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RESEARCH OF TEMPERATURE PROCESSES DURING DRILLING OF HOLES

The paper addresses an axisymmetric thermophysical problem occurring during deep-hole drilling, based on a
proposed mathematical model for temperature calculation using the heat source method and the principles of spatial-
temporal correspondence and local influence. The dependencies of the thermal process were determined, taking into
account the mutual positioning of the cutting tool and the part, the material of the workpiece, the presence of cooling
with cutting fluid, cutting conditions, chip removal, and the duration of the drilling operation itself. This is particularly
important for deep drilling, where the heat source is continuously displaced.

It was established that the calculation of the temperature field in the workpiece depends on the action of a ring-
shaped heat source with a uniform heat release intensity distribution. Theoretical analysis showed that the maximum
temperature should not exceed 300 °C (without lubricating and cooling fluid) and 180 °C (with lubricating and cooling
fluid), respectively. Standard chromel-alumel thermocouples (temperature range —100 °C to +1000 °C) were used for
temperature measurement.

Deep-hole drilling experiments were performed on parts made of Steel 45 (analogous to C45E and Ck45
according to the EU standard EN 10083-2) with diameters of 10 mm and 20 mm, using special deep-drilling tools. The
machining was carried out on a universal lathe model 16K20, modified for deep drilling. The temperature in the tool-
workpiece contact zone and the temperature distribution within the workpiece (temperature gradient) were calculated.
The adequacy of the proposed mathematical model was confirmed, as the calculated temperature values corresponded
well with the experimental data.

Keywords: heat source, deep drilling, thermal conductivity, heat source method, principle of spatial-temporal
correspondence.

INTRODUCTION

Parts with deep holes are manufactured across all areas of mechanical engineering and instrument
making. Deep holes are primarily associated with moving parts of machines and mechanisms, determining
their performance characteristics, reliability, and operational durability.

A hole is considered deep if the ratio of its length to diameter exceeds 10. However, in practice, when
machining a hole to a depth greater than three diameters, difficulties arise with chip removal, reduced drill
stability, and decreased machining productivity.

Deep-hole drilling technologies differ from conventional hole machining and require the use of
specialized equipment and technological tools — namely special cutting, auxiliary, measuring tools and
devices. During deep drilling, a lubricating and cooling fluid (LCF) is supplied to the tool, which defines not
only the specific features of the process but also those of the equipment and tools used [1].

When drilling holes, an axisymmetric thermophysical problem arises, associated with calculating the
temperature field of the workpiece from the action of a heat source in the form of a ring with a uniform
distribution of heat release intensity.

ANALYSIS OF LITERATURE DATA AND STATEMENT OF THE PROBLEM

Representation of the thermal process makes it possible to use the fundamental solution of the heat
conduction equation for axisymmetric thermophysical problems, for example, the expression for calculating
the temperature field in an infinite body with an instantaneous source of power g, J/m in the form of a circle
with radius r', acting in the plane z'=0 at time t=0 [2]:
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where O=2zr'g; Iy (%) — Bessel function of zero order from the imaginary argument;

a=;—ﬂ — thermal conductivity coefficient; Cp — volumetric heat capacity; 4 — thermal conductivity

coefficient.

According to the method of images, the thermal regime in a body with an opening of radius r,, on the
adiabatic surface of which an annular heat source with power O = 2zr, q is located, will be equivalent to the
thermal regime in an infinite body in the region » > ry, if, in the latter, a ring source of double power Qy=2Q
is placed at r = ry, and a heat sink with power Oc =-Q is placed atr = 0.
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In the adopted schematisation of the thermal regime, heat transfer to the environment, the workpiece
and the tool is not taken into account, since these heat exchange conditions can be taken into account through
the corresponding coefficient when solving the balance problem. During drilling, about 75% of the heat is
transferred to the workpiece.

According to the principle of local influence [3], it is permissible to consider the temperature field in
the part as the sum of two components: the general field, located far from the source, and the local field,
directly in the source space. In this case, when determining the general field, the heat source may be
schematized in various ways, while more accurate heat dissipation conditions should be taken into account.
When calculating the local field, the heat dissipation conditions may be simplified, but the intensity
distribution of the local source must be represented as accurately as possible.

In this regard, when calculating the local temperature field in a part, the following simplification can
be made. The workpiece can be conditionally represented as an unlimited body with a cylindrical hole of
radius ro. Further, considering that the circumferential speed of the source is several orders of magnitude
greater than the feed rate, according to the Peclet criterion e = % = 10, such a fast-moving local source can,

within one revolution of the part, be regarded as an instantaneous spatial ring [4] with an intensity
distribution along the radial direction r and coordinate z following to the normal Gaussian law:
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According to the principle of space-time correspondence [5], to transition from the solution describing
the temperature field in an infinite body with an instantaneous ring source (1) to the corresponding solution
with a normal toroidal source (2), it is sufficient to introduce a time constant:
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where R is the characteristic size of the heat source m; k is the concentration coefficient of the source
intensity.

PURPOSE AND TASKS OF THE RESEARCH

The purpose of this work is to experimentally investigate the temperature factors in the tool-workpiece
contact zone. The objective is to develop a mathematical model for heat accumulation in the cutting zone
during deep hole drilling and to verify its adequacy.

RESEARCH RESULTS

It is known that for small time intervals, i.e., for large values of the Bessel function argument, in
relations (1) the following substitution can be made:
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After the transformations for small time intervals, the solution describing the thermal regime in an
infinite body with an opening of radius r, with a normal toroidal source, at r' = ro, z' = 0, is obtained in the
following form:
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If the local field takes into account the process of heating the part over a time interval corresponding to
one revolution of the source, then the total field must take into account the accumulation of heat over the
entire processing time, as well as for the additional heating caused by it.

In accordance with the principle of local influence, it is reasonable to assume that each individual
revolution of the source preceding the last one, which determines the local field, represents an instantaneous
heat impulse maximally concentrated along the radial and generatrix directions. Based on this, the process of
heat accumulation in the body can be represented by the following diagram.
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Let us assume that the heat source J, (Fig. 1), which determines the local field in the area near the
diametral cross-section z=0, appears at time t=0. Accordingly, the previous revolution of the source, rotating
with an angular velocity o and having a feed rate S per revolution (shown in the diagram as the
instantaneous ring source J;), ended before the moment of time t;=27/w, at a distance z;=S from the source
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Figure 1 — Diagram for calculating heat accumulation in a body with an opening

Even earlier, at time t, = 2t; 1land at a distance z,=2z,, the ring source J, was active, and so on, until
the first instantaneous ring pulse J,, occurred at time t,=2zm/w at position z,=mS. According to the adopted
scheme, the accumulation of heat in the part can be represented as an increase in the temperature of the local
field due to the contribution of each instantaneous ring source, i.e.,

By = %46 (o).

Since the increase in the temperature of the local field from each source is determined over a relatively
short period of time, the temperature of the general field can be calculated using relation (3). By setting r=r,,
ti=2zm/w, and z;=mS, we obtain the following expression:
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The effect of heat flow, which is taken into account when modelling the process in an infinite body,
can be considered using relation (1). In this case, we should set »'=0, r=r¢, z=2;, t=t;, and 1,(0)=1. As a result,
it follows that the decrease in the temperature of the local field over m revolutions of the heat source
(t;=2zm/w, zi=mS) is determined by the following relation:
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Thus, in accordance with the imaging technique for a body internally bounded by an opening, the local
field in the region affected by a normal toroidal source is calculated using formula (3); the increase in the
temperature of the local field due to heat accumulation is determined by the ratio of the total temperature
field (4), while the decrease in the temperature of the local field caused by heat flow for each of the m; ring
sources is calculated using formula (5).
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Figure 2 — Dependence of the temperature on the surface of the hole on time during drilling of steel 45
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(1260 —— a=0,08-10* = cp=5,02-10°—2— R=2,5-10°m;
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Po=2174 H; k=2x; z=0)

Fig. 3 and Fig. 4 show the level of heat accumulation in the part and the effect of heat flow for the
following process parameters: r,=0,01 m; V = 25 m/s; S = 0.25 mm/rev during the processing of steel 45.

As the calculations show, a slight increase in the local field temperature is influenced by slightly more
than 6 revolutions of the source (Fig. 3). As can be seen from Fig. 4, concentrated heat flow does not affect
the machining of a 10 mm diameter hole; the effect appears when r, < 5mm.
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Figure 3 — Effect of heat accumulation on the surface temperature of the hole
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Figure 4 — Effect of heat flow on the temperature at the centre of a normal toroidal source depending
on the radius of the ring source (r,=0.01 m, r,=0.005 m, r,=0.004 m)

As part of the scientific work, deep holes with diameters of 10 and 20 mm were drilled using special
deep drilling bits. The processing was carried out on a universal lathe model 16K20, which was modernised
for deep drilling. During drilling, an experimental study was conducted on the temperature in the tool-
workpiece contact zone, as well as the heat distribution in the workpiece, since, according to [6, 7], during
drilling, about 75% of the heat is transferred to the workpiece.

The features of various methods of experimental study of thermal phenomena (the pyrometric method
[8], the method of artificial and natural thermocouples, the method of heat-sensitive paints, the method of
melting pure metals, and others [9, 10]) were analysed, and it was proposed to measure the temperature using
the artificial thermocouple method.
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Figure 5 — Layout of channels for installing thermocouples in the workpiece
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Figure 6 — Temperature change graphs for points located at different distances from the end of the
workpiece
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Figure 7 — Temperature change graphs for points located at different depths from the surface of the
hole

Since theoretical research has shown that the maximum temperature should not exceed 300 °C
(without CLF cooling) and 180 °C (with CLF cooling), standard chromel-alumel thermocouples were used to
measure the temperature. The thermocouples were inserted through holes with a diameter of 2 mm into the
processing zone in accordance with the developed scheme (Fig. 5), which made it possible to monitor the
temperature variation in the material along the axis of the hole, as well as in the plane perpendicular to the
axis of the hole. The temperature in the tool-part contact zone could then be theoretically determined based
on the experimentally obtained temperature gradient (Fig. 6 and Fig. 7).

CONCLUSIONS

The method of imaging an axisymmetric temperature field in a body internally bounded by a
cylindrical hole as an adequate thermal regime in an unbounded body using fictitious (reflected) heat sources
has been substantiated.

It is shown that the thermal regime in a body with an opening that arose during mechanical processing
can be conditionally divided into local and general temperature fields, with the local field determining the
temperature directly in the area of action of the local source, and the general temperature field determining
the increase in the thermal stress of the local field due to the accumulation of heat in the processed part.

The adequacy of the proposed mathematical model has been experimentally verified.
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IHloninkesuu P., 3ybooeeuvka H., Peovko P., Yemeseporcyx T., 3anema O., Baneyvxuii b., Ilununeys
M. JocaigxeHHs TeMIIEPATYPHUX NPOLECiB PH CBePAJTiHHI 0TBOPIB.

VY crarTi BUpilIEHO OCEeCMMETpUYHE Teryio¢i3ndHe 3aBAaHHS NPU CBEPATiHHI IMTUOOKUX OTBOPIB Ha
OCHOBI 3aIpONIOHOBAHOT MaTeMaTHYHOI MOJENi PO3pPaxyHKy TeMIlepaTypu 3a METOJIOM JDKepel Terla 3
BUKOPUCTAHHSIM MPUHLMIIIB IPOCTOPOBO-YACOBOI BIiANOBIAHOCTI Ta MICHEBOrO BIUIMBY. Bu3HaueHO
3aJIeKHOCT] TEIJIOBOTO MPOIECY, SIKi 3ajieXaTh BiJl B3aEMHOI'O PO3TAllyBaHHS PLKYyYOro iHCTpYMEHTY Ta
0o0poOJIIOBaHOT JieTalli, Marepially 3aroTOBKH, HAsSBHOCTI OXOJIO/DKCHHS MAaCTHJIBLHO-0XOJIOKYBaJIbHOO
PiAMHOIO, PEXUMIB pi3aHHS, BIIBEJCHHSM CTPYXKH Ta 4acy Mepediry camMoi TEXHOJIOTIYHOi omeparii
cBepuTiHAA. Lle 0coOIMBO BaXKIIMBO IS TITMOOKOTO CBEPIUITIHHS, JIe JDKEPEJIO Terlla MOCTIHHO 3MIIy€EThCS.
BcranoBieHo, 1m0 po3paxyHOK TEMIIEpaTYpPHOTO MoJisi 00poOIoBaHOl JeTaii 3aleXuTh Bill Jii JpKepesa
TEIIOTH Y (hopMi KiJIbIISI 3 PIBHOMIPHHAM PO3IO/iJIOM IHTEHCUBHOCTI TEIUIOBUIICHHS.

TeoperuuHe noCiKEHHS MOKa3alo, 10 MaKCUMallbHa TeMIlepaTypa He IOBUHHA niepeBuryBati 300
°C (6e3 oxomomxennss MOP) i 180 °C (mpu oxonomxenHi MOP), BiANoBiAHO i BUMIipIHOBaHHS
TEMIepaTypd BUKOPHCTOBYBAJIUCS  CTAaHAAPTHI TepMONapud THIy XpOMElb-alloMelb  (Jiarma3oH
BUMiproBaHHS Temneparypu Bix -100 °C mo +1000 °C).

ExcniepuMeHTanbsHO POBEIACHO CBEPIUTIHHS IIIMOOKHUX OTBOpiB Aiamerpamu 10 Ta 20 MM B geraii 3
Mmatepiany Cranpb 45 (ananoru C45E ta Ck45 3rigno cranmapty €Bpocorody EN 10083-2) cnemianbHUME
CBepIIaMHu JUTsl TIIHOOKOTO cBeptiHHsL. OO0poOKa 3ificCHIOBaNlacs Ha YHIBepCaIbHOMY TOKApHOMY BEpPCTATi
mozeini 16K20, monepHizoBaHOMY JUIsl IITHOOKOTO CBepAiHHA. Po3paxoBaHo TeMIiepaTypy B 30HI KOHTaKTy
THCTpYMEHT-JIeTallb, a TAaKOXX PO3IMOJII TEMIIEpaTypH B Tl 3arOTOBKU (TeMIIEPATypHHN T'PAJi€HT).
JloBeieHO aJIeKBaTHICTh 3alPOIIOHOBAHOT MaTEMaTHYHOI MOJIENi, a PO3paxOBaHi 3HAYECHHS TeMIIEpaTyp
BiJINIOBial0Th OTPUMAHNUM €KCIIEPUMEHTAIBHUM JaHKM.

KirouoBi ciioBa: teriose mxepeno, TIM00Ke CBEpAIIHHS, TEIUIONPOBIAHICTE, METOJL JUKEPEN Terla,
MIPUHITUT TIPOCTOPOBO-YACOBOI BiATIOBITHOCTI.
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