Applied Aspects of Information Technology 2019; Vol.2 No.3: 216-229

DOI:https://doi.org/10.15276/aait.03.2019.4
UDC 004.942:621.923

TEMPERATURE MODELS FOR GRINDING SYSTEM STATE MONITORING

Natalia V. Lishchenko!
ORCID: https://orcid.org/0000-0002-4110-1321, odeslnv@gmail.com
Vasily P. Larshin?

ORCID: https://orcid.org/0000-0001-7536-3859, vasilylarshin@gmail.com
D Odessa National Academy of Food Technology, 112, Kanatnaya St. Odesa, 65039, Ukraine
2 Odessa National Polytechnic University, 1, Shevchenko Avenue. Odesa, 65044, Ukraine

ABSTRACT

The grinding temperature limits the productivity of this operation and is an important parameter for assessing the state of the
grinding system. However, there is no information about the current grinding temperature in the existing computer systems for moni-
toring and process diagnostics on CNC grinding machines. This is due to the difficulty of measuring this parameter directly or indi-
rectly. In the first case — difficulty with the installation of temperature sensors, in the second — there are no acceptable mathematical
models for determining the grinding temperature. The objective of the study is development of a simpler temperature model which is
acceptable for the modern grinding with large values of the workpiece velocity relative to the grinding wheel. To reach the study
objective a classification of solutions of three-, two-, and one-dimensional differential equations of heat conduction with the same
initial and boundary conditions was made to research the grinding temperatures with the help of these solutions under otherwise
equal conditions. The conditions of results close agreement of the solutions are established depending on the geometrical configura-
tion of the contact zone between the grinding wheel and the workpiece: H / L <l and H >4, where H and L are half width and half
length of the contact zone, respectively. The above three solutions of differential heat conduction equations obtained under boundary
conditions of the second kind and were converted to a uniform dimensionless form, in which the dimensionless temperature depends
on the coordinate and dimensionless time multiplicity of the Peclet number, which characterizes this time, the dimensionless half and
velocity of the moving heat source. A comparative analysis of surface and deep temperatures was performed for the above three solu-
tions depending on the Peclet number. The possibility of determining the grinding temperature on modern high-speed CNC machines
with a one-dimensional solution with H > 4 on the basis of computer subsystems of designing, monitoring and diagnosing of grind-
ing operations is shown.
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INTRODUCTION
Grinding temperature mathematic models need
for the designing, monitoring and diagnosing the
grinding operation to boost the operation throughput.
This is fully relevant, for example, for CNC gear
grinding machines. Once this problem is solved, it

literary references can be divided into the following
groups: theoretical methods [4, 5], [6, 7]; the theo-
retical ones with experimental verification [8, 9],[10];
theoretical ones with computer simulation of the tem-
perature field [11, 12], [13] computer simulation ones
with experimental testing [13, 14], [15, 16], [17, 18];

becomes possible to develop appropriate computer
subsystems to optimize and control the grinding op-
eration on CNC machines at the stages of production
and its preparation. The urgency of solving this
problem is confirmed by the large number of rele-
vant publications.

The temperature in the grinding zone is one of
the main factors limiting the performance of grind-
ing [1, 2], [3]. To optimize a grinding process and
boost its productivity, it is necessary to have true
information about the grinding temperature which
can be obtained by the methods observed in the lit-
erature. There are many works which are devoted to
the study of thermal phenomena in grinding. In
terms of applied research methods the analyzed
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the only computer simulation ones [19, 20], [21].

The review shows that there is no information
about the current grinding temperature in the exist-
ing computer systems for monitoring and process
diagnostics on CNC grinding machines. This is due
to the difficulty of measuring this parameter directly
or indirectly.

The state of the problem in the field of the
grinding thermophysical theory can be considered
taking into account the following philosophical
technical concepts that predetermine the correspond-
ing particular approaches to the solution of the cor-
responding problems. Firstly, it is the concept of dry
and wet grinding, which predetermines the absence
or accounting of convective heat transfer under the
action of grinding fluid. Secondly, it is the concept
of macro- and micro-grinding, which allows consid-
ering integral (due to averaging) or local heat fluxes
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with and without taking into account the effect on
temperature of instantaneous cutting elements — sec-
tions of abrasive grains separated by pores of the
grinding wheel (highly porous grinding wheels) as
well as their accidental impact on the surface being
ground. This concept involves the separation of the
grinding process into categories of continuous and
discontinuous (with pulsed heat flux), including the
grinding with and without convective heat transfer.
Thirdly, the concept of super-micro-grinding, which
involves taking into account the effect of individual
cutting grains of the grinding wheel, with and with-
out taking into account convective heat transfer. The
first concept most closely corresponds to the theory
of the Jaeger moving heat source [22; 23], on the
basis of which simplified formulas for determining
the maximum grinding temperature are given in a
number of sources without corresponding justifica-
tions [4; 6], [24; 25],[26].

In this connection the objective of the study is
to develop a simpler temperature model which is
acceptable for the modern CNC grinding machines
with large values of the workpiece velocity relative
to the grinding wheel. In turn, the following tasks
rises about the temperature solutions classification,
their converting into unique dimensionless form and
finding the conditions to simplify the solutions.

CLASSIFICATION, SELECTION AND
ANALYSIS OF GRINDING TEMPERATURE
MODELS

The grinding temperature determination on the
basis of moving strip source mathematical model
with the restriction of the source along the Y axis
(Fig. 1a) is a complex task of mathematical thermo-
physics. The task solution is obtained by H.S.
Carslaw and J.C. Jaeger [22] for an abstract infinite
solid with moving heat strip source on it when the
initial temperature of the solid is equal to zero and at
a constant of the heat flux densitygin the contact

zone surface. This solution [22] in our notation has
the form

ga
AV

xZ}H exp(u) Ky (\/XZ +u? )du,

Z-H

T)n(Z X H)= X

1)

where: a and A are the thermal diffusivity in m%/s
and thermal conductivity in W/(m-K) of the work-
piece material; V is the heat source velocity, m/s;
X, Z are dimensionless (relative) coordinates
which correspond to dimensional coordinates x,z in
m; H is the dimensionless heat source half-width
which correspond to the dimensional half-widthh in

m; K, (s) stands for the zeroth-order modified Bes-
sel function of the second kind.
In equation (1) the following designations are used:
VX Vz Vh
X=—;Z=—;H=—.
2a 2a 2a
It is noted in [22] that for large values of H
the maximum temperature occurs near Z = H and
is approximately gh/ A+/mH which is the value
found for the one-dimensional solution at the end of
time 2h/V for heat supply at the rate ofqover a
plane in the infinite solid.
The temperature in a semi-infinitive solid
(Fig. 1a) is just twice the value (1), i.e.
2qa
1178
Z+H
x [ exp(u)KO(\/X2+u2jdu.

Z-H

Top(Z X, H) =

X

(2)

&
)
| R

(a)

A (b)

Fig. 1. Strip (a) and rectangular (b) moving
heat sources in a semi-infinitive solid with a
sufficiently large size X,
Source: compiled by the author

Another problem is the study of the close
agreement of three- and two-dimensional solutions
of differential equations of heat conduction obtained
in [22] under the same second-kind boundary condi-
tions that most closely correspond to the dry grind-
ing process.

The determination of temperature on the basis
of the moving strip source mathematical model with
the restriction of this source along theY axis (Fig.1b)
is a complex task of mathematical thermophysics.
The solution of this problem for the temperature de-
termination at a uniform heat fluxq and for the

same initial and boundary conditions has the follow-
ing form [22; 23].
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T (XvzLm)=—22_,
» Iy

f"LZ_ZJ[f[YJz—L)f[YJz—LD ®
(o)

where: Y is dimensionless (relative) coordinate
which correspond to dimensional coordinate y ; L is
the dimensionless heat source half-length, which cor-
respond to the same dimensional parameter | in m.
Here it is assumed that: § = M L= Al ,
2a 2a

formula  (3)

-h<z<h, -I<y<l. In

2 fogs
0

Gauss error special function.

erf(s) = )dé is the well-known

TRANSFORMING THE TWO-AND ONE-

DIMENSIONAL SOLUTIONS

To bring the equation (2) into the coordinate

system of the equation (3) it is necessary to change

the integration variable u=-& in the equation (2)

and replace the sign both in integration limits and in

variable Z . As a result it is obtained the equation as
in works [4], [23], [26; 27], i.e. in the form

20a

X

AV
Z+H (4)

x J. exp(-&) Ko («/XZ +§2 )d&.

Z-H

T,n(Z X H)=

Tip (x,7)=

qj_ [ZJE]

Tip(x,71)= Zq\/;{\/_lerfc(

The time < in the first equation of the system
(7) is ended at t= 1, . During this time, a heat

source is moving relative to a fixed point P of the
surface (Fig. 3a). Determination of the temperature

in the next time interval T, <t <o must be made

2@) Jr Ty ierfc[ﬁJJ

For the one-dimensional solution the temperature in
the semi-infinitive solid at any point of x at the time
= for unlimited (Fig. 2a) and limited end face area
(Fig. 2b) has the form [22]

2
Tip(x,1)= q;/;ierfc(z Xar]' (5)

1
where; ierfcu = —exp(-u2

N

)-u~erfcu.

Fig. 2. Unmoving flat heat source acting
fixed time = 2h /V onto a semi-infinite solid
withunlimited (a) and limited (b) end faces 1
and 2, respectively (the second kind boundary

conditions occur in shaded areas)
Source: compiled by the author

The surface temperature, i.e. at x=
by [22]

0, is given

max _ 2q |at
TlD B 7 \’; ' (6)

The grinding temperature from the impact of a
short in time heat flux pulse having the duration 7,

(heating time) is described by two equations. The
first equation of the two is for the heating time inter-
val of0<t <17, , and the second is for another time
interval of 1., <t <o, i.e. after the heating time is
over [22]. Thus,

(7)

1,if Ty ST <00,

according to the second equation of the system (7).
This can be explained by superposition of two solu-
tions of the same type, one of which (the second) has

a time offset 1, relative to the first solution
(Fig. 3b).
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Using the designations adopted above i.e. at
X:V—X, |_|:V_h,T:4a2I3, 4a2H

2a 2a \Y \Y
because oft=2b/V, 0<2b<2h(Fig. 1a) and

1=2h/V , the equation (5) takes the form

and t, =

Tio (X.B) = qv’_ Ierfc(z J—J )

Moving strip source

Unmoving coordmate svstem (x, v, 2)
Unmoving point F
2 T 2h/ TV t=2h/1

nm H
n

H

T, ZJ’MWM T
—{J|'|:: = :H |
Fig. 3. Moving strip source in the (x,y, z)

unmoving coordinate system referenced to the
solid (a) and replacing the heat flux pulse +q(z)

by superposition of two single-type solutions with
heat flux+q and -q(t- 1, )(b)

Source: compiled by the author

Thus, at 2b=2hwe getB=H , i.e. the current
value B at fixed value H in the intervals B < H and

(b}

B > H are the dimensionless time in the one-
dimensional solution (8). For the current time
1=2h/V from the (5) as well as from the (8) we
have the one-dimensional solution maximum tem-
perature according to the equation (6).

Therefore, we conclude that in [22] the follow-
ing mathematical idea was proposed

_ pmax
=0 2D

max
=T

lim T
2D X =0 1D

H—o0
_2q far
A\

If this is so, then a scientific hypothesis arises
about the close agreement of the calculation results
of the two- and one-dimensional solutions (2) and
(8), if the latter will be transforming to the system
(7). In addition, a similar results close agreement

problem must be considered for the three- and two-
dimensional solutions (3) and (4).

PUTTING THE SOLUTIONS IN ONE CO-
ORDINATE SYSTEM

Dividing both parts of equations (3), (4) and (8)
by the factor of 2qga/ n\V , we obtain the follow-

ing three-,two- and one-dimensional solutions in a
dimensionless form, respectively, in the intervals of
-20H < Z <+5H for the equations (3), (4) and of
-20H < B <+5H for the equation (8).

Three-dimensional solution in the space interval
of-20H <Z <+5H :

X=0

)

s el o35 ]

f(ﬂ}{ﬁj
A N

11
%

(10)
du.

Two-dimensional solution in the space interval of -20H <Z <+5H :

Z+H
O3
Z-H

One-dimensional solution in the time inter-
val of B < H [28, 29]:

=0(X.ZH)= | exp(—&)Ko(W/X2+§2 )dg.

(11)

) X
@lD=®(X,B)= 2n\/§16rfc[2\/§j. (12)
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Now for the equations (10), (11) and (12) the
intervals of change in the dimensionless spatial co-
ordinate Z , which measured in units of the dimen-
sionless half-width of the moving heat source (the
Peclet number) for equations (3) and (4),coincide
with the corresponding intervals of change in the
dimensionless time coordinate B for the equation (8).

By analogy with equation (7) the dimensionless
grinding temperature from the impact of a short

pulse of heat flux having duration t,, is described

by the two interconnected equations. The first equa-
tion of the two is for the time interval of heating
0 < B < H , and the second is for another time

interval H < B <o (e.g.-20H <B <+5H ), i.e.

(®1D = H)= 27/B erfo—— if 0<B<H:
l 2 13)
10,,=0( =2n(\/§ierfc X —\/B-HierfCLJ if H<B<w
P H) 2B 2JB-H )’
Moreover, the fixed value H in equations (10)
2 2h

. V
and (11) corresponds to the fixed value H = 4—17H
a

: . . VA :
in equation (13). That is, the H = 4—17H in equation
a

(13) is the dimensionless half-width of the heat
source, which characterizes the interval of the di-
mensionless time of the heat source action at the
heating stage.

To ensure the comparability of solutions (10),
(11) and (13) along the abscissa axis, they must be
converted to represent in the same coordinate sys-
tem, which is moving for the equations (10) and (11)
(MCS in Fig. 4) with speedV , while for the equa-
tion (13) this coordinate system is unmoving (UCS
in Fig. 4).

To do this, it is necessary to fulfill two condi-
tions. Firstly, that the starting and ending points of
the heating correspond to the spatial coordinates
Z=+HandZ =-H for the three- and two-
dimensional solutions (10) and (11). Secondly, the
distance along the coordinate Z between these
points in the moving coordinate system, i.e. the dis-
tance AZ = 2H , corresponded to the dimensionless
heating time H (it corresponds to the dimensional

time ofzy, =2h/V') in the unmoving coordinate

system. For this, the equation (13) must be subjected
to the following three transformations: (1) introduce

a new variable H'=H /2 (or2H’'= H ) along the
abscissa axis; (2) position the region of variation of
the argument along the abscissa axis on its negative
semi-axis (Fig. 4b); (3) shift the abscissa of the en-
tire dependence by the value H'=H / 2 to the left
(in Fig. 4 it is not shown) so that the zero coordinate
on the abscissa axis for the equations (10); (11) and
(13) coincides with the zero coordinate on the ab-
scissa axis for the equation (13).

La)

i)

Elrllrlll; =

Fig. 4. Ensuring comparability of moving (MCS)
and unmoving (UCS) coordinate systems for
determining grinding temperature using dimen-

sional (a) and dimensionless (b) parameters
Source: compiled by the author

After these three transformations, equation (13)
takes the following form:

220

Applied information technologies
in energy engineering and automation

ISSN 2617-4316 (Print)
ISSN 2663-7723 (Online)



Applied Aspects of Information Technology

2019; Vol.2 No.3: 216-229

-2mH (0.5(B-H)-1) ferfc

X

®lp = ©'(X,B,H ) =2m\[0.5(B - H)| ierfe ———ee, if -H <B<0;

o =& )= 2055 -t ) erfe 05(B-H)|

@ = 0'(X,B,H)=2m|0.5(B-H)| jerfo——2 (14)
2,J[0.5(B-H)|

X if -20H <B<-H.

Now in equations (10), (11) and (14), the pa-
rameter H is the dimensionless Peclet number [4,
7]. Moreover, in equations (10) and (11) the parame-
ter H characterizes the dimensionless spatial coor-
dinate Z while in equation (14) — the time dimen-
sionless coordinate B

Next, in equations (10) and (11) we introduce a
variable f =Z / H , and in equation (14) — a varia-

blef=B/H.

o/H

T -X
@ (X,Y,L,H, f)=H 32 { exp
Z-H+Hf

2
(ZHf

2H(05(B-H)-1)

This provides the same presentation format of
these three equations, in which the abscissa axis for
equations (10), (11) and (14) is represented in the
values of the same variable f which is multiple to
the Peclet number H .In this case, equations (10),
(11) and (14) take the following form.

Three-dimensional solution in the space interval
of -20< f <+5, wheref=Z/H:

Ji

1

Y+L

WM

Y-L

e

R

Two-dimensional solution in the space interval
of-20< f <+5, wheref=Z/H:
f+1

O, =0(XH,T)=H [ exp(-aH)Ko(«/Xz +(at)’ |da.
f-1

where: o is a new integration variable.

Hrd

(16)

One-dimensional solution in the time intervals

EXPLORING THE DIFFERENCE BE-
TWEEN THREE- AND TWO-DIMENSIONAL
SOLUTIONS

To explore a grinding scheme let’s change the
source velocity at a fixed half-width of the source
2H . For example, for profile gear grinding scheme

of -1<f<+1 and -20<f<-1 where
f=H/H,:
: X :
®1D:®r(X,H,f):2n4/0.5H|f—1|1erfcm, if 1< f <+l
X
©lp = ©"(X,H, f)=2n/0.5H |f - 1] jerfc ———o—— (17)
o=@ =2 | |ler02 0.5H |f -1
—2m [H(0.5]f -1]-1) ierfe X : 20< f <-I
2,[H (05| -1]-1)

with h= 272 -10° m (h=,/Dt, / 2; t,= 0.074
-10° m; D =0.4 m) at the rear edge Z =-H on the
surface X =0, y/1=0...1/5, and a=5.683-10"°m%/s
it is selected three forms of contact spots: the rectan-
gular elongated along the axis 0Y ; the square; the
rectangular elongated along the axis 0Z . To provide
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these forms, the length / of the source was chosen as
follows: 1=11-10°m (H / L=0.2474; Fig. 5a); | =
3,469-10°m (H / L= 0.7847; Fig. 5b); 1=1-10°m
(H / L=2.7235; Fig. 5¢).

A T['

i
| | ol |
L] £=-H
- jl,f, o L2l
H/ L=02474

Z=-H Y | &=|-H
o2 (b) 2L | (e
H/ L=0.78%47 H /L=27235
H/ L=l H/ L=1
=272 vy =272 s
[=3.47 mm =1 nima

Fig. 5. Three configurations of rectangular
sources for research
Source: compiled by the author

The choice of these three H / L relations ob-
tained by changing | at h =const =2.72 mm is due
to the need for a characteristic change in the shape
of a rectangular source, namely: H / L =0.2474 <1
(Fig. 5a); H / L=0.7847~1 (Fig. 5b) and H / L=
2.7235>1 (Fig. 5, ¢). Dimensionless parameters H
and L is changed due to discrete change in the ve-
locity of the source in the range of grinding modes:
V = 0.2 m/min (0.0033 m/s), V =0.5 m/min (0.0083
m/s); V.= 1 m/min (0.017 m/s); V = 2 m/min (0.033
m/s); V. =4 m/min (0.067 m/s); V =5 m/min (0.083
m/s); V = 7 m/min (0.117 m/s); V = 10 m/min
(0.167 m/s); V =12 m/min (0.2 m/s).

As an example, it is calculated the profile gear
grinding temperature on the surface by the equation

209a
T

tial data: q=22,7-10° W/m?;a=5.683-10° m?/s; A
=24 W/(m-°C); V =0.2 m/s (12 m/min); z=0; h

(10) multiplied by the with the following ini-

=2.72-10> m (D=04 m; t,=0.074-10° m);
1 =3.469-10° m;-5H < Z <5H ; X =0 (on the sur-
face); H =47,869; L =61. The coordinates along the
~yaxis are the following: y =0, i.e.Y =0; y=1/2,
i.e.Y=8.799;y=31/4,ie. Y =13198; y=71/8,
i.e. Y=15397;, y=1/, ie. Y =17.597. The maxi-
mum temperatures are located about at the back
edge of the moving heat source, i.g. at Z =-0,95H
(Fig. 6).

An idea of the result close agreement of three-,
two-, and one-dimensional solutions is to determine
the conditions under which the calculation by any of
these equations yields very close results, e.g. with
the difference which is less than 5 %. That is why,
under these conditions it becomes possible to use the
simpler one-dimensional solution instead of three-
and two-dimensional ones. In order to show the con-
gruent continuity of equations (10) and (11), it is
performed the study of the temperature field along
the heat source length in the direction of the 0Y axis
by the equation (10). To make the study more gen-
eral, it is executed in dimensionless form using
equations (10) and (11). To fit the actual grinding
scheme let the half-width of the source hwill be
equal to 2.72-10° m and the temperature will be
considered at the back edge of the heat source, i.e. at
Z =-H . Besides, let X = 0 when the temperature
is determined on the workpiece surface at the inter-
valof 0<y/1<15,andat a=5,683-10° m?/s. It
is selected three contact spot shapes: a rectangular
shape which is elongated along the QY axis; a square
shape which is equally elongated along both0Y and
0Z axes; a rectangular shape which is elongated
along the 07 axis. To provide these three shapes, the
length of the moving heat source was chosen as fol-
lows:1=11-10° m (H / L= 0.2474); 1=3.469-103
m(H / L=0,7847);1 =1-103m (H / L=2,7235).

T5p

Trailing edge Leading edgey
. ~4

Fig. 6. Surface temperaturevsthe Z / H = f
dimensionless coordinate which coincides with
the moving heat source velocity vector
(at different values of y )

Source: compiled by the author

The choice of these three H / L relations
which are obtained by changing the | at the same h
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=2.72 mm is due to the need for a characteristic
change in the shape of a rectangular source:
H/L<1; H/L=1 and H /L> 1. Dimensionless
parameters H and L are changed due to discrete
change in the velocity of the moving heat source in
the range of the following grinding modes: V = 0.2
m/min (0.0033 m/s),V = 0.5 m/min (0.0083 m/s); V
=1 m/min (0.017 m/s); V =2 m/min (0.033 m/s); V
= 4 m/min (0.067 m/s); V =5 m/min (0.083 m/s);
V = 7 m/min (0.117 m/s); V = 10 m/min (0.167
m/s);V =12 m/min (0.2 m/s). Then the dimension-
less temperatures were calculated by the equation
(10) and (11) for the three indicated characteristic
configurations of the moving rectangular heat
source: H / L<1 (Fig. 7a), H / L~ 1 (Fig. 7b) and
H / L> 1 (Fig. 7c) on the heat source back edge,
that is at Z = -H for the interval of 0<Y / L <1.5.

®

Oy H/L=02474, H / L<1
=12 mmin _ _H=47869. 1 =1933

2D >

20
=27.924. L=112.92

I”=7 m/min

15 =15.956. L =64.523

I =4 m/min

=3.989. L=16.131]

________ 1 =0.798._L <3226
@
0 0.2 04 0.6 0.8 1 1.2 Y/ L

"L=0.7847. H /L ~1
_____ L =47869 1.=6].04

[T=12 m/min

H =27.924. L.=35.61

17 =7 m/min

' =15.956. L =20.35

7”4 m/min

H =3.989. L =5.09

77 =1 m/min

I7=0.2 m/min [ =0.798, L =1.02

20,
H=27.924. L=10265
15
H =15.956, L =5/866

10]

H=3.989. L=1.46

0
0 0.2 0.4 0.6 0.8 1 1.2

Y/L
Fig. 7. The temperatures @ ,, (straight horizon-
tal lines) and ®,, (curved dotted lines) vs ratio
ofY / L for the moving heat source rectangular
shape which is elongated along the 0Y axis at
H/L=0.2474,ie.at H/ L<1(a), H/L=1(b)
and H/L>1(c)

Source: compiled by the author

Figure 7 shows that the difference between the
maximum temperatures ®,,and ®,, which is ob-
served only in a certain zone located in the vicinity
of point atyY = L. At Y =0 and at heat source back
edge (Z=-H) there is practically no difference
between temperatures ®,,and®,, . But for the

H/L=1 and H /L>1 the difference increases.
For example, the results of calculating the dimen-
sionless temperature by equations (10) and (11) for
|=3.469-10° m and H / L=0,7847 (it is close to
square shape),Z =-H , andY =0 are summarized in
Table 1.

Table 1. Dimensionless temperatures for the
rectangular and strip moving sources

vV, 0,2 1,0 5,0 7,0 12,0
m/min

H 0,798 3,989 19,946 27,924 47,87
L 1,017 5,087 25435 35609 61,04
Osp 1,869 6,066 14,879 17,772 23,56

Source: compiled by the author

Table 1 shows that as the velocity of the rectan-
gular and strip sources increases the difference in the

surface temperatures®,, and®,,on the heat

sources back edges (Z=-H) at Y = 0 decreases.
The temperatures calculated by equations (10) and
(12) practically are close agreement at V >5 m/min.
To determine the divergence between the calculation
results by equations (10) and (11), i.e. on the back
edge of the moving heat source (Z=-H ) and at Y
=0 (center of the heat source) when X =0 (surface),
it is determined the ratio of the dimensionless tem-
perature by the equation (10) for the rectangular
source to the temperature by the equation (11) for
the strip source, that is it is defined the coefficient or

degree of the temperature decrease k = @,5 /0O, .

This study shows that whenH / L <1 , on the one
hand, and as the Peclet number grows, on the other
hand, the difference in the results of calculating the
maximum temperatures for the three- and two-
dimensional solutions decreases.

EXPLORING THE DIFFERENCE BE-
TWEEN TWO- AND ONE-DIMENSIONAL
SOLUTIONS

The results of the temperature field calculation
by equations (16) and (17) are presented in Fig. 8,
respectively in the left (Fig. 8a) and right (Fig. 8b).
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Fig. 8. Surface ( X =0) temperature distribu-
tion for the two- (a) and one-dimensional (b)
solutions

Source: compiled by the author
The maximum temperature found by the two-
dimensional solution (24) is shifted to the trailing
edge of the source with the coordinate of
f =2/ H =-1, but does not coincide with it. The

position of the maximum temperature varies depend-
ingon H (Fig. 9a). At H =20, the maximum tem-
perature is practically at the trailing edge of the
source (Fig. 8a). For example, at H =0.5 we have
Z/H=-0536,at H=5 Z/H=-0,876, at H =
20, Z [ H =-0.955. At the same time, the maximum
temperature found from the one-dimensional solu-
tion (25) always takes place at f =-1 (heating time

end in the one-dimensional solution) for all values of
H (Fig. 8b).

So, the solutions (16) and (17) allow calculating
the temperature field during grinding. For the pur-
pose of demarcation of the solution (17) with a ceil-
ing not exceeding 5 % compared to the solution
(16), the maximum temperature is calculated by the
solutions with the aid of MathCAD medium in the
intervals of 0,5< H <20 and 0< X <3. The differ-
ence between the calculation results by the solutions
(24) and (25) as a function of H is shown in Fig. 9b.

i (b)
20
Surface
—r=fe= Depth
10 H=4
I‘\\SL
0 3 10 15 H

Fig. 9. Position of the temperature peak on the
surface according to the two-dimensional solution
(16) depending on H (a) and the difference (in
percent) between the results of determining the
maximum temperatures by solutions (16) and
(17) on the surface (Surface) and at the depth
(Depth) of the double temperature drop (b)

Source: compiled by the author

The red line (“Surface” in Fig. 9b) is the differ-
ence of the maximum surface temperatures found by
equations (16) and (17), and the blue line (“Depth”
in Fig. 9b) is the difference of temperatures by solu-
tions (16) and (17) at the depth of the double tem-
perature drop found according to equation (16).
There is one feature that should be noted as for max-
imum deep temperature by the solution (17). It lies
in the fact that the counting of the deep temperature
according to the solution (17) is taken in the coordi-
nate f =-1 (Fig. 10b), which gives a slightly lower

temperature than the maximum possible for this so-
lution. As result in the shaded zone (Fig. 9b) the dif-
ference between the solutions (16) and (17) does not
exceed 5 %. It means that at 4< H < 20 the solution
(17) with sufficient accuracy for practice can be
used to calculate the maximum surface and deep
temperatures.
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The temperature field obtained from the two-
dimensional solution (16) begins to form ahead of
the source at f > +1in the entire range of
4<H <20 (Fig. 8a). The temperature field ob-
tained from the one-dimensional solution (Fig. 8b)
begins to form at f = +1, which corresponds to the

start heating time pointt=0. But with the Peclet
number more than 4 (fast moving heat source at
H > 4), the temperature field is formed almost at the
leading edge of the source, i.e. at f = +1.

The formation of the temperature field obtained
by the two-dimensional solution (16) with small Pe-
clet numbers (H < 4) is shown in Fig. 10a.

@II? 0"!}
7
. ) ;\f: 4
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4 oD ’{;{:
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N .F '[]'.S 1
__,__,...-wr“'""ﬁ
) 0005 ~“-"——~E_:‘E\.
() e [

5 4 3 2 9.0 1 f

(%) fad £ L¥ )1

[

0 == -

S5 04 03 2 a1 01 f
Fig. 10. Maximum surface ( X =0) temperature
distribution for the two- and one-dimensional
solutions (a) and temperature distributions at

various depths below the surface at H =3 (b)
Source: compiled by the author

Fig. 10a shows that as the Peclet number H
decreases, the temperature field according to the
two-dimensional solution (16) is more and more
ahead of the moving heat source, while for the one-
dimensional solution (17) the temperature field, re-
gardless of H , always starts at the point of f =+1

in which a heat source starts.

Under otherwise equal conditions, the maxi-
mum temperatures found from the two-dimensional
solution (16) are always lower than the maximum

temperatures found from the one-dimensional solu-
tion (17) for both surface and deep temperatures
both at different values H (Fig. 10, a) and at vari-
ous values of X (Fig. 10, b), but this difference de-
creases with increasing of H .

The maximum temperatures even at H =1
found from the two- and one-dimensional solutions
(16) and (17) are close (Fig. 11, a) while at H = 10
they are almost coincide (Fig. 11, b).

@mil.\.
H-1
Chie
_____ (g HEY
m
(a)
4 5 X
(;)I'I'IU.\.
|
H=10
—
- {)T‘I'JI-:‘(
(b)
0 5 10 X

Fig.11. Maximum temperature vs depths be-
low the surface for Peclet number of H =1 (a)
and H =10 (b)

Source: compiled by the author

In Fig. 11 the maximum temperature ©;5 " , as

it was noted above, is taken at f = -1. That is, the
temperature determined in this way does not corre-
spond to its theoretical maximum value which takes
place at f <,-1 (Fig. 10b) and depends on the depth
X . For example, at X =1and X =2 we have

f=-11and f =-1,5, respectively (Fig. 10b). For
this case, the ratio of taken temperature at f =-1to
its maximum value at f =-1,1 and f =-1,5 is about
of 0,98 and 0,86 instead of 1. The deviation of this
ratio from the unit contributes to the convergence of

the results of determining the maximum temperature
by the two- and one-dimensional solutions (Fig. 11).
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CONCLUSIONS AND PROSPECTS FOR-
FURTHER RESEARCH

1. A classification of the three-, two- and one-
dimensional solutions of differential equations of
heat conduction with the same initial and boundary
conditions, which best meet the grinding conditions,
was performed.

2. These solutions were converted to a typical
dimensionless form, allowing investigating the tem-
perature field at the stages of heating the surface to
be ground and its cooling (there is no heating) de-
pending on the dimensionless parameter f , which is

equal to the Z / H for three- and two-dimensional

solutions, and to the B / H for one-dimensional one.
In the first case, the variable / is the ratio of the spa-

tial dimensionless parameters while in the second —
of the time dimensionless parameters. Thus, the var-
iable f is a twice dimensionless parameter.

3. For large values of Peclet number (H > 4)
the results close agreement of the two- and one-
dimensional solutions of the differential equations of
heat conduction has been established, which allows
replacing complex analytical solutions with simpler
ones that can be used in the grinding subsystems of
designing, monitoring and process diagnosing on the

CNC grinding machines, e.g. in the profile gear
grinding.

4. The analysis of the maximum temperatures
obtained from the two- and one-dimensional solu-
tions depending on the Peclet number H magnitude,
which characterizes the dimensionless velocity of
the moving heat source, was performed. It is shown
that if the Peclet number is greater than or equal to 4
(H = 4), the determination of the temperature both
on the surface of the workpiece and at a depth of
two-fold temperature drop can be made on the basis
of the one-dimensional solution with a difference in
determining the maximum temperature, compared to
the two-dimensional solution, of no more than 5 %.

5. In general, for the three-, two- and one-
dimensional solutions there are two results close
agreement conditions. Firstly, for the rectangular
shape of the contact spot with the overall dimensions
of2H < 2L, it is necessary to check the condition
H/L<1l For H/L=1andH /L> 1 the close
agreement is violated. Secondly, as it was mentioned
above the Peclet number H should be greater than
or equal to 4 (H >4), which corresponds to a fast
moving heat source and multi-strokes speed grinding
modes on modern CNC machines, e.g. in the profile
gear grinding.
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Temmneparypa nuridyBaHHS 00Mexye IPOXYKTUBHICTB i€l omepamnii i € BaKIMBUM HapaMeTPOM JUIS OLIHKH CTaHy TEXHOJOTIYHOI CHCTEMH.
OpnHak B iCHYIOUMX KOMITIOTEPHHX CHCTEMaxX MOHITOPHHTY Ta TEXHOJOTiuHOI JiarHoCcTHKH Ha Beperartax 3 UIIK iHdopmamis npo noToyHy TeMmepa-
Typi nwtipyBaHHs BiacyTHs. Lle BUKINKaHO TPyJHOIIAMH IIPSIMOTO 1 HENIPSIMOTO BUMIPIOBaHHS IbOTO apaMeTpa. Y MepiioMy BUIAIKy — TPYAHOLIA-
MH 3 YCTaHOBKOIO IaTYHKIB TEMIIEPATypH, y APYyroMy — BiACYTHI NPUHHATHI MaTeMaTH4HI MOZEN UL BU3HAUCHHS TeMIlepaTypH IutidpyBanHI. Merta
JIOCII JUKEHHS - po3po0Ka O1IbII IPOCTOl TeMIepaTypHOi MoJei, ska Oyae NPUHHATHOIO ISl Cy4acHOTro NUTiyBaHHS 3 BEIMKUMH 3HAYCHHSIMH IIBH-
JIKOCTI 3aTOTOBKH IOZO HITi(yBaIbHOro Kpyra. Jlist TOCATHEHHS METH DOCHiIKEHHs Oyila BUKOHAaHA KiacHdikamis pilleHb TpU-, ABO- 1 OXHOBHMIp-
HOro AudepeHiatbHUX PiBHAHD TEIUIOMPOBITHOCTI 3 OAHAKOBUMH OYATKOBHMH 1 TPAHUYHAMU YMOBAMU JUTS TOCIIDKEHHS TeMIepaTtyp IutipyBaH-
HsI 32 JIONIOMOTOI0 LIMX PIllIeHb HPHU iHIIMX PIBHUX yMOBaX. YMOBH OJNH3bKOTO Y3TODKCHHS PE3yNbTaTiB PillleHb BCTAHOBIIOKOTHCS B 3aJICKHOCTI Bift
reoMeTpHYHOi KOH(Irypauii 30H! KOHTaKTy MiXK HUTpyBaabHHUM KpyroM i 3arotoBkoro: H / L <1i H >4, ne H i L - moJoBHHA WIKPUHH i [OJIO-
BUHA JOBXUHU 30HH KOHTAKTY, BIANOBiAHO. BHIle3a3Ha4yeHi Tpu pimeHHs AndepeHIialbHuX PIBHSHD TEIUIONPOBIIHOCTI OTPUMAHO MPU TPAHUIHUX
YMOBaX JPYroro pojy i OyJiu nepeTBopeHi B OMHOPiAHY 0e3po3MipHy (hopMy, B Kil 0e3po3MipHa TeMIepaTypa 3ajJeXnuTh BiJl KOOPAMHATH i KpaTHOC-
Ti 6e3posmipHOTo Hacy unciy Ilexie, sike XapakTepu3ye 1ei gac, a Takoxk 6e3p03MipHi MBIIMPHHY 1 MIBUIKICTH PyXOMOT0 JuKepena Teria. [Topisas-
JIBHMH aHANi3 TIOBEPXHEBHX 1 INIMOMHHUX Temmnepatyp OyB BUKOHAHMI JUIs TPHOX 3a3HA4YEHHX BHIIE PillleHb B 3aexHOCTI Bij uncia [lekne. [Tokasa-
Ha MO>KJIMBICTH BU3HAYEHHS TeMITepaTypH HUTihyBaHHS HA CyJaCHHX BUCOKOMIBHIKICHHX Bepcrartax 3 UIIK 3a ogHOBHMipHKM pimeHHSM mpy H > 4
Ha OCHOBI KOMIT'IOTEPHUX IiJICUCTEM MPOEKTYBaHHS, KOHTPOJIIO Ta AIarHOCTUKY ornepaii 1mutidyBaHHs.
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AHHOTALIMA

TeMnepaTypa LU.]'ll/l(i)OBaHI/ISI OrpaHU4YMUBaACT NPOU3BOJUTEIIBHOCTDb 3TOU OIC€panuu U ABJIACTCA BaXXHBIM IMapaMEeTpoOM Jid OLCH-
KM COCTOSTHUSI TEXHOJIOTMUECKOW CHCTEMBI. O)lHaKO B CYHIECTBYIOIINX KOMIIBIOTEPHBIX CUCTEMAaX MOHUTOPUHIA U TEXHOJIOTHUECKOM
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JIMarHOCTHKY Ha ctaHkax ¢ YITY wmHpopmarus o Tekymed Temmneparype IUIM(OBAHUS OTCYTCTBYET. DTO BBI3BAHO TPYIHOCTSIMHU
IIPSIMOTO ¥ KOCBEHHOT'O M3MEPEHHs 9TOro IapameTpa. B mepBoM cirydae — TpyIHOCTSIMU C YCTAaHOBKOM JaTYMKOB TEMIIEPATypPEl, BO
BTOPOM — OTCYTCTBYIOT IIPHEMJIEMbIE MaTEMAaTHUECKUE MOAEIH ISl OIpe/ieleHns TeMnepaTypbl nuiudosanus. Lens ncenenosanus
— paspaboTka GoJyiee IPOCTOIl TeMIepaTypHOH MOJENH, PUEMIIEMOIl ULl COBPEMEHHOT0 HUIM(OBAHUS ¢ OOJBIIMMH 3HAYECHUAMU
CKOPOCTH 3arOTOBKH OTHOCHTEIBHO HUIM(OBAIBHOTO Kpyra. Jlist JOCTHKEHHS LeIN UCCIIeOBaHK Oblla BHIIOIHEHA KiIacCH(HKa-
WS PELICHUH TpeX-, ABYX- U OAHOMEPHOro Au(depeHIHalIbHBIX YPaBHEHHH TEIIONPOBOAHOCTH € OJMHAKOBBIMU HadaJbHBIMH U
T'PaHUYHBIMHU YCJIOBHSIMU JUIS MCCIIEIOBAHUS TEMIIepaTyp IUTH(OBAaHHS ¢ HOMOIIBIO 3THX PEIICHUH MPU IPOYNX PABHBIX YCIOBHUIX.
VYcaoBust O1IM3KOTO COTNIACOBAaHMS PE3YNBTATOB PEUICHHH YCTaHABIMBAIOTCSA B 3aBHCHMOCTH OT T'€OMETPHUYECKOH KOHGHIypanum
30HBI KOHTAKTa MEXIy HUIM(OBAIBHBIM KPYroM U 3aroToBkoi: H / L<l u H >4, rne H u L - NOJOBUHA LIMPHHBI U TOJOBHHA
JUIMHBI 30HBI KOHTAKTa, COOTBETCTBEHHO. BbIlIeynoMsAHyThle TpU perueHus AUQ@epeHIHaNbHbIX YPaBHEHHH TEIUIONPOBOIHOCTH
MOJTYYEHBI TIPH TPAaHUYHBIX YCIOBHUIX BTOPOTO poja U ObLTH peoOpa3oBaHbl B OAHOPOAHYIO Oe3pa3MepHyto GpopMy, B KOTOpOii 6e3-
pa3MepHasi TeMIepaTypa 3aBUCHT OT KOOPJIHHATHI M KPaTHOCTH Oe3pa3sMepHOro BpeMeHH YHciy IIekie, KOTopoe XapaKTepHu3yeT 3TO
BpeMs, a Takoke Oe3pasMepHBbIe MOTYIIHPHHY H CKOPOCTh JBIDKYILETOCS HCTOYHMKA Teruia. CpaBHUTENBHBIA aHAIN3 TIOBEPXHOCTHBIX
U TITyOMHHBIX TeMIlepaTyp ObUT BBITOJIHEH JUIS TPeX yKa3aHHBIX BBINIE pelIeHHH B 3aBUcHMOCTH OT umcia Ilexre. [TokxasaHa Bo3-
MOYKHOCTb OIIPE/IeNICHHUs TeMIIepaTyphl IUTN(OBAHUS Ha COBPEMEHHBIX BEICOKOCKOPOCTHEIX cTaHKax ¢ UIIY mo omHOMepHOMY pe-
LIEHHIO TP H >4 Ha OCHOBE KOMIIBIOTEPHBIX OICHCTEM ITPOEKTHPOBAHUS, KOHTPOJIST M ANArHOCTHKHY OIEpaIiy IUTH(OBaHMS.

KiroueBble ciioBa: Temreparypa HUIMQOBaHUs; TEMIIEPATYpHbIE MOZIENH; Oe3pa3sMepHas TeMIepaTypa; MOABUKHBIN HCTOUHHK
TeIIa; pacupe/eneHue TeMIepaTypbl; popMa TeIIOBOro HCTOYHUKA; yucio [lexie
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