and the value was not
stable until the third lap. In the process of grinding, the grind-
ing wheel showed elastic yielding phenomenon. The actual
depth of grinding was less than the set of depth grinding, so

700

600

500

ﬁx 400 4
H

300 —

200 —

A Experimental measurement results
® Simulation results

100 T T \
100 200 300
Cam angle /' £

Fig. 9 Comparison of results of experiment and simulation
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the temperature of grinding could not reach a stable value. As
the grinding increased, the elastic yielding reached the limit
value, and the actual depth of grinding was approximately
equal to the set depth of grinding. The grinding condition
was basically stable in the third and fourth laps, which can
be regarded as an ideal collection interval for the grinding
temperature.

The simulation of the third section was conducted under
idealized conditions, ignoring the size effect of the grinding
thickness, the abrasion of the grinding wheel during grinding,
and the phase change of the camshaft material; and the cam
surface and the surrounding environment of heat convection
and debris removed the heat. In the actual grinding process,
these neglected factors have a certain impact on the grinding
temperature. Therefore, in this section, the experimental re-
sults are compared with the simulation results to verify the
accuracy of each and to obtain some common conclusions
with regularity.

0.06 - .m .. -
E \. \.'m/‘\ L. ﬂ ] -/ -“I
g f. I.'.\. l ) / L
T004{ a | | A
-:—i u n n .’. ! I./.

2 . = N
B \. [ | n L -
2 0.02 4 . m .-/' i
< .'./ ] . ./.\ \
1 A A
-/. iJ n
0.00 =

100 200 300
Cam angle /°

Fig. 10 Error analysis of experiment and simulation
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Fig. 11 Results comparison of experiment and simulation with different

grinding speeds

The temperature curve between the simulated values of the
cam grinding temperature and the measured values under the
dry-grinding condition reflects the deviation between the sim-
ulation and the experimental results. With the grinding wheel
speed v = 120 m/s, workpiece speed 7,, = 90 r/min, and grind-
ing depth a,=0.010 mm, the grinding temperature curve of
the cam and the corresponding simulation results curve are
shown in Fig. 8, where the measured values of the third rota-
tion were chosen to comparative analysis with the simulated
values.

Figure 9 shows that the simulated temperature curve has
smoother abrupt transitions compared with those of the exper-
imental measured temperature curve. In the actual experiment,
the response of grinding carriage was lagging, and over-
cutting or undercut appeared, while the highest temperature
ofthe workpiece surface appeared more easily in the top circle
on both sides of the grinding area.

750 e — S

=

=]

S
1

=Y

Q

IS
1

Maximum grinding temperature(j ¥
D
=3
=1
1

E v\v:120m1§fl£ m =90 rjmin”
; B Experimental measurement results|
S50 4 @ Simulation results |
T T T T T T T
0.005 0.010 0.015 0.020

Grinding depth ap(mm)

Fig. 12 Results comparison of experiment and simulation with different
grinding depths
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Fig. 13 Results comparison of experiment and simulation with different
workpiece speeds

Because the experiments were based on the grinding meth-
od with constant linear speed and the specific material remov-
al rate was related to the curvature radius of each grinding
point, and when the linear velocity of the grinding point
remained constant, the material removal increased with the
curvature radius of each grinding point, both the measured
values and the simulated values increased with the increase
in the cam lift. Meanwhile, the rotating speed of the grinding
point would decrease with the increase in the radius of curva-
ture. Therefore, the grinding temperature increased with the
increase in the radius of curvature.

Figure 10 shows that the maximum error between the av-
erage value of measured results and the simulation results is
5.91%. The experimental values and the simulated values of
the cam surface temperature under the dry-grinding process
were basically consistent, which indicates that the simulation
results of the heat source distribution model presented in this
work are true and reliable.

5.2 Comparison of simulation value and experimental
value under different grinding parameters

To verify the correctness of the simulation results, the mea-
sured values and simulation values of the maximum grinding
temperature of the camshaft surface under different grinding
parameters were compared and analyzed as shown in Figs. 11,
12, and 13.

By comparing the experimental values and numerical sim-
ulation values of the maximum grinding temperature of the
cam surface under different grinding parameters, it was found
that the simulation value was close to the measured value
under different grinding parameters. Therefore, the numerical
simulation in Section 3 can be used to calculate the noncircu-
lar high-speed grinding process grinding temperature.
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Fig. 14 Surface topography and
3D surface profile image of each
part of the cam after grinding

(a) Surface topography and 3D surface profile at cam base circle

(b) Surface topography and 3D surface profile at the section of cam lift

(c) Surface topography and 3D surface profile at top point of cam

The measured temperature in Fig. 11 increases with the
increase in the grinding wheel speed in the range of 60 m/s
<ve< 130 m/s, while it decreases with the increase in the
grinding wheel speed in the range of 130 m/s < v, < 150 m/s,
and the temperature is maximizing when vy = 130 m/s. This is
because, the grinding power increases with the increase of the
linear velocity of grinding wheel [30]; vibration frequency of
process system when vy is ranged from 130 to 140 m/s is close
to the first mode of machine tool, therefore the machine tool
vibration is increasing and causes the mutations of grinding
force because of the regenerative effect, so the maximum tem-
perature occurs at vg of 130 m/s. On the other hand, the heat
taken away by the high-speed rotating grinding wheel in-
creases; the grinding temperature shows a downward trend
compared with the highest temperature point, while the trend
that the grinding temperature increasing with the increase of v
has not changed.

@ Springer

5.3 Surface quality with different curvatures

In the grinding process, the grinding zone can be maintained
at a normal low temperature when the heat flux density, which
is determined by the grinding condition, and is below the
critical value of the heat flux of the cooling medium.
However, when the grinding heat flux density exceeds the
critical value, the temperature of the workpiece surface grad-
ually rises to a thermal equilibrium temperature; then, the high
temperature in the grinding zone gradually expands to the
low-end zone and keeps growing, and serious burn may lead
to the initiation of cracking.

A morphology picture of the ground surface is often exam-
ined to detect grinding burn. The surface topography and 3D
surface profile images of the base circle, the lift section, and
tip circle of the cam after grinding are presented in Fig. 14.
There a serious burn with the initiation of cracking occurred
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on the top point of cam, while no burn was generated on the
base circle of the cam. The grinding burn may occur much
more easily on the top point of cam than the base circle of the
cam. This is different from ordinary cylindrical grinding. The
cam contour surface was composed of multiple surfaces with
different curvatures, and the grinding material removal was
related to the radius of curvature in different parts of the
cam. When constant linear velocity grinding was used in the
camshaft grinding, the grinding material removal is propor-
tional to the radius of curvature. Meanwhile, the grinding
point rotational speed decreased with the increase in curvature
radius. This resulted in a longer valid time of the heat source
acting on the grinding point-centered area.

6 Conclusions

In this paper, theoretical investigation on temperature field in
the high-speed noncircular grinding was conduct. A camshaft
as a typical case, the numerical simulation and experimental
research on the high-speed grinding temperature under differ-
ent process parameters were carried out. Thus, the following
conclusions are drawn:

* The geometric and kinematic characteristics of noncircu-
lar grinding were analyzed, and a variable heat source
model was established for the simulation of the grinding
temperature of noncircular rotation parts based on variable
grinding contact arc length and specific material removal
rate.

* Based on the variable heat source model, the FE simula-
tion of the grinding temperature was conducted with the
camshaft as a typical noncircular part. According to the
simulation results, it is found that the temperature field
increased firstly and then decreased from cut-in to cut-
out, and it is not completely symmetrical along the length
of the contact arc.

» The experiments in the high-speed grinding of camshaft
under different process parameters were conducted, the
results were compared with the simulation results to verify
the proposed model and method, where the maximum
error between the measured results and the simulation re-
sults was 5.91%, and the variable heat source model was
found to be viable. The simulation model provides a the-
oretical basis for solving the heat damage problem of a
noncircular grinding.

* The results of experiment and simulation demonstrated
that the grinding temperature increased with the increase
in the grinding wheel linear speed and the grinding depth,
and it decreased with the increase in the workpiece rota-
tion speed. The grinding burn may occur much more eas-
ily on the top point of camshaft.

In future work, the appropriate temperature measuring
equipment will be developed to measure grinding temperature
under the high-speed noncircular grinding process with cut-
ting fluid. Moreover, the selection of grinding fluid, cooling
nozzle, injection pressure, and injection position were studied
to reduce grinding thermal damage.
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