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NONSTATIONARY AND INTERRUPTED GRINDING TEMPERATURE
DETERMINATION

Pospobreno memoo cynepnosuyii 0ns OMpUManHHs MamemMamuyHoi MoOeni memMnepamypu
nepepusuacmozo i @ucokonopucmozo wiigpyeanns. Lle 0ozeonuno ompumamu ymoeu Onsi GUIHAYEHHS
NOCMITIHOL Yacy i OYIiHUMU 4ac nepexioHo2o npoyecy, nicis K020 006udei mooeii Oyoymos i0eHMuyHi 3a
pesynomamamu  oouucienus memnepamypu. Ilepesazoio maxozo 6ugueHHs CmManlo HOGe YVAGIeHHs
memnepamypu wilipyeants, wjo Micmumb nepioOuuHy KOMROHEHMY, HAKIAOeHYy HA 0Oe3nepepeHo
3pocmaioyy KOMHOHEHMY 8i0 CepeOHbo20 3HAUEHHS NOBEPXHeB020 Mena08o20 Nomoky. Komnonenmu
guKopucmani O GUHAYEHHA MeMNepamypu WiQyY8anHs 3 YPAXyEaHHAM 3MIHU 2eOMEMpPUUHUX
napamempie nepepuguacmux i GUCOKONOPUCIUX Wi(DYEANbHUX KPY2ig, y MOMY UYucli 01 06podKu
cneyianbHUX NO8EPXOHb N0 YUITbHEHHSL.

Paspaboman memoo cynepnozuyuu Ona NOJYYEHUs MAMEMAMUYECKOU MOOenu memnepamypeol
npepwlBUCHO20 U 8bICOKONOPUCTO20 WAUGOBAHUA. DMO NO3E0IUNO NOTYHUMb YCIO0BUE OISl ONPeOeneHUs]
NOCHMOAHHOU 6peMeHU U OYeHUMb 6peMs Nepexo0H020 npoyecca, nocie Komopozo obe mooeau 0yoym
UOEHMUYHbL NO  Pe3yIbmamam 6bluucienus memnepamypul. I[Ipeumyuecmeom maxkozo usyueHus
AGUNOCL  HOB0e NpeOCmasieHue memnepamypsvl WAUGoanus, —cooepoicaujee NepuoOUYecKyio
KOMNOHEHNY, HANOJCEHHYI0 HA HEeNpepblBHO B03DACMAIOWYI0 KOMNOHEHNY OMm CpeoHe20 3HAYEHU
NOBEPXHOCMHO20 Menio6020 nomoka. Komnonenmer ucnonv3oéamnsl 0 onpedeneHus memnepamypol
WAUGOBAHUA C YUEMOM USMEHEHU 2eOMeMPUUECKUX NAPAMEMPOS NPEPbISUCBIX U bICOKONOPUCTNBIX
WAUPOBANLHBIX KPY208, 8 MOM Hucae O 00pabomKu cneyuanbHbiX N08epXHOCMeNl no0 YNIOMHEHUS.

The superposition method is created to get a mathematical model for interrupted and high porous
grinding wheel temperature determination. It gave the condition to find time constant and evaluate
transient time after which the both models will be identical to the temperature calculated. The benefits
of this study are a new presentation of the grinding temperature consisting of a periodic component
superposed on the rising temperature one, which is created by the average surface flux. Components
used to find grinding temperature by changing the interrupted and high porous grinding wheel geometry
parameters including sealing surface machining.

Introduction The variety of constructive forms of machine parts is
determined by the form of their individual surfaces and combinations of these
surfaces. When these surfaces are machined even at one technological operation
step there are changes of geometric, thermo-physical and technological parameters
in the machining. For example, when a flat surface of a workpiece is grinding in a
multi-clamping device for each next workpiece there are changes in value of the
stock to be removed, hardness of the material, geometry of the contact zone and, in
addition, there is a change in the cutting capacity of the grinding wheel as it is
wearing. Considering these changes in time for geometrical, technological and
thermal parameters of the machining, we can conclude that there are no constant
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over time (that is stationary) machining processes. On the other hand the thermo-
physical process schemes for temperature evaluation are usually simple, have
constant parameters and do not correspond to the actual time-dependent complex
phenomena occurring during cutting and abrasive machining. For example, moving
heat source thermal scheme on the basis of which the grinding temperature
calculations are performed is a simplified one that takes place in some short time
stages for the flat and round grinding. However, even in this case there is a transition
to establish the steady temperature field around the moving heat source. Duration in
time of this transition, that is called thermal saturation time, is measured from the
beginning of the heat strip source movement (oBmwkeHHE TEILIOBOIO IOJOCOBOTO
ucrounuka) to the end of the transition in the moving coordinate system.

The task of developing the thermal phenomena theory in the grinding is topical
for interrupted, composite, and highly porous grinding wheels, which differ from
traditional thermal problems with a continuous heat flux by discrete (pulse)
representation of the heat sources. For the highly porous grinding wheel, for example,
the heat sources mentioned are grains of the wheel. Feature of these grinding
processes is the uncertainty of its transition from transient (initial) state to steady
(final) one, which takes place in the grinding temperature changing at the heating
stage. Taking into consideration the discrete nature of heat generation is important in
the calculation of surface and near-surface instant temperature, as with increasing a
distance from the discrete surface heat flux it is transformed into a smoother and
continuous one.

Analysis of recent research and publications In [1] it is shown that there are
no constant over time that is no stationary machining processes. The problem is still
not only resolved, moreover, it is not even set in grinding. The steady temperature at
any point in grinding with the moving coordinate system is found when using the
well-known equation for the two-dimensional mathematical model of a quasi-
stationary temperature field [2]. In other words, the published two-dimensional
mathematical model of the temperature field describes the stationary thermal process,
i.e. after the temperature field in the moving coordinate system has been stabilized
around the moving heat source. At the same time it is not frequently so in practice.
Some evidence of the importance of the problem can be found in [3], but it does not
have continuation into technological practice.

The purpose of the research is to establish the conditions for the transition
from a no stationary thermal process state to a steady one for both the moving and
fixed coordinate system and on the basis of these conditions to develop a
mathematical model to determine the temperature due to the periodic grinding heat
flux on a surface of a workpiece. And for any heat flux frequency, that is, for both
micro and macro interrupted grinding.

Presentation of the basic material firstly is connected to a thermo-physical
scheme on the basis of which calculations of grinding temperature are made includes
a moving strip source, the length of which is 2h and which moves with velocity V
along the section L (Fig. 1).
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transverse feed

Figure 1 — Thermophysical scheme of the thermal process in grinding

Temperature field formation is usually viewed in two coordinate systems: the
moving coordinate system (MCS), which is connected to the moving heat source
and the unmoving one (UCS), belonging to individual points of the machining
surface. The published formulas for determining the temperature of the MCS had
been obtained for stationary (time-independent) thermal field of the source. This
stationary field is formed for the transition time z, , , known as “the heat saturation

time." It is necessary to distinguish between two moving heat sources: a practical
source, close to the real one, and a theoretical one existing in the mathematical
sense. A description of a phased transition process of the temperature field
formation for practical moving heat source might be done as follows (Fig. 2, a).

1. The beginning of the transition process for the practical source is measured
from the initial touch between a wheel and a workpiece (step 1 in Fig. 2, a). Then

the variable stripe length of contact with the current length Az =V At'is formed,
where 0<At'<t; s the current time on the interval of the transition, i.e,

transient, period. The length Az of this strip during a non-stationary time interval is
less, then 2h i.e. Az<2h (step 1in Fig. 2, a).

2. After some time, the length of the strip reaches its steady state value 2h
(step 2 in Fig. 2, a).
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Figure 2 — Formation steps of the temperature field around the practical (a)
and theoretical (b) moving heat sources

3. Then temperature field in the MCS stops its changing as along the
coordinates X,Y,Z (see Fig. 1), and in the time interval which is measured after

the end of the interval of the transition process 0 < At' < r{_p_ (step 3 in Fig. 2, a).

A similar staged formation of the theoretical moving heat source the
following.

1. A source with the width 2hat the time At =0 has touched the workpiece
and simultaneously begun to moving with velocity V in the axial direction Z (step
1linFig. 2, b).

2. After a while At> 0 an intermediate transient temperature field is
forming around the moving source (step 2 in Fig. 2, b).

3. When At=rt, , the temperature field change stops. It will not be the

change as to the coordinates X,Y,Z in the MCS (see Fig. 1) and the time also
(step 3in Fig. 2, b).

Thus, at the moment of contact of a grinding wheel and a workpiece the first
transient formation of the temperature field of a moving heat source begins in the
MCS. After the first transition, during which there is a non-stationary mode
(temperature field is non-stationary), the thermal saturation occurs, after which the
moving heat source temperature field will be stationary or quasi-stationary, i.e.
independent of time (see graph on the vertical plane in Fig.1). The term
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"stationary" or quasi-stationary refers to the temperature field, which is formed in
the MCS which goes together with a heat source. After the first transition process
ends the presence of the built-in grinding wheel thermocouples can fix the
maximum surface temperature of the grinding (the output of the thermocouples). It
is taking place in the area of the rear edge of the source in the MCS. The steady
temperature at any point in grinding with the coordinates z and X is found by the
well-known equation for the two-dimensional mathematical model of a quasi-
stationary temperature field.

Farther, the transition process in the MCS for the theoretical moving heat
source will be called “the time of the first transition” in contrast to “the time of the
second transition” in the unmoving coordinate system (UCS). Note also that the
achieved moving heat source steady-state thermal field corresponds only to the
instantaneous state of the source and at any time can be broken. It is sufficient, for
example only to change the velocity V of the source, all other things being equal

and achieved temperature stability T(X;,Y;,Z;,V)in the MCS is broken and a

new transient formation of the steady temperature begins once again. This new
transition process ends with the formation of new steady-state values of the
temperature in the same points belonging to the MCS. For example, for the same

I-th point a new steady-state temperatures will be T'(X,Y;,Z;,V') and
T(X,,Y,Z;,V)=T'(X,,Y;,Z;,V') that is, when the velocity changes its value

from V to the V' stationary temperature changes from T toT".

Thus, the published two-dimensional mathematical model of the temperature
field describes the stationary thermal process, i.e. after the temperature field in the
MCS has been stabilized around the moving heat source. Many researchers are
unjustifiably use this model and do not compare the first transition time with a real
grinding machine time separately for each machining workpiece including a
multiprocessing of work pieces when they are placed in the join of the ends to each
other, for example, on a table of the surface grinder. However, the temperature field
during the time of a machine table longitudinal stroke "does not jump" from one
workpiece to another because of their adiabatic walls. In each of the work pieces
the first transition temperature change process takes place. If the length of the
workpiece is negligible, i.e. less than 5 mm, the time of the first transition, which
was called the thermal saturation, is comparable to the time machine processing of
individual workpiece.

In applied problems the grinding temperature is determined at different points
in the UCS centered on the surface point which is under consideration, see point A
or point B in Fig. 1. Temperature field at these points appear after moving strip heat
source has been formed and then in its motion it passes over the surface point
which is under consideration. The stages of this process are as follows.

1. Initially this point is combined with an anterior edge of the heat source
which is located at the coordinate Z =+1 (Fig. 1).

195



ISSN 2078-7405. Pe3anue u uncmpymenm ¢ mexnonozuyeckux cucmemax, 2015, gptnyck 85

2. After the heating time <, _ 2N gver this point it will be the rear edge of the
\

moving heat source (Z =-1).

As a result, the temperature at this point will be increased to a maximum level
determined by the heating time. In connection with this temperature changing the
second transition in the UCS, different from that described above in the MCS, takes
place in the UCS. The mechanism of the second transition consists in sequential
increasing temperature of the point (e.g, point A in Fig. 1) as well as all points

lying below in the surface layer along the coordinate X, (see Fig. 1). Here it is

assumed that by the given moment of time a moving heat source has been formed
and the grinding time exceeds the saturation that, i.e. the first transition is over. It
should be noted that if the first transition is not over, then it would not be quasi-
stationary thermal field around the moving heat source. Accordingly, there would

not be the temperature distribution along the coordinate X, (see Fig. 1). Therefore,

before evaluating the temperature at point A and along the coordinate X,
(see Fig. 1), you must ensure that the first transition is over, i.e. machining time
exceeds the current grinding heat saturation that, which was called 7, It is

indicated the saturation time for the theoretical heat source, as for the practical one
the problem is still not only resolved, moreover, it is not even set.

The observed change in temperature at the point considered, e.g. point B in
Fig. 1, as well as at other points over the depth of the surface layer is a reaction or
response function to an abrupt heat flux change at this point, which takes place
according to the boundary condition of the second kind.

Described transients feature, as for the first transient and the second one, is
stabilization of the temperature level in the first transient (quasi-stationary
temperature field), and absence of that in the second one: under the second kind
boundary conditions surface temperature and the temperature at over the surface
layer depth always increases in the interval of heating. In this case the second
transition process contains a section with relatively rapid changes in temperature,
which can be called quasi transition process, during which the temperature is
relatively quickly reaches a high level that is close to the maximum level.

In relation to any discontinued or interrupted grinding the temperature is
composed of two components: an aperiodic component and a periodic one. The
amplitude of the periodic component is also subjected to the transient, during which
it will be stabilized relatively quickly. It is found that the results of calculations of
the maximum grinding temperature on the equations of two - and one-dimensional
mathematical model as for stationary and non-stationary processes, respectively, do
not differ by more than 10% [2], provided that the first transition is over. Therefore,
it is advisable for process design and technological diagnostics of the grinding
process using a one-dimensional model thermo-physical scheme with a linear heat
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flux. According to this scheme, the thermal field is created by the heat flux
movement over the coordinate x of the heat flux with parallel vectors of its density.

The temperature in the grinding zone can be adjusted, if the grinding is
produced with a certain time grinding breaks over the next time interval 0<t <t
This allows you to change the character of the temperature field and the maximum
temperature in the contact zone when the discontinued periodic heating of the
workpiece surface is alternated with its periodic absence. This process can be done
with special grinding wheels having on the working surface a series of alternating
ledges and cavities with certain extent, which pairs form cycles of heating (ledges)
and cooling (cavities). For example, if the length of the ledge |, and cavityl, , the

amount of heating time in the contact zone T, :L (V. — linear velocity of the
wh

wheel rotation) each time alternating with the corresponding cooling time
interval T —T, :|_2 , where T — micro cycle timing, s.
wh

During operation of the ledge (heating) there is a heat flux ()= 0|, for
time T, in the contact zone and there is no one, that is absence of cutting or

cooling, without operation of the ledge (cavity) for time T —T, Thus, the heat flux
acting on the work surface can be represented by the following step function [3]

Q(T):qmax,at nT <t<nT +T,, n=0,1,...
q(t)=0,at nT+T,<t<(+DT, n=01,..

In other words the heat flux q(‘c) is “on” for time T, and “off” for

timeT —T,, and so on, with period T . A continuous sequence of the "heating-
cooling" cycles is located on the site of heating, the duration of which both for

continuous and discontinuous circle is determined by time 7, :th. To optimize

the heat generation it is necessary to obtain the discontinued grinding temperature
dependence on the wheel geometric parameters, which include the number of
ledges N on the wheel and fill factor S at the cycle step. Also note that when the
discontinued grinding wheel cavity is situated in the contact zone then a heat flow
absence is accompanied by absence of material removal, which results in a
corresponding additional load on the next ledge of the wheel and, as a consequence,
an additional heat flux additive (i.e. increasing) at this ledge of the wheel. In
accordance with the proposed method it is formulated condition of constant
grinding intensity (of cutting work and power), which should be available for all
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constructions of the discontinued wheels comparing each with other. This condition
of constancy must be accompanied by constant cutting power in the grinding. The
constancy of the cutting power at fixed regime parameters (and the diameter of the
wheel) is accompanied by constant heat flux. So the above condition of the
grinding intensity constancy is provided by the relative constancy of the average

heat flux density d,, .

The following approach to the determination of the temperature field in the
discontinued periodic action of heat flow is proposing in the paper. It is known that
in the absence of forced cooling the machining surface the temperature fields from
the action shifted over time heat sources is under the principle of superposition: the
temperature on different locations of the field can be summarized by adding the
temperature of the same spatial coordinates. The essence of the principle of
superposition as applied to the discontinued grinding is as fellows. Temperature
field from a single rectangular pulse of heat flow, operating on a time interval can
be replaced by the sum of the temperature fields of action of the two time-

continuous heat sources. The first heat source is a positive one (+ Q). It acts
continuously on a time interval 0 <t <oo. Second heat source (matched with the
first one) is a negative source (—0Q,,). It operates continuously at a time

interval T, <t <oo. This technique to represent a single pulse of the heat flux is

known with respect to a single time interval of the heat flow in the ordinary
grinding by continued grinding wheel. The duration of this interval is characterized
by macro cycle of grinding (Fig. 1). Applied to a discontinued grinding wheel such
way to represent a single pulse of heat flow is preserved, but instead of using the
heating time macro cycle it is used the heating micro cycle.

Applying the principle of superposition for any number of micro-cycles of
heating and cooling, we obtain the following recursive formula for the
determination of the discontinued grinding temperature in the heating interval

_ (Z,fa[‘c (i-1 1erfc \/—

—\/a[r T T:l -1erfc

€]

2\/6\[1 (i-1)T - T]

where A u a are thermal conductivity (W / (m -° C)) and the thermal diffusivity
(m?/s) of the processed material.

For plotting the grinding temperature on the grinding time (Fig. 3) from (1) in
the MathCAD medium the following input data are accepted: D = 390 mm (out of
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a possible range of 300 ... 400 mm), I, =20 mm, I,=15 mm, V,_ =35 m/s,

V =2 m/min, t=0,028 mm, Q= 40 -10° W/m’, L= 42 W/(m - ° C) =
=8 -10° m%s.
Under these conditions |, + |,= 35 mm, the number of ledges on a

discontinued wheel N =35, the time of one complete revolution of the wheel
is 35 ms, the acting time of a unmoving plane heat source is 100 ms, the number of
turns per a while 7, is equal to 2.9. Thus, one interrupted grinding micro cycle
duration of 1, = 100 ms has 100 micro cycles with T =1 ms, a time interval of

one revolution of a wheel is equal to 35 micro cycles of grinding.
The time constant of the transition process can be found from the following

equation
2qmax a_T1:2qave ﬂ
A \J T A \g‘ T

Taking into account the relationship between the parameters Q.. and ., we
can obtain
1, =—=T1Q, (2)
(=g =1Q
where Q is the duty factor of the heat flux square wave.
For this case (S = 0. 5714), the time constant of the transient is 1.75 ms.
Time of exponential transition T, will be

T, =31, =3£=3TQ<TH 3)

For this case the transient time is 1.75 - 3 = 5.25 ms, which corresponds to the
selected time interval in Fig. 2.
In the MATLAB program it is calculated the grinding temperature by the

formula (1) in the whole interval of heating 0 <t <1, in grinding (Fig. 3).
There are following designations on Fig.3: 1 — the rising temperature due to

the maximum surface heat flux g, , 2 — interrupted grinding total temperature 3 -
Tl

_ Omax

the rising temperature due to the average surface heat flux q(t) =0, = = at

S =0,5714, 4 — a fragment of periodic steady temperature component.
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™c It can be seen that the
|| LA temperature of the interrupted
e EEEE 945 grinding (curve 2 in Fig. 3) can be
ultimately represented as the sum of
840 two  components:  the  rising
temperature 3 and periodic steady
715 temperature 4.
The resulting  mathematical
630 model (1) to determine the
2 temperature of the interrupted
AAAL A‘M 65 grinding can be used to study the
) temperature field at any frequency of
' periodic heat flux, including the
420 frequency for the heat sources —
grains of the grinding wheel. In order
315 to solve this task it is necessary to
have an appropriate geometrical
210 model of a grinding wheel, and a
T°C corresponding thermo-physical
:gg 105 scheme for the thermal process.
60 3 4 In this case, even an ordinary
20 0 continued grinding wheel can be
0 5 %0 W represented by a model of micro-

Figure 3— Interrupted grinding temperature  interrupted grinding wheel which has

(N = 35) over the transient time interval (a) @ |€dge — grinding active grain, and a
and the steady one (b) cavity — air hollow, which is

characteristic, for example, for high-
porous grinding wheel.

Thus the equation (1) obtained above can be used to determine grinding
temperature both for interrupted and continued grinding wheel.

A new approach for interrupted grinding is twist creation my means of the
special interrupted grinding wheel which is made by its dressing [4]. Twist is a
surface characteristic occurring over the entire area of rotation — symmetrical
surfaces with a sealing function. One of the methods to create micro and macro
twist is wheel dressing, which is in common use.

According to the method the profile structure applied to the grinding wheel
with constant feed during the dressing process and then transferred to the
workpiece. This is the so-called “dressing twist”. There are two kinds of dressing
with constant feed: by the balanced and imbalanced grinding wheel.

To get non-periodic zero twist the dressing process is made with constant feed
or without feed. Another feed twist method is feed changing during the wheel
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dressing. At least, the offset twist can be made by parallelism deviation of grinding
wheel axis and workpiece axis.

Results The equation (1) is obtained to determine the temperature due to the
pulse grinding heat flux at any frequency for on and off action of the flux.
Equations (2) and (3) are set to determine the time constant and the total time of the
transient temperature changes both in the interrupted and continued grinding.
Another interrupted grinding application is creation a sealing surface by means of
grinding wheel dressing with constant feed and without one.

Conclusions

1. A necessary condition for the adequacy of the two-dimensional steady-state
solution of the differential equation of heat conduction is the end of the transition
process when the temperature changes in the moving coordinate system; the
duration of this transition is the time for the heat saturation.

2. A sufficient condition for the application of two-dimensional steady and
unsteady one-dimensional solution (after the necessary condition) for a description
of continuous and pulsed rising temperature is the end of the second transition
temperature changes in a fixed coordinate system in which, for example, in relation
to interrupted grinding, the amplitude of the temperature stabilizes pulses in this
system.

3. Creation a sealing surface by means of grinding wheel dressing with
constant feed and without one is another interrupted grinding application.
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