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for any initial conditions, the angular velocity of the rolling of the sphere and the sliding velocity vanish
after the same finite time. It is shown that the sliding and rolling are interconnected and, in particular,
that the rolling of a sphere without sliding is impossible.
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We consider the problem of the motion of a homogeneous sphere of mass m and radius a on a fixed rough horizontal plane. Unlike
Zhuravlev’s assumptions,!? we shall assume that the interaction of the sphere with the plane is described by the friction model proposed
by Karapetyan.3#, We will assume that e, e,, e is a right-handed, orthonormalized moving frame of reference such that the unit vector
e, is directed along the sliding velocity, u=ueq, of the sphere (that is, along the velocity of the point of contact of the sphere with the
support plane), the unit vector e, is orthogonal to the sliding velocity u and, like eq, lies in the horizontal plane, and the unit vector ej is
directed along the ascending vertical, us =u+[w, aes] is the velocity of the centre of mass of the sphere and w=w;e;+w;,e;+wses is the
angular velocity of the sphere.

Assuming that the sphere moves without separation and using basic theorems of mechanics, we write out the equation of motion of
the sphere on a rough horizontal plane

m(zB = (N-mg)e;+F, gmauﬁ—o = [-ae;, F1+ M
dt 5 dt (1)

Here g is the gravitational acceleration, N is the normal pressure, F=F; e +F,e,+Fsej3 is the friction force acting on the sphere and applied
at the point of contact of the sphere with the support plane and M=M; e; +M;e,+M3es is the principal moment of the friction forces about
the point of contact of the sphere with the support plane. The first equation of (1) expresses the change in the momentum of the sphere
and the second expresses the change in the angular momentum about the centre of mass of the sphere.

Taking account of the fact that the frame of reference eq, e, e3 can rotate around a vertical and denoting its velocity by 2=Qes3, we
write out Egs, (1) in projections onto the fixed axes associated with this frame of reference:

u+a(®d,+0,Q) =f, uQ-a(®,-0,Q)=f, N=mg

§_f2+m, a(®,+®,Q) = _5_f1+5_’"2, ad, = Sm
2 2a a

2a (2)
Here f; = Fj/m, m;j=M;/m and differentiation with respect to time in the reference system associated with the frame of reference ey, e;,
e3 is denoted by a dot.
Suppose w1(0)=0 and w3(0)=0 at the initial instant. Then, within the limits of the model considered, >, f,=m=m3=0. This means that
the system of equations (2) admits of a solution of the form

a(®, - m,Q2) =

=0, ©,=0, Q=0, u=14"(1), ©,= o) 3)
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The investigation of the dynamics of the sphere for the motions (3) reduces to an analysis of the system of equations

0 0
l',=7il)_5_m2, w=—§f—?+5—m(w=aw2)
2 2a 2 2a

where 6

2 2 2
£ = —kgo+ kgop’TEEEX L 00w, m) = - kgace’ 7 + O()
70u u (5)

k>0 is the coefficient of friction and w €[0,1] and € € [0,1] are the parameters of the friction model (. < ¢g).

Theorem. The sliding velocity u and the angular rolling velocity of the sphere w, vanish simultaneously. Furthermore, if, at the initial
instant, the sliding velocity u(0) =0 and w,(0)=wg # 0, then a time interval te(0, tg) exists such that u(t) # 0 and u(t)w,(t)> 0.

Proof, It has been proved > that the sphere is brought to a stop after a finite time tg for any initial conditions. Using formula (5), we will
prove that the sliding velocity u and the angular rolling velocity of the sphere w; simultaneously vanish. To do this, we write the system
of equations (4) in the form of the equation

du _ 7f?— Smg/a

dw  _5f 4 Smg/a

and change from the variables u and w to the variables z=u/w and T=—In[w/w(0)].
As a result, we obtain

dz _ 35(10 - p))2’ + (49(10 - p®) — 10p%e")’ — 15’8’z — Tp’e’
dt 5(7(10 - p?)2* - 2p’e’z - p’e?) )

We now consider the function
fiz) = 542"+ BE — 156’2 -7’y A4 = 7(10- %), B = 74- 10"y’ @)

Itis well known that a third order polynomial has three real roots if and only if its discriminant is positive. The discriminant of polynomial
(7) has the form

A = 286° 0B’ + 225¢* n* B? + 675004e°n® + 4725¢* n* (74 - 2067 %)

Since w.<[0, 1] and £ [0, 1], we obtain that A>0 and 7A—20g2.2>0. Consequently, A > 0.
The function (7) can therefore be represented in the form

f2) = 5AG@-C)(@-6)(@-C)), GeR, =123 ®
This means that the system of equations (4) has a first integral (C is an arbitrary constant)
lu—Cow|"|u— W |u—CW" = Clw™, v,eR, i=1,234 9)

Hence, the sliding velocity u and the angular rolling velocity of the sphere w, simultaneously vanish.
We will now show that rolling of the sphere without it sliding is impossible.
We will first prove the existence of the required time interval t € (0, tg). We assume the opposite, that is, that the sliding velocity u(t)=0
during the whole motion. Then, until the angular rolling velocity of the sphere w;(t) vanishes, we have
®,; 2 3 0 () 3
= T O, b = 8 BT 0G4
2 2

and the system of equations (4) takes the form
_ 10g . kg @,

—_, = =2 2¢e —
- 40 4|w2|u( €— )

Since . < g, the latter equations are incompatible.
We will now prove that

u(t)o,(1)>0 when e (0,1g) (10)
If u(0)=0, w,(0)=wq # O at the initial instant, then, when t — 0+, system of equations (4) takes the form

. _ kg ®g ) kg o

= 22201106 -7p), ad, = £ 22n(2e—p)
20| w,| ? 4 || (11)
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Fig. 1.

It follows from system (11) that, if the angular rolling velocity of the sphere wq is positive (negative) at the initial instant, then the
sliding velocity u increases (decreases) and the angular rolling velocity w, decreases (increases) in a certain time interval ¢t € (0, t-)c(O0, tg).
Allowing for the fact that these quantities vanish simultaneously, we conclude that inequality (10) holds.

Note that the results obtained analytically above correspond to the results of numerical integration of the equations of motion of the
sphere (4). Numerical integration was carried out for £=0.1, w=0.001 (these values of the parameters of the problem occur, for example,
in the case of a billiard ball on a table with a glass covering), a coefficient of friction k=0.2, a mass of the sphere m=15 H 1072 kg, a radius
of the sphere a 29 H 10-3 m (a snooker ball) and initial conditions of the form u(0)=0, w,(0)=wq + 0.

The results of the numerical calculations are presented in Fig. 1 in the form of the time dependence of the sliding velocity u (on the left)
and the time dependence of the angular rolling velocity of the sphere w; (on the right). The solid lines correspond to the case when wg >0
and the dashed lines to the case when wq <0.

It can be seen from these graphs that the overall time of motion of the sphere in this case can be subdivided into three intervals: in the
first time interval [0, t+], the sliding velocity of the sphere “rapidly” increases (decreases) to its maximum (minimum) value u- when wg>0
(wp<0). In the second time interval [t+, t=<], the sliding velocity u “rapidly” decreases (increases) to values of the order of w and the angular
rolling velocity w; slowly decreases (increases) to the value w+ when wg>0 (wg<0). In the third time interval [t, tg], both variables slowly
decrease to zero.

Hence, the use of a new friction model in the study of the dynamics of a homogeneous sphere on a rough horizontal surface leads to
results which differ from those obtained for the same problem within the limits of the Contensou-Zhuravlev model. It has been shown 17
that both the sliding and the rotation of the sphere cease after the same time, after which the sphere rolls uniformly along a fixed straight
line. we have shown that the sliding and rolling of the sphere cease simultaneously, that is, it is impossible for the sphere to roll without
sliding.
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