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Abstract

Experimental design developments and theoretical studies of disk-shoe (tubular type)
brakes of drilling drawworks with forced air cooling of their friction pairs made it possible to
establish the following: improved wear-friction properties of friction pairs due to reduced metal
consumption of the main disk and increased area of matte surfaces using an additional disk;
forced air heat exchange with the environment of matte and polished surfaces of the main and
additional disks by thermal conductivity, convection and radiation was taken into account, which
made it possible to estimate the variable value of the brake heat balance; the surface-volume tem-
perature gradient of the friction belts during braking by the main disk of the tubular design is in-
significant, and the depth gradient is small in magnitude, which led to uniform wear of the brake
friction pairs; the influence of the design parameters of the main and additional brake disks on the
weight of the drill pipe string lowered into the well and its operating parameters, from which the
braking torque was isolated.
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Qazima bucurqadimmn diskli-kiindali (boru tipli) aylacinin miirakkab

hava istilik miibadilasi
A Volcenko!, N.A., Volcenko?, A.V. Vozmy', V.I. Snurnikov?

Yxarkov Milli Avtomobil va Yol Universiteti (Xarkov, Ukrayna)
2Kuban Doviat Texnologiya Universiteti (Krasnodar, Rusiya)

Xiilasa

Siirtiinma ciitlorinin macburi hava ilo soyudulmasi zamani1 qazima qurgulariin diskli-kiindsli (boru
tipli) ayloclarinin tacriibi-konstruktor islonmasi va nazori tadqigatlar: asagidakilart miisyyon etmoays imkan
verdi: osas diskin metal tutumunu azaltmagqla sirtiinmo ciitlorinin yeyilmo-friksion xassalorinin
tokmillogdirilmasins va olave diskin totbigi ilo parlaq sothlorin sahosinin artirilmasina nail olunub; asas vo
alava disklorin parlag va cilalanmis sothlorinin otraf miihiti ils istilikkegiriciliyi, konveksiya vo radiasiya
ilo mocburi hava istilik miibadilasi nazara alinib ki, bu da aylacin istilik balansimin doyison Kemiyyatini
giymatlondirmoys imkan verib; boru konstruksiyasinin osas diskindo oylomo zamani siirtiinmo
komoarlarinin sathi-hocmi temperatur qradiyenti asagi soviyyadadir, darinlik gradiyenti iso kigikdir ki, bu
da ayloc siirtiinma ciitlorinin boarabar yeyilmasino sabab olmusdur; osas vo olave aylac disklarinin
konstruksiya parametrlorinin quyuya endirilon qazima borularinin ¢akisina va onun aylac momentinin
ayrildig1 istismar parametrloring tosiri dyronilmisdir.

Acar sozlar: diskli-kiindoli oyloc, metal-polimer siirtinmo ciitii, todgigat modeli, konveksiya,
istilikkec¢irmo, siialanma, istismar parametrlori, hava ilo soyudulma.

CJ10:xHBIM BO3XYIIHBIN TENJI000MEH TUCKOBO-KOJI0A04YHOT0

(Tpy64aToro Tuma) Topmosa OypoBoi jedeaKu
A.HU. Boabuenkol, H.A., Boabuenko?, A.B. Bosnpiiil, B.H. Cuypunkos!

! Xapvroeckuil nayuonansmuiii asmomobunvio-ooposicusiii yhusepcumem (Xapvkos, Ykpauna)
2 Kybanckuii nayuonanshulii mexnono2uueckuii ynugepcumem (Kpacnooap, Ykpauna)

AHHOTAUA

OnBITHO-KOHCTPYKTOPCKUE Pa3pabOTKH U TEOPETHUYECKHE HCCICIOBAHHUS JUCKOBO-KOJIOIOYHBIX
(TpyOuaroro tuma) TOpM030B OYPOBBIX JIeOEIOK MPY MPUHYAUTEIHHOM BO3YITHOM OXJIXJICHUU UX Tap
TPEHHUS TTO3BOJIWIIA YCTAHOBHUTD CIIEIYIOIEe: JOCTHTHYTO YIIyYIlIEHNE N3HOCO-(DPUKITHOHHBIX CBOHCTB TIap
TPEHUS 32 CUET CHIDKCHHUS METAIZIOEMKOCTH OCHOBHOTO JMCKA M YBEITWUICHUS IIIOMAIH MATOBBIX MTOBEPX-
HOCTEH C TpUMEHEHWEM JOMOIHUTEIBLHOTO IWMCKA; YYTCH BBIHYXKIEHHBIM BO3MYIIHBIA TEIUIOOOMEH C
OKpY>Karolel cpeoi MaTOBBIX U MOJIUPOBAHHBIX MOBEPXHOCTEH OCHOBHOI'O U JIOMOJHUTEIBLHOTO JUCKOB
TEIUIONPOBOAHOCTHIO, KOHBEKIIMEH U paAualiieil, YyTo MO3BOJIMIIO OLEHUTh NMEPEMEHHYIO BEITUUYUHY TEIl-
JIOBOTO OajyiaHca TOpMo3a; IOBEPXHOCTHO-O0bEMHBIN IPaJUEHT TEMIIEPATyPhl MOSICOB TPEHUS IPU TOPMO-
JKEHUH OCHOBHBIM JIUCKOM TPyOUYaTOW KOHCTPYKILMU SIBIISETCS HE3HAYUTEIHHBIM, & TITyOMHHBIN TPaJMeHT
[0 BEJIMYMHE MAJCHbKUM, YTO MPHUBEJIO K PABHOMEPHOMY H3HOCY Map TPEHUs] TOPMO3a; BIUSHUE KOH-
CTPYKTUBHBIX ITApaMETPOB OCHOBHOT'O M JONOJHUTEIBHOIO TUCKOB TOPMO3a Ha BEC KOJOHHBI OYPHIbHBIX
Tpy0O, CIIyCKaeMBIX B CKBOKHHY, W €T0 AKCILTyaTallOHHEIE MTapaMeTphl, U3 KOTOPHIX BBIJICIICH TOPMO3HOM
MOMEHT.

Kirouesble ciioBa: JMCKOBO-KOJIOJIOYHBII TOPMO3, METAJJIONOIMMEpHAsi Napa TPEHUus,, MOAEb
WCCIIEIOBAHNSA, KOHBEKIUS, TEIUIONPOBOIHOCTh, U3JIyUYE€HUE, SKCILTyaTallloH-
HBIE MTAPaMETPbI, BO3IYIIHOE OXJIaKICHHE.
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Introduction

The  surface-volume  temperatures
achieved in the friction pairs "disc friction belt
- working surfaces of the linings" depend on:
the weight of the drill pipe string lowered into
the well; the braking mode; the design of the
disc and linings; the materials of the disc and
linings. Due to the stress-strain state of the
locally  frictionally interacting  micro-
protrusions of the disc and linings, the energy
transfer is not uniform. In overheating zones
(burn spots), the surface-volume temperatures
and the equivalent stresses in the brake disc
caused by them exceed the permissible ones.
At a maximum design surface-volume tem-
perature of 500 ° C in the burn zone of the
working surfaces of the friction pairs, the ac-
tual temperature reaches 800-100 ° C. Based
on the above, it is necessary to intensify
forced air cooling of the friction pairs of the
disc-shoe brakes of drilling drawworks when
lowering drill pipes into the well.

Analysis of literary data and problem
statement

According to fragments of a new type of
disc-shoe brakes with a forced air-nano-liquid
cooling system, we have the following [1].
The design is tubular. The main brake disc
with friction belts rests on a solid and non-
solid slit ring. The overlap zones of friction
linings are also located here. The main and
additional discs have chambers, the volumes
of which are connected to each other on semi-
circles by diffusers and confusers.

In [2] it was proved that the thickness of
the brake disc has an uneven effect on the sur-
face-volume temperatures and equivalent
stresses arising in the process of electrother-
momechanical friction. In a 45.0 mm thick
disc, the surface-volume temperatures are

somewhat lower due to its metal content than
in a 35.0 mm thick disc. In the first disc, high
equivalent stresses arise due to a more uneven
distribution of the surface-volume temperature
in it. In the second disc, the surface-volume
temperature was higher, but lower equivalent
stresses arise in it.

Forced liquid cooling of the tribosystem
of the band-shoe brake of a drilling winch is
given in the work [3]. The system consisted of
a chamber located under the rim of the pulley.
Water was used as a coolant. The efficiency of
such a system was no more than 12.5%. In
addition, no assessment was given of the effi-
ciency of forced forced cooling of the friction
pairs of the brakes.

In the work [4] the operational parame-
ters of foreign models of disc-shoe brakes of
drilling rigs were analyzed. However, the in-
fluence of the coefficient of mutual overlap of
friction pairs depending on the number of
supports located along the perimeter of the
brake discs was not established.

A.V. Chichinadze in his numerous stud-
ies [5] noted that the dynamic coefficient of
mutual overlap of friction pairs is the local
sum of their contact areas.

The work [6] is devoted to methods of
studying the contact interaction of thermoelas-
tic bodies, based on the condition of local fric-
tion taking into account frictional heating and
wear. It was necessary to introduce forced and
forced air cooling into the research, which
would increase the practical value.

The aim of the work is to determine the
operating parameters of friction pairs of a new
disc (tubular type) brake with forced air cool-
ing of a drilling winch.
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Complex heat exchange processes in fric-
tion pairs of brake devices

The traditional source of information on
temperature, convective, radiation and heat-
conducting fields during friction interaction of
brake friction pairs are theoretical and experi-
mental studies, which are carried out on full-
scale samples and models. It should be said
that due to the presence of accompanying
transfer processes, complex heat exchange is
much more complex than purely conductive,
convective and radiation heat exchange, which
significantly complicates its analytical and
experimental studies. In this regard, complex
heat exchange processes are currently relative-
ly poorly understood.

From the point of view of nonequilibri-
um thermodynamics, the main task of describ-
ing the transfer process is to establish a rela-
tionship between the magnitude of the specific
flow q and the surface-volume temperatures t
that it causes in the metal friction elements of
the brakes. With regard to the heat exchange
process , the main task is to establish a rela-
tionship of the form

q="f(t) 1)

The general nature of this connection is
determined by one of three possible forms of
heat transfer. The first of them - thermal con-
ductivity (conduction) - is connected with the
transfer of thermal energy by microscopic
elements of a physical system (molecules,
ions, electrons). Thermal conductivity of gases
is the transfer of energy by molecules through
collisions; in a solid body, heat transfer is car-
ried out by oscillating ions of the lattice of the
substance and the "electron gas", in a liquid -
by all the listed mechanisms.

Heat transfer, carried out due to the
movement of macroscopic volumes, is called
convection. There are two types of convection

- free, when elements of mass move in the
field of gravity due to the density of the sys-
tem varying in volume, and forced, in which
the movement of mass is carried out due to
external forces.

The third form of heat exchange - radia-
tion - is associated with the ability of bodies to
absorb, reflect, transmit and emit electromag-
netic field energy. Unlike thermal conductivity
and convection, heat exchange by radiation
between bodies is also possible in a vacuum.
When meeting absorbing media, the energy of
electromagnetic waves is converted into heat.
The determination of heat exchange thermo-
dynamic parameters of friction pairs of brak-
ing devices, based on conductive (a), convec-
tive (c) heat exchange and thermal radiation
(b) is presented in Fig. 1.

The following symbols are used in
Table 1: tny, tn2 are the surface temperatures of
the metal-polymer friction pair; the remaining
symbols are given in Table 2. What is surpris-
ing in Table 1 is that there are no boundary
conditions for the radiative heat exchange of
the metal friction element.

Fig. 2 presents a model of frictional in-
teraction of friction pairs of a drilling winch
disc-shoe brake.

Based on the above, we will move on to
assessing the operational parameters of metal-
polymer friction pairs of the disc-shoe (tubular
type) brake of a drilling winch.

Forced air cooling of metal-polymer
friction pairs of disk-shoe (tubular type)
brake of drilling winches. The basic princi-
ples of construction of designs with air and
air-liquid cooling of disk-shoe brakes of drill-
ing winches practically do not change, which
limits the possibilities for improving the block
for pressing and releasing the friction linings
to the brake disc.



Azarbaycan Miihandislik Akademiyasinin Xobarlori Herald of the Azerbaijan Engineering Academy
2025, cild 17 (1), s. 15-24 2025, vol. 17 (1), pp. 15-24
A.1 Vol¢enko va basq. A.l. Volchenko et al.

a) b)
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Thermal conductivity
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absorptivity
Contact thermal v
conductivity Reflective metal
l surface form factor
Electrical and thermal 4
contact resistance \ Total thermal current
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¥

v

4
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/ \
| Washing air ‘ Air (atmospheric,
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A 4 v

‘ Heat exchange during phase transformations and mass exchange ‘
v

Determination of: total heat flows, specification of surface-volume

temperature, gradients: temperature and heat transfer taking into

account the phenomenon of fluctuati

Figure 1 a, b, ¢ — Determination of heat exchange thermodynamic parameters of friction pairs of braking
devices based on conductive (a), convective (c) heat exchange and thermal radiation (b)

Table 1 — Modified list of boundary conditions (Dependencies)

I-st The intensity of the heat flow from the outside into the body is given (qv)
oty q
_zn =0y
X x=+0 ) (2)
2-nd The body is in contact with another body that has different thermophysical characteristics
tnl‘X=+O - th‘X=—O_ (3)
3-rd The body surface temperature is known (t ;)
4-th The heat flow coming from the washing environment is directly proportional to the dif-
ference in temperature between the body surface and the environment, multiplied by the
heat transfer coefficient
ot
- ain = a(tn _tc)
Xlx=+0 . (4)
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Table 2 — Complex heat exchange between the body and the environment

No. Dependencies and decoding of their parameters
1. | Heat exchange by conduction occurs according to Fourier's law: the heat flow density q is
directly proportional to the temperature gradient, i.e.
t
q=-Agradt =—-A4n, a
on, (5)
where 1 - coefficient of thermal conductivity of the material; no - unit vector directed
along the normal in the direction of increasing temperature; ot/ on- derivative of temper-
ature in the direction of the normal; gradt = nyot/on- temperature gradient .
2. | Convective heat transfer between the surface A of a solid body and the surrounding liquid
or gaseous medium obeys the Newton-Richmann law:
q= aic(ti —1; )AI : (6)
where q - heat flow from the surface of a solid to the environment; A - heat exchange
surface area; «;j. - heat transfer coefficient between the surface of the body and the envi-
ronment; ti and tc - temperatures of the body surface and the environment.
3. | Heat transfer by radiation is determined on the basis of the laws of thermal radiation and
has the form [2]
- *~(r; 100§
0 = £iiCol(T; /100)* — (T; /7200 ) |7g; @)
where &y;; - the reduced degree of blackness of bodies i and j ; ¢;; - coefficient of irradia-
tion of the i - th body by the j -th; Ti, T;j - values of absolute temperatures of bodies i and j
; C o - the emissivity of an absolutely black body, equal to 5.67W/( m?-K*) .
Co_ Ay, (8)
Cl on
where C 1 - emissivity of polished body surface, W/(m2 K*) : An, Aox - heated and cooled
body surface areas, m?.
4. | The total thermal resistance R or total thermal conductivity o o is equal to [4]

1 1 1 1
—_— = + + ;
Ro Rr Rk Ry L. (9)
Og =OT + 0Ok +O'p,

where R 1, R «, R » - thermal resistance of heat exchange by thermal conductivity, con-
vection and radiation.

Note that the addition of three parallel-connected conductivities is justified by the law of
conservation of energy. If we were talking about thermal coefficients, then such an addi-
tion would be unjustified in the general case.
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Submodel 1 : Strength and
dynamic calculations

Submodel 2 : Heat generation and
heat exchange

Definition and compliance with
regulated modes and parameters:

- selection of materials for friction
pairs;

- assessment of the strength of
friction pairs;

- friction power;
- braking torque;

- normal pressing force of the
pads;

- dynamic coefficient of friction.

Definition:

- surface-volume temperature;
- specific heat flow;

- heat exchange component:

- conductive ;

- radiation;

- convective.

washing air;

MODEL OF HEATING OF A FRICTION PAIR DURING BRAKING
Boundary conditions in the finite element model:
- angular velocity of rotation ofthe main brake disc;

- complex heat exchange of the brake friction pair when interacting with the

- physical and thermodynamic parameters of air;
- determination ofheat transfer coefficients;

- assessment of the thermal balance of brake friction units.

Figure 2 — Model of frictional interaction of the friction track of the main brake disc (new type)
with friction linings on metal substrates during braking

The regularities of the change in the
braking torque ( M ) developed by four fric-
tion pairs (calipers) of the disk-shoe (tubular
type) brakes of drilling winches from: the
weight G of the drill pipe column at different
average radii R¢ of the friction belt of the disk;
the dynamic friction coefficient 4 and Rc at
pulse specific loads p = 3.2 MPa and the
working area of the lining were established A
=0.07m?;b-pandyatA=0.07 m?and
Rp=08m;c-pandAatR.=08mand u =
0.35. The patterns of change in surface-
volume temperatures in the conjugation of

friction pairs from the weight G of the drill
pipe column were determined at different av-
erage radii R of the friction belt and heat flow
q penetrating the friction belt of the brake disc
from the surface-volume temperature t and the
thickness ¢ of the disc-shoe (tubular type)
brakes of drilling winches. The studies were
conducted with the following surface areas:
polished main disk 0.126 m? and its matte
0.536 m?, and the matte surfaces of the addi-
tional disk were 0.302 m?. The total area of
the matte surfaces was 0.838 m?, and the con-
fusers and diffusers were 0.000028 m2. The
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volume of the chambers filled with nanofluid
for the main and additional disks was 0.0094
m? and 0.0023 m®, respectively. The main de-

sign parameters of models of disc-shoe brakes
of foreign drilling winches were considered as
analogues (Table 3).

Table 3 — Main design parameters of models of disc-shoe brakes for drilling rig winches

Model PS440- PS295- PS240- PS165- PS60- PS40-
9000 6700 4500 3150 1350 900
Drilling rig ZJ120 ZJ90 Z2J70 ZJ50 2320 Z2J15
Brake disc diameter 2100 1900 1600 1500 1400 1200
N_umber of main brake de- 7 5 4 4 3 9
vices
Number o_f brake units during 3 3 9 9 1 1
hard braking

Let us analyze the graphical dependen-
cies shown in Fig. 3, concerning the change in
braking torque by friction pairs of disc-shoe
(tubular type) brakes with their forced air
cooling: a — with an increase in the average
radius R . friction belt of the main disk and
weight G of the drill pipe column lowered into
the well, an increase in the value of the brak-
ing moment M is observed; b — with increas-
ing Rc. and the dynamic friction coefficients u
received an increase of M [7]; ¢ — with the
growth of x« and pulse specific loads p, an in-
crease in M was observed; d — with an in-
crease in the area of the working surface of the
pads A and p, there was an increase in M. Let
us analyze the graphical dependencies shown
in Fig. 4, related to the surface-volume tem-
peratures of the friction pairs of the new brake
and the specific heat flows g generated by
them: a — with an increase in G and R¢, an in-
crease in surface-volume temperatures t was
observed in the conjugation of brake friction
pairs; b — with a decrease in the wall thickness
o of the disk with an increase in t, g increases
in the range of change from 15.0 to 45.0
W/(m?-°C) of heat transfer coefficients from
polished and matte surfaces of the main and
additional disks.

Discussion of results

Experimental design developments and
theoretical studies of disk-shoe (tubular type)
brakes of drilling winches with forced air
cooling of their friction pairs allowed us to
establish the following: an improvement in the
wear and friction properties of friction pairs
has been achieved by reducing the metal con-
tent of the main disk and increasing the area of
matte surfaces by using an additional disk;
forced air heat exchange with the environment
of the matte and polished surfaces of the main
and additional discs was taken into account by
thermal conductivity, convection and radia-
tion, which made it possible to estimate the
variable value of the brake thermal balance;
the surface-volume temperature gradient of
the friction belts during braking with the main
disc of the tubular design is insignificant, and
the depth gradient is small in magnitude,
which led to uniform wear of the brake fric-
tion pairs; the influence of the design parame-
ters of the main and additional brake discs on
the weight of the drill pipe column lowered
into the well and its operating parameters,
from which the braking torque is extracted.
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Figure 3a, b, c, d — Patterns of change in the braking torque M , developed by four friction pairs of
disc-shoe (tubular type) brakes of drilling winches from: from a — weights of the pipe column G for differ-
ent average radii of the friction belt R. of the disk; b — dynamic coefficient of friction x« and R. for pulse

specific loads p = 3.2 MPa and the working area of the lining A =0.07 m? ;¢ - p and x at A = 0.07 m? and
Rc=0.8m;d-pandAat Re=0.8 mand x=0.35
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Figure 4 a, b — Patterns of change in surface-volume temperatures (a) in the conjugation of friction pairs
from the weight of the drill pipe column G at different average radii of the friction belt Rc and heat flow q
(b) penetrating the friction belt of the brake disc from the surface-volume temperature t and thickness & of

the disc-shoe (tubular type) brakes of drilling winches
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Conclusion
Thus, the intensification of heat removal ~ Conflict of interests
cycles from the matte and polished surfaces of The authors declare there is no conflict

the main and additional disks will improve the  of interests related to the publication of this
braking efficiency of the disk-shoe brakes of article.

the drilling winch when lowering the drill pipe

column into the well.
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