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Abstract: The centerless grinding process demonstrates superior grinding accuracy with extremely
high productivity, but only if the setup conditions are properly set up. Otherwise, various unfavorable
phenomena manifest during the grinding processes and become serious obstacles to achieving that
high quality and productivity. These phenomena are associated with the fundamental stabilities of
the centerless grinding system, so it is essential to keep the system stable by setting up the appropriate
grinding conditions. This paper describes the development of a model for finding the setup conditions
that simultaneously satisfy the three stability criteria of centerless grinding systems: (1) work rotation
stability for safe operations; (2) geometrical rounding stability for better roundness; and (3) dynamic
system stability for chatter-free grinding. The objective of the model development is to produce
combinations of optimal setup conditions as the outputs of the model, and to rank the priority
of the outputs using PI (performance index) functions based on the process aims (productivity or
accuracy). The paper demonstrates that the developed model, named Opt-Setup Master, can generate
the optimum setup conditions to ensure safe operations, better roundness and chatter-free grinding.
It provides practical setup conditions as well as scientific parameters and fundamental grinding
parameters. Finally, the paper verifies that the Opt-Setup Master provides the setup conditions that
simultaneously satisfy all three stability criteria of the centerless grinding system.

Keywords: grinding; centerless grinding; process optimization; safe operation; quality; productivity

1. Introduction

The centerless grinding method has been extensively applied for the production of cylindrical
components such as rings, rollers, and pins. It is estimated that a single car has more than 2000 parts
finished by centerless grinding processes. The centerless grinding process demonstrates extremely high
productivity with very high grinding accuracy in OD size, roundness and surface integrity. However,
its superior performance compared to other grinding methods can be achieved only if the grinding
conditions are properly set up; otherwise, various unfavorable phenomena, such as slippages in work
rotation, deformed roundness and chatter vibrations, appear during the grinding process and lead to
deterioration in grinding performance [1].

These huge advantages and disadvantages come from the unique work-holding features of the
centerless grinding system: (1) a loose hold on the workpiece without any mechanical constraints;
(2) the work friction brake/drive mechanism of the work rotation; and (3) a self-centering mechanism
called “regenerative centering”. The grinding process is very sensitive to these unique centerless setup
conditions, so it is essential to secure the grinding system’s stability by setting it up appropriately.
This requires controlling the three fundamental stability issues caused by the work-holding features of
centerless grinding. These are: (1) work rotation stability; (2) geometrical rounding stability; and (3)
dynamic system stability.
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Work rotation stability is related to the work friction brake/drive mechanism of the centerless
grinding system. The regulating wheel is in rolling-sliding contact with the workpiece, and provides
the friction force to the workpiece that drives or brakes the work rotation. In this unique mechanism,
the work rotates with almost the same peripheral velocity of the regulating wheel during the stable
grinding process, in which the torque created by the grinding force balances with the torque from the
friction forces acting on the regulating wheel and the blade top surface. However, under heavy grinding
with excessive grinding force, control over the work rotation speed is lost due to the broken torque
equilibrium, and it increases toward the grinding wheel speed. This phenomenon, called “spinners”,
can cause dangerous accidents and should be avoided in order to maintain safe operations. The author
is a pioneer of the study of work rotation stability and has shown that there exists an absolute safe zone
where spinners do not develop [2]. The setup guidelines for safe operations are well established in the
literature, and the means of satisfying the work rotation stability criterion have been demonstrated [3].

Geometrical rounding stability is related to the work-holding conditions and regenerative
centering effects. Although centerless grinding technology has been around for 100 years since
the method was patented by L.R. Heim in 1917 [1], a great deal of effort was exerted by early research
pioneers to understand its rounding mechanism, and significant papers have been published [4-9].
The theory of the rounding mechanism has been well established, the setup guidelines for achieving
better roundness have been described, and the means of satisfying the stability criteria have been
clarified. The stability criteria assume that the grinding system consists of solid bodies and is
dynamically stable. Under certain work-holding conditions, a specific number of lobes on the
roundness of the workpiece appear or cannot be removed. It is crucial to minimize roundness
errors by selecting the proper setup conditions.

Dynamic system stability is related to the work-regenerative chatter vibration caused by the
instability of the centerless grinding system, including the machine dynamics. The chatter vibration in
centerless grinding is very severe and builds up very fast. In general, the amplitude growth rate is 10 to
100 times greater than that of center-type grinding processes, and is caused by the wheel-regenerative
chatter vibration. Significant investigations have been carried out by many researchers [10-13] to
understand dynamic system stability and suppress the chatter vibration. The system stability criterion
has been well established, and the setup condition guidelines for chatter-free grinding are available in
the literature.

As mentioned above, the setup guidelines for satisfying each stable criterion have been established.
However, the setup operations of centerless grinding still rely on experimental skill and the
trial-and-error method. Even though each stable criterion can be satisfied individually by carefully
choosing the setup conditions, it is almost impossible to simultaneously satisfy all three of the centerless
grinding system’s stability criteria. Therefore, a special analytical tool for finding the optimum
combination of setup conditions is greatly needed [14].

The objective of this paper is to describe the development of an analytical model capable of finding
the optimum combination of setup conditions that satisfies all three stability criteria at the same time.
This paper describes the structure of the developed model, which consists of the input-information
session, the data bank that stores all the parameters required for the model calculations, the PI
(performance index) functions for assessing the setup conditions based on the process aim (productivity
or accuracy), and the output-information session.

Further, this paper explains the algorithm of the model and shows how to find the setup conditions
that meet the three stability criteria simultaneously. The developed model, named Opt-Setup Master,
is verified through case studies in which workpieces with various sizes are ground with different
grinding machines. Finally, the Opt-Setup Master demonstrates its capability to generate the optimum
setup conditions that satisfy all three stability criteria, and to provide the grinding conditions that will
provide safe grinding operations and chatter-free grinding with improved grinding accuracy.
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2. Basic Setup Conditions in Centerless Grinding

The basic setup parameters in centerless grinding are the blade angle 6, the center height angle y
and the work rotational speed 1, as shown in Figure 1.

Nw (rps) Nr(rpm)

Center
(e -height

Regulating wheel

Grinding wheel

diameter Dg diameter p,

Figure 1. Setup conditions in centerless grinding.

The set (0, v, ny) of these parameters is called the “setup condition” in this paper, and it
significantly affects centerless grinding performance. In practice, the work center height CH (instead
of 7) and the RW (regulating wheel) rotation speed N, (rpm) are used because these parameters can be
directly set up on the machine. The center height CH (mm) has the following relationship with the
center height angle v (°) when angles « and p are small.

Y=a+p )
2CH 2CH
s —1 ~
a = sin = 2
(D, + D)~ (Dy + Da) @
2CH 2CH
B =sin"! ¢ o ¢ 3)
(Dg+Dw)  (Dg+ Dy)
3.14(D, + Dy) (D, + D
cH (mm) = 22Dt D) (D4 D) @
360(Dg + Dy +2Dy,)

The work rotation speed 1y, is controlled by the RW friction drive/brake mechanism. Figure 2
shows test results of normal grinding force Fn, the friction coefficient ur and the rolling-sliding velocity
between RW and the workpiece during an infeed centerless grinding process [15]. In steady state
grinding, the sliding velocity AV, defined as (Vy, — V), is about +0.008 m/s, and the slippage ratio
AV/V, is about 2%, where V, and V, are the work and RW peripheral velocities, respectively. Since the
sliding velocity is very small, the work rotation speed 7, can be represented by:

D; N, (rpm
molaps) = PP ®

1

In the model development, the scientific parameters (8, -y, 11y,) are used for the analysis of the
optimum setup condition, and the practical parameters (8, CH, N;) are the outputs of the model.
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Figure 2. Infeed centerless grinding process. D, = 255 mm, Dy, = 30 mm, N, =30 rpm, V;, = 0.4 m/s,
Sliding velocity: 0.008 m/s, Slippage ratio: 2%.

3. Centerless Grinding Systems and the Characteristic Equation

Since the three stability criteria influence each other and are significantly affected by the setup
conditions, it is necessary to assess these stabilities as a total system—including the machine dynamic
characteristics, the centerless grinding mechanism and the grinding processes. Figure 3 shows
a block diagram of the centerless grinding system. The system consists of the regenerative centering
mechanism [16], the regenerative function [17], the relationship between depth-of-cut and the normal
grinding force, the contact stiffness of the wheels, the wheel filtering functions, and the machine
dynamics [12]. The dynamic behavior of the rounding mechanism can be investigated based on the
characteristic equation of the closed loop centerless grinding system in Figure 3.

_ Regenerative Regenerative Grinding Wlhf"je/
Slide center-function function  stiffness Normal &’=sin(Y)/cos(6-6)
feed 1 I— ; force (1-€)=cos(6-6)/cos(6-a)
» > _ 2 . 4 = H .
f —dem 4z (-0 = 1P P —¢ b-k,, 9 Fn s=0+jn(s:Laplace operator)

- 1: Blade phase angle
Contact Compliance of regulating wheel @2: Regulating wheel phase angle

+ (I-¢) P b: Grinding width
+ Zer bk, N k'w: Specific grinding stiffness
Contact Compliance of grinding wheel k'cr: Contact stiffness of regulating wheel
+ T k'cs: Contact stiffness of grinding wheel
A < v: Mode number

Uv: v-th. mode orientation factor

Compliance of grinding machine kmv: v-th. mode machine static stiffness

U
Z‘Gk =G, (5) < G(s): Machine dynamic transfer function
y_m Zcs: Grinding wheel filter function

Zcr: Regulating wheel filter function

Figure 3. Block diagram of centerless grinding system.

The characteristic function is represented by:

1
f(s) =8(s) (6)
where
1 _ ch (1 _ 6*27'(5) ,
- f(S) T 1—¢e s + Zcr(l — g)e—fPZS (7)
g(s) = bky' 1 (A-e + iGm(s) ®)
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By solving the characteristic roots of Equation (6), the dynamic rounding stability can be evaluated
and the transient behavior of the waviness amplitude in work roundness can be calculated during the
grinding process. The characteristic root can be represented by:

s=0-+jn ©)

where s is the Laplace operator, o is the amplitude growth rate per unit radian, and 7 is the number
of lobes in the work roundness. The transient of the amplitude change A(t) on roundness waviness
during the grinding process can be expressed by:

A(t) = Apexp(2mny,ot) (10)

where Ay is the initial amplitude of the waviness, n,, is the work rotation speed in rps and ¢ is the
grinding time. When o is positive, the amplitude of n lobes grows with grinding time ¢ and the
grinding process can be identified as the chatter vibration. In case of o < 0, the amplitude of # lobes is
decreased with grinding time ¢, and the grinding process becomes stable with improved roundness.

When the effect of machine vibration is negligible, the response of the transfer function Gm(s) is
degenerated to a constant and the resulting system is of a kinematic nature, referred to as “geometric
rounding stability” [12]. Then, the characteristic equation is simplified as:

(1—e2m) 1 (=g b

_ — | L b 11
T—deort(l-geo i’ i ()

4. Three Stability Criteria in Centerless Grinding
4.1. Work Rotation Stability Criterion

Figure 4 shows the torques acing on the workpiece during the centerless grinding process. Tg is
the grinding torque given by the tangential grinding force Ft. Tb and Tr are the friction torques acting
on the blade and the regulating wheel, respectively. Under the stable grinding process, the following
torque-quilibrium relationship is maintained. The work peripheral velocity Vw is controlled by the
friction drive/brake mechanism of RW, and becomes almost the same as the RW peripheral velocity Vr.

Stable grinding : Tg = Tb + Tr, Vw = Vr (12)
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Figure 4. Torques acting on workpiece during centerless grinding.

However, once this quilibrium condition is broken by the excessive grinding torque Tg overcoming

the friction torques (Tb + Tr) during grinding, the work velocity Vw suddenly increases toward the
grinding wheel speed Vg.

Unstable grinding : Tg > Tb+ Tr,Vw = Vg (13)
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This phenomenon, called “spinners”, can create a potentially very dangerous situation and should
be avoided for safe operations.

Figure 5a,b show the geometrical arrangement of the centerless grinding process and the
forces acting on the workpiece at any cut section perpendicular to the work axis 1 during grinding.
The variables fr and fy represent the tangential and normal grinding forces per unit width at the cut
section. Rb and Rr are the resultant forces, while y;, and y;, are the friction coefficients at the contact
points with the blade and the RW, respectively. w(l) is the work weight per unit width at the cut
Section 1. The torque equilibrium equation can be written by:

e _ O/Lr(l) (Bupel) B ()~ 1)+ Coul) )
where
A1 = ppcos(6 —a) —sin(6 — ) (15)
Ay = ppsin(6 — o) + cos(6 — ) (16)
By = Ay — py(siny + kcosy) — [(1+ kpp) sin(6 + B) + (k — pp) cos(0 + B)] (17)
By = Az — pp(cos y — ksiny) (18)
C; = sin® — pip(cos 6 — sina) (19)
Cy = ppcosa (20)

I and w are the mass moment of inertia and the angular velocity of the workpiece. k is the force
ratio (fy/fr). For convenience, the plus sign of ur is assigned to the downward friction force and the
minus sign is assigned to the upward one.

Workpiece

Regulating
wheel

Grinding
wheel

N~

(a) (b)

Figure 5. Arrangement of centerless grinding and forces acting on workpiece. (a) Forces acting on
workpiece during centerless grinding; (b) Cylindrical workpiece.

The generalized motion Equation (14) is applicable to any cylindrical-shaped workpiece; for
example, simple cylindrical, tapered, and multiple stepped diameter workpieces. Equation (14)
indicates that, in addition to being affected by the primary setup conditions (6, ), the rotational
motion of the workpiece is affected by the grinding forces and the friction force on RW.

The upper-limit tangential grinding force f;; under the stable grinding condition is derived from
Equation (14).

_ (Gipn+G)

fu_ (Bl,urO'i_BZ)w (21)
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where ji;( is the maximum static friction coefficient of RW. When the tangential grinding force fr is
smaller than f{;, the work rotation speed Vw can be controlled with the RW speed Vr.

Figure 6 shows the results of the calculation of f;; with respect to the blade angle 8 with various
friction coefficients ;9. The grinding force fi; is normalized with the diameter d of a simple cylindrical
workpiece made of steel. fi; increases with increased . When 6 is greater than a certain angle with
Hro, the fir value becomes infinite. Under this condition, there is no risk of the spinners phenomenon
occurring. The zone with the infinite f; value is called the “safe operation zone.” For instance, there is
no limit on fi; when a blade of 6 > 42° is used with an RW of p, = 0.25.
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Figure 6. Upper limit tangential grinding force.

Figure 7 shows the safe operation zones under various p, values on the (6—y) chart and provides
guidelines for satisfying the work rotation stability criterion (WRSC). Stable grinding without any risk
of spinners can be obtained by selecting the set of (8, ) from the safe operation zone, and the WRSC is
satisfied with the setup conditions (8, 7).
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Figure 7. Safe operation chart.

4.2. Geometrical Rounding Stability Criterion

When the grinding system is stable and the influence of the machine dynamics on the rounding
mechanism is negligible, the stability of the rounding mechanism is predominantly affected by the
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geometrical arrangement of the centerless grinding system under the solid-body machine structure.
By analyzing the characteristic roots of Equation (11), the effect of the center height angle 7y on
geometrical rounding stability can be assessed. Figure 8a shows the characteristic root distributions
for the odd lobes and the even lobes [14]. When a lower center height angle such as y < 3° is set up,
the amplitude growth rates of the 3, 5, and 7 lobes become close to zero, and the roundness error due
to these odd lobes cannot be improved during the grinding process. On the other hand, when a higher
center height angle such as v > 9° is set up, the amplitude growth rates of even lobes like 18, 20, and 22
become close to zero and the roundness error cannot be improved due to the even-lobe waviness.

10
Conditions 7
r * Blade angle 6=30°

5

o
j
g i lac. £
= ) o g4l \ Stock removeq in dl'a. 35 40pm 3 .
B oy N\ 2 Y Work size (dia.x width) @
3 &5 o o [ a \ X: 9x30 mm §4
by $ . .
$ NN s NI
% st Q‘&\%ﬂ o ;\\c ‘
o
E e« 5 10 15 Hom —R—X
3 Yopt 9 0 —— n A 0 :
Center-height angle ° 5 ) 10 0 2o 46 B0
Center-height angle y° Center-height angle ¥/
(a) (b) (¢)

Figure 8. Geometrical rounding stability. (a) Center-height angle vs. amplitude growth rates [14];
(b) Effect of v on roundness [6]; (c) Effect of v on roundness [16].

These results suggest the existence of an optimum center height angle yopt that yields a minimum
roundness error, and yopt = 6.7° has been proposed as that optimum angle [12]. Miyashita et al.
reported the experimental results shown in Figure 8b, and indicated that the optimum center height
angle exists around 7° [6]. Rowe et al. reported on theoretical and experimental analysis of the
rounding mechanism of a workpiece with a flat face. Figure 8c shows the effect of the center height
angle on the roundness error. The grinding test results verified that the optimum center height angle
yopt exists around 6°-8° [8].

It is well known that an odd number of lobes appears under a lower center height condition such
as y < 3°, as shown in Figure 9a. To minimize the roundness error with odd numbers of lobes, it is
recommended that lower center height angles be avoided as much as possible. Under a relatively higher
center height condition, a specific even number of lobes appears, as shown in Figure 9b. Where the center
height angle is known, the even number of lobes 7, that will appear can be found by 180/ [6].

AN

:

)

' |Blade
y=5° y=7.5° y=9°
36 lobes 24 lobes 20 lobes

ne=180/5=36 ne=180/7.5=24 ne=180/9=20
(a) (b)

Figure 9. Effect of center-height angle on rounding mechanism. (a) Odd lobe appearance at lower ;
(b) Even lobe appearance at a specific .
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These even numbers of lobes are the result of the geometrical rounding instability caused by the
geometrical arrangement of the regulating wheel or the blade. Figures 10 and 11 show the geometrical
rounding stability criteria of the regulating wheel and the blade, respectively.

Figure 10a is an example of regulating wheel geometrical rounding instability. When a peak
of waviness on the work roundness contacts with the regulating wheel and the waviness becomes
a valley at the grinding point (and vice versa), the waviness error cannot be removed during the
grinding process. Conversely, Figure 10b is an example of regulating wheel geometrical stability.
When a peak contacts with the regulating wheel and the waviness becomes a peak at the grinding
point (and vice versa), the waviness error can be removed during the process. Therefore, the regulating
wheel geometrical rounding stability criterion (RW — GRSC) can be summarized as follows:

1
(RW — GRSC) Unstable : ? = Even integer (22)

(RW — GRSC) Stable : ? = Odd integer (23)

Stable [180°/Y°]=Oddr integgr
(b)

Figure 10. Regulating wheel (RW) geometrical rounding stability criteria. (a) RW geometrical rounding

unstable conditions; (b) RW geometrical rounding stable conditions.

Likewise, Figure 11a is an example of blade geometrical rounding instability. When a peak of
waviness contacts with the top surface of the blade and the waviness becomes a peak at the grinding
point (and vice versa), the waviness error cannot be removed. In addition, again, Figure 11b is
an example of blade geometrical rounding stability. When a valley contacts with the top surface
of the blade and the waviness becomes a peak at the grinding point (and vice versa), the waviness
error can be removed. Similarly, the blade geometrical rounding stability criterion (B — GRSC) can be
summarized as follows:

90—0-p

(B — GRSC) Unstable : = Even integer (24)

(B — GRSC) Stable : NO=9=F _ o integer (25)
y 8
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Stable [(90°-8°-B8°)/Y°]=0dd integer

(b)

Figure 11. Blade geometrical rounding stability criteria. (a) Blade geometrical rounding unstable

conditions; (b) Blade geometrical rounding stable conditions.

To satisfy the RW geometrical rounding stability criterion (RW — GRSC), the center height angle

7 is determined by:

RW — GRSC Stable : v = }ﬁ (26)
odd

where Iodd is an odd integer. Also, the blade geometrical stability criterion (B — GRSC) can be satisfied
by setting up the center height angle 7y that can be calculated by the following equation.

(90 —0)

(Dr+Dw)
lodd + (Dg+gr+;UDw)

B — GRSC Stable : v = (27)

4.3. Dynamic System Stability Criterion

As mentioned, the chatter vibration in the centerless grinding system is very severe and builds
up fast because the work-regenerative self-excited vibration has such a high amplitude growth rate,
as shown in Figure 12a. This phenomenon not only deteriorates grinding accuracy and productivity,
but also threatens safe operations. To achieve a stable grinding process with high grinding accuracy as
shown in Figure 12b, satisfying the dynamic system stability criterion is imperative.

Study of the characteristic root distributions of Equation (6) clarifies the generation mechanism of
the chatter vibration [12], and the chatter generation zones are revealed on the (n-y—n-ny) diagram for
the dynamic system stability criterion (DSSC). Figure 13 plots the 3D positive growth rates o of the
characteristic roots on the (n-y—n-ny) diagram. The chatter zones are shown as “mountains” located
near the natural frequencies in the (n-1) axis. The higher the height of the mountain, the more severe
the chatter vibration. Since the chatter mountains are in 0 < (1:y) < 180°, they generate even numbers
of lobes during chatter vibration.

The chatter zones located in 180° < (n-7) < 360° generate odd numbers of lobes and generate
chatter vibration only under higher vy values. A straight line (1, /) through the origin is determined
when the center height angle 4 and the work speed 7, are given. Where the straight line hits
a mountain, chatter vibration occurs at that frequency. In other words, where the straight line given
by the ratio (1,/Y) does not hit any mountains, the DSSC is satisfied and chatter-free grinding is
achieved. Figure 13 shows distinct areas that satisfy the DSSC and gives the ranges of (1,/7) that
provide chatter-free grinding.
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Figure 12. Dynamic stability of centerless grinding system (experiment). (a) Unstable grinding process
(chatter); (b) Stable grinding process.
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Figure 13. Dynamic system stability diagram for Machine A. Conditions: b = 70 mm, k'w = 2 kN/mm-mm,
k'cr =0.3 kKN/mm-mm, k'cs = 1 kKN/mm-mm, kmr = 0.1 kN /um, kms = 0.15 kN /um, km1 = 0.3 kN/um,
fnr =100 Hz, fns = 200 Hz, fnl = 150 Hz, {r = 0.05, {s = 0.05, {1 = 0.05.

Each grinding machine has its own dynamic characteristics with different natural frequencies,
and a (n-y-n-ny) diagram can be plotted that shows its unique chatter zones. The chatter zones are
identified by conducting systematic grinding tests. Figure 14a shows the chatter zones of grinding
machine A. The chatter zones located near the natural frequencies of 100 Hz, 150 Hz and 200 Hz are
shown on the vertical axis (1-11,) Hz. These chatter zones are located in 0 < (1-y) < 180° and generate
even numbers of lobes, while the zones located in 180° < (n-) < 360° generate odd numbers of lobes
where v > 6.7°. Figure 14b shows the chatter zones for grinding machine B. Machine B is designed with
high, rigid structures and possesses spindles with very high stiffness. The first chatter zone appears at
the natural frequency of 430 Hz, which is very high, and machine B creates wider chatter-free regions
than conventional machine A.

Figure 15a shows the chatter zones of grinding machine A plotted on a (y—#,,) chart. The practical
(Y1) chart can describe chatter zones, but cannot describe the chatter generation mechanism,
the chatter zones’ various vibration modes, or the areas where stable grinding can occur. However,
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the (y—ny) chart is very effective in setup operations when used along with the analytical (1-y—#1-1)
diagram. The ranges of chatter zones in (11,,/7v) are explicitly given, as shown in Figure 15b.

250

600 Chatter &
Chatter N e . ° oS °
zone ewsesweenet b st 400 P 090

150 %*G}

v
®
{.

100

N
o
o

Work size
50 Odia. 10xL70mm ]

®dia. 300x L 70 mm

b Work size
edia. 30x L70 mm
I

(lobes)x(work speed) n-nw Hz
(lobes)x(work speed) n-nw Hz

0 90 180 270 360 0 90 180 270 360
(lobes)x(center-height angle) n-Y* (lobes)x(center-height angle) n-v°
(a) (b)

Figure 14. Chatter zones on (1n-y—n-1y) diagram. (a) Grinding machine A; (b) Grinding machine B.
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Figure 15. Dynamic system stability criterion for machine A. (a) Chatter zones confirmed by grinding
tests; (b) Dynamic system stability criterion.

Three types of stable, no-chatter zones exist for high work speed and low work speed regions.
The chatter-free conditions for machine A are:

1. (nw/v) H> 3.0 (high-speed chatter-free zone; KH)
2. (nw/v) L1 < 0.6 when 7 is lower (low-speed chatter-free zone 1; KL1)
3. (nw/v) L2 <0.28 when 7 is higher (low-speed chatter-free zone 2; KL2)

Figure 16a,b redraw Figure 14b to include chatter zone boundary lines. The chatter-free zones are:

4. (ny/7)H>4.24 (KH)
5. (nw/7v) L1 <215 (KL1) for 7y < 6.67°
6. (ny/v)L2<1.08 (KL2) for ¢ > 6.67°

Figure 16a shows a narrow stable zone in 1.53 < (1,,/y) < 2.15. The setup for this chatter-stable
zone is too risky to use, so it is not considered an area of stable, chatter-free conditions.
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Since the work speed 7, is controlled by the regulating wheel speed N, it is helpful to convert
the (y—ny) charts (Figures 15b and 16b) into a (7—N;) chart, as shown in Figure 17. For practical setup
operations, the range of the center height angle is set to ¢ = 3° to 9°. Also, in this case the range of
the speed ratio g (defined as the ratio of the work speed Vw to the grinding speed Vg) for surface
roughness control is set to 1/g = 25 to 150. In Figure 17, three chatter-free stable zones—KH, KL1
and KL2—are shown within the constrained range. The dynamic system stability criterion is satisfied
when a set of (7, Nr) is selected from the chatter-free stable zones KH, KL1 and KL2.

/ % 12
7%
Even-lobe X/ 0dd-lobe Chatter zonge
chatter zone f \"\,\b chatter zone [
o =
2 T e
<10 < W7 4
S 2 L | o
(9] ) N
Jo? 5 S P
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= 5 /(\
0 101.4 0
. 180 281.4 360
nY ] 0 3 .6 9 12
Center-height angle v°
(@ (b)

Figure 16. Dynamic system stability criterion for machine B. (a) Chatter zones on (n-y—n-ny) diagram;
(b) Chatter zones on (y-ny) chart.
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3° 6.67° 9°

Center-height angle Y°

Figure 17. Chatter free zones on y—Nr chart. KH: High speed chatter-free zone, KL1, KL2: Low speed

chatter-free zones.

5. Modeling to Find the Optimum Setup Conditions that Satisfy the Three Stability Criteria of
Centerless Grinding

The previous section discussed the determination of setup conditions that would satisfy each
individual stability criterion. This section discusses the development of a model for the optimum setup
conditions that will simultaneously satisfy all three stability criteria.

Figure 18 describes the structure of the developed model. As the first step, the sets of (8, ¥)
(blade angle 6, center-height angle <) satisfying the three individual stability criteria are determined.
To satisfy the work rotation stability criterion, the sets of (6, y) are selected from the safe operation zone
shown in Figure 7, analyzed with the varying maximum friction coefficient y of a given regulating
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wheel. Also, the sets of (6, ) satisfying both geometrical rounding stability criteria—RW — GRSC and
B — GRSC—are calculated. Then, the sets of (1, v) (Work speed 1, and ) that satisfy the dynamic
system stability criterion are found. The sets of (1, 7v) are selected from one of the stable chatter-free
zones: KH, KL1 or KL2 (see Figure 17).

Work rotationstability ~Geometrical rounding stability Dynamic system stability
(90-6-B)/Y=0dd /

180/Y=0dd W
Chatter zone

(6,)

Center-height angle Y°
Work speed nw (rps)

oo
£ .
=B -
o : %
EE : 2
S .
@4
< 3 Center4height angle Y

h S

’ Find the sets of (6, Y, nw) that satisfy three stability criteria ‘

d

&

’ Determine the optimum set of (6, Y, nw) ‘

@

’ Provide the optimum setup condition (6, CH, Nr) ‘

Figure 18. Structure of the model for determining the optimum setup condition

The second step is to find the sets of (8, 7, ny) satisfying all three stability criteria. The third
step is to determine the optimum set from among the population of the (8, v, 1) sets by calculating
the PI (performance index) function based on the process aim (accuracy or productivity). Finally,
the optimum set (6, -y, ny) is converted into practical setup conditions (blade angle 6, center height CH,
RW speed Nr) as the outputs of the developed model.

Figure 19 is the flow chart of “Opt-Setup Master”, the developed model. The model requires
a machine operator to provide some input information, as shown in Table 1. All parameters required
for the calculation of the Opt-Setup Master are referenced from the data bank, which stores machine
specifications, machine dynamic characteristics, work part numbers with dimensions, RW friction
characteristics, blade availability, etc. The constraints of the setup parameters are also stored in the
data bank, as shown in Table 2.

| [ Inputs of operational Process priority
l— inf " e L
DATA BANK Information * Grindingaccuracy

* Machine specifications ¢ * Productivity
*Machine dynamics

* Setup constrains

* Wheel and blade info.
* Work PN and
dimension

v

[ Blade availability 6i || Geometrical stability criteria Yi
L ]

Symbols
0: Blade angle | Work rotation stability criteria (i, Yi) |
CH: Center-height No
Y: CH angle
nw: Work speed Yes
Nr: RW speed | Dynamic stability criteria (nwi, Yi) | Performance
< Index
functions

| Priority ranking of setup condition sets (8i, Yi, nwi) |

| Outputs of optimum setup conditions (Bi, CHi, Nri) |

Figure 19. Flow chart of developed model “Opt-Setup Master”.



Inventions 2017, 2, 26 15 of 18

Table 1. Input information and parameters referred to data bank.

Inputs Action Parameters Referred to Data Bank
Machine name Select Machine specifications, Ma?hine dynfamic characteristics (Natural
frequencies, damping ratios)
Workpiece shape Select Cylindrical (CYD), Tapered (TPD), Spherical (SRL), Multi-stepped (STD)
Workpiece part-number Select Dimensions (diameter, length, etc.), profile
GW diameter Measure New, worn, measured
RW diameter Measure New, worn, measured
RW dresser type and dress lead Select Single point dress, Rotary dress, Friction coefficient of RW

Blade availability Select Blade angle 6, blade thickness t

Table 2. Constraints of setup parameters.

Setup Parameters Symbol Unit. Min. Max. Typical

Range of speed ratio 1/q=Vg/Vw - 25 150 100
Range of blade angle 0 ° 15 45 30

Range of Center-height angle 0% ° 3 9 6.67
Range of regulating wheel speed Nr rpm 15 100 50
Range of GW diameter Dg mm 375 455 450
Range of RW diameter Dr mm 275 350 345
Range of Workpiece diameter Dw mm 5 100 40

Grinding wheel speed in revolution Ng rpm 1260 2300 1890
Grinding speed Vg m/s 30 45 45

The Opt Setup Master calculates the boundary line of the safe operation zone on the safe operation
chart by using the following relationship between the dressing lead lead, and the maximum friction
coefficient i, of the rubber bonded regulating wheel [15].

Hrg = a - lead, + 0.33 (28)

where a is a constant. a = 0.14 and a = 0.02 for a SPD (single-point dresser) and an RD (rotary
dresser), respectively.
The boundary line of the safe operation zone on the (6, ) chart can be expressed by:

Ye=m-0:+b (29)

where
m =3.036-a-lead, + 1.168 (30)
b =77.06-(a-lead,)* —27.55 - (a - lead,) — 21.23 (31)

When 61 of a point (01, 1) is greater than (y1-b)/m, the point is located at the right side of the
safe operation zone boundary line and meets the work rotation stability criterion.

The first calculation of the Opt-Setup Master is to find the sets of (8g, vg) that meet the geometrical
rounding stability criteria RW — GRSC and B — GRSC. The next calculation is to determine if the sets
(0g, vg) are located within the safe operation zone under the given dressing conditions of the rubber
bonded regulating wheel. If they are (answer “yes”), the sets (8w, ygw) satisfy both the geometrical
rounding and the work rotation stability criteria. The final calculation is to find the work speed 1, by
using ygw and the chatter stability boundary lines of (1,,/ygw). From these calculations, the optimum
sets of (6, y, ny) are discovered.

Then, the performance index (PI) functions that were prepared based on the process aims
are applied to assess the optimum sets of (6, v, 11,). The PI functions are summarized in Table 3.
The weighting factors of the PI functions are determined by applying theoretical knowledge,
experimental knowledge and operational skills. PI functions can be updated with newly gained
knowledge and skills. For each process aim (accuracy or productivity), the values of the PI function
for all setup conditions are calculated and these sets are ranked in ascending order from minimum to
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those with greater values. The smaller the PI values, the more suitable the setup conditions. The setup
conditions with the smallest PI function values are defined as the optimum setup conditions.

Table 3. Performance Index (PI) functions.

Weighting Factors
A B C D E

Accuracy Pla=A xI160—-2751+BxIy—6671+C xINr—50I+D xFL+E xSTYP 0.2 2 0.1 0.01 2
Productivity Plr=A x160—-451+BxIy—-515I1+C xINr—-501+D x FL +E x STYP 0.1 2 012 05 2

Process Aim PI Function

6: Blade angle; 7: Center-height angle; Nv: RW speed in rpm; FL: KL1 = 0, KL2 = 0.5, KH = 1, STYP:
(RW + B) GRSC = —1, RW — GRSC=0, B — GRSC = +1.

Table 4 shows examples of the Opt-Setup Master outputs. The conditions of the model simulation are:

(1) machine Bis applied

(2) the process aim is accuracy-oriented

(3) the work shape and the size are a cylindrical workpiece with 40 mm (D) x 60 mm (L)
(4) the rubber bonded RW is dressed with lead, = 0.5 mm/rev by SPD

(5) the GW diameter is 453 mm

(6) the RW diameter is 350 mm

(7)  the available blade angles are § = 27.5° and 6 = 40.3°

Table 4. Examples of outputs from Opt-Setup Master.

Priority Optimum Set Up Conditions Engineering Parameter Stability Parameters
. Blade Blade . RW Work 1/q Stable RW — Blade —
Ranking  siole  Thickness ConterHeight g .4 CHAngle o 4 Raio ™ Zone GRSC GRSC
No, 0() t (mm) CH (mm) Nr ©) my (rps)  Vg/Vw  (I/s)  KH/KLUKL2 180/ 0~ 06—
. (rpm) v w (tp 8! v By
1 40.3 20 12.68 41.8 6.68 6.1 25 0.91 KL2 27 7
2 40.3 20 12.66 83.5 6.67 122 25 1.83 KL1 27 7
3 40.3 20 13.67 45.1 7.2 6.58 25 0.91 KL2 27 6.5

Conditions: Machine B, Process aim: accuracy, Work: cylindrical Dia.40 x L60 mm.

Ranking No. 1 has the optimum setup conditions, as it has the smallest PI values. The practical
setup parameters are a blade angle 6 = 40.3° with a thickness of 20 mm, a center height of
CH =12.68 mm and RW speed of Nr = 41.8 rpm. The center height angle is ¢ = 6.68°, the work
speed is 1 = 6.1 rps and the 1/4 is 25.

The optimum setup condition set was selected from the safe operating zone. Therefore, it meets
the work rotation stability criterion and ensures safe operations. Further, the optimum setup condition
set was selected from the stable zone KL2 for chatter-free grinding, and thus meets the dynamic system
stability criterion. Also, the optimum setup condition set meets the criteria of both Equations (23)
and (25) (180/6.68 =27 and (90 — 40.3 — 2.95)/6.68 = 7), so the geometrical rounding stability criteria
are maintained.

Through these means, it is verified that the optimum setup condition set—provided as the outputs
from the Opt-Setup Master—simultaneously satisfies all three stability criteria for centerless grinding.

Table 5 shows the optimum setup conditions as calculated by the Opt-Setup Master for infeed
centerless grinding of cylindrical workpieces of various sizes by two different grinding machines,
A and B. In all cases, ¥ = 6.67°, one of the most preferable < angles, is chosen. All values representing
RW — GRSC and B — GRSC are odd integers, indicating that all the setup conditions meet the
geometrical rounding stability criteria. Machine B has a greater chatter DSSC index (,/v) than
machine A in chatter-stable zones KH, KL1 and KL2. Machine B’s high stiffness creates more extensive
chatter-stable zones than conventional machine A.
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Table 5. The optimum setup conditions provided by the Opt-Setup Master for the grinding of
cylindrical workpieces with different machines A and B.

Work . Blade C-H RW Chatter Chatter
Case  DiaxL. Machine Angle Angle Speed DSSC Stable Zone KW — GRSC Blade — GRSC
No. Nr
mm A/B 0(°) v (©) (rpm (nyp/y)  KH/KL1/KL2 180/ (90 — 6 — B)y
1 10 x 20 A 275 6.67 38.6 3.37 KH 27 9
2 X B 27.5 6.67 64.1 5.61 KH 27 9
3 20 x 30 A 27.5 6.67 77.1 3.37 KH 27 9
4 x B 275 6.67 41.8 1.83 KL1 27 9
5 30 x 50 A 40.3 6.67 14.6 0.43 KL1 27 7
6 X B 40.3 6.67 62.7 1.83 KL1 27 7
7 40 x 60 A 40.30 6.67 194 0.43 KL1 27 7
8 x B 40.30 6.68 41.8 0.91 KL2 27 7
9 50 x 70 A 40.30 6.67 24.3 0.43 KL1 27 7
10 x B 40.30 6.68 52.3 091 KL2 27 7
11 60 x 80 A 40.30 6.67 29.1 0.43 KL1 27 7
12 X B 40.30 6.68 62.7 091 KL2 27 7

Condition: GW ¢$453 mm, Rubber bonded RW $350 mm, i, = 0.4, Available blade 6 = 27.5°, 40.3°.

6. Conclusions

Centerless grinding systems possess some unique features, including their work rotation drive,

loose work holding and regenerative centering mechanisms. However, because of these features,
three fundamental stability issues arise. Many researchers have investigated the issues and provided
useful guidelines for solving the issues.

This paper summarizes the three fundamental stability issues: (1) work rotation stability for safe

operation with no spinners; (2) geometrical rounding stability for better roundness; and (3) dynamic
system stability for chatter-free grinding. It emphasizes the need for an analytical tool that can provide
optimal setup conditions—those conditions that will satisfy all three stability criteria simultaneously.
This paper describes a newly developed analytical tool named Opt-Setup Master, and discusses how
the three stability criteria can be met.

@
)]
)
4)
)
(6)
?)
®)

The developed Opt-Setup Master has the following features:

Accepts various shapes of workpiece: cylindrical, tapered, spherical and multi-stepped
Applicable to any centerless grinding machine

Data management via a data bank

Inputs are easy to enter and outputs are readily usable

Designed for operators

Provides scientific parameters for engineers/managers

Finds all setup conditions satisfying the three stability criteria of centerless grinding systems
Outputs the optimum condition based on process aim
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