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BASIC SYMBOLS

Ag - Kinetic energy of an aireraft at the instant of ground contact

A - Kinetic energy transmitted to the brakes

A-. - Kinetic energy of the bodye

agbl - Magnitude of reciprocal surface penetration

ayy - Depth of deformation, leading to the given kind of destruction

a - Temperature conductivity

Cgam — Coefficient, considering the aerodynamic characteristics of an aircraft,
and the resistance to rolling

¢ - Heat capacity

T - Elasticity modulus

Fgt —- Static friction force

F - Rolling friction force

f - Coefficient of friction

Yy max — Madimun coefficient of tire friction against ground

Gpo

Hg - Brinell hardness

s - Aircraft weight on landing

Jeh - Numerical intensity of wear
Jy ~ Weight intensity of wear
Jq - Linear intensity of wear

Kgam — Coefficient considering the aerodynamic qualities of an aircraft, on

landing

Kper - Coefficient of resistance to nose-over

i

“ .-
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Kz — Coefficient of rigidity
1. - Poisson's ratio
Mp - Brake moment of wheel
MP max - Maxdmum brake moment of wheel
M7 mean - Mean brake moment
Vmax — Maximum brake power
N7 - Power absorbed by brake
Hp ,q - Brake horsepower
Pyt - Radial stationary load on wheel
P - Radial ground reaction, acting on the wheel
P — Load
Pp - Pressure in brake system
Pr gy — Mean actual specific pressure upon contact
Pua - Specific pressure
- Tire inflation pressure

Actual area of contact

Calculated area of contact

Nominal area of contact

Contour area of contact

- Friction area

T - Specific force of friction
t - Time
V - Volume
vgk - Sliding speed of disk
vlék - Sliding speed of drum, relative to brake shoe
vpos - Landing speed
Vokr — Peripheral speed of wheel

L - Length
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ngi - Number of contact points per unit contour area
n, - Number of contact points per unit nominal ar?éa
n - Number of brakes in wheel

a,B - Coefficient in the elementary law of friction
a4t - Stability of friction coefficient
atp - Coefficient of distribution of thermal flow
B ors - Coefficient of efficiency

A- Linear wear, in mm
Ah - lleight

Aem - Loss of weight of material during friction
Y - Specific weight

N ud - Coefficient of fatigue in friction

841 - Magnitude of tearing in depth

84t - Stationary contraction of a tire

0 g - Mean temperature of friction surface

GV - Temperature at various points within the volume of the material

N - Heat conductivity

Qp - Specific thermal flow

o - Coefficient of heat transfer

o' - Coefficient of external heat transfer

Prol ~ Total angle of wheel revolution during braking, or brake path of the

wheel
I:T - Hean friction radius
g — Acceleration of gravity

Yg1 - Tangent of smoothness

-
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|~ EDITOR'S KOTE - "Srake Chamber", or "Broke Chaubers" {passim) should read
*Exparier-Tupe Brake or "este"bhs vessectively.
*Chamber® (passim) should read "Expander Tube", or

"Expander Tunes" respsctiiely.
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DESIGN AND OPERATION OF WHEEL BRAKES

IN JET-ATRCRAFT LANDING GEARS

The development of aviation is accompanied by increased landing speeds and
aircraft weights. In connection with this, the kinetic energy of the aircraft at -
the time of landing and the length of the ground run have greatly increased. Ac-
cording to information in the foreign press (Bibl.1l), some jet aircraft already
have landing speeds of 250-300 km/hr and it is quite probable that aircraft will
have landing speeds of 320-350 km/hr in the very near future.

Aerodynamic resistance during the landing run of modern jet aircraft ;s con-
siderably less than that of piston-engine aircraft. The force of resistance to the
rolling of wheels, equipped with roller bearings and high-pressure tires, along the
hard airfield surface is also very small. Therefore jet aircraft have a high kinet-
ic energy on landing and, with special braking, require a landing run of 3500 m or
more. Operating such aircraft without braking devices would require airfields of
very large dimensions. The use of wheel brakes makes it possible to shorten the
landing run of the aircraft 3-h times, i.e., to reduce it to 800-1000 m, thereby
greatly reducing the gize of airfields.

Braking a modern jet aircraft at the time of landing, at a landing speed of
300-350 lm/hr, presents a very difficult technical problem.

During the 15-25 sec of a landing run it is necessary, by means of the aid of
wheel brakes, to convert a tremendous amount of kinetic energy into heat and then

dissipate this heat. The most difficult problem of the wheel-brake designer is to

STAT
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mﬁplace,’in the réfhef"liﬁitéd érea of tﬁ;mbheelu—brakeé with sufficient power to
o '

j..work dcrendably under the difficult conditions of rolling, and at the sawe time .

i{ provide good ventilation of the brake junction and wheel to dissipate the heat. To

6. ¥_-- —_

-Q‘PPOVide brokes with ood performance and the required life, it is necessary to se-

—

"glect materinls for brake pairs which will retain their mechanical and frictional
10 —

1 .

_u!properties at temperatures and specific presswes which, in the braking process,
1o 4

- 1reach considerable magnitudes.
14 .-°
_; The aireraft wheel brakes (Bible 2, 3» 37) now in use way be subdivided into

__itbree types: brake shoe, brake chanber, and disk types. Brake shoes are rarely
18

:j used on hizh-speed aircraft since they are highly sensitive to any change in the
0

9 |

~

_lfriction coefliciecut and to deformation of the brake drum, caused by heavy thermal
q¢ﬂ

— loading of the frictional paire. NMoreover, any faulty installation of wheel and
24 _J

—. brake on the axle of the laniing gear, noO matter how minor, impairs the working of

~

P
_+ the brake shoes and pover brake., However'it is interesting to note that despite

RN
iq'their shortconings, brake shoes were widely used by the Germans on elmost all their

-

-w;military aireraft during World iar IT.

. .
' Evxvander-Tube Brakes

M g— k4

Expander-tube brakes are less subject to thermal deformation of the brake drum

and changes in friction coefficient in the brake lining. Beginning in 1936-1937, this

.-

— type of brake (Fige 1) ves being developed along with brake shoes in our aviation,

_. however, when higch-speed jet aircraft appeared and the need for serious attention

10
. to brake temperature conditions arose, expander-tube brakes superseded brake shoes

_.' since they were less sub ject to tewperature changese
Aa_]

EAS

- For the last 17 years, expander—tube'brakes have undergone practically no

S
oo

changes in structural desighe Timproverments have been made only in the types of

) material used (protected expander-tubes, electronic casting of the brake body,
l -~ friction plastic, laminated return SPrings)e

-

The developuent of expander-tube vrake is closely connected with the development of

STAT
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jed by improvement in brake drum

‘brake drums: Improvement in brakes has been accompan

design. The first changes in the brake drum were concerned with preventing drum de-
formation caused by thermal loadings, and with providing energy dissipation at in-
‘ n structural

creased operating temperatures but without any particular increase i

weight.

Fig.l - Exterior View of Brake Chamber
The main improvements in the brake drum were its insulation from the rim of

the wheel to avoid overheating and failure of pneumatic tires, the introduction of

a finned radiation surface, and the use of bimetal drums in the form of a steel

shell, reinforcing the inner cast iron layer. The friction surface of these drums

is made of alloyed cast iron which makes it more durable when operating at high

temperatures, and their outer surface radiates heat (Bibloh).

At present the brake drum is made smaller along its diameter (Fig.2) than the

rim of the wheel, providing an insulating air layer between the radiating surface

of the drum and the rim, to which the tire with its inner tube adheres.
The shortcoming of such a construction principle is that all braking energy

drum, while the mass of

must be mainly absorbed and dissipated by the brake
STAT
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the wheel and tire barely participate. Therefore, a heavy drum must be used, calcu-

lated to absorb all the kinetic energy of the aircraft, transmitted to the brakes

on landing. In earlier designs of small aircraft wheels, the brake drum was pressed

into the body of the wheel (Fig.3).

Fig.2 - Modern Design of an Aircraft Wheel with an Insulating Air
Layer between the Radiating Surface of the Bimetal Drum and Rim
1 - Inner tube; 2 - Tire; 3 - Rim of wheel; /. - Steel shell;

i 5 — Alloyed cast iron

The solution to the problem of increasing the resistance to wear and the con-
stancy of the friction coefficient of the frictional brake pair is found not only
through research on new and more durable materials but through improvement in con-
ditions for the elements of the pair, i.e., through lowering the temperature of the
brake pair working surface and thus eliminating increased wear of the brake shoe

‘ and lowering of brake efficiency.

lately, bimetal drums of a different design have been used as an experiment:

STAT
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the friction surface of these drums is made of a thin layer of cast iron or steel,
and remainder of the drum, which accumulates and radiates heat, of a thin aluminum

alloy which has good heat conductivity and heat capacity (Bibl.5). The aluminum

Fig.3 - Early Design of an Aircraft Wheel for a Medium-~size
Aircraft, with the Brake Drum Pressed into the Wheel Body
1 - Inner tube; 2 - Tire; 3 - Wheel body; I - Thin-walled

steel brake drum

alloy of the basic body of the drum and the cast iron or steel film forming the
friction surface of the drum are alloyed in a special way, so as to provide full
contact; this allows full heat transfer from the friction surface into the main
body of the drum. The cooling properties of such a drum are quite high, according

to our experimenters. Therefore, maximum temperatureson the friction surface are of

shorter duration. This improvement of the drum makes it possible not only to de-

STAT
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crease the structural weight but also to improve the brake heat conditions and to

provide easier working conditions for the brake linings and the friction surface of

the brake drum,

Y XAARAVATARAARRARRARARANRARRRAARNAS
ARTARMARATILTERURRURRRRRURN RN RN

Fig.l - Design Aircraft Wheel with Self-Ventilated 'Wheel Body

and Exterior Radiating Surface of Brake Drum

Forced cooling of the drum after braking is used to improve the temperature

cond.:ltions in the work of.the lining and the friction surface. The exterior radi-

ating surface of the brake drum is finned. Hollow brake drums with a cooling fluid
.or cooled with salts have been tried. Ventilation of the wheel body has also been
tested (Fig.h). In this system, the exterior radiating surface of the brake drum
and the wheel body are cooled by the flow of air.

In practice, however, many of theése measures have proved ineffective or have
not at all justified themselves. Lately, brake designs have been worked out in which
the exterior radiating surface of the brake drum is ventilated and thereby cooled,
also cooling the friction surface of the brake pair. Such ventilation noticeably
improves the thermal conditions of the frictional brake pair. Further details on

these designs are given below.

. <
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Disk Brakes

In modern aircraft, the need for wheels of minimum over-all dimensions to fa-

cilitate maintenance has led to the use of high-pressure tires ‘with narrow profiles

barely covering the widths of the gides of the rims. The body of such a wheel has

. considerably less width, which makes it difficult to place a brake drum of the nec-

egsary width in such a wheel. There is need for designing a highly efficient brake

with minimum over-all dimensions. Disk brakes meet these requirements.

Disk brakes (Fig.5) are superior to brake chambers. This type of brake does not

require a brake drum and therefore does not have the disadvantage of being subject

to thermal radial contraction, expansion, warping, or displacement of the brake drum

friction surface which would disrupt operation of the brake (Bibl.é).

Brake disks have two-gided heating, which makes them more effective and more .

rugged than a brake drum. At the time of braking, the disk generates heat on both

of its friction surfaces, heats more uniformly and faster, and cools faster. This

decreases the danger of warping.

. Cooling of the friction surfaces of disk brakes is accomplished more easily

than in brakes having a brake drum (Bibl.7).

Brake disks are connected to the body of the wheel by means of grooves, pro-

viding minimum contact. Therefore, contact heat transfer from the disks to the
wheel body is considerably lower than from a brake drum.
Better insulation of brake disks from the wheel body is one of the most impor-

tant features of a disk brake; also important is the absence of dangerous thermal
deformations. The possibility of damaging the inner tube of a tire at high tempera-
tures, while brakes are heated, is decreased.

Disk brakes usually have one (Fig.5a) or several disks (Figs.5, 6).

Unidisk brakes differ in that a large part of their friction surface is ex-

posed, so that when they become red-hot from friction and are then cooled by an

airflow they give off heat quickly to the immediate surroundings.

- T -
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Fig.5 - Disk Brakes
a - Outside view and design of a unidisk brake

b - Outside view and design of a multidisk brake
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Unidisk brakes with open friction surfaces are of great interest. However, uni-
disk brakes also have the following disadvantages:
. . .
1) Not being protected in any way, the disk may be subject to the harmful e
‘ . . 3 . in
fect of sand, which contributes to the rapid wearing out of brake linings; also,
I

vy i
brakes with open disks the use of projecting tough (therefore heavy) brackets is
r -

<

necessary.

2) Despite the fact that the use of smaller friction surfaces at high specific

xposure of the disk friction surface for gooling, which .

=

temperatures allows maximum €

tion lining may cause it to work unsteadily: the inconstancy of the friction coefT
ficient, the appearance of tears etc., all in turn, will help speed deterioration.
3) The larger the mass of the disk, the greater will be the quantity of heat
it accunulates; however, the thicker the disk, the higher will be the temperature
gradient. The allowable average temperature of about 500°C will correspond at the
time of braking, to a temperature of the disk surfaces of 1000°C or higher. Besides,
impairing the frictional qualities of the pairs, this will cause oxidation of the
friction surface (Bibl.8). It would be possible to chromium-plate the disks to in-
crease their resistance to oxidation and wear, but high surface temperatures may
cause formation of an oxide film on the chromium, whose mechanical strength is
poor; this will cause the chromium layer to be torn off when the brake is in oper-
ation.

Multidisk brakes, in which the mass of a single disk can be reduced to an ac-
ceptable size, provide considerable absorption of kinetic energy.
Multidisk brakes consist of a number of fixed disks, joined to the body of the
brake, and of revolving disks joined to the body of the wheel.
At the time of braking, the block of movable and stationary disks is compressed
‘ by a piston ring, ring-shaped piston actuated by the hydraulic system. The develop-

ment of multidisk brakes has been in the direction of using thick ventilsted disks.

STAT
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Fig.6 - Design of a Wheel with Multidisk Brakes

Having Thick Ventilated Disks
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.(Figs.Sb and 6) and cooling the friction surface of the brakes by air.

Together with cermet coatings of the stationary disks, plastic frictional mate-

rials are now being used. Movable metal polished disks are plated with chromium to

increase the resistance to wear and oxidation.
A multidisk brake with thick ventilated disks differs greatly from earlier mul-

tidisk brakes, both in design and operation of its parts. Revolving metal brake

disks are thick solid plates, capable of accumulating a considerable amount of heat.
Each revolving disk in’such a brake consists of separate segments, hinge-joined with
gpecial links (Fig.5a). Therefore, such disks do not warp or crack from heat_expan-
sion even at quite high temperatures, while the reverse is true of solid unseg-
mented disks. A brake with segmented disks automatically provides completé adherence
of the segments to the brake lining at the time of braking.

Segmented disks are fastened to the wheel with splines along the outer perim-
eter, so that they revolve with the wheel and have the axial motion requiréd when
applying and releasing the brake. These segmented disks are pressed against thin
revolving disks covered with friction linings. The stationary disks are attached to
the body of the brake by splines. Like the revolving disks, they have limited
movement along the axle of the wheel.

The friction lining of the stationary disks consists of separate segments,
forming ventilation channels in their interspaces through which air circulates
(Fig.6) and cools the disks. An important result of this internal ventilation is
that the efficienc& of the brake is retained during prolonged braking. Moreover,
dust from wear of the linings is entrained through the ventilation duct, providing
better contact between disk surfaces and decreasing the amount of pressure neces-
sary to achieve the required braking moment. The body of the brake is solidly fas-
tened to the landing-gear support. The annular chamber contains a pressure piston

which, under the action of hydréulic pressure, compresses the disk block and ac-

tuates the brake.
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An advantage of multidisk brakes is that they are easily adapted to the special__
features of a given wheel, by changing the diameter or number of disks. Moreover, by
decreasing or increasing the number of disks, the energy capacity of the existing N
brake can be changed within wide limits.

The power, service, and reliability of modern brakes depends to a great extent
on the quality of friction linings.

The basic problem in improving the quality of brake linings lies in increasing

their wear and friction stability factor in the braking process. At present the re-

sistance of the lining to wear is a more important requirement than the stability

of its friction coefficient (Bibl.2, 7, 9).

The problem of making friction materials more wear-resistant can be more eésily
solved only when the problem of improving temperature conditions in the operation
of the brake pair is solved. Brake shoes require friction materials that are highly
heat-resistant, and the selection of satisf§gtori1y performing linings for disk
brakes is complicated by the fact that the sliding speed of linings is not uniform
at various distances from the revolving axle.

Effectiveﬂess of braking relates to the l;ngth of the aircraft landing run and
depends not only on the quality of the brakes but on the braking ability of the pi-
lot. Pest results are obtained if the brakes are so applied that the braking moment
is close to maximum during the entire landing run. In other words, if the braking

power of the wheel is coordinated with the ground traction of the wheel during the

entire run, the wheel will roll without jamming.

Tt is difficult for a pilot to achieve such braking conditions since, at the
time of landing, his attention is centered on other, more important, matters. To
provide the most effective maxdimum braking, an automatic device'is used which main-
tains the most advantageous braking conditions during landing. Use of this automatic

_device cuts the length of the run by 20-25% without risk of jamming which involves

extensive tire damage and uncontrollable swaying.

12
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Prospects for further increases in aircraft landing speeds create the problem
of changing the principles of braking during landing. This requires the use of com-
pound braking systems, 1.e., auxiliary systems which supplement the existing brakes
on landing., These auxiliaries are reverse-thrust, parachute, or rocket éevices
which absorb and dissipate a portion of the kinetic energy of the aircraft. Another
possibility not to be overlooked is the use of braking cables on airfields. These

i i imi decks of air-
would be set up on concrete landing strips, similar to those on the de

craft carrierse.

Operation of Frictional Brake Pairs -

Absorption of kinetic energy by brake wheels can be subdivided into two phases:
1) generation of heat on friction surfaces by frictional pairs; 2) removal of heat
from generating surfaces. | |

To achieve these phases in modern aircraft wheel brakes, which differ in thelr
highly compressed over—all dimensions, requires the solution of several difficult
engineering problems. Especially @ifficult is the removal of heat from the gener-
ating sliding surface of frictional brake pairs and the distribution of the corre-
sponding heat flow along the elements of the wheel and brake structure.

The difficulty in dissipating heat from the friction sur?ace of an aircraf?
frictional brake is that, in a very short interval of time (15-25 sec), it is nec-
essary to divert a considerable amount of heat into the depth of the brake drum
wall or brake disk (where it accumulates before diSpersing) and into the depth of
the brake linings. In the process of braking an aircraft during the landing run,
such a tremendous amount of heat is passed to the generating brake surface that a
heat flux forms, which is directed toward the depth of the brake drum and the brake
shoes. Therefore, special measures are needed to provide prompt heat dissipation
and to soften the stock . The intensity of heat flow passing from the brake shoe
friction surface at the time of braking is determined by the amount of the kinetic

energy of the aircraft that must be absorbed and displaced by a wheel of a given

STAT
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size in a given interval of time,

The total kinetic energy of an aircraft at the instant it touches the ground is

equal to

(,'Posr?,o5
11‘- = D (l)
=5

where Gpos weight of aircraft on landing,
Vpos landing speed,
g = acceleration of gravity.
Mot all of the kinetic energy As is transmitted to the brake wheel of the air-
craft. Part of the energy is expended in overcoming the aerodynamic resistance of
the aircraft and the resistance of the wheels to rolling.

Part of the kinetic energy transmitted to the brakes of one wheel is determined

by the formula
- (1]
Ap = CsanPsv Vpos,

where Pst = radial stationary stress on wheel,
Csam = coefficient, considering the aerodynamic performance of the aircraft

on landing, resistance of the whsels to rolling, traction of the engines during the
landing run, etc. ‘

Equation (2) indicates that the kinetic energy of the brake depends on the
weight of the aircraft, landing speed, and landing performance.

The thrust of the engines, operating at minimum rpm on landing, causes a con-
siderable increase in the amount of kinetic energy transferred to the wheel brake
of the jet aircraft. For example, if the kinetic energy of engine thrust is disre-

garded in the equation, then, in the case of a landing gear with a nose wheel, the

fficient is C
coef sam

'

= 0,03k, If the engine thrust is considered, then Csaﬁ = 0.047.
Therefore, the amount of kinetic energy absorbed by the wheel brake of a jet air-

craft is increased 13% by the engine thrust during landing.

1
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The propeller thrust during iandings of aircraft with piston engines is so

small that it can be neglected in calculating the kinetic energy transmitted to the

brakes. Compared to piston-engine aircraft serving the same purpose, jet aircraft

weigh more and have higher landing speeds. For example, fighter aircraft with piston

engines, assigned to aerial combat in World War II, had a landing weight of Gpos
3500-,000 kg and a landing speed of vbos = 150-165 km/hr, while the newest jet
fighters serving the same purpose have a landing weight of Gpos = 6000 kg and a
landing speed of Vpos = 259 km/hr.

The kinetic energy transmitted to the wheel brake of a piston-engine fighter,

having a landing gear with a tail wheel, equals Atp = 82,600 kg, while the energy

in the jet-fighter wheel is Atp = 550,000 kg, or an increase of six or seven times.

The wheels of Ehese two types of aircraft are almost the same because of con-
siderations of compactness and minimum structural weight. The main wheels of the
landing gear of the piston-engine fighter were 600 % 155 in size, and the wheels of
the jet fighter were 660 x 200. Besides a-slight difference in diameter and width,
these wheels also differ in that the 660 x 200 wheel has two brakes instead of one.
However, even in the 660 x 200 two-brake wheel of the jet fighter, the kinetic en-
ergy transferred to unit brake-friction area rose from 160 to 500 kg/cmz. This is
3.12 times the eneréy passing to a single unit of brake friction surface of a
600 x 155 wheel of a piston-engine aircraft.

The same can be said about brake wheels for jet bombers which have tricycle
landing gears with separate main wheels.

The magnitude of kinetic energy determineSthe size (weight) of the brake drum
or brake disk. However, if the size of the brake drum is limited by its structure
or over-all wheel dimensions, then the degree to which it is heated, its volumetric
temperature, and brake horsepower depend on the magnitude of the kinetic energy:
The given kinetic energy must be absorbed in a minimum interval of time, allowing

for maximum wheel traction on the rumway surface.

15
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The gréater the kinetic energy of a given size of brakes, the higher will be

the temperaéure intensity of the fricﬁion couple.

At the most effective braking, which is correlated with maximum linear reduc-

tion in the landing run, the wheel brakes of the jJet aircralt absorb the following

horsepower

h%a 9D ' ]//KsﬂM
Nuax = 0,43157'?n.max ——;"‘—‘Upus, (3)
T

where K coefficient, considering the aerodynamic qualities of an aircraft on
sam

landing (in case of a trié&cle landing gear, K__ = 2.4), i
V) max = maximum friction coefficient of a wheel tire against the ground (in
the case of a dry concrete runway yk max = 0.}4);
N number of brakes in the wheel,

P radial stationary loading of the wheel,

st
vpos landing speed of the aircraft.

WThen lanaing an aircraft on a concrete airstrip, the required maximum brake
horsepover of the brake wheel of a jet fighter equipped with bicycle landing gears
and landing gear with an extra wheel, is 500-700 hp, while the brake horsepower of
jet bombers is as high as 2500-3000 hp. Therefore, since the dimensions of jet air-
craft wheel brakes have remained practically the same as those of piston aircraft,
the increase in horsepower has resulted in a significant increase in power applied
to 1 em? of brake friction surface, i.e., an increase in friction horsepower.

Maximum effective braking can be achieved during the braking run if the fol-

lowing condition is observed, i.e., the change in the braking moment MT of the

wheel will follow the law of change in maximum tire traction. This condition can be

expressed by the formula )

M= Y Py,
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where MT = wheel braking moment,

PK = radial ground reaction, acting on the wheel,

\yK = friction coefficient of tire against ground.
From eq.(l) it is apparent that maximum bralking of a wheel is possible on an

airfield where the tire tractﬁon force\yK is greatest. Such airfields have concrete

and metal runwayse.

3

Radial loading of the wheel at the time of the landing run correlates with the

force of ground reaction Pk’ which depends on the lifting force of the aircraft

wing which, in turn, does not remain constant during the landing run. The force Pk

-and therefore Ty change their magnitude according to the aerodynamic characteristics

of the wing. This force is proportional to the square of the forward speed of the
aircraft. In maximum braking, there is the danger of jamning the wheel, which usu-
ally results in ruining the tire. Such jamming is caused by the fact that the mag-
nitude of the braking moment does not correspond to the torque of the wheel.

To provide a change in the braking moment MT during the braking process, ac-
cording to the law of change of maximum tire traction ¥y max Pk’ an automatic de-
vice is installed into the brake-control system of the jet aircraft. This device
maintains the magnitude of the braking moment close to the magnitude of the wheel
torque during the landing brake run of the aircraft. As soon as there is danger of
jamming or even partial slipping of the wheel, the automatic device immediately
disengages the brake and releases the wheel. As soon as the jamming or partial
slipping stops, the automatic device engages the brake again.

Such a system makes it possible not only to avoid jamming but to increase
somewhaf the braking efficiency of aircraft on landing, thus reducing the length
of the landing run of the aircraft even more than in conventional braking. However,
at automatic maximum braking, the brake wheels are subject to an additional thermal

load. On maximum braking, the amount of kinetic energy transmitted to the brakes

increases.
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The thermal loading of brakes depends not only on the magnitude of the kinetic
energy of the aircraft, but directly on its landing speed, since the slip speed of
the brake pair depends on the landing speed and the relation to the brake friction

radius o and the radius r) of the rolling wheel:

)|

. r v
s = — Upus, (5)

rl(

while the temperature of the friction surface is proportional to the slip speed.

In modern brake wheels, the relation ;ILis within the limits of 0.4—-0.5,
while the landing speed of jet aircraft is :ithin the limits 60-100 m/sec. There- .
fore, the slip speed of a modern brake pair will be within the limits of V;k =
25-50 m/sec. This speed is more than twice as high as the slip speed of the brake
pair of a piston aircraft.

In a modern jet fighter the thermal equivalent of kinetic energy transmitted
to the brakes equals 1800 kcal. Every square centimeter of the generating surface
of the brake wheel of such an aircraft gives off 350 kcal in 15-20 sec. Such a
quantity of heat is enough to melt more than 1 kg of cast iron in a cupola furnace.
Therefore, if the heat given off during the bralking process on landing is not
promptly removed from the generating surfaces of the friction pair, there is the
danger of not only softening but even melting of the layers bordering the friction
surfaces,

As seen in the diagram (Fig.7) in which the wear A of the friction material
No. 22 is plotted as a function of the mean brake horsepower up to about 18 kgm/
cm?sec, the wear is almost directly proportional to the mean horsepower (Bibl.10).
However, starting with a horsepower equal to 20 kgm/cmgsec, the wear (which is al-
ready high) increases sharply. For example, the wear during one braking, at a mean

horsepower of 25 kgm/cmzsec, is six times greater than at a mean horsepower of

15 kgm/cm?sec.
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Increased wear of brake linings in brake wheels of jet aircraft also results

from high temperatures forming in the friction pair. In earlier brake designs, the

weight of the brake drum was 80 selected that s in absorbing the given kKinetic energy

of the aircraft, its volumetric tempera-

ture would not exceed 300—35000. MNowadays,

mainly for considerations of providing

minimum over-all wheel dimensions, the

sizes and weights of brake drums are so

selected that, in absorbing kinetic en-

ergy, the drum heats up to 1.00~.50°C. The

friction surface temperature can be two

1 to three times more than the volumetric

0 5 10 15 20 25
”ud xg mcm?sec

temperature.
We made laboratory tests on the
heating process in an actual brake drum

Fig.7 - linear Jear A of the Fric-
during braking on an inertia stand.

tion Material No. 22 as a Function
Brakings were performed at the peripheral

of the Mean Brake Horsepower
speed of V , = = 173 km/hr at a pressure
in the brake chamber of p, = 25 kg/cmz and a kinetic energy of AT = 158,000 kg.

Several brake drums were tested on a 660 x 160 wheel of the type used on
fighter aircraft.

Ten thérmocouples connected with an oscillograph system were placed into the
wall of each drum, tested at differenb‘depths from the friction surface.

The temperature distribution along the cross sections and their change accord-
ing to braking time for a steel drum ¢ = L5, measured and recorded on the oscillo-
graph, is shown in Fig.8. The slope of the curves for a cast iron drum was analo-
gous.

The curves in Fig.8 show that a maximum temperature equal to 900-1000°C devel-

19
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ops in the braking suriace of drum-wall layers located at a depth of 0.5-1 mm from

the generating friction surfaz;e. This temperature prevails at about the middle of

20 25 J0 tsec

Fig.8 - Temperature Distribution Curve for a Steel Brake Casing,

as a Function of Thiclmess and Braking Time t.

cess, and lasts 3-5 sec, and then decreases. The temperature of the
b

the braking pro
ses toward points more distant from the fric-

brake drum at any given moment decrea
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tion surface. The maximum temperature§along the thickness of the drum were of the
following magnitudes:
Distance from friction surface, in mm 0.19 0.84 0.82 7.5
llagnitude of moximum temperaturc 6, in ©C 1000 800 700 550
Present requirements for brake wheels in jet aviation are such that it is ad-
visable not to increase the over-all dimensions of the wheel and brake, or at least
to leave them as they were in piston-engine aircraft. Keeping the same over-all
wheel dimensions, while increasing the radial loading, specific work, and slip

speed, makes the operation of frictional brake pair quite difficult under such con-

ditions. A solution to the problem of manufacturing and selecting materizals for

frictional brake pairs and designing the most efficient brake is possible only on

the basis of very thorough studies of the physical processes during fricfion and

weare.
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PROCESSES OCCURRING DURING FRICTION AND WEAR, AND THE EFFECT

ON THEM

o
Types of Friction

Friction is the resistance generated when two touching bodies change relative
positions in their plane of contact. A resistance force directed opposite to the
displacing force is called friction force.

Friction force acts in the common contact plane toward the surface of the inter-
acting bodies and is always directed to the side opposite to the relative rate of
change in positions (for each of the bodies). Like all forces it is correlated with
a change in the contour of the bodies — not a macroscopic change but a microscopic
one which is localized in the surface layers,

The following are differentiated by their ex.ent of displacement and its depend-
ence on the applied force: a) kinetic friction; b) incomplete friction of rest;

c) complete friction of rest, generally known simply as friction of rest or static
friction.

Kinetic friction is correlated with very large irreversible relative displace-
ments whose magnitudes do not depend on the applied force. The latter, in this case,
is couhteracted by the kinetic friction when movement is uniform.

Incomplete friction of rest is correlated with very small partially reversible
displacements whose magnitudes are proportional to the applied force. The degree of
displacement correlated with the incomplete friction is known as preliminary dis-

placement. It is usually difficult to detect preliminary displacement visually,

22 STAT
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since, it is measured in micromillimeters. In the case of preliminary displacement,

the applied force is counterbalanced by the incomplete friction, and the body is at

rest. Incomplete friction depends on the applied force and changes with increases
in the latter, from zero to some maximum value, during which it becomes known as
static friction. In this case, preliminary displacement develops into relative.

Friction is differentiated by kinetic characteristics: sliding, rotating, and
rolling.

The first of these takes place when the same nominal contact surface of one
body progressively changes its position along the surface of the other pody. = The
second takes place when the same nominal contact surface of one body is displaced
mlong the surface of the other body, rotating about an axis perpendicular to these
surfaces. The third takes place when one body changes its position along the other
under the action of the moment of force during which new elements of the nominal sur-

face successively come into contacte.

The study of friction has not yet sufficiently progressed since little is known
about the surface properties of bodies.

The following types of friction are differentiated by the condition of the rub-
bing surfaces of a body, with respect to lubrication:

a) Pure friction, forming on rubbing surfaces when there is total absence of
any contamlnatlng substance (liquids and gases in an adsorbed state). In practice,
pure friction is very difficult to achieve and can be accomplished only in vacuum.

b) Dry friction, forming when there is no lubrication or impurities between the
surfaces. Often this type is called friction of unlubricated surfaces (this term is
not recommended) .

¢) Boundary friction (boundary lubrication), in which the surfaces are sepa-
rated by such a thin £ilm of lubricant (Oelp or less), that it has special proper-
ties which differ from the volumetric properties of Jubrication but which are depen-

dent on the nature and state of the rubbing surfaces. In this case the ordinary hy-

23 STAT

Declassified i ‘ - iti
ssified in Part - Sanitized Copy Approved for Release 2013/05/30 : CIA-RDP81-01043R002000030004-8



Declassified in Part - Sanitized Copy Approved for Release 2013/05/30 : CIA-RDP81-01043R002000030004-8

drodynamic equations for viscous fluids do not applys. The boundary layer has a flaky
structure. The more active molecules are distributed closer to the metal; they at-
tach themselves to the metal surface with their active ends and form a nap-like sur-
face of the lubricant molecules.

d) Fluid friction (viscous Jubrication) takes place when the surfaces are com-
pletely separated by a fluid film and the outside pressure, because of a specific
type of clearance, is transferred to a viscous £ilm of moving fluid.

e) Semidry friction is a combination of boundary and dry friction.

£) Semifluid friction (incomplete lu??ication) is a combination of fluidhand
boundary lubrication or of fluid and dry friction.

The coefficient of friction of rest is the ratio of the maximum force expended
to overcome the contact produced by two touching bodies being brought out of a state
of rest, to the load compressing the bodies in contact.

The coefficient of sliding friction is the ratio of force expended to overcome
the resistance of the relative displacement of two bodies (beyond the limits of pre-~
liminary displacement) to the load compressing the bodies in contact. The coeffi-
cient of rolling resistance is the ratio of force expended on rolling and applied to
the rotating axis, to the load compressing the bodies in contacte.

The coefficient of rolling friction is known as the coefficient of proportion-

ality in Coulomb's equation:

) ' 6
lf’K:A‘—])T' ' ( )

It has a linear dimension since, according to modern concepts, it is characterized by

a semichord of an arc of viarpinge.

The coefficient of traction of a driving or wheel brake is the ratio of the

force generated in the contact plane of the wheel with the support surface, to the

force compressing the bodies in contacte
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Surface Contacts

The contact of two hard surfaces, as a result of their roughness and waviness,

is always discretee.
Microscopic protrusions and depressions on the body and the lack of parallelism

of the two surfaces prevent close contacte The height of protrusions on even a high-

1y polished optical surface is not less than 100 R. Therefore, two superimposed sur-

faces come in contact only at the points of protrusion; such contact area of these
protrusions comprises an insignificant part of the entire surface area and grows with
an increase in pressure. These protrusions are concentrated in areas having surface
waviness.

The area of each protrusion depends on the microgeometry of the surface and the
dimensions of the elements (crystals) comprising the surface. It varies from one
micromillimeter to 30 — 50 u (with a height of the unevenness up to 80H).

As the load increases, each spot grows in diameter, but any later area growth is
mainly the result of an increased number of contact spots.

In this connection, the areas are differentiated as follows:

a) Nominal (geometric) area of contact, specified by the outside dimensions of

the bodies in contact.

b) Contour area of contact, or the area formed by volumetric warping of the en-
tire body on which actual areas of contact are found (the contour area S). depends on
the load).

c) The actual physical contact area S;., or the total of all actual small areas
touching the bodies.

The latter is also a function of loading and changes within wide limits - at
high temperatures which form in the aircraft brake pair the ratio of actual area of
contact to the nominal area of contact reaches 0.1 - 0.2.

The dispersity of real contact is characterized by the closeness of the contact,

which represents the number of contact points per unit of contour area or per unit of

25 STAT
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nominal areae
i i ic con-
The closeness of contact in the first case is proportional to the specif
tour pressure. »
. . e
To illustrate the point, an uneven surface with spheric waviness 1S represen
d
diagramatically in Fige9. The actual contact spots are represented by encircle
points - the contour area, the product ab - nominal area.

ible na-
Tn the most simplified concept it is assumed that the contact has 2 flexible

@

[Go>)

7

L

4

Fig.9 - Diagram Representing Uneven Surfaces with Spheric Waviness

an i i 0 ess of
ture j.e at all contact pO. ts the stress 1s uniio y eq o the ardn
’ «Coy iforml al t t h
: h nclu jon t de-—-
th material Naturally, such a Concept ShOUJ.d lead to the conclusio hat the
e .
\Y i i t condi-
fomtion in Conta.ct- areas has an irre ersible naturee. In studylng contac
10! nly
tions of various ma.“berials, experiments showed that these concepts are correct (o)
in particular caseSe .
owth in
It has been establiShed that the total number of Contact Spots and the gr
\Y i arate
i f each is correla.ted with an increase in load. However, the slize of a sep
size O
oads whe c i of the ot con-
t OnJ.y in the area of small 1 ’ n a OnSlderable pa.rt f the s
Spo grows p
tacts elastically (Bibl cll)o
fith an increase in loa.d, the Spots are under various stresses and therefore
Wi
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ic pressure tend toward the maximum value, whose magnitude is not determined by hard-
the

ness. In éome cases it constitutes half of it, in other cases two or three times

hardness. This is obvious since hardness represents the index characteristic which-is

connected to a great extent with the form of the penetrated indenter or penetrator

and the tension of the material which it penetrates,

The fact that contacting has a resilient, pliable nature is quite important;

b)

FigelO - Actual Contact area versus Load for Silver Chloride
a) Actual area of contact in contour units; b) Specific pres-

sure on contour area in hardness units;

i.es, in removing the load, a large share (30 to 70%) of the contact spots disappears

because of the resiliency of the protrusions, the semispace, and because of the fact -
that the individual protrusions are loaded differently due to unevenness and

waviness.

The actual area of contact of the friction material Ts-4~52 with a glass prism,

Declassified in Part - Sanitized Copy Approved for Release 2013/05/30 : CIA-RDP81-01043R002000030004-8



Declassified in Part - Sanitized Copy Approved for Release 2013/05/30 : CIA-RDP81-01043R002000030004-8

formed by disrupting the entire inside reflection, is shown in Figelle

i The contact spots have an insignificant magnitude - from 5 x 103 to 1.5 x

X 10"2 cm in diameter.

Figell — Actual Area of Contact (Dark Spots) of the Friction Material Ts-4-52
with the Surface of a Glass Prism: Specific Pressure P4 15 kg/ cm2; Diameter
of Specimen 5 mm; Elliptic Contact Due to Distortion of Size along the

Ordinate y =y, cos 45°

. ‘ A1l data given are for fixed contacts. In the case of sliding, the data are ap-

plicable to the speeds which result in temperatures that change the mechanical prop-
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erties of the contactse Essentially the same phenomenon takes place, but the lo;;r-

ing of mechanical strength leads to an increase in the actual area of contact and

N ST 2 gz

thus to smaller mean actual specific pressures. -

Iy

The Physical Nature of Friction

At present, friction is believed to have a dual nature. Atoms on the surface .of
a hard body are subject to special conditions, since their forces of interaction with
atoms inside the body are considerably greater than with those of the outer medium.
The interacting atoms of the two surfaces, when drawn together, exert a mutual at-
traction. Molecular friction forces are formed when there is tangential shifting of
contiguous surfaces, due to the broken formation of the field.

B.VeDeryagin worked out the theory of this phenomenon in detail, and it was fur-
ther developed by the research of V.S.Shchedrov. -

Molecular interaction appears at quite small distances, comparable.to the sizei
of the atoms. In view of the fact that the roughness of the real surface exceeds by ©
many times the roughness due to its atomic structure, molecular interaction in scme
points is connected with mechanical interaction and in other points is due to a re--u
ciprocal penetration of the protrusions on opposite surfaces., Reciprocal penetration
takes place in sep?rate contact points due to the heterogeneous hardness of the sur—
face elements or due to the shape of protrusions on separate parts of the body pene-—
trating into the counterbody. Therefore, surface roughness seems to form under load-
ing, and sometimes, before loading, the reciprocal traction of two completely smooth
surfaces may be greater than that of two uneven surfaces. h

The diverse nature of reciprocal deformation in contacting members takes place
during tangential displacement, which depends on the properties of the body and deptﬁi
of deformation. If the deformation is not connected with destruction of the material

which participates in the mechanical contacts formed, then this idealized case of in-

teraction is actually friction in its pure states In fact, this is the most favora-
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ble type of interaction, in which tangential resistance forms without wear. On the_
other hand, if during tangential displacement complete destruction of the materid? -
participating in the contacts takes place, then this phenomenon of cutting, disper-;
sion of material, and tangential forces contributing to the destruction of materigls
should actually be viewed not as friction, but forces of.cutting, polishing, and

others.

Generally, tangential forces are the sum of two forces — properly the friction

Torce and the destruction force.

Our problem is to create such interaction conditions and select materials unde?

which the ratio of these two forces would be highest, since it is constantly required
to achieve conditions providing for minimum wear.

As for the friction force itself, in same cases attempts are made to increase
it - friction pairs; in other cases, to decrease it - antifriction pairse.

The friction force can be determined by totaling the elementary tangential re-

sistances which form at separate contact points, i.e.,

(7N

Since the number of contact points is proportional to the actual contact area,

so that

Tl =T‘Sf,

where T is the specific friction force.

'The specific friction force, with a known approximation, may be expressed by the

following binomial:

v =a + fg, (9)

where q is the actual specific pressure on contacte.

30
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Accordingly,

T = GS, + pN,
and the friction coefficient
S
/= iN—L +8. (11)

The actual area of contact in the case of a plastic contact is directly propor-

tional to the load, i.es,

S =K P (12)

1
Hy
In the case of an elastic contact

e 1l =
where Kl 5

Sf = K,P* (13)

where the exponent of x may change within the limits of 0.5 to 1. For example, in

. 1 .
the case of contact of a cylinder with a surface x = 3, it follows

1 —p?
K, = L-r"=-1,6-( E L 4

where P = load on the cylinder;
r = radius of the cylinder;
L = length of the cylinder.

In the case of contact of a sphere with a surface

Sf = Kapx,

where x = 2/3.
1 —u?
7 7

Ky=r't.2,6(
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where r = radius of the sphere;
‘P = load on the sphere.

When an uneven surface touches a smooth one, we have

St =|/——;v;rl - )
zh

According to this formula, the smoother the surface and the smaller the elastic-
ity modulus of the material, the larger will be the friction coefficient.

The coefficient of rigidity is no@_an invariant for the given material but de-
pends on the radius of the contact spét and, in first approximation, mzy be expressed
by Bussinet's formula, useful in a given case of surface deformation, in the load is
uniformly distributed over a section of the radius r

K E

th = 2r (1 — p2) ¢ (16)

Equationé (11) and (12), under conditions of plastic deformation, will yield

- +B. (17)

Because of the dual nature of friction, o and 8 depend on the mechanical proper-
ties of the material as well as on the molecular characteristicse.
Applicable to mechanical interaction, ¢ grows proportionally with the increased

resistance of the material to shear (t).

From the above it is clear that the material having the highest ratio -ﬁ- at el--

evated temperatures corresponding to the friction temperatures, will have the largest

friction coefficient.

Discontinuity in Friction

Sliding friction is often accompanied by skipping displacement of friction sur-
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faces. During this, torsional vibrations, jerking, and other phenomené may appear
which disrupt the normal operation of the friction unit.

Skipping during friction consists of relaxation mechanical vibrations which ap-
pear when there is considerable variable friction and a significant difference be-
tween the inertia force and.the restoring force.

In the same case, when the variable friction is small and hardly disrupts the
balance between inertia forces and restoring forces, vibrations appear in the system
which in their nature are close to sinusoidal oscillations.

There are several theories to explain this phenomenon. According to one of the
theories (Bibl.l3) a decrease in friction force and an increase in speed are the con-
ditions which cause self-oscillations in the system.

If the principal diagram of the friction system is pictured as consisting of the
load A, securely fixed by the spring K and placed on the conveyor belt B moving at a
speed v, (Fig.12), and assuming that the curve "friction force - speed" has the form
represented in Fig.l3, then if the speed of the belt B lies on the descending branch
of this curve, i.e., if Vg < Vpins the state of equilibrium in the systeﬁ (x = a,
vy = 0) will be unstable.

The vibrations will take place in the following manner:

As long as the belt B and the load A (Fig.l2) move together, the increased elas-
ticity of the spring K is constantly counterbalanced by the continuously growing
friction force of rest Fgie. This process is represented in Fig.l3 by the straight
line AB.

The moment the elastic force of the spring becomes equal to the maximum fric-
tion of rest Fgi, a jump in speed with the value v = 0 to v = vg will take place.
This process will be expressed by the straight line BC, parallel to the abscissae.

Further, starting with the point C, the change in speed as well as in friction
will take place continuously up to the minimum value of the sliding friction F_.

min

and of the speed Vpsne This period corresponds to the section CD.
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At the instant the system is at the point D, there will be another jump in speed

with an invariable friction force equal to an and a speed Vinin to v =20, i.e., up

to the state of rela‘l",ive rest of the load A and the belt B, when the load will be

Having Elasticity

Fig.13 - Diagram "Friction Force F versus Speed v (Kaydanovskiy,Khaykin)

picked up by the belt. This period is represented by the straight line DA (broken
line).

Subsequently, the process will be repeated. Therefore, the skipping process is
divided into four phases. In the first two phases represented by the lines AB and CD
in Fig.l3, the system moves continuously with a continuous change in speed and fric-
.tion force. These phases are characterized by the movement of the contained system,

which is determined mainly by the elastic force and friction force since the elastic

forces in these phases are much greater than the inertia forces.
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In the two other phases, which are represented by the broken lines BC and DA in
Fig.l3, the system moves in jumps with a sharp change in speed and a constant fric—
tion force sinée, for the sake of simplicity, consideration of changes in spring
elasticity have been disregarded.

In these two phases inertia forces and friction forces mainly determine the-
movement .

However, this theory is unable to explain certain facts characterizing the skip-
ping movement of the rubbing surfaces. For example, it is impossible to explain why
‘the magnitude of skipping at the start of the movement is greater than the magnitudes
of all the subsequent skippings, or why in zones of small speeds where there is also
friction skipping, the experimental data show that the friction in these zones (at v

up to 1l - 2 m/sec) in some cases does not decrease with increasing speed but actually

increases.

Another theory (Bibl.l2) explains the appearance of skipping during friction by
the growth of the coefficient of friction of rest, which depends on the duration of
the fixed contact.

As is known, the contact of two bodies does not take place along all their area,
but only at individual points. As a result, the load is distributed only over the
area of the contact points, which causes high specific pressures there. This, in
turn, results in reciprocal surface penetration leading to plastic flow of the materi-
2l (Bibl.l4). The nature of the contact is viscoelastic during which time the
strengthening of the contact takes place in time according to the law of damping.

If we examine the same principal diagram of a friction system studied earlier =~
(Fig.12), then the skipping of friction forces can be explained in the following man-—
ner: While the load A and the belt B move together and the stretching of the spring
increases continuously, the increase in spring elasticity will be constantly counter:

balanced by the friction force of rest, whose magnitude will increase continuously

because of the duration of the fixed contact.
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Since the resistance of springs increases, in time, raster (Fig.lh, straight

line Al) than the friction increment from the duration of the contact (curve A-4-1),

a disruption (Bibl.l5) will take place at some period of time. At this instant, the

friction drops sharply in magnitude, which is determined by the equation

AF = Fo[(e—% — Bt ( — —F,—‘”—)] (18)

where t2 - tl is the duration of time of the fixed contact (on the diagram, the sec-

tor 1K) and Pis a constant characterizing the mechanical properties of the material.
- The load will move in the opposite di-
rection. Under the influence of the iner-

tia force, the load will pass through a

state of equilibrium, after which the rela-
tive movement of the load and belt will

stop, and the load will again be picked up

by the belt B (Fig.12), and will then re-=

main fixed for a while relative to the

Figellh — Diagram wpriction F
bel’t.

versus Time t" (Ishlinskiy,
During this time, the friction force

Kragel!skiy)
of rest again increasesSe. This again

causes skipping which, in magnitude, will be somewhat smaller than the first skipping

if the duration of fired contact was shorter.

Tt is quite clear that, at an increase in speed of motion of the belt B, the du-

ration of the fixed conbtact decreases, which should lead to changes in magnitude and

in the nature of the skipping. This is confirmed by experiments.
Actually, as the speed increases the magnitude of skipping decreases, the num-—
gs in a unit of time increases, and finally the skippings become s0

ber of skippin

small and frequent that it is impossible to measure them by instrument.
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Thus, it may be stated, for all practical purposes, that skipping disappears
!
when a certain speed is reached. The change in friction force, as a function of
time, is shown in the coordinates "force - time" in Fig.lh. The process.of the first ™

skipping is characterized by the following group of points A -1 -K -2 -3 - A,
The second skipping correspondingly is A - 4 - K' = 5 - 6 - A. ‘ -
The velocity, at which the disappearance of skipping is observed, is expressed, -
according to the third theory, by the following equation:
28(F.—F)

th
where th is the rigidity of the system;
5 is a constant, depending on the surface properties.
Therefore, the zone in which the skipping of friction forces is observed will be

limited by the expression

v, < v - (20)

Equation (19) indicates that the properties of rubbing surfaces have a consider-
able influence on the magnitude of relaxed vibration zones, i.es, the magnitude 6§ and
the rigidity of the friction system K.h itself. Therefore, it is obvious that it is
impossible to study the formation of skipping on the rubbing pair separately from the
friction system itself.

The third theory explains the appearance of skipping in friction forces by pro—-
cesses which take place during relative rest of the rubbing surfaces, and does not_
exclude the first theory, which explains the skipping in terms of kinetic character-.
istics of the friction force. -

These two theories combined give a clearer picture of the mechanics of skipping-

and the causative factors.

The grapho-analytic method, using friction characteristics resulting from an ex-
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periment (Bibl.16), may be applied to calculate the relaxation oscillations which de- -

velop in elastic friction systems.

Relaxation oscillations can be controlled by increasing the rigidity of the sys-
tem and raising the relative sliding speeds, or by selecting frictional pairs whose )
friction coefficient does not decrease with increasing speed and does not significant-‘

ly increase with greater duration of the fixed contact.

Dependence of the Friction Coefficient on Sliding Speed

R The force necessary for destroying interpenetrated elements of two touching sur-
faces depends on the rate of the applied load and the sliding speed, which is the re-
sult of contact viscosity. On the other hand, viscosity causes an artificial smooth-
eniﬂg of the roughnesses of the body surface which had been subject to iﬁpact. In
connection with the above, during an elasto-plastic contact, the magnitude of the
force of friction with increased sliding speed passes a maximume.

Heating the surface layers results in a change of their mechanical properties,

a decrease in the coefficient of rigidity, an increase in contact area and, simul-
taneously, in a decrease in shear strength.

It is also necessary to consider that, as a result of the discrete nature of the
interaction of two touching bodies, dissipation of energy takes place as a result of
oscillations, and plastic deformation is accompanied by generation of heat which is
likewise dissipated. Therefore, sliding friction is always accompanied by oscilla-
tion and heat generation.

The magnitude of the friction coefficient at increaéed relative sliding speed

generally passes a maximum.

The dependence of the friction coefficient f on the sliding speed v is expressed

by the following formula:

J=(@+bo)er +d, | (21)

where a, b, ¢, d are constants, depending on the nature of the bodies and the
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pressure.

. | ‘
The position of the maximum on the curve depends on the pressure of the rubbing

pair and on the hardness of each of the rubbing bodies: the greater the pressure agd

the harder the body surface, the closer will be the maximum to the oriéin of the co- .
ordinates.

The conditions of interaction and surface destruction which cause changes in the
surface and friction coefficient vary in accordance with the sliding speed.

Therefore, the friction coefficient which depends on various external conditions

may change to a considerable extent. { =

During this, the following are generally applicable rules:

1. When the contact load and rigidity are increased, the maximum shifts to the
origin of the coordinates. Therefore, in same cases there is only the descending
branch of the curve.

2. The friction coefficient passes a maximum, depending on the speed.

3. In some materials, a significant change in friction surfaces takes place at
high sliding speeds, due to the generation of a great quantity of heat which leads to
a deviation from the indicated rule (increase in friction coefficient at high sliding
speeds).

Effect of the Number of Flements of a Friction Surface on the Magnitude of the
Friction Coefficients

From the generalized friction rule it follows that an increase in the actual
area of contact, with the same force acting on the contact, leads to an increase in
the friction c;efficient. A practical means of increasing the actual area of contact
is to improve the conditions of osculation of friction surfaces by improving one of
the friction surfaces of the individual elements, loaded independently of the other.

In all cases, such constructions lead‘to an increase in the actual area of con-
tact since, as a result of roughness and waviness, the actual area of co%tact, at con-

stant load and increase in nominal surface size, increases very little. Two sur-
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|
the friction force on the size of the nominal surface, during friction of leather ?n

steel and felt on steel.
We constructed a special mechanical model of the surface (Fig.l6) to illustrate

this case.

Value of Friction Coefficient for Various Surface Arrangements

with Different Cleansing 3

(Materials: Balls - Steel ShKhl5, Plate — Steel Khi)

Type of Surface Arraniement Arrangement

Surface, thoroughly polished and cleaned

(dry friction) o « o o o o ¢ o o o o 0.38
Same surface, slightly lubricated « « o ?.20
Rough surface, cleaned (dry friction) 0.21

Rough surface, slightly lubricated. . O.lj

The contact surface, composed of 50 balls each of which is loaded:by a separate
spring (Fige.l6a), results in a higher value of the friction coefficient than the

same balls loaded by an ordinary plate (Fig.16b).
when neglecting the effect of the roughness of the balls, application of Gert's

formula for each ball loaded by an ordinary plate will give the following for a com-

plex of balls:

VIR
F=ua Sf+,8P=C$Pn(v1+ Vy) I’V(?} rt a4 8P.

Here, n is the number of balls and P the general load, in kg:

1—p, 1w
CSP=2,G; b= NW=TF

4
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As this forrmula shows, with an increase in the number of balls one of the terms,
expressing the friction coefficient, will increase proportionally to the cubic root
of the number of balis.

These statements explain the cffect of the increased rigidity of the frictional .
coatings and the sizes of the component elements on the magnitude of the friction.

As the Table shows, an increcase in the friction coefficient takes place only on
smooth surfaces without Lubrication; this is natural since, in the presence of lubri-
cation the coefficient oy is very small so that the size of the correction is also
small.

By eq.(22), the friction coefficient is expressed in the following manner:

f _ Cspn:l.rﬁl.P—lla + ?’kn- (23)

Fach surface of a real body, as a result of the presence of waviness, may be
modeled as a group of balls or cylindrical segments.

Then, the nominal area is expressed as follows:

S" = (2”7“)21

from which the magnitude of the friction coefficient is determined:

CSPnI/.Sr‘ZI. o
p'h + Pkn. | (25)

Therefore, the friction coefficient depends on the nominal surface size with a
ratio of 1/6. The curves shown in Fig.l5 correspond to this ratio.
The above circumstance explains the phenomenon that, at an increase in the num-

ber of independently acting elements distributed in the same nominal area, the fric-

tion force increases.

Phyvsical MNature of the Phencmenon of Wear

Wear is the gradual undesirable change in the sizes of machine parts which takes

h2
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place under the action of the force of friction.

The phenomenon of wear is extremely diversified. This diversity is due to vari-
ous combinations of physical-mechanical properties of rubbing bodies and exterior
conditions in the friction unit, of which the most essential are the following:

Mature of loading: static or shocke Conditions: sliding speed, specific pres- ]
sure, ratio of friction surface to contour area of contact part, temperature in the
friction unit, surrounding medium. Type of motion: sliding or rolling, back and
forth, or simply forwarde

Despite the innumerable possible combinations of these factors, science now hgs
some general laws with respect to wear which make it possible to control the pro—
cesses of wear. There are at least two of these laws in existence.

The first law, applicable to mechanical interaction, is important for providing
mutual penetration of contacting bodies when the surface layers maintain their con-
tact with the main mass of material. This may be accomplished either by decreasing
the magnitude of mutual penetration for quite rigid materials (principle of maximum
rigidity) or by using soft materials which, despite considerable penetration, are

capable of repeated deformation without losing contact with the main mass of material

(principle of maximum pliability).

The second law, applicable to molecular interaction, is essential for localizing

destruction contacts in the proimity zone of the place of molecular interactione.
During friction, the material is subject to the simultaneous action of compres-
sing and displacing stresses. The material hgre becomes more plastic and deforms
more readily. Heating of the surface layers also contributes to this: the material
flows in the sliding direction, which results in an enlargement of the general con-—
tact area and a drop in the actual specific pressure. The contacting spots gradually
shift, making the surface smooth; the actual specific pressure decreases still more.
The above has to do with the presence of run-in rubbing surfaces. Run-in sur- °

|
faces differ from not run-in bodies in that contact in the former is made by very
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small contact spots which are distributed more uniformly in the contact zones of the

rubbing surfaces.

During sliding, destruction of the parts of the contacting spots inevitably

takes place.

. The numerical intensity of material wear is the ratio of the disintegrated

spots ny, to the total number of spots ny:
(26)

If we introduce the concept of compactness of a sliding contact, which repre-
sents the number of contact spots formed in a unit area (1 cmz) during the sliding of
one surface relative to the other, and if we consider that during destruction of each
spot AgH of material is carried away, then we will obtain the following characterist-

ic of weight intensity of wear relative to a unit path and contact area:

The weight of the worn material is

— — <V
gy = A8, = 1V,

where V is the volume.

For a contact area equal to unity, we have
g, =10k,

where Ah is the height of the worn layer of materiale.

Then,

__YAh
Ju= Nl

The ratio Alh is known as the linear wear of material JL’ je€o,

L
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(29)

This is the most important characteristic of wear since, generally, in coupling
machines an increase in clearance puts the engine joints out of action.

With an increase in clearance, the uniformity of surface contiguity is dis-
rupted, leading to overloading of separate contact spots, which contributes to an
jncrease in the number of disintegrating spots. If the dimension of the clearance
(teylinder - piston", "shaft - bearing" and others) increases by arithmetic progres-
sion, then the intensity of wear grows by geometric progressione. The maxamum of -
wear is correlated with a rapidly growing decrease in machine production.

In other junctions of the '"brake friction" type, where close reciprobal con-
tiguity is always assured, there is no clearance: The part normally operates until
it is completely worn.

From the above it follows that

npAgM
Ah == (30)

Apparently, to decrease the wear it is necessary to decrease the number of con-
tact spots found under conditions of destruction and the size of the particles sep-
arated during destruction.

The creation of such interactions is of great significance in the déstruction
resulting from repeated action rather than from single action.

Let us examine how the process of destruction of surface friction takes place
and in what manner it can be affected.

The interacting contact spots can be destroyed during a single interaction;
during repeated interaction they may be deformed elastically without being des-
troyed. An analysis of the process is complicated by the fact that, during the in-

teraction of rubbing surfaces, the deformation of contacting roughnesses cause a

L5
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ﬁsigniricant change in the friction surface.

These changes are due partly to an intensive deformation of the surface layers,
leading to a torsion of the crystal lattice of the material and to cold-hardening,
and partly to the temperature conditions of the friction unit.

Friction and temperature essentially are two aspects of one and the same
phenomenon.

Engels shows that friction and impact lead from molar motions, 2 subjec? of
mechanics, to molecular motion, a subject of physicse.

Heat developed in a body is produced by the motion of molecules of which 1t
consistse

This motion forms as a result of mechanical deformation. All deformations dur-
ing reciprocal sliding concentrate in a thin layer contiguous to the body surface.
This deformed area is called the surface layer. It is in this layer that elevated
temperatures develop whose magnitude is functionally connected with the sliding

speed.

—N

As the degree of‘ﬁégg;;;;;on is attenuated in accordance with the depth of the

deformation zone, so does the temperature decrease according to depthe The varia-

tion in temperature with depth is characterized by the temperature gradient 08 ,

On

Temperatures on the fpiction surface easily reach high values (of the order
of 100 - 200°C or higher under dry friction conditions).

The temperature gradient may reach extremely high values (up to 1000°/mm and
more).

From the surface layer, the heat spreads into the body, is characterized by a
much smaller gradient, and partially dissipates from the friction surface in the
case of incomplete osculation of the rubbing parts. High temperatures and signifi-
cant temperature gradients lead to chemical and structural changes of the material
(D.K.Chernov, I.A.0ding, V.V.Chernyshev).

Any change in material properties affects the nature of wear, replacing one

type of destruction by another, which in some cases leads to a change in the type of

46
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Ilwginteraction (Bivl.l7). Therefore, the process of wear may be divided into three

"}kinds of phenomena., which continuously exert a mutual influence intergction fol-¢

- lowed by destruétion of some contacting sections and physical—chemical changes in

_,others. For a given section of material, the physical—chemical changes ﬁbicﬁ ma& be.
. called friction precede destruction, and this phase is completed by the phase of
wear.

Breaking up the processes of wear into separate successive phases makes it pos-
sible to perceive those factors which, under given concrete conditions, are most
easily affected: in some cases changes in the conditions of interaction, in:othors
the éhysical-chemical processes. The result of these changes will be a change in
the type and intensity of destructione.

There are two types of interaction:

1) mechanical - penetration,
2) molecular - attraction and cohesion (Figel7).

The second interaction accompanies the first but depends on external conditions
and material properties which manifest themselves to a different degree in each
case.

Several types of destruction have been noted. The following types of destruc-
tion are observed during mechanical interaction (Fig.17):

1) Gouging (breaking away of particles during abrasion);

2) Mechanical scaling, resulting from repeated interaction in the smoothing
process (abrasion without formation of wear particles);

3) Chipping, resulting from the smoothiﬁg process.during thermo-chemical
changes in the surface layers;

L) Formation of dust (micro-gouging, microscaling, microchipping, and fusion).~

Other types of destruction are probably possible.

. The following types of destruction are possible during molecular interaction:

depth tearing or cohesion if the molecular interaction is great.

L7
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Two, three, or four tybes of destruction by mechanical interaction take place
during repeated molecular interaction if it is low (ettraction).

The physical-chemical changes in the surface layers may differ in many ways
since they are determined by the variety of material properties used in friction

<)

.

f) L) J)

Fig.17 - Types of Interaction and Destruction
a) Types of interaction; b) Mechanical penetration; c) Molecular: Attrac-
tion, gripping; d) Types of physical-chemical changes in surface layers:
mechanical, structural, chemical, and othersj e) Types of destruction;

) Gouging; g) Chipping; h) Scaling; i) Microdestruction; j) Depth tearing
units: (metal, wood, stone, etc.). For metals the changes are: consol/:'ation during

deformation (down to the interfaces), recrystallization, formation aAd dissociation

of solid solutions, coagulation, diffusion, saturation of surround/ng medium with

elements, etce.

To control the wear of the unit, it is necessary to determ/ne the form of in-

teraction taking place, the type of resultant destruction, and/the physical-chemical
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" changes taking place in the surface layers.

The products of destruction and physical-chemical changes remain on the worn
surfaces of the parts. If the distinguishing characteristics, sequence, and nature
of the development of the separate links in this chain of events are knqwn, the en-
tire process of wear may be determined from the products of disintegratién.

For example, in aircraft’ wheel brakes the by-products of wear, depending on the
temperature conditions, form a hard deposit which is a liquid or a mixed intermedi-
ate fluid, coating the friction plane between the elements of the pair in a thin
layer. The disintegration products continuously change positions in the direction
of movement of the movable member of the pair, until they gradually exceed the lim-
its of the friction plane.

The intermediate layer, observed in testing of brakes, influences both the
frictional qualities and the process of wear,

It has been noted that, if the friction brake surface is scavenged with a
strong jet of compressed air, remo;ing the products of wear from the friction plane,
the brake moment of the brake will increase. If the products of wear are improper-
ly removed from the friction plane the decrease in the effectiveness of ;the pair
will be accompanied by an irregular wearing of the brake coating: the part of the
coating at the leading rim of the shoe wears out more than the one at the trailing
rim.

The quantitative characteristic which specifies this or any other éorms of in-
teraction, change, or destruction is the magnitude of penetration of the contacting
spots. In the case of mechanical interaction, this determines the deformation zone,
surface roughnessduring sliding friction, and nature of the destruction. The dis-
tinguishing characteristic of mechanical interaction is that the destruction zone
exactly reflects the penetrated member (Fig.l8a). In the case of molecular interac-
tion, the degree of penetration does not determine the deformation zone‘since de-

struction may take place at a considerable depth (Fig.18b) or a connection may form
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" which depends on the extent of the molecular interaction and the mechanical proper-
ties resulting from the molecular connectione
Since the surface is formed of roughnesses of different heights, the penetra-

i tion due to reciprocal compression varies widely and leads to different types of

‘ surface destruction.

Under conditions of mechanical interaction, some form of destruction takes

\
&

Fig.l8 ~ Destruction Zone as a Function of the Penetration Depth

a)- At mechanical interaction, b - At molecular interaction

place, depending on the magnitude of penetration (Fig.19).
A geometric analysis of the contact conditions of sliding surfaces (Fig.20)
leads to the following simple formula, which determines the intensity of weight

wear (Bibl.l8):

Jo = (Asb —'akr)j_[d-

where ag . magnitude of mutual surface meshing (embedding).;
ayr depth of deformation leading to a given form of destructions
AL sliding path, equal to the base of the supporting surface curve;
. y = specific weight of the materiale.

Equation (31) refers to destruction due to a single action. In the case of de-
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. struction resulting from repeated action, the corresponding equation reads :

J = 1@ — %) 3 | (32)

where n is a fraction whose numerator is equal to the number of repeated actions
leading to destructione.
For molecular interaction, the intensity of wear is expressed in the following

manners:
Y Y
J = (@ + B —) 37 0
where & is the magnitude of depth leveling, measured from the line of penetration.

An exact analytical examination of destruction conditions in osculating rough-

nesses represents a mixed problem of the theories of elasticity and plasticity,

Fig.l9 - Nature of Destruction as a Function of the Depth of Penetration

1 - Gouging; 2 - Repeated deformation; 3 — Elastic rebound

which has not yet been solved. However, even a rough examination of the problem
furnishes an explanation of the basic rules observed during wearse

An analysis of eq.(32) shows that a decrease in intensity of wear may be accom-
plished in the following ways:

1) Decreasing the magnitude of mutual penetration (asbl) characterizing the
deformation zone, which can be done by increasing the hardness of the friction sur-

|

face and creating conditions under which sufficient smoothness of surface is
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" retained.

2) lncréasing 3y ie€ey ihe deformation leading to a given form of destruc—~
tion. The gfeater the magnitude A during high deformation values, the more possi-
ble is interaction without destructione Increasing the value 3 for different
types of destruction is accomplished in various wayse.

For example, in the case of gouging it is essential to increase the radius of

curvature of the penetrating elements; to provide a durable connection separating

!

—— 4l

e——4L

Fig.20 - Interaction of Rough Surface with Smooth Surface (Geometric Diagram)

a) Worn material

the clean film surfaces from the basic metal; to create conditions for rapid recov-
ery of destroyed £ilm. Simultaneously with this, the film must be less durable
than the basic metal.

3) Decreasing the value of “up which is a coefficient, evaluating the fatigue
1imit of material under conditions of repeated plastic deformations. The coeffi-
cient qup may be reduced by regulating the mechanical properties of the material
and likewise by creating conditions under which the cold-hardening sharply increases

the value N __ e
/ up
A1l this explains the use of materials whose recrystallization point is lower
than the temperature in a friction unit, in friction unitse

4) During molecular interaction, decreased wear may be obtained by lowering
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the magnitude of depth tearing égl’ by creating conditions under which 6gl will be~
come zero, i.e., conditions under which destruction occurs according to the point of
interaction. In the case of destruction acco#ding to the point of interacfion, the
intensity of wear may be practically equal to zero since molecular inter??tion is
not dependent on penetration.

Such a phenamenon occurs.during polishing, pulverized wear.

Destruction at tne place of interaction occurs most easily when the
surfaces are coated by oxides or chemical films whose durability is infé}ior to that
of the basic material.

Naturally a lubricating film is the simplest means of localizing destruction
in an interaction zone. -

The use of metals with unmachined surfaces and capable of cold-working during-
plastic deformation may render the resultant gripping joint more durable than the
underlying layers and may result in the formation of sections with depth tearing. --
Raising the temperature during contact to prevent cold-working in this case may be
extremely effective a; far as decrease in wear is concerned. However, %aising the
temperature during contact in materials with poor heat resistance may lead to char-
ring of the material which, accordingly, would increase the weare.

Therefore, the very same procedure in different cases may lead to eﬁtirely

different results.

However, in all cases the wear is decreased if the above two laws, applicable _

to mechanical molecular interaction, are observed.

In the first case such mutual penetration of contacting bodies requires that =
the surfaces retain their connection with the basic mass of material.‘

This may be accomplished by decreasing the magnitude of penetration (principle -
of maximum rigidity) or by creating conditions that ensure repeated deformation
without destruction (principle of maximum pliability).

In the second case, the molecular connection formed between the surfaces must
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be less durable than the underlying material.,

The result of the combined effect of loading and speed during braking is heat. |

1

Let us analyze how each of these factors affects friction and wear.

.Ei‘fect of Pressure

The dependence of the intensity of wear on pressure has a functional correla-

tion which is illustrated by the curves in Fig.2l. The curves show that, with an

Vsk=25"’/’/' [ o

. . \o. 3,86mysec
/ 20,05mse _ Ui=J,

0/

, 9 L et
. ° .?,&n}eg 0o——-8T :\\o- 7,33m/sec
a/,f’b Q==Z~g--...:::3325“f':
" : B N
s 2.3mysec inpzee

x—-—-X

W commpmemm— X o
i .

"

w15 20 25 | 5 20
P, Kqfom?

25 p,xgjcm?

Fig.2l - Intensity of Wear & as Fig.22 - Coefficient of Friction f

a Function of the Pressure p: as a Function of the Pressure p:
Plastic No.22 - Cast Iron ChNMKh; Plastic No.22 — Cast Iron ChNMKh;
6 = 260° g = 260°

increase in pressure, the intensity of wear grows gradually with no tendency
toward extreme values. This is natural since an increase in load leads to an in-

1y

crease in the number of contacting sections, while preserving the type of destruc-

tion in each-of them.
The coefficient of friction is related to the lcad by a more complicated

ratio. The coefficient is given by the nature of the curve of the supporting
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lsurface. However, as indicated by the curves in Flg.22, the coefficient of frlction

4 l

' changes gradually and does not suddenly greatly increase or decrease.wlthl..variationsz
- " in pressure within sufficiently small limits. ,

As a result of a pressure rise within the limits applicable to brake pairs, the

" mechanical properties of the materials change only insignificantlye.

Effect of Speed

The dependence of the intensity of wear on the sliding speed is shown in Fige23%

w0 15 20 2 4 6 8101214 1618
Usx ,m/sec v,,, "/s8c

Fig.23 - Intensity of Wear JL as Fige2 - Coefficient of Friction f
a Function of the Sliding Speed Yok of Frictional Plastic Materials Used
for Material KF-3 (According to for Automobile Brakes, with Gray Iron,

Data by A.A.Gryzlov) as a Function of the Sliding Speed v

(According to Data by S.G.Borisov)

As indicated’by these graphs, the intensity of wear decreases by a smooth curve with
an increase in speed at constant pressures and temperature within the volume of the

frictional material,

As shown in Fig.24, the coefficient of friction passes a maximum or decreases
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- with increasing speed. Again it should be noted that the change in the coefficient |

of friction is graduale This is explained by the fact that the mechanical proper-

ties of the materials depend very 1ittle on the sliding speed, j.es, on the rate of

A,mm

10 ]
49 ]
o
a7
g
g5
4
o
42
g/

05— s # W
8%

Fige25 — Linear Wear A of Frictional Materials as a Function of the
Temperature 6 after 5000 Brakings (M.P.Aleksa.ndrov)

1 - Rolled strips; 2 - Cermebs; 3 - Frictional Brake Material of the

Automobile CAZ-AA; L -~ Frictional Brake Material of the Automobile

Z1S-150; 5 - Frictional Material for Brake Shoes of Subway Cars;

6 - Frictional Brake Material of the Automobile 21S-6; 7 - Strip

of Type "AY

deformation in the friction zones

Effect of Temperature

. Temperature has the greatest jnfluence on the intensity of wear and the coeffi-

cient of £ rictione
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Fig.26 - Intensity of Wear J as a Function of the Temperature 6 for

Plastic No.22 and 6FP with Cast Iron ChNMKh (Experiment on Machine I-47);

0 = Temperature of Cast Iron Model at a Depth of 1 mm from the Friction
Surface

a) Charring and destruction of model; b) Considerable wear, no charring

or destruction

r
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©

0 100 200 300 400 500 600 700 800 6C

Fig.27 - Coefficient of Friction f for Cast Iron, as a Function of the
. Temperature 0 (@ = Temperature of the Cast Iron Model at a Depth of 1 mm)

1 - Plastic 6KKh-1; 2 - Plastic PA-2; 3 - Plastic "M"j 4 - Plastic 7KF-31
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The intensity of wear changes sharply (usually iﬁcreégeéjdﬁiéh an Encréase in g
_temperature (Figs.25 and 26) and, on reaching a certain critical temperature, be-
<:comes catastfophic for many frictional materials (Bibl.l9).

Any change in temperature significantly affects the coefficient of friction.

" temperature rise in a friction unit causes a significant drop in the coefficient of
friction in most frictional materials. During this time, at certain temperature
values, the coefficient of friction changes sharply (Fig.27). For certain:friction—
al materials, after a rather gradual decrease in the coefficient of friction, a
sharp increase is noted after reaching a sufficiently high temperaturee. "This is ex~
plained by the fact that the surface of the material becomes charred.

The temperature gradient which changes in accordance with the conditions of

H',Kg m

"
0 5 10 5

)
20
t, sec

Fige28 —.Brake Moment Mp in a Chamber Brake of a Wheel 660 x 160 as a
Function of Heat Liberation

1 - Braking without air blasting; 2 - With blasting

heat emission, significantly affects the frictional properties of friction pairs.
Figure 28 gives data on the brake moment of the plastic No.22 in a wheel

660 x 160: without air scavenging of the brake during braking and with air blast.
The change in frictional characteristics, depending on the above parameters,

is connected with a change in the mechanical properties of materials which are main-

ly affected by temperature.

The variation in the ultimate strength of pure iron and chromium cast iron

58
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N e ‘
o (Blbl 20) caused by heat is shown 4in Fig.29, and in frictional plastic 6KF-32

‘ NJ and Ts-17-52 in Fig.30. As seen from these curves,. the ultimate strength of. metals'

'
i

"' and plastics drops considerably with increase in temperature.

In Fig.31l the curves show the temperature distributlon and ultlmate strength of

: '\w\ \
‘ /ﬁ\L NN

[ — v
-200 0 200 400 0 8W 1000 6.C 100 200 300 400 500 6

Fig.29 - Change in Ultimate Strength Fige30 - Change in Ultimate Strength oy
oy, of Chromium Cast Iron (Curve 1) of Frictional Plastic 6KF-32. (Curve 1)
and Pure Iron (Curve 2) Due to and Ts-17-52 (Curve 2) Due to

Temperature © Temperature

a cast-iron brake drum, according to depth. As indicated by these curves, the ulti-
mate strength of the metal according to variations in depth during the friction pro-
cess, changes from a minimum value in the rubbing surfaces to a maxinum value in

the remote depth layerse

The temperature gradient produces, within the drum material, a gradient in the
mechanical qualities, which decisively affects the wear-and functional qualities of
the drum. The same applies to the coatings of brake ehoes.

The magnitude of temperature on a friction surface and the temperature gradient
depend on the performance of the brake pair as well as on the material and construc-
tion of the drum. The temperature gradient in the layers of the pair bordering the
friction surface plays an especially large role in-thermal tensions and durability

of the frictional pairs.
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When the i‘riction surface la:);ér of the drum is affected by heat, it tend; to
expand; however, this expansion is prevented from taking place by the outer layers
of the drum which have not yet warmed up. Therefore, the layer bordering the fric-

tion surface is subject to compression strains which, in turn, cause expansion

\ /
\ N
i —

) 0.
500 600 700 800 6.C w20 30 40 50 60

6b 'Kg/ mm 2 l

Fig.31l - Change in Temperature 6 and Mechanical Properties & According

to Depth z in a Cast Jron Brake Drum

stresses in thé inner layers of the drum. Stresses in the surface friction layer do
not cause damage as long as they do not exceed the yield point. If, however, during
heating, the metal at the inside is subjected to compressions greater than the ulti-
mate strength, then, during cooling, the inner compressed drum surface tends to re~
tain a smaller inside diameter than the original one. Since the surface, compressed
beyond the ultimate strength, is part of the drum, it cannot remain at a smaller di-
ameter without causing a loaded diameter. As a result, the inner drum surface un-
dergoes expansion stresses and the outer surface compression strainse.

If the inner surface of the drum material does not perform well during the ex-

pansion, as for example, cast iron, cracks will form during cooling; this happens

-in actua.l practice and also explains the systematic decrease in the inside diameter

of steel drums, from braking to braking, during operation.

Temperature also greatly affects the properties of surface layers, causing for-
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.mation of oxides and various chemical compounds whose mechanical properties differ

from the properties of the material itself. As a result, the nature of interaction

and destruction changese In addition, a large temperature gradient creates the phe-~

nomenon of diffusion, which leads to a change in the mechanical properties of
' materialse.

In cases in which the mechanical properties of a material do not depend on tem-
perature changes, the coefficient of friction retains a stable value in the same
range of temperature variations (Bibl.2l and 22).

Therefore, summarizing the above, the following conclusion can be d;awn: ;Any
change in the frictional characteristics is directly connected with a change in the
mechanical properties of materials of the rubbing pair. Of the three factors: pres-
sure, sliding speed, and temperature, the latter affects mechanical properties most
and thus also the frictional characteristicse.

Since, in friction, the expended work A distributed throughout the masses drawn

into the deformation of the materials of the rubbing bodies, is converted into
heat in all the elemental volumes of these masses; therefore, in each pair ﬁember a
spatial field of is created, which leads to a definite temperature
field in the volume of a given material.

Tt is well to bear in mind that the area occupied by the thermal flow consider-
ably exceeds the area drawn into the deformation. The temperature field is of
interest in the deformation area as well as in the contiguous layers of the materi-
al, where the temperature may reach high values.

Therefore, the temperature field of rubbing bodies cannot be charaéterized only
by absolute temperature values on the friction surface or at some point in the vol-
ume. It is also necessary to know the temperature gradient according to the depth
of a given material in order to obtain a full characterization of the temperature
field and to clarify the connection between heat generation and frictione.

Therefore, to fully characterize the temperature field of a coupled friction
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" pair, it is necessary to examine three characteristic values for each element of a
{
pair:
1) Surface temperature;

2) Volume temperature;

3) Temperature gradient according to depth.

Tn comnection with the above, the appraisal of various designs of experimenta.l‘
machines and testing methods from the viewpoint of miniature-scale temperature test-
ing on small models, is of exceptional intereste.

All this is connected with calculating temperature fields in friction pairs,

which in itself is a sufficiently difficult problem.
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|
REVIEW OF WRITINGS AND RESEARCH ON CALCULATING TEMPERATURES DURING FRICTION

As established earlier, the behavior of frictional material is mainly deter-
mined by three temperature characteristics: surface temperature es, volume tempera-
}
ture GV , and temperature ‘gradient ge = grad O,

Surface temperature es is dependent on the friction work and is generated on
the actual contact surface. Volume temperature ev is produced by the heating of the
mass of rubbing bodies which result from an accumulation of heat due to th work of
sliding friction. The temperature gradient —%% = grad © determines the type of
temperature field, according to depth, in.the frictional material.

Let us examine the existing methods for mathematical calculations of heat pro-

cesses and let us attempt to establish to what extent they permit determining the

temperature characteristics indicated above.

Problem of Heat Conductivity

The problem of the theory of heat conductivity is to determine the temperature
at separate points of the body at any instant of time (Bibl.23). In mathematical
terms, the problem is reduced to finding the temperature distribution in a body in
the form of a continuous and differentiated function:

6=°f(x, 5, 2, t) - (33)
«

As in many other problems of mathematical physics, the indicated dependence in

the heat-conductivity theory is first expressed by.a differential equation
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R [0 910
FTi (dx- ay- + 0z2> ' ; (34)

_ where X, ¥, 2 = coordinates of a point of a uniform and isotropic heat-conducting

P

mediums

coefficient of heat conductivity (N = heat conductivity, Y = density, _

= heat capacity);

coordinate of time.

heat conductivity, various prob-

In the practical application of the theory of
lems occur which can be subdivided into three main groups:

1) Transfer of heat during established heat conditions;

2) Continuocus heating or cooling of bodies;

3) Periodic heating and cooling of bodies.

Tt is necessary to know the initial and boundary conditions of a problem in or-

der to integrate a differential equatione

Inlt:.al Conditions. The initial temperature distribution in a body may vary

widely. For example, during heating or cooling a body may have, at the initial in-

stant of time, the same temperature in all its mass

H(z, y, 2) =0, = const. | (35)

Tn other cases, the initial temperature in the body may be expressed by the

equation

60= 9(17, Y, Z)' ' (351)

Three types of boundary conditions are possibleit.

Boundary Conditions.

1) the temperature distribution over the body surface is given only as a

e combinations of these three types of boundary -

‘ #lNote: Other boundary conditions ar

conditions.
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function of bime 8¢ = £(t) for any given instant of time. Such a case is
possible during heating or cooling of bodies by means of a heat source

with a constant temperature.

On the surface of the body, at different positions, the specific thermal

flow q,t is given for any instant of time. According to Fouriqr's hypotnhe-
sis, the assignment of a specific Qp is equivalent to the assignment of a
derivative of the temperature, according to the inner normal to the inter-
face. Therefore, the indicated boundary conditions may be expressed by
the function —g% = £(t) on the surface S.

The temperature of the medium surrounding the body is given, and also the

law of heat transfer of the surface

09

5 = = o (6 —0q),

where o = coefficient of heat transfer;
Ga temperature of the surrounding mediume

A great number of domestic as well as foreign publications (M.V.K:.rpn.chev, G.M.
Kondrattyev, AJV.Lykov, MHeA.Mikheyev, S.Ne.Shorin, KheS.Karslou, J«Ce. Jaeger and
others) were devoted to solving the various problems of the heat—transfer theory and
are based on the generally accepted premises of the theory of heat conduct:.vity.

Therefore, from the general solution of the heat conductivity equation it is
necessary to extract a quotient solution which would satisfy eq.(34), thé initial -
conditions (35,35'), and one of the boundary conditions stated above. In this case,
it must be remembered that the function 6 (x, 75 2> t) expressing th:a equation does

not necessarily have to assume a value f£(t) on the surface S, but the following con-

dition must always be satisfied:

when we take the point M(x, ¥, z) = Mo(S)e
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The researchers mentioned above and ﬁnny others studied bodies of various con— .

-* figurations: parallelepipeds, cylinders,. spheres, and similar bodies. In each sep-

¥

arate case, various’ problems were solved in various ways with the help of the most

convenient Cartesian, cylindrical, spherical, or some other coordinates in any given

‘ concrete case,

As applied to friction problems, the general theory has disregarded the follow—

ing questions:

1. 1In what manner is the source formed during friction;

2.

What is the nature of the heat source in terms of geometric size and its

distribution along the surface;

3. What temperature is developed by the heat source during a given friction

work at any instant of time, at any point of a given boundary friction zone.

Without examining these questions, the heat problem of friction carnot be
solved by applying the heat conductivity theory stated above, since the boundary
conditions are unknown in this case.

Therefore, the generally accepted heat-conductivity theory (assuming that some-
how the function answering these questions is given) makes it possible to determine
two temperature charécteristics out of three - volume temperature GV and tempera-
ture gradient according t6 depth of material
. n_ |

on grad 8. ]l )

Naturally, in recent years works have appeared devoted to the problem of deter-

mining temperatures on a friction surface, Let us examine the main premises on

which these works have been based.

Determinine the Source of deat durins Friztion and the :’rob*am of Tewperature
‘ Determination on the Friction Surface

Numerous research studies were made for clarifying the boundary conditions as
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; T well as ‘the phy31ca1 nature of heat sources durlng frlction. Some ‘researchers

ij_(Bibl.Zh,ZS) studied heat formation on. macrocontact and others (Bibl.26,27,28) on
' |
1

o microcontact. °

The attempt by Bowden (Bibl.24) to determine the temperature of a long cylin-

_* drical rod whose end abuts a disk, during friction, does not fully solve the prob-

| lem. In this study, the actual area of contact is assumed equal to the nominal
(this circumstance was noted by Ya.M. Frenkel). In addition, the method of the study
is useful only for a quiescent contact. Bowden does not explain, in his papers, the
means by which he attained sufficiently uniform pressure on the support. Under
these conditions Bowden's method at best determines only a certain neutralized tem-
perature on the surface and only for a given type of reciprocal contact of the ele-
ment of the rubbing pair. The same shortcomings are also inherent in the paper by
M.P.Levitskiy (Bibl.25).

The papers by Block (Bibl.26,27) and Iyeger (Jaeger) (Bibl.28,29) are qﬁite
free of the shortcomings mentioned, but the results of these studies have a limited
practical application because of the smallness and isolation of the single microcon-
tact examined in them.

A few words should be said about the works of Iyeger and P.Kholtm. Iyeger man-
aged to create a considerably more orderly and rigid mathematical scheme (as com-
pared to Block) for determining the maximum and mean temperatures of the microcon-

_tacts on a unit strip and unit square.

Complicated initial equations derived for determining temperatures with the

aid of Bessel and Newman function are reduced to simple solutions which are correct

during certain intervals of a dimensionless coefficient

where | = width of a strip and square Source;

Vgk T sliding speed;
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a = coefficient of heat conductivitye.

For example, for mean temperatures on a single contact at a small L (L < 0.1),

we have

0 0,236 4,/"1p, ¥k 5
T T I ) ‘} (36)

and at a large L (I > 5),

0,266a'{*J1p, v gy
1112508 + A (o) o]

Osp = (_37)

Both these formulas are derived for a case when friction is achieved gccording

-

to the diagram shown in Fig.32.

Iyeger's eq.(37) for large L may be simplified and applied to orienting calcu-
lations. When cases of sliding friction during high speeds Vg, assuming that A 1>

> )\2 , are considered, this equation can be written in the following manner, without

particular mis calculation

fpudl/z sk . : (38)

In this formula, the subscript "1" refers to the smooth semispace.

The parameters most difficult to de-
U

termine in this formula are the terms

\\\ N and p,qe
7// T /’////// Let us calculate the surface tempera-

— 21 P ture of a cast-iron brake drum, during

braking with shoes made of plastic No.22.

Fige32 - Diagram of a Sliding Single
Let us assume the following parameter

Tsolated Contact (According to Iyeger)
’ values:

Vg = 20 m/sec = 2 x 103 em/sec; 21 = 1.5 x 1072 cm; A = 2.6 kg - cm/cm sec °C;

a] = 0,08 cm?/sec; )y = 0.05 kg - cm/em sec °C; pgq = 4 X 10° kg/em? = 2Hg on con-

Declassified in Part - Sanitized Copy Approved for Release 2013/05/30 : CIA-RDP81-01043R002000030004-8



Declassified in Part - Sanitized Copy Approved for Release 2013/05/30 : CIA-RDP81-01043R002000030004-8

{

" tact (here Hy is the hardness of plastic No.22); £ = 0.5,
Here Ay » )y, since 2.6 »0,05.
With these values, eq.(38) gives the mean temperature for an elementary contact

0,5-4-10‘o0,75-10’.2-10'-0,08 — 843°
05p= 2,6 .

For intermediate magnitudes of L, Iyeger gives a graph according to whic@ the

correction coefficients are determined.

R.Khol'm bases his work (Bibl.30) on the conclusions by Jaeger, but he simﬁli—"

fies all the computations considerably by using graph plotting. In addition, he
also examined the case of an oval heat source.

Here it should be again emphasized that the work by Block and the work by
Jaeger and R.Khol'm make it possible to determine only the temperature of a single
and isolated microcontact, without taking into account the previous temperature of
the volume of the body. This temperature is therefore actually a temperature rise.
However, the conclusions given in these papers can be fully utilized for some indi-
vidual temperature problems. A.I.Petrusevich (Bibl.3l) who developed and first
used the surface temperature problem in an engineering calculation of gears, proved
this assumption.

Because of the practical importance of the heat problem in friction, attempts

to solve it naturally lead to generalizing both methods.

Solution of the Heat Problem in Friction According to V.S.Shchedrov

The research study conducted by V.S.Shchedrov is the most outstanding work on
the solution of this rather complicated probleme This work is free of the above-
mentioned shortcoming, i.e., of considerations of the reciprocal effect of the great
number of elementary heat sources or, in other words, microcontacts.

Let us here examine the physical aspect of this work only, omitting all inter-

mediate mathematical computations because of their considerable complexity.
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Let the given nominal contacb.be of the size SH = hhlhz. Let us assume that

“this contact slides over any kind of surfacei. As a result of waviness, the touch- _

' ing surfaces on the friction surface have areas of contact or, in other words, macro-

+ contacts giving S, 14, —

. ' Tt is known that the actual contact area is the total of many small actual con-
tacts. Here the actual area of touching is confined to the area earlier referred to
as an actual area of contact. The area of actual contact comprises only an insig-

nificant part of SH and fluctuates within the following limits:

8, = 0,00018,, to 0,18,.

During friction, these tiny actual contacts turn into elementary heat sources..<
Some researchers (P.Ye.D'yachenko, M.M.Khrushchov, and others) point out that
it is necessary to distinguish between the longitudinal and lateral roughness in
its relation to the displacement of the rubbing bodies. llere the linear problem is N
also examined.
On making an imaginary division of the nowinal contact along the line AB
(axis x), it will be found that the elementary heat sources (Fig.33) are distributed
chaotically along thié axis. Let this distribution of elementary heat sources cre-
ate a definite temperature field (Fig.34). Let us imagine that, along the same
axis (Fig.34), heat dipoles are distributed in some definite order which create the
same kind of temperature field as the actual chaotically distributed elementary
heat sources. ILet the time of action of the elementary heat dipole be T, its
arm d&, and let it be located at the point m with a coordinate £.

With these data, the elementary heat dipole can be characterized by the moment:

M =q( ~)d

|

Let us take any point along the axis x; for example, point n with the coordi-

s*In physics, the term surface means the boundary of a physical body.
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Declassified in Part - Sanitized Copy Approved for Release 2013/05/30 : CIA-RDP81-01043R002000030004-8



Declassified in Part - Sanitized Copy Approved for Release 2013/05/30 : CIA-RDP81-01043R002000030004-8

€ et i S

“inate x. As a result of the presencé of cértain temperature;a?c this arbitrary
;upo:int n, the constant of the elementary heat dipole at.the point m will generate
‘quite a definite temperature. However, at the arbitrary point n there is also an

o a 8 __
6

Fig.33 - Distribution of Elementary . Fige3L - Temperature Distribution

. Heat Sources on a Sliding Contact Curve 4ilong the Axis 'x"

elementary heat dipole which, in turn, affects the temperature at the point m and at
all other points located along the axis x.

Therefore, the mitual effect of two, three, four, etc. elementary heat dipoles
(sources) must be examined. .

Mathematical processes where the reciprocal effect of definite parameters is
taken into account are described by special integral equations. The structural

scheme of such equations, on the whole, is as follows:

If f(x) is the unknown function, and R(x, £) the given function, called the

core of the equation, then to find the unknown function f(x) one can form the fol-

lowing integral equation:

a

b
J@)=A\7®R @ d+ec. ..

7L
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A characteristic sign of such an integral equation i~s~ that the unknown function’

in the given case of f(x) is also contained in the subintegral expression in the

form of £(&). !

In examining a case of friction of two rough bodies, V.S.Shchedrov formed the

following integral equation:

Nom3 t +hy

— A4, (x — § — ot)
7(z.1) —El 16 77a,]" §_S ¢GOS e X

—E — vt)3 . .
X [—" (ﬁan—(—t—_:vj‘_))—] dé-dt 4 kq,. (40)

-

In this equation, known as an integral equation of the Fredholm type, the un~
known function is q(x,t) which is the general quantity of heat formed by all ele-

mentary heat sources on the nominal macrocontact (from -hy to +hl) at any instant of

time t.

The core of the equation or, in other words, the function of the effect here

. is the expression

x—&—ut x——E—vt)’]

Rt =5 oxp[— G =

=2
The sum symboln % takes into account the general quantity of heat on a given

n =

nominal contact formed in a given boundary zone on one and on other surfaces belong-

ing to the respective materials of the friction pair.

By means of complex computations, eq.(40) is reduced to the following form:

{

S eiorig® (o, 1) X

A,
16 7' /1a)/s P

¢ (0, 1) = hq
n=:1

x—h,—vt —
1 inz day (=)

< | e
x+4-h,—vt

— I o dzdr,
(t"""T) /4
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" vihere

-y
z=x—§—vt;, ¢ (0, t)= S q (z,t)elox dzx,
—h,
+h,
;= geordr, — 1 o +1;

1

w being an independent variant.

From eq.(41) the following integral is derived:

{x—h,—v!

J =§x+§l_v, exp [imz — (:'_ 'r)] a —"r)"' dz dr.

(42)

Integral (42) can be calculated approximately, and therefore the quantity J
can be treated as a known function. After corresponding reductions, eq.(41) appears
in its final form as follows:
1 * —iwx
» S 7o (w) 717
q(z, t) = 8="k \ ne—sn dw,

—116 ,-:3"2 + 2 _‘. n Jei“”"’
(l b}

n=1 N

where, as a result of the factor e™1%, the integrand is an actual quantity.

Let us return to a study of Fig.33, If we make a division of the nominal mac—

rocontact by means of the plane xz, we will have a profile diagram of the friction
surface, having a definite degree of roughness. This roughness is correlated with
the definite curve of the supporting surface (Fig.35) which may be replaced by a
straight line in its working part without noticeable miscalculations.

If we assume, as a base, the curve of the supporting surface, whicﬁ in some
definite proportional dependence gives the actual contact area, the following equa-

tion of heat balance for a boundary friction zone is derived, when all the friction
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"work is converted into heat:

(44)

of friction

Fig.35 - Supporting Surface Curve

work; in the general case, t  # t.

In eq.(44) let us substitute the value q(x,t), derived earlier in eq.(43),

—iwx

g (w) €

+1
[81:*4«1.-
n 2A
LY IR \\ n — ittt
1{6n !t 4 Z p Je

n

do)] dzdt = Aofoads: |,

n==1

When the friction pair consists of one material, the expression (45) is con-—

siderably simplified

(0 +h1 + PY
ag® 9 (@) iw (a—v —_
S [81: ha'ls k x _°J_e (x—vt) dm] drdt = Apfogidy. | (46)

1
0 —h, —1

On the left-hand side of eg.(46) let us extract the integral

¢ g e)
7=\ [| 2= et e do] dz dt

0 —hy —1
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(

' which will finally yield the faiiahihg equation for heat balance in a friction pair‘i

. made of one material:

81!'/'(1'/'](]. == p/vskto. . (1&8)

. ' From eq.(48) it is easy to determine the coefficient k

1 pvgy to .

k= hair

(49)

Then, knowing k, one can write the final expression for determining the general
quantity of heat given off in a friction case where the two materials are the same:
-1

q(z, t) = fp;‘-‘;lo S qo.gm) - elo =0 do.

(50)

—1

The result obtained depends on q, (see expression 50), which makes it possible
to explain, in the following manner, the physical nature of the quantities k and Qg
which have entered the initial integral equation (40). ILet us turn again to the
supporting surface curve (Fige.35). It can be assumed that the magnitude of mutual

surface penetration agp] is directly proportional to the load:
Wgpy == hyp. (51)

On the other hand, the temperature effects on the friction surface and in par-
ticular the reciprocal effect of elementary heat sources are not at all dependent—on
their physical natures.

Block, Jaeger and R.Khol'm, for example, took advantage of this circumstance
in their research studies, in which some results were obtained without examining
the nature of the heat sources themselves. Therefore, the quantity q,, which on
the basis of the initial equation (40) appears as a definite quantity of heat, can

be attributed to the previous distribution of friction heat sources. In this case,

75 STAT
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‘ ‘

'qo must be proportionzl to the load. Consequently,

Qo = kap. : (52)

Expressing the-quantity p from eq.(52) and substituting its value in eq.(51) we

k
Aspl = ‘k‘:‘ 7o = k39, (53)

However, the condition has already been assumed above that, for the straight-

line part of the supporting curve, we have
a sbl = kSs - . (54)
In adjusting the right-hand sides of eqs.(53) and (54) we get
(]0=-,—‘-‘-S'f =kS;t. (55)
Fy

Therefore, it is clear that coefficient k = tan B represents the initial dis-
tribution of elementary heat sources,
aspl
while g, represents the reserve quantity

of heat in a given mass up to the moment

of recording the friction process (Fig.36).

The above research study by V.S.

Shchedrov permits a sufficiently accurate

determination of the boundary conditions

for solving the heat problem of friction,

Fige36 - Graphic Plotting of the
on the basis of the heat conductivity the-

Distribution Characteristics of
orye To find the temperature value of a

Heat Sources
given element of a rubbing pair at any

point and at any instant of time, it is necessary to substitute the value dgq, found

in expression (50),
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—yt
2dq_ et _
db = 4mayst e (56)

- .__o . . . f . .
mn ()

cated point). | | -
Tn conclusion, it shoulél be mentioned that the described method is easlly

tended to three-dimensional problems; however, for determining q, and k this would
make it necessary to replace the profile diagrams which give the supporting s__urface
by topograms which reflect the surface contour and give the supporting surface.
However, the available data on friction and wear do not yet include the means for

. . . seld.
quantitative refinement of experimental results in this fiel
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CALCULATION OF TEMPERATURE COMDITIONS IN FRICTION TESTING MACHINES

A1l experimental friction machines can be arranged in a definite sequence de-
pending on the macrogeometry of the reciprocal contact of the tested pair. The ex-
treme limits of this sequence will be the ''miniature’ machine and the friction ma-
chine with complete reciprocal contact overlap. A1l other testing machines occupy
some intermediate position in this sequence.

Proceeding on this basis, we calculated the temperature operating conditions

in a "™miniature" friction machine as well as in a ring friction machine with com—

plete overlap.

mfiniature Friction Machine

The development of temperature operating conditions in the "miniature! machine
may be reduced to the solution of the following mathematical problem.

Let us examine the friction pair shown in Fig.37. We have a right-angled par-
allelepiped sliding along the supporting surface represented by the plane Xy. The
parallelepiped has the edges hy, hp, h3; its rubbing side is z = O.

Let this rubbing side have a mean contact temperature g, while on all other
sides a heat exchange with the outer medium whose temperature is equal to zero (ea =
= 0) takes place, which somewhat simplifies the mathematical computations.

Let us assume that the initial temperature of the parallelepiped is equal
to O . With these assumptions, the mathematical problem is reduced to the solution

@)

of the equation for heat conductivity (34):
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Initial conditions:

Boundary conditions:

a0
—-ng+c6=0 at :)7_-_-0;-6—2:——}—06.—_0 at =M

__%%+09=O » y=0;—gg—+°e=0 »  y=Hhe

2=0; 2 bob=0 » z=h

= 6. »
We consider the temperature of the outer medium to be independent of time,

i.e., 0, = const = 0, and we reduce our problem to examining two simpler problems.

@ )

7

Fig.37 - Friction in a Right-Angled Parallielepipedon Along

the Surface of a Semibound Body

One pertains to the case of a steady distribution of temperatures, i.e., to station-

ary heat conditions, and the other to the case of an unsteady distribution of tem-

‘ peratures, i.e., to nonstationary heat conditions.

Let us assume that
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6=10" 40, | (59)

where 6! is the function of the coordinates of a point only, i.e., o' = o' (x, ¥, 2),
and 6" is the function of the coordinates of a point and time, i.e., p" = g" (>, ¥,
Zy t)e

TFor stationary conditions we have

a%’ 9%
928 + ay - az% =0. (60)

This equation is actually for the wolume inside the parallelepiped with bound-

ary conditions:

W=0 5 T=0; % 4olf=0at z=k

_gg_,_*_c()I:O » y=0; %4—00’:0 » y=h2

0 =0f(z,9) » 2=0; Z4ab=0 z=hy|

For nonstationary conditions we accordingly get the equation

" (a=0" %" | oW )

o =5 T 55 +5 3 (62)

This equation is likewise valid for the volume inside the parallelepipedon, for

the initial condition

and for boundary conditions

. ‘

00" . "__ —
_-é-x-+°0"=0 at x:o, -a?—{»-cﬁl——o at x—-hlll
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oy '
y=0; -5;-{—06'=0 ét y = hy

» z=:0;%—6‘-+ofj"=0 » z2=n"hy

Therefore eq.(60) and conditions (6l) characterize the stationary temperature
distribution in a right-angled parallelepiped, while eq.(62), together with condi-
tions (63) and (64), characterizes an unsteady temperature distribution.

Let us solve each equation separately.

Solution of a Differential Equation of Stationary Temperature Conditions

Let us express the particular solution of eq.(60) in the following form:
[/' == z‘()r/ (Z), (65)

where

(¢

7 sinlx, (66)

X =cosiz +

o S o .
Y = cosmy + —sinmy, (67)

and f£(z) is the unknown function which has to be determined in a corresponding

manner.
On substituting expressions (66) and (67) in eq.(60) we obtain, after corre-

sponding reductions, the following expression:

—Pf (@) —m (3) + /2 (z) = 0
and denoting

n'?. — 12 _*_, my2,

we finally obtain
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1 (@) — ¥ () = 0. e
We will write the solution of differential equation (69) in the following form:
j /(2) =C'e"™ - C"e™, ’ (70)

\] 1 . o .
where C' and ¢" are arbitrary invariables.

It is apparent that the function
(o 0] [ o]
' ron, oz + _n .z
0 = i_s‘_, ZXin (Ci,je 19 4 Cy jem 1 ) 4i4;
=0 ) =0

is also the solution for eq.(69) and for eq.(60).
. r . ? 1t .
Let us compute the invariables Ci,j and Ci,j S0 as to satisfy the boundary con-

ditions (6.1). For this, we will substitute expression (71) in the equation
0 =6°f(z, y) at z=0.

Then, we get

2 2 XiY;(Chj+ Cij) Adj = 0 (z, ). (72)

1=0 j=0

13

© is clear from expression (72) that the total of C; 3 + Ci j does not depend
2 3

on the function f(x,y) so that we can write

Cij+ Cij = 0% | (73)

The remaining parts of expression (72) show that the function f(x,y) is ex-

panded into several forms:

[= < B« o}

[z, y) =2 2 AAXY;

1=0j-=0
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~ e e e e b et i
()ll 1 1N a 3¢ r colldition (61) '
sSups 5 T

»

. namely in the .equation

il '—=0 at Z=hs,
—a;'+00

Lt =0. (75)

L4 e L}
Ci,y (m,i+ o)e"i.ih' —Cy,, (3 — a)e

i ( ) ( ) J g g b .
I' r

trary invariables
. . —ny sh
(ny;—o € —
(ny 5+ o) et 4 (ng,;— g)e” W
' h
(ny j+0) €45 _
(ng, ;) e 4 (ny ;—0) € Y,y

and GV . we determine
1,3

i ies C! .
Using expression (70) and knowing the quantities C; ;

the function £(z):

i (hy—2)
(ny,— o) M P (ny ;4 ) eﬂu.,, . @®
/(Z) = 0 (”‘J‘ —‘G) ‘—ﬂ"h. + (N.i + 0) .ﬂi,j s

i i i res—
Now if we substitute the value of the function £(z), i.€s, eq.(76), in exp

of the differential equation (61) for a stationary pro-

sion (71), then the solution

cess is written in the following form:

n§ ‘)(hﬁ_:)

—g)e M4 (ny o) e
: ) hy X

(n 5
(ny ; —0) e~ ™M,iM  (ny 5 +0) e
X X-;Y,'AiA,-. (77)

) also satis-

How easily convinced one can be that the solution of equation (77
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" “'fies the boundary conditions. (61) at x =0 and y = O.

Next, we will determine the value ng 5 ile€e,y 1y and m‘j in order to satisfy the
)

=1y and y = hye
(65), together with the calculations of

boundary conditions (61) at x

For this, we substitute expression

eqs.(66) and (67), in the equation

s + ol = at X = hl;

09’ .
e -+ ol =”O at  y=h,.

After substitution, we obtain

25 cos ly hy + —%2- — li> sin lih, = 05
i

c .
23 cos mjhy + (T — m,-) sin m;hy = 0.

After the corresponding reductions, we have

2l 2mpo i
tg Lihy = Tf::'; , tgmihy = ——— . (78)

mj-—a

In analyzing eq.(78) it becomes obvious that 1; and m; must be the positive
roots of the equations. Besides, these equations have no imaginary roots of the
type = l:!L and m = m;, since in this case they would have a position of equality
2l 2om’ |
' — 0 —
thll+7;’-:_—;;-—0, Lhm’m+-————‘m,,+°'-—0,

which is impossible since both members of each equation have the same symbol.

. Tt is likewise easy to show that egs.(78) have no complex roots of the type

a * bis If they had such roots, we would have such functions as X, X Yy, and Yo

8l
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- which would satisfy the conditions

i m
g X Xpdz=0; | Y:¥sdy=0.
0 (1]

. If separate the real and imaginary parts in these functions we would have
we _

X X, = (A + Bi) (4 — Bi) = A* + B* >0

Y,¥, = (C + D) (€ — Dy =C+D*>0,
which would lead to the impossible ratios

l m
( (42 + BYdz=0u | (€*+ D) dz=0.

0 0

Assuming the following symbols in the system of equations (78):

and, reducing the equation, after substituting the symbols, we have
»

2
Ty

where

Therefore, all roots of eqs.(78) are determined by abscissas of the points of

| intersection on the curves:
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Hence it is obvious that the equations have no multiple roots and the positive

roots X150 X2 3? as was established earlier, are included in the integrals:

0 <y~ m =<2y < 27,
0 < &g, <w; -.:<:r,’.<27r;

where i, j =0, 1, 2, 3.
Let us suppose that the arbitrary function f(x), examined earlier, is expanded
to x in a Fourier series with terms of the type, Xys Xpy ooy and that tpe coeffi-

cients of such a series

f @) =2 AXi
=1

are computed by the formulas

4o )
hy (3 +0%) 420

Ag =0; A =

if analagous conditions are assumed for the variable y, then the particular solu-

tion (65)
U=XY[(z)

leads to the general solution which satisfies the same conditions.
Therefore, after substituting the coefficient values of Ai and Aj, eq.(77) is

now written as
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. (n” —o0) e—Mj(hs—2) + (”i)’ + o) an“(h.—z)
" 2(;* '
O - '163 U Z{g (n“_c) e-—n”h, + (n‘i + 0) Cn"h'

Agit1 _ Yei+1 .
’11 (C:H-l + 0”) + 20 ’l’ (m:j+1 + G.) + 2

X

Expression (8l) is the solution of the differential equation for stationary

temperature conditions (60) with the boundary conditions (61).

Solution of a Differential Equation for Nonstationary Temperature Conditions

Let us look for a particular solution of eg.(62) in the form
u' = A, XY sin pyzee-tmi+ri, (82)

where X and Y are the functions computed from egs.(66) and (67).
The solution in this form, as easily proved by substitution, satisfies eq. (62)

and the boundary conditions of eq.(64).

Therefore, the general solution which also satisfies the initial condition (63)

has the form
. —Qa 12- —{—m2. +p2t
0’ = 222}11‘"1,17 Xg{.*_l ng+1 S1n l),(ze ( 21 3+1 “) 1(83)
7 k

where

8131 41544 (Pt + 0°)
h(13 40+ 0%)+ 20] [he(m; 1\ +0?) +20] [hap3+o(1+ah3)
hy hy h,
X . 0, — 0, " ) (cos lyspyz +
§§§(o (x,v,2) i1
(o

AI.TTl,p =[ ] X
g sin loi41) X

X (cos me; 1y + sin mgjq,y)sin pyzdrdy dz. (84)
1

Myt
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- S‘t;gsi—:i_tuting the value of the coefficient Al,m,p in expression (€3) we get

= Z E 2 Xoip1Y oj41 80 Puze_a( l§i+l+mgi+l+p3) "X
e
800! 21+1"‘2)+1 (PK + °")
5 \ [m (fGiga +0%) + 20| [ha(mj 41t ©° *)+20] [”3Pu+° (1 +°h3)]
hs hy by
X S S S Xoi41Y 2j1 SiD pz dx dy dz —
000
813141 '"gj-;-l (P2 + o*)
- [hl (’§i+1 + c’) + 20] [h, ("121+1 + a’) + 20] [h;,pl +c (1+ch,)]
hs hy by N
S S S Ocx,y,2)X 2i41Y 241 8in przdz dy dz}

000

(85)

and further, after completing certain computations,

L+ Pt X

Z 2 Zl Xaqita¥ 341 810 puz€ — (i + it

)

p ha
840,08 (p2 + o) sin? s

X Py [’u ( 241 +c- +2cr] [h, m 5+ 1+c")+23] [hap“+o (1+chq)]

81’i+1mn+1 (py + o?)
o [hl ( l ‘+1+0")+26] [112 ("12J+1 + U’) + 20] [hsPK 4o (1 + Oh')]
hs hy hy

X S S S O x,y.)Xat-41Y 341 SiD pyzdz dy dz}, (86)

90 0

! is the established temperature determined by eq.(8l), and py is the
wherq ®(x,y,Z)’

positive root of the system of equations, determined by analogy with | and m from

. ' the boundary conditions (64):

g
y=clg phy @ Yy =— P (e61)
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Then, knowing the values of g' and 9" and adding them, we get the solution of
the general differential equation (34) with the initial and boundary conditions (58),

as follows:

(ny;— 0)e "M 4 (ny ; + o) €M)
2 X

—njh ngh
(ny;—o)e 4"+ (ny; + o) e 1%

)= 162" 3
:

J

Xei-{-l . Yzj-{—l +
hy (lgi-i-l +02)+20 ha (mgj_*_1 + o%) 4 20

, ol a3 2
+ MDD XotpaYajqa sin pez e ottt Mo tPel X
i 1 K

X

., P
640,02 (p2 + o?) sin? 5

P Uiy (Byyq + o) + 0]l (m2y ) +0%)+20]lhap? +a(1+ahs)]

X

81 413541 (P + %)
[hy (2, + 03)+20] [ha (m2y, + 0% + 20] [hap} + o (1 + ohs)]
hs hz hl
% § | bewoXanaYospasin padedydsl.  (87)

000

—

When t — =, the expression (87) determines the stationary temperature distri-
bution which does not depend on O

Equation (87) makes it possible to determine the mean temperature of con~
tact g¥* during set friction conditions, i.e., after the lapse of an adequate length
of time from the instant the friction process started. ILet us assume the following
condition namely, that the general quantity of heat generated at the expense of the‘
work of the friction forces is subdivided into a definite ratio between the paral-
lelepiped and the supporting surface (Fige37). Let the quantity of heat, flowing

through the parallelepiped per second, be

Q' = Jfpvsk (1 — arp),
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'-where J = heat equivalent of mechanical work;

f = coefficient of friction;
p = load;

. vgk = sliding speed;

i i i ! f heat
l(l_aTP) factor always smaller than unity, vhich determines the quantity o

branching into the parallelepiped.

The quantity of heat that has entered the parallelepiped during steady heat

conditions flows into the surrounding space through a side surface of the parallele-

piped and through its top side

3 h‘

h h
{0dzdzs+
0 00

hy hy h :
1% =s'<2S§ Bdydz+ 2
00 0

0 dz dy > , (89)

where o' is th

e coefficient of outer heat emission of the parallelepiped material.

Adjusting the right-hand terms of eqs.(88) and (89) and substituting the val-

ue § from eq.(87), we get the following relationship:

Tfposx (1 — age) = 323%%’ M x
§=0 j =0
Lot -
(mj— @) € hatrt (g o+ o) €M™ X

T

y Lot v
xlhl(lm+1+o')+20“h‘2“”n)+‘+° )+2°|

hy hs

H[(m,-—c)e =D (g Log)e nyyths—2) %
00

X [Cos My;j L1y + ——— SIN Mojpy y] dy dz + 320%6°" X

79,41

X OE\ Vm Y 2j-+1
Z’ ‘:0 X(nl —_ 6) C—n‘».’ha -+ (ni .+ O’) Cvah ] X

e
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Yerm X
X [hs (B3ygy + 0% + 2] [ha(miyy, + 0% + 20|

T

hy hy
%\ | (g — o) ™) - (n + o) e
00

ﬂl','(hl""z) ] x

. o1
X [cos 12{+1$ + 12{11 sin l2{+]x] dz dz + 163%0%°c" X

—ny,jtha—2) 4 (ny 4+ ) e, jlhe—2)

(ny ;—0) e
3 1.
X —— N

=0 j=0 [ (ny;—o)e MM - (my j + o) €74 ] X

(ng,;—0) ¢, —2) (ny ; + o) e, fh—2)
x [A i + 0%)+20] [ha(m3y, + ") + 20]
Ry ha
X S S Xgi.:,.;Y,;_*.ldx dy .o e (90)

00

- 3 K3 . . O .
. With the condition that z = 0, we calculate the integrals appearing in eq.(9 )i

then
ny—¢o —nyjihs . v;+o

@—e )

mjh.
A = [

A—e )]x

m”j‘h’ )i o

sin myg4shy + 2 gin?

X magen (
Mosia Mas41

B,

[n“—a (1—8-"“"’)—— n

¥ ny

X :i : (‘S'ln Ly + 12:
Li; = [(nj—o)e~™hs + (ni; + ) €™ [y (i + 0®) + 23] X
X [hg (Myj41 + 02) + 23]; (93)

Nij = [hy (Baga + 02) + 23] [he (30 + 9%) + 291 (94)

91
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i\Tc;v, taking into accournlt>e§s‘.(9l) - (94) we can write eq.(90) in the following -

manner:

J1pvsy(1 — arp ) = 3232b° D) D) X
ij
Avi jX2{+l + Bxijy

I.Iij

X i + 163250° X

, 20 byl
(sm lyg gy + T sin* — >>
A&

x 22

i

J

20

he + sin?
a1 . (95)
- N
i

/.
X |sinmy;y,
Y :

- It is easy to obtain the temperature distribution along the surface of a right-

angled contact from ea.(95)

s Jipvgy
H =(1—¢rp) >

[ <] oo L ] - ’
1600’ ) D' (zAui,,-Xzi+1 + By, ; Y21'+1+X2i:1Y2j H)
L Ny,

(96)

* . 20 . o bt
Xottr = sin lypihy + o sin? —5—; (97)

. ) 20 ., Myjiphy
Ysjt1 =sin mzj+1hz + m sin? — - (98)
2)+1
Summarizing all above statements, the following conclusion can be drawn:
Equation (96) makes it possible to compute the mean temperature of a friction

. surface of a right-angled parallelepiped while sliding along a semibound body,

which practically maintains a constant temperature because of its unlimited great
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" heat capacity.
When friction of quite commensurate bodies takes place, for example if the sup-
t 1 t
. . . h h
porting body is also a right-angled parallelepiped with edges hl s h2 and 3 whose
* . . _
_material is characterized by the thermal parameters of 7\1 and dl , & solution is pos
sible, under the condition that the incomplete overlapping of rubbing bases at each

. ' R
instant of time is disregarded, i.e., when hl x h.l. and h2 x h2.

Jipogy

U: = Orp

[ ’ ’ ’ - =
160%, E 3“(2’41".. o + By, Yo +X2i+fyzj+1>
171 N{. .

=0 j=0 et

(99)
Solutions of egs.(96) and (99) are found for a case of stabilized temperature dis-
tribution. This case might play an especially important role in studying the ef-
fects of the temperature influence on the mechanical as well as the frictional prop-
erties of materials in the rubbing pair in various test setups.

If we accept the condition of the absence of temperature discontinuities along
the friction surface at 6% = ei\‘, we can determine the coefficient of distribution of
the quantity of heat between the elements of the rubbing pair. To do this, we ad-
just the right-hand terms of eqs.(96) and (99) and solve the resulting equation per-

taining to an; then, we have

!

' ' ’ P .
A”i.i Ko + Bxi.i Ysin Xoit1Yaih1
N "“ N/
Ly ; 1.4

—p

L.

L] *
Ayi‘szi+1 + Bxi,j Yaita + X:£+1Yzi+l)
i,j

’ i 7 ’./ K
Xzi+1+ Bxi‘,)z)#l Xoo
-+

»¥

5 Yo N Yo 2jh
N

i,
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Equation (100) permits the very important conclusion that the coefficientcLTp,i
in first appraximation, does not depend on the sliding speed and is only a function
of the thermal parameters and geometric dimensions which characterize the elements
of the rubbing pair.

Then, substituting the value U froin eq.(100) into eq.(99), we finally obtain
the value of the mean temperature on a friction surface:

Jfpvgy

—
, r g *
(2 . 1'”' j‘\‘.’.H-l + B-“i. j} 2j+1 L X 2i-FIA2j+1) -i-

]'i. j ' ‘Vl.j

0 =

(o] [se]
m[oeo' o

1=0 jemp \

- Tpvst .(101)

’ o 4 s SR ¥
oy Q- 2Aui’ Xaia T+ Bai Vot Yo Yoim
1°1 2) 2 L TN
i=0 j==0

i, i i,J

Here it should be noted that, for an element of a counterbody, z < O.

Therefore eqs.(96), (99), and (100) permit determining one of the unknown tem—
perature characteristics, namely, the mean temperature of a friction surface.

To find the other temperature characteristic - the temperature gradient.j§i -

Z

- eq.(90) can be used, from which 9 must be determined with a corresponding differ-

entiation of the left- and rigbt-hand terms of this equation according to 32, ®

oz
However, this method is too cumbersome and requires excessive time for computing

the numerical values of the gradients.

For our concrete study of a parallelepiped, sliding along the surface xy or
along the surface of another parallelepiped commensurate in dimensions, it can be
stated,that, along the axis of symmetry parallel to (or coinciding with) the axis 2,

the heat flow is linear. If we accept this condition, it is easier to determine

0 cy s
the temperature gradient-g_ along this axis, for stationary heat conditions.
Z

For this case, the general equation for heat conductivity assumes, as is gener-

ally known, the following particular form:

94
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a%*0

2 — b =0,

so that the integral of eq. (102) can be written as

0 - Clebl + Cge—.b:,

b— Z(h+ h) o _ l/z(’11+22)°'

(104)
T Mgk ?

' - 3 n 3 * t
' i ici t emission and A is the coefficien
Here o = i;\- , where o' 1s the coefficient of hea

‘of heat conductivity. f
- . . . . . o
Since the studied parallelepiped has limited dimensions 1in the direction
ini i i iables C
the axis z, the boundary condition for determining the arbitrary invaria 1
< 2

and Cg, at z = h3, will be

00
O‘)h' = — )x\a-—z z—h.' (105)

In eq.(105) let us substitute the value © from the general solution (1Q3) and,

after reducing it somewhat, obtain

Clebh' (b)\ + O’ ) eSS Cze_bh‘ (b)\ -—_ O,)

or in other words,
C,eths (b +0) = C,e~% (b — 9). (106)

The other boundary condition for determining arbitrary invariables is the con-

dition of heat balance:
h, h,

(1 — o) Jf posi = 2 (by + hs) 3 [Cl \ eb:dz 4 Cy S _bzdz] +

0

95
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-

-+ hyhos' (Cyes 4 Coe™ 1Y) L,

where the guantities %ppo J, £, Dy Vo are the same as before.

Solving egs.(106) and (107) together we find

(1 — “TP)J/vaMbe_bhs (b —9) '
O G ) 1P 0 o)+ 6 o) —Zal ) |
(1 — aTP)JjPUSKbebh’ (b + o)

= 20 {(hy + ho) [ (b +0) + e~ (b—a) — 20 + h1hod?} ")

C,

Treating the auantities Cl and Cy as numbers it is easy to determine the btem-

perature gradient

B b (e = Coe) (109)

V’:(h|+h,)o . _ 1/ 2hutha)
C hika _ Coc hlh’ .

20 _V’2(h1+h2)o

Pz hiha

(109")

Therefore, summarizing all above statements, it is possible to draw a basic

conclusion on the principles of testing brake materials.

In order to obtain the actual values for the temperature characteristics in

testing small samples of brake materials (elements of the friction pair), it is
necessary to have in the small power testing setups the same values of the coeffi-
cientthp which would sufficiently correspond to the '\ranluesot,Pp in the actual fric-
tion unitse.

On this basis, the coefficient an can be considered a certain criterion of

similarity in friction processes.

Ring Friction lachine with Complete Reciprocal Overlapping

It is more convenient to study the conditions of heat generation in the opera-

96
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( -
" tion of a friction machine with complete reciprocal contact overlap, in terms of

cylindrical coordinates. Figure 38 shows a friction pair of interest to us.

In cylindrical coordinates, the position of any point M in space is determined

+Z
@

by the coordinates r, @, 2, where

In this case, the general differential equa-

tion of heat conductivity (34), written earlier

for Cartesian coordinates, now assumes the form

Fig.38 - Friction of Butting -
For a concrete case (Fig.38) of a symmetri-

FEnds in Ring Cylinder
cal axis problem of friction at the ends of two

cylindrical rings, €qe. (110) is somewhat simplified and assumes the followifxg form
for the inside volume of cylindrical rings:

a0 ¢ 00
=t 7o

where initial conditions, at

t=0; =0,

and the boundary conditions

-—-—53—(:-—{—0():0 at r=R,

9
—{F—{—GO—_—O at r=A~R,,

(= 0" af z::Owd-g—g—}—oO:O at Z=h,
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"where Ry = inner radius of a cylindrical ring;
R, = outer radius of a cylindrical ring;
h = height oi: a circular cylinder.
Of course, the height h of one or another element of the friction pair may be
"different, i.e., h # ht,
Just as was done earlier in the case of the "miniature' machine, we will con-

sider two separate problems: stationary and nonstationary heat conditions. In this

case,

0 =0+ 0", | )

where 6 = 0t (r,z) and 0" = 8" (r, z, t).

The general differential equation (111l) for stationary conditions assumes the

form

60,
+ 3l = ' 2

0" =0 at z=Oanda—§—z-}—00'=O a z=h.

Nonstationary heat conditions are characterized by the equation

?

39" %" | 100" | 8%
o = (’a‘: +TF T ae')

. with the initial condition

0" = 60— 0’ at

98
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"and the boundary conditions

%.l_oﬁ"zo at r == Ry,
r

_iaaﬁ':,+aa"=0 at r=Ry;
r

2::+00"=0 at z=~h,
r

"=0 at z2=0; (119)

where 6. is the initial temperature distribution in a circular cylinder.
(o]

Let us solve each problem separately.

Solution of a Differential Equation for Stationary Heat Conditions

Solving eq.(115) by the Fourier method, we assume that

0 = RZ.
After substituting expression (120) in eq.(115) we get
ZR"+LZR + RZ"=0
r

. or, dividing the left and right-hand terms by RZ,

This equality is possible only when

4 L
R -

(123)

We solve eqgs.(122) and (123) separately and then write eq.(122) in the follow-

ing manner:

o 1 dR _
-} _._J’_.__sz__(),

r

(124)

99
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Equation (124) is a canonical Bessel equation. The solution of this equation

‘has the form (Bibl.26) of :

R, =CJ, (pr) + CyY, (pr), é (125)-

where Jo(pr) is a Bessel function of zero order of the first kind; Y (pr) is a Bessel

function of zero order of the second kind.

To solve eq.{(123), let us write it in the following form:
Z" 4-p3Z = 0.
The solution of eqg.(126) may be presented in the following manner:
Z = Cycos0(z + z,).
Therefore, the partial solution for eq.(11l5) can then be written as
Ulpm = Czcosp(z -+ 2) [C1 /o (0r) + CoY o (pr)].
. Placing the arbitrary invariable C3 into parentheses we get
0 pat = c08 p (2 4 20) [C" o (p7) + €Yo (pr)].
The general solution will then be

0 = Seospi (z + 20) Gl (o) + Ci¥o (@), 1 028)

which also satisfies eq.(115) and the boundary conditions of eq.(116). At z =

we have 0! = 6%, Therefore,

0° = D) cos pize [Ci) (par) + C1Y o (o471 (129)
i

Using an artificial way of multiplying both sides by (1L + 1) and expanding the

left—hand side into the following series:

100

Declassified in Part - Sanitized Copy Approved for Release 2013/05/30 : CIA-RDP81-01043R002000030004-8



Declassified in Part - Sanitized Copy Approved for Release 2013/05/30 : CIA-RDP81-01043R002000030004-8 —

L 41 = BJo(@r) + Beolor) o - F B.Y, (o) +
© B o)+ - - = DBJo(or)+ 2B oer). (130)

‘ Then, expression (1.29) may be written as follows:

pir) +

' Qo
v’ E[Bijo (psr) + B:iY,(pir)] = %, 2 ¢US PiZy [CiJ o (

+ CIY ) (131)

. ' ",

from which we find Ci and Cj3;
, BS
1= 2 cos piZo !

; B,
Ci= 2 cOS P20

. At z = h, the boundary conditions of eq.(116) yield

[—pisinpi (b + 2o) + 3 €OSpy (h 4+ zy)) (CiJ, (pir) +
4- Ci¥y (e v =0 (134)

In expression (134), only the first parentheses can be equal to zero, so that

. o .
tg pi (1 20) = -5 was

[¢] _c_;_ ]
arce t,g'-é-i—— pih B arc tyg o ) e
P4 e

2-0 =

From the boundary conditions (116), at r = Ry and T = Ry, ve find

C [PiJ;) (plly) —oJ (iR + C; [PiY;) (pRy) —
— oY ()] =0; (137)
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Ci o (01Ry) + 37, (R3] + Ci [pi¥ e (puRs) -+ )
. +3Y o (puR,)] = 0. :

It is clear that this is possible only when each of the terms in egs.(137)

and (138) in parentheses is equal to zero, i.e.,

oo (puRy) — oo (py) == 0; C(139)
piJo (piRs) + o/, (piR5) = O; (140)
PiY;) (piRy) — oY, (pRy) = 0; ! (142),
pi¥ o (piR3) + oY, (piRg) = O. (142)

The relationships of (139) - (142) are possible when p; is the root of the cor-
responding equation.

From the general theory of the Bessel function (Bibl.32, 33) it is known that

|
}§r1?, erydr =T [ 7, (6R) + (1 — 75r) AR 1 ()

If p is the root of the equations, then

0Jn(pR) 4= 3Jn (pR) =0

and eq.(143) is simplified and assumes the form

\rJ3 (o) dr = 55 (R2 (3% + ) —n?] JaeR).  (uis)

In our concrete case, when p is the root of egs.(139) - (142) and the order of

the Bessel functions is n = 0, eq.(145) is written in the following manner:

R

\r o (pir) dr = ;%(02 +02) J5 (pR).

0 (146)
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O3 By arﬂlcl 7]331_, let us take a_ciirantage “of the expansions

To find the coefficients
. of eq.(130):

1= D), BiJ,(pwr); S
‘Z ‘O(p{) (147)

1= DB, (pir). (148)
g

Multiplying the left and right-hand terms of the expansion (147) by rd (pir)dri:

. . . - - 6 V:e
then integrating within the limits of By to Rp, and considering expression (146)

get

& A+ o)
| o torrar = 3L (i) —
R

1

— RIS (i) Bu.

Similarly, we obtain

R,
Sr.]o (pir)dr = Z

R,

! 3
(o’2 +’p‘l) [ngg (Pinz) .

2p3
— RIYY@R;)] Bi. (150)

?
From eqs.(149) and (150) it is easy to compute the coefficients By and Bj:

A2
B; = 2 DP‘; (151)
1

—

' A'2¢% 152
By= 0%, (152)

i

where

°

A= S rdo(pir) dr;

R,
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R
A= S"Yo (pir) dr; (1)
R

D =[RyJ5 (piRy) — R (piRy)] (o3 +pi2); (155)
D' =[R§Yg (p{R’) — R:Y: (piR))] (02_*_9‘2). (156)

Considering eqs.(151), (152), and (136), the expressions (132) and (133) will

yield .
0°Ap]
arc tg o/g; !
— h)

Cy= D)

i DcGSpi( 5
‘ {

O.A'P?

Ci = Q) :
arctgo,
i D'cosp, ( pg fes —h) o (e
i

Therefore, the final general solution of the differential equation (115) for

stationary heat conditions with the boundary conditions (116) is written as Tollows:

t
cos py [z + (8rc pgc/Pt__h)J
{
X

arc tg o/
o8 ¢, (_%ﬂ_,,)

A 4
X [—D- Jo(pyr) + %,Yo (p;r)] . (159)

0!=602p?

Equation (159) is a function of the coordinates z and r and the parameters 4

and bi' The parameter o, again as before » represents the thermal characteristic of
i

; . o
the material of the pair element (o = —~ » vhere o' is the coefficient of heat emis-

’ sion and A the coefficient of heat conductivity).

The basic parameter p; of eq.(159) is easiest to compute by a graphic solution

104 STAT
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o - . -
" of the equation systems (139) - (142).

For this, we introduce the substitutions

pilly = 1‘111_
piRy = 2y

Substituting these in eqs.(139) and (140) we get

%i' Jo (1) = o7 (1)
1

or, otherwise,

9’11-];) (2y;) = aR S (2y)-

.7/’1 = xliJ’O (wli);

.7/:.: =oR,J, (‘T‘li)

and by analogy

[ 4 ' | . 6
g1 = T3 (Tg): (163)

7/; = 0R2J0 (xgi)' (164)

The curves of lines y]'_ and yé and also of lines y{ and y; intersect at defi-

nite points X and x2i.

To compute the parameter pj we reduce eqs.(139) and (140), substituting there

the values of the found series X and xzi; this yields
i

o [Jo (21;) — o (%2:)]
To (213) + o (72:)

where 1 =1, 2, 3, eee Ne
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In this way, the parameter of the general solution of the differential eczua-
bion (159) is computed; this parameter, resulting from egs.(139) and (140), is a

:.i‘unction of the thermal parameters and geometric dimensions of the elements of the

ifriction pair.
To study the performance of a friction machine with complete reciprocal contact
overlap, eq.(159) which characterizes stationary heat conditions is quite adequate.
It should be noted that the differential equation of nonstationary pro-
cesses (117) with the initial and boundary conditions (118) and (119) is solved in a

similar way. The general solution of eq.(117) is sought in the form of
) = ZRT, (166)

vwhich, by analogy with the preceding, assumes the form of

—- 2!,2
' = 22(3 a(Pi "57)( X
iy

o8B, (5 20) (€ o (par) + €Y o (war)]. (167)

Substituting the general solution (167) in the initial and boundary condi-

tions (118) and (119), we obtain a system of equations, as follows

. I
y — 0" == }_‘J Zsin 8,2 (C'To(ar) 4 C Yy(pir)l, ]
L

=2 Ef’_a(:"i-' ) sin B2 {C" [pid o (i) —

i

3y (1mRy)] o+ € [ o (ilty) — oY (mid?y)] ),
2 2 R
0 = E S c-a(vﬁ-bi) ‘sin Bz {C' [;zi.lo (piRy) -

i 3o (ifle) ]+ C7 [ (wiRo) + oY o (ilta) ]},
0= DDA 0 () + €Y )] X

t)

X (Bj cos By + o sin Bihy).
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The ;rbitr:'u'y invariables C'ﬁw th'-'_, a.nd the parameters My “and (:} 3 aré computed

By analogy with eq.(88), we derive an expression for characterizing the quanti-

-1ty of heat flowing per second through the.material of one of the ring cylinders, i

.ifrom the system of equations (168).

al
l
l
3
|

; Q' = J[pvsy (1 — ore), (169)
where (1 - a‘I‘p) is the coefficient indicating what part of the general quantity of
heat is branched into a given ring cylinder. At stabilized heat conditions, this
quantity of heat passes into the surrounding medium through the inner, outer, and

free end surfaces of the ring cylinder, so that

h h R,
1 R 2 .
Q' =o' | 2xR, ﬂo'(/z + 2eR\0'dz + T (B} — R?) SO’dr .
. 0 0 R,
Adjusting the right-hand terms of egs.(169) and (170) and making the

. tions, we obtain

JIPs (1 — arp) = 2106 (R + Ry) 2 i
i

A
(5 0t + 5570 (00| o |
arc tgo'p. ]
X arc tg ()"/‘;i X cO0S p{ Z ""' (—LP_! — /I,) sz + 3
x:ospi(T--Iz) 5 . ‘ Pi !
1

{arclga €; \
cos p; |z 4 \———_p- —h
° L

arc tgo/p;
oS p; (——p—— — h)
i .

o+ 20 (RS — RY) D) X

R,
x \[57060) + 5 Yo (o) | dr.
R

We reduce eq.(171) under the condition that z = 0. In this case,
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J1posw (1 — trp) = 4ma’t” (R, 4 Ry) Dpu X

A arcigolp; | A

5 Jo(ptr>+,y¥o<p,r>]cospil ST,

. ,'ar(, tgo/e; } . -
cos p; | ——— —h

Pi

+ = = 5'0° (R - RY) sz{ |73 (psRe)—J5 (pi R, )] +1)'

.

x (73 (@uRa) Y3 ()]}

Using the following symbols:
sy =arctgo /o,
A 2 2
M = yil [Jo (pilRy) — Jo (piRy)],

® ' = 213 (0ufy) — Y3 (0uRy)],

where

we finally get
Jf pogy (1 — ong) = 4ma'6" (Ry + Ry)- Dpr X
i

A A hy . h
[—D- Jo(pyr) + 32 Jo(p‘r)] cos (zu - 94—2—) sin py =
cos (2, — p;h)

+ o0 (R )ZMM+M

X

"
1

From expression (176) it is easy to obtain temperature distribution on the sur-
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c. ..
. "face of a ring contact

. J/pv.‘)“(l —1,”,)
4mo’ (Ry 4 Ro) - D g ~
i

fj:

Jfprg, (1 — & p)
A <A hy . /
[—5 Jo(p;r) + 3g J(,(pir)J cos (:“ — 0; -%) sin g, %

s - -

. T
cos (3, — p;h)

Jfprg (1 —ay)

T T (Re - R M FN)
+ I | @77)

By analogy with the preceding [see eq.(99)] s the other element of the friction

pair can be expressed by

JIpro e
4mey (Ry + RN gl v

1
‘Ill)".snarp

/l ' /1, , , N Yy
|5 Tatein) + Y] Cos( e ) sin o
1 ; 2
cos (z,, — p; /") -
JIpvg o,
(Ra + Ry) (M, - N,)} ‘
14

+

(178)

where oi coefficient of heat transfer of the material in this pair element ;

?

h' = height of a circular cylinder;

and for the coefficient of heat distribution ¢

Tp*

st
Ui,
Xrp

where
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, A, h\ . I}
T (o) S Yo (oin)] 05 (24— oo )sin 6 g

co= (2, — p;h)

R R (M + ¥
+( as li)tf +\)}’

-i_

R , A0, .
, {{Df JO(PS’.) +‘B‘: ) u(pir)} COs (:'“

1

Ut.& =9 O ; T
cos (2, — o)
(”-_- ‘!,' 1:1) (A‘]l 'il—‘\!\)\
16 |-

]

(181)

From eq.(179) it is clear that, in the case of a friction machine with complete
reciprocal contact overlap, the coefficient of heat distribution between the ele-
ments of the friction pair an does not depend, in first approximation, on the slid-
ing speed and is a function of the thermal parameters and geometric dimensions.

This result, indicating the independence of an of the sliding speed under non-=
stationary heat conditions, has been experimentally established by F.Sharon
(Bibl.34) in a large series of experiments on friction in cylindrical disks.

Cylindrical disks of the same diameter and height and of the same as well as
different materials were heated by friction in a special setup for several seconds,
i.c., under unstable temperature conditions.

Since the magnitude of the friction work made no difference in the experiment,
the specimens were pressed together by the hand of the experimenter. The heat pro—
duced by the hand in the specimen was eliminated by its heat insulatione.

The quantity of heat absorbed by each sample is computed by means of a water
calorimeters.

The experiments described were conducted for dry friction as well as for fric-
tion with boundary films of viscous fluids.

The results of most of these experiments essentially confirm that an is inde-
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[ IS, B SRS,

;_j‘péndent of the speed and lead .to the following equatlon Tor “the d:.stribut:.on of heat’
-t

‘ flow:

(-]_1. — VC]"{])»]
VC;T;)\g ' (182)

where q is the heat flow, and the subscripts 1 and 2 refer to different rubbing
specimens. The other quantities in this equation are the same as above.
However, the experimental results include data which do not confirm the de~

scribed dependence. For example, in testing one of the rubbing pairs, the ratio of

heat flow was equal to

at a ratio of

‘ré—;_l-’: — 3 79
V('r_i‘(o)n

This deviation from the assumed dependence has not been thoroughly explained.
Tt can only be presumed that the reason lies in miscalculations during the experi-
ment, one of which must be that the experimenter disregarded external heat emission.
However, apparently in the other cases the physical laws were preserved since the
described ratios in some experiments had values of 1.59; 1.52 and 1.51; 1l.52.

Let us return to eq.(177). Substituting eq.(179) in eq.(177) we finally get

the value of the mean temperature on the surface of a ring contact:

J{pvgy
4re (R, -+ Ra) (U, + U,

(183)

When the friction pair is made of the same m:'iterial and the height of the ring
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;.‘cylincie;s is the same (h = h'), then eq.(183) is somewhat simplified and assumes the

. ..form of

JIPsy

f)* = —

87 (Ry + Rp) o’ D py %
i
JIprgy;
A A hy\ . h
{[— Jo (o) + g Y, (Pi‘)] coS (z“— P; —2—) sin p; -5

D

A cos (z,, — pih)

— Jiprgy .
o (R + 1Y) (M 4+ V-
1 }6 ’

In this case,

Ayp = 1:—)'

As described earlier, during complete reciproccl contact overlap and for un-
‘ stable heat conditions, %7 does not depend on the sliding speed and is a function
of only the physical parameters of the material making up the friction pair elements.

However, in the experiments by Sharon, only linear distribution of heat was
presumed.

Let us point out several reasons which make it permissible to use the equation
for heat conductivity and, without integrating it, to draw a conclusion on the dis-
tribution of any three-dimensional heat flow between rubbing bodies for unstable
heat conditions, during complete reciprocal contact overlape.

As is ‘generally known, the Fourier equation for heat conductivity at nonsta-

tionary conditions reads as follows:

aT-——

o _ (020 920 aﬁr;)' ; (1841)

7 TaE T

!

Let us turn to the new variables v, n, & which are determined by the ratios
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from which it follows that:

92
az?

02

and, further,

30
at

T

0%0
v T

hL
D22

1 02

B

1 0?

a vr?'

@0 . 90 :
drt T g’ (186)

Equation (186) does not contain the thermal parameters of the elements of the

friction pair in a clear form and the temperature is a function of only the new co-

ordinates Vy Ny Ee
Any three-dimensional heat flow in

by the sum

= qx - qlu -+ q,.

= Ay Uy 7 T

each element of the pair may be represented

)

(:/_u ]

,’)f_)_ —_ (}._0_ \l ] ‘
dza,

n an ]

an,

==}
: CUs

From eq.(186) it becomes clear that, at the same values of v, n, and £ at any

points in the elements of the pair, the

-rl o 1/]

temperature is equal since

Y z, 2y

1 )y

= —
} oa,

or, in other words,

— = —= — =
Voa, Va,  Va,

¥ a
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s

y
:,1 = 39 .

Taking eq.(188) into consideration, eq.(187) will yield

: ’T\
q: lldlrJl‘/ P

= Fadith (

) it is easy to compute the coefficient amqg:
l

From eq. (189
N 7‘11’;‘: _ ‘i"l‘:'x"l_ (190)
Oy == — = -————= —_— .

e (]2 ).“ ay ‘ )v_v'Y-_-kg
t flow, is valid for any

(182), derived for the case of linear hea
ions.

iction pairs under nonstationary condit

Therefore eq.
ints in the elements of the fric-

three-dimensional heat flow in fr
To compute the temperature gradient at any po
1ete reciprocal contact overlap, let us turn to

tion pair on & machine with comp

eqe(171) which, when differentiated, yields
: l
0 ¢ [ (RS — R)coslpiz + (u—pd)l—
az

(7===f((121’f'1?2)’;§

Ly (R — R} psinfpiz + (e )], (291

where |
i
h )

A Jolp:r) + ’1'1‘,/ Yo (pir)] h)] dz;
= JolP4 _1_)_________gc.os [piz+ (2x—P4 Wl az; \
(1]

cos (2, -— Pif)
(192)

R, A
: f]“mﬂ+17Y“mn]w

QLR
' 9 Ity
o >.J 2 cos (z,, — P;h)
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T From eq.(191) we obtain |

i

- . . L (Ry — Ry) 4 sin [p;z + (2, — pih)] .
i K3 L (1t — M) cos[pgz + (3 — el (194)

\
1
i
i

-1

. "_ Using the accepted symbols in eqs.(192) and (193) for 6%, ve get the following

expression:

Jiprg, (1 —%qp

= 5 (195)
K (R + o) + L (R — B cosleiz + (3= peh)]

0.

which we substitute in eq.(l9l;); this will yield the following equation for the tem—
. perature gradient:

B _ L (R, — Ry) pysin[py 2 + (2, — PP
oz (R + Ro) (K + L (R, — Ry)coslpy + (z, — i) I}?

x Jfpraw(d — orp)-

X

. From eq.(194) it becomes clear that the higher the temperature gradient in the
elements of the friction pair, the greater will be the temperature upon contacte
Equation (196) shows that the gradient is a function of the coefficient ¢ pp*

Any increase in the coefficient ¢ rp leads to a decrease in the temperature gradient.
The temperature gradient, at symmetric points in the elements of the pair, can be
the same only in the case when the friction pair is made of the same material and

its elements have the same geometric dimensionse

Maintaining Certain Conditions in Testing Small Specimens

So that the results of experiments on heating of rubbing bodies are sufficient-
1y universal as far as their transfer from one model to another or practical appli-
cation is concerned, certain conditions must be maintained.

Generally, as proved by the theory of similitude of physical phenomena, the
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,'ﬁn;ii‘onnity of certain criteria rust be preserved (for example, Fourier!'s, ‘Reynolds,
Strouhal's, Euler's, Pekle, etce nuwubers).

The siméilarity of heat phenomena can be preserved if one or several criteria of
similitude (Bibl.23) are maintained.

In particular, similarity of heat flows, which is sufficiently accurate in
practice for a stationary temperature field of rubbing bodies, is ensured by the
constancy of the coefficient o which is computed from egs.(100) and (179). How-
ever, in view of the complexity of these equations for a preliminary clarification

of the conditions of similitude, the solution of Fouriert!s equation for linear heat

flow* can be used.

-

The solution for linear heat flow haes the form of

(1 — o) Jipvgy

H =
V wo'nS

where w = perimeter of nominal contact;
‘ S = nominal area of contact.
All other symbols as earlier.

In particular, for prismatic specimens with contact dimensions of hy and hy, we

have

In this case, €q.(197) assumes the form

) — (1 — o) J1pvgy
V2 (hy + ) hyhora' '

¥See the article by V.S3.Shchedrov, (Bibl.39) "Temperature on a Sliding Contact'.

‘ ;Qollection Friction and Wear in liachines, published by KheIzd., Academy of Sciences

of the USSR, 1955.
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If, for the second moﬁel , all terms in the' eéﬁatibn are indicé.téd’by thesénza ’

letters but with the addition of primes, we will have

P s ) Jf Y

(199)

V2 (b + hy) in'o”

The similarity of the heat phenomena in the two described cases is equivalent

to the condition

(200)
0 =0,

Bltlplvl _ B’pv
Vm}+%m@§% V (hy + hg) hyltaha’

where B =1 —aYp andB' =1 —a,}p.
The equality (20Ll) makes it possible to study the influence of different groups
of parameters for two different models.
As an example, let us examine the influence of shape and area in a nominal
contacte.
For this, we presume the following:
1) Same materials of the rubbing bodies, A' =A;
2) Same sliding speeds, v' = v;
3) Load changes by n times, p' = pn;
L) Area of nominal contact changes, by n times:

case a — at a change in form of the nominal contact:
? [4
hy=hy, hy=hyn;

b - at geometric similitude of form of the contact:

hy =h, Y nond hg=hyVn.
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