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EVALUATION METHOD OF FRICTION
OF GRAVITATIONAL TYPE TOWING TANK TOWING SYSTEM

The method of determination of the coefficients of friction forces of the
gravity type towing tank towing system, based on the study of kinematic
characteristics of the equivalent simulating system. The technique is based on a
comparison of the values of velocity and acceleration of the towing load,
obtained experimentally and calculated from the analytical solution of the
problem of the motion of the towing system.
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3anpononosano memoouxy suznauenis Koeghiyienmie cun mepms OyK-
CUpY8anbHoi cucmemu 00CIiOH020 baceliny 2pagimayitinoco muny, 3acHo8ana
Ha 00CTI0JCEHHT KIHEMAMUYHUX XAPAKMEPUCMUK eKBI6ANEHMHOI MOOen0I040i
cucmemu. Memoouxa nody0oeana Ha NOPIGHAHHI 3HAYEHbL WEUOKOCME | Npu-
CKOPEHHS OYKCUPYBATbHO20 BAHMAICY, OMPUMAHUX eKCHePUMEHMATbHO |
OMPUMAHUX 3 AHATIMUYHO20 pieHHA 3a0adi npo pyx OVKCUPYBANbHOI cuc-
memu.

Knrouosi cnoea: oocnionuii 6aceiin epasimayitinoco muny, OyKcupy-
BANIbHA cUCMeMA, KOe@IiyieHmu cui i MOMEHmMie mepmsi.

Ipeonooicena memoouxa onpeodenenus KOIPOUYUEHMOE CUl MpeHUs.
OVKCUPOBOUHOUI CUCEMbL ONbIMOB020 bacceliia 2pasumayuoHHO20 Mmund,
OCHOBAHHASL HA UCCIEO08AHUU KUHEMATHUYECKUX XAPAKMEPUCTUK IKEUBA-
JeHmuou modenupyioweil cucmemvl. Memoouka nocmpoeHa HA CpPpAGHEeHUU
BHAYEHULl CKOPOCMU U YCKOPEHUsL OYKCUPYIOWe20 epy3d, NOYYEeHHbIX IKChepU-
MEHMANLHO U BLIYUCTEHHBIX U3 AHATUMUYECKO20 PeuleHUs 3a0aiu 0 08UNHCEHUU
OVKCUPOBOUHOT CUCHEMDL.

Knrouesvle cnosa: onvimogulii bacceiin epagumayioHHo20 muna, OyK-
CUPOBOUHASL CUCMEMA, KOIDDUYUSHMBL CUTL U MOMEHTNO8 MPEHUSL.

Introduction. The Odessa National Maritime University (further
ONMU) towing tank was founded in 1930, it came into operation in 1932.
Structurally, it belongs to the gravitational type towing tanks of Wellenkamp
system [1].

Unlike the basins of Froude type [2] the main feature of this type of
towing tanks is the presence of a rope system, via which the vessels model is
being towed. In this case the model is attached to the looped rope and moves
under the action of the towing load, descending into a special shaft.
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The scheme of the towing system of ONMU towing tank is shown on a
Figure 1.
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Fig. 1. The scheme of the ONMU towing tank towing system:
1 — main towing rope; 2 — driving pulley; 3 — measuring pulley,
4 — discharging pulley, 5 — idler,; 6 — towing load pulley,
7 — compensating chain load; 8 — starting lever; 9 — friction brake;
10 — accelerating device, 11 — accelerating load pulley,
12 — discharging pulley, 13 — chain belt

The presence of the rope wiring causes appearance of inevitable forces
of friction in pulleys. Thus, the control of friction of the towing system in the
process of realization of towing tests is an important technological process
influencing on the results of experimental researches.

Usually control of friction in the ONMU towing tank is conducted by
running the system in free oscillation mode, i.e. without a model under the
influence of small-sized towing load (0.1-0.2 kg). Force of friction was
determined in dimensional form the in assumption of its permanence in a
narrow range of velocity of the system (about 1.0 m/s). The disadvantage of
such method is a necessity for the hand selection of ranges of speeds at the
periods of acceleration and braking of the system, in the range of which will be
valid the resulting values of the friction forces. Also, the disadvantage is the
complexity of the accounting inertial effects on the area of the system braking,
which is caused by motion of load point of a suspension on the phase of
changing the direction of its motion.

The measuring system of ONMU towing tank was modernized in
2011-2012. During the modernization, a software «TowDrag» was developed.
This program visualizes the process of recording the speed of the model,
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automates the process of test results data processing. [3]. «TowDrag» has a
special mode to control the system friction.

The velocity changing of the main rope of the towing system in the free
oscillation mode is shown in Figure 2.
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Fig. 2. A typical view of the process of changing the velocity of towing system
in the free oscillation mode

The aim of the present investigation is development of methodology to
determine the coefficients of friction of the towing system of towing tank that
allows to determine force and moment of friction of the system depending on
the rate of movement of towing load.

Methods of determining the coefficients of friction of the
towing system is as follows.

Let Di[go(uo,ul,uz,t),a(uo,ul,uz,t)]= 0, 7=1L2 — a system of
equations of motion of the tow go(uo,ul,uz,t),a(uo,,ul,upt) — the gene-
ralized coordinate system, depending on the coefficients of friction 4, 14, 4, .
Let l = f(w(ﬂo’ﬂl’ﬂz’t)’a(lllo’ﬂl’ﬂz’t)): l(ﬂo:ﬂlaﬂzat) — the law of the
vertical movement of the towing load of a system also depends on the

coefficient of friction due to the geometric and kinematic relationships with
generalized coordinates. Also, experimental studies allow us to determine the

values of velocity l'a (t) and acceleration la (t) of towing load at a time interval
[0, 7].

The coefficients (1) are the parameters of the system and their
numerical values defines a specific law of motion of the load.

The coefficients L, L4, [y are the parameters of the system and their
specific numerical values defines a specific law of motion of the towing load.
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Coefficient values can only be determined from the experimental data on the
movement of the towing system thus natural to assume that the true value of
the coefficient of friction should provide a minimum standard deviation of
analytical solutions of the experimental data. That is the problem of deter-
mining the values of the coefficient of friction is reduced to a variational prob-
lem of finding the minimum of the functional

=

F (s, 11,) = \/I(i(uo,ul,uz,t)—l;(f))zdt

0
and

T

Fz(uo,#.,uz)=\/J(7(uo,u.,uz,t)—?;(t))zdt-

0
So, first we need to find an analytical solution / (ﬂo: JT uz,t) or that
equivalent, changes of analytical laws of the generalized coordinates

gD(lLtO s His Hys t): a(:”o s His t) of the tOWing SyStem-

The complexity of the kinematic scheme of the towing systems as well
as some of the technical difficulties associated with the determination of
geometric and inertial parameters of its components determine the choice of a
simple in a kinematic sense, but an equivalent effect of a mechanical system,
which simulates the operation of the towing system.

Fig. 3. The kinematic scheme of simulation system
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The model of the towing system. The simulation system consists of a
pulley rotating around a horizontal and fixed axis of the pulley coiled by
inextensible and weightless thread and unknown moments of inertia and friction.
Its scheme is shown in Figure 3. At the time of the system are forces of gravity,
moment of friction forces on the axis of the pulley, as well as the centrifugal force
of inertia of the oscillating load on the suspension. Since the towing system
consists of many different elements, moving rotationally and progressively, the
friction moment was adopted in the form of a polynomial of degree 2 of the
angular velocity of the pulley.

The independent parameters of movement adopted the angles of
rotation of the pulley ¢ and the suspension load a.

The system of equations in dimensional form, describing the dynamics
of the system is as follows

(J+mR2);b'—mR(ZO+Rgo)d2+(,u2¢2+,u1¢+,u0)—ng=O; 0
m(l, + Rp ) c +2mR(l, + R )pci + mg(l, + Rp)sin(a )= 0,
where /, — initial length of the suspension load;
m — mass of the load adopted for mass scale;
R — the radius of the pulley, taken as a linear scale of the task.
2
As the value of the selected time scale T = ﬂ . Then the non-
g
dimensional system has the form
. mR W + H, 2 4 27R H -+@ Hy _
4 iJ+mR2iy iJ+mR2iy g iJ+mR2iy g +mR’
2
B 27mmR =0,
iJ +mR )
g4 2R 2aRsin(ar) _ 0. y %0, @)
/4 /4

where y = (lo + Rgo). Equation y =0 is performed only in the state of rest of

the system.

In the first equation of the system (2) the term of the square of the
angular velocity of the oscillation of the load is the moment of the centrifugal
force acting on the load. Discard this term based on the smallness of the angle
o, unreasonable, especially as the load oscillates in the shaft at a depth of 10-12
meters, and the angle of oscillation is difficult to assess. It is important to

evaluate the velocity of oscillations, since the meaning of Ra’ may have a
finite value.
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To estimate the quantity Ra* consider the second equation (2).
Isocline equation ¢ =0 in the phase plane (OC, OZ) is given yor + ﬂsin(a) =0.
The value of ¥ = ¢ increases monotonically to a finite limit, so the amplitude
isocline will decrease with the change of ¢ in time to a finite value. We find
regions of positive and negative values of ¢ , provided ¥ >0, ¥ >0. These
conditions mean that the speed of rotation of the pulley does not decrease, and
the starting position of the pulley characterized by the value of the generalized
coordinates of @ = 0. Then from the second equation (2)

Ly +2Rya _ _sin(at). 3)
27R

a) Let >0, >0.If & >0 the left-hand side of the expression (3)
has a positive value and the equation is not satisfied. For equal left and right

sides (3) prerequisites & <0, then & has reduced on the interval (0, %) ;

b) Let a>0,a<0.If & >0 at any point in time, it will cause the
left side of the unlimited growth of the expression (3). So there must be a time
interval where & <0, and therefore the moment of time at which the sign
change of & occur from positive to negative;

NS «

Fig. 4

¢) The behavior of the phase trajectories for conditions ¢ <0, a <0
symmetrical condition a), and provided a >0, a <0 - symmetrical to
condition b) with respect to the coordinate system reference. It is seen that in

the region above isocline acceleration & is negative, and under isocline —
positive.
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Consider the situation in the phase plane (OC, OZ) to the initial values of
o, and a, (see Figure 4). When o, >0, o, >0 and a grows, ¢ values
decreases to zero. Further, the conditions a <0, o > 0. That is, there is a
decrease in the value of « , and the point of intersection of the phase trajectory
isocline & =0 growth begins values of a . If & =0 begin growth of « , and
after crossing the phase trajectory with isocline decrease — ¢ .

The process will be repeated cyclically, but the maximum values of |0k|

at each new cycle will decrease. This follows from the following considerati-
ons.

Let @ >0 value at which & =0. From equation isocline find
a <0. Further, since the a , o values will decrease and, consequently, the
intersection of the phase trajectory with isocline happens at o < a’. And since

isocline monotonically decreases on the interval (—5, 5] , then the value of

a , corresponding to the point of intersection, there will be greater than a’.
Similarly, we find that in case of @ <0 is executed ¢ >0, and at the
intersection with isocline phase trajectory ¢ < « * . Thus phase trajectory is
a spiral converging to a closed path, or to the point, with some |0k| limited to

values |0k|max . From the second equation of the system (2) for y, =0 implies

that |0k|max = |0k0|. In the experiment for measurement of the characteristics of
motion of the system is possible to limit the amplitude of the initial suspension

deviation value |a 5°. Then the average velocity of the oscillations in the

max|_

dimensional form equals |;r|- " \/E , and the dimensionless average velo-
*1 73611,
city of the oscillations — ‘dw‘:% zﬂlﬁ. When [, = R \dcp\zo.zz. From
0

this we can estimate the order of the moment of inertia of the pulley, which
value is unknown and will be determined by solving the variational problem.

Considering The above assessment, the value of mR o> first
iJ +mR? ’

term of equation (2) is limited to values of mR (I, +Ro,, )a. *. In the
(J+mR2) max cp

case where the value is of the order of 10~ system of equations (2) can be
linearized. Then the moment of inertia of the pulley must satisfy
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lez(zo + R N, Fx10° - RJz J . After substituting [, ~ R, Re,, ~15, get

J ~240mR’ .
The linearized system of equations. The linearized in the variables «
and a equations (2) has the form

Hy 3 27amR*? ~0
iJ+mRi iJ+mRi g J+mR) (+mr?) " (4)
2Rya  27nRa
+ =+
/4 /4

=0, y#0

The first equation of this system does not depend on & and A Letus

o M o PR b, 2R M _ 5.
e e IR (P (v B P VEUo B

2nmR’ ;= .
(me—Rz) =b>0; ¥ = . Then the first equation takes the form of
m

y+a,y +ay+a,—b=0
()

y=y

It is clear that the dynamic equilibrium of the system is possible with
Y =0 From the first equation (5) it follows that this equation is satisfied for

—-a, iwlalz—4a2(a0—b) a]2

N2 = . If @y >——+b then the system does not have a
2a, 4a,

point of dynamic equilibrium and |y| increases indefinitely. This means that
the velocity of rotation of the pulley will increase indefinitely. Therefore, you
2

al
must perform the opposite condition @ < 4a. +b. Further, if you take the
2

coefficients of friction and the moment of inertia of the pulley such that will
2
a; 2
satisfy the condition b <q, < Eer then \/ a, 45’2 ay — ‘ a ‘
2
this case both have a negative balance point coordinates V1 and V2. From a
physical standpoint, this means that under the influence of gravity and frictio-

nal force load will be raised, not lowered. Therefore, the coefficients of friction
and moment of inertia of the drum must necessarily satisfy the condition

a,<b
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‘ a12_4az(ao_b) —a

Then a,2—4a2(a0—b)2‘\/a>,2 =a and y, = > >0,
aZ
—‘ a; —4c12(aO —b) —q,
Y= <0. In the (y ! ) find the area of the positive and

2a,
) ) )
negative acceleration V. If V¥ =C# 0 we have &V tay+a,—b=—c and
—a * \/af —4c12(a0 +c—b)
2a,
c=b-a>0 1 y>y,

Then ‘\/al2 —4a2(a0 +C—b)‘ > ‘\/al2 —4a2(a0 _b)‘

therefore y = . At the points of dynamic equilibrium

, which  implies

(ay+c—b)>(a,~b) and € <O That is, above the point Y1 arranged isocline
negative acceleration Y. A similar analysis at ' <2 reveals that the lower

point Y2 are also isocline negative acceleration Y. When Y <Y<, ,
‘\/al2 - 4a2(a0 +c _b)‘ < ‘\/alz —4a2(a0 _b)‘ which implies (ao +c _b)< (ao _b)

and ¢>0 Consequently, the point Y1 is a stable dynamic equilibrium of the
system, as can be seen in Figure 5.
The solution of system (5) to be found in the class of functions

monotonically converging to the point V1 and satisfying the initial conditions
of the problem.
Let

off = —{aga - sh*(Bt)+ aax - sh(B)ch(Be)+ (a, —b)- ch*(Br)) =

= —%(aoa (ezﬁt +e 2P 2)+ a]a(ezﬁt —e )+ (ao - b)- (ezﬁt +e Py 2))

y=a-th(pr).

O ——aa—hz(ﬁt)+aaw+a -
Then y_chz(ﬁt)_ (o ch*(Br) 1 ch*(Br) (a, b)],

o)

where

of = —(aga - sh*(Bt)+ ayor - sh(Be eh(Be)+(a, —b)- ch* ()=

= —%(aoa (ezﬂ' +e P 2)+ a,a(ezﬂ' - e’zﬂ')+ (ao —b)' (ezﬂ’ +e P+ 2))
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N

Fig. 5

When =0 yO:(b_ao):O‘ﬁ,while =0 y—>0 y—>a Using
—ali\/af—4a2(a0—b+)'/)

2a,

equation Vi, = , justified above, we obtain

—a, ++Ja —4a,(a, b
a,=— 12a 2(a,~b) and therefore, B, =
2

function that satisfies the system (5) with given initial conditions. Given that

a, —

. Thus we find a
1,2

y=y=¢ , we can write this function in the generalized coordinates of the
problem:

) al —4a,(a,~b)—a 2(b - ay )a,t
Jo g it _ 1 2\%o L 0 )%, _
‘P( Hos Ky 1”2) 2a, (\/012_4%(%_[7)_01
4112—4412(410—1))+aI ml Z(b—ao)azt .
2a, \/4112—4412(410—1))+aI ’
. b—
G s s 1) = = b-a)

2 Z(b—ao)azt J )

ch
\/al2 —4a, (ao —b) —-a,

(b_ao) '
Ch{_ 2(b - a, ayt J

alz —4412(410 —b)+aI
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Returning to the set at the beginning of the article the problem of
finding the coefficients of friction, functional variational problem can be
written as

T

ot~ )0
0 (7

(gb(J, ﬂosﬂlaﬂZst)_¢a(t))2dta

F;(Jaﬂoaﬂlsﬂz):\/

S =

where @, (z‘) and @, (z‘) derived from the processing of experimental data. Con-
ditions of minimum values £ (J T uz) and F, (J T uz)

O°F,
Ox,0x ;

grad F, = 0; >0,

()

n=12; x,=J, 1y, 1, U,.

Verification of the data obtained from the solution of the system (8) is
made by comparing the calculated and experimental data. Below is a graphs of
the experimental and calculated curves of velocity and acceleration of the
rotation of the pulley, the system simulates the towing system operation of three
options for pulling loads.

¢ O  angular velocity (experiment)
¢ O angular acceleration (experiment)

2,0 4 = == angular velocity (calculation)
— 3ngular acceleration (calculation)

T

0 10 20 30 40 50 t/T 60

Fig. 6. Comparison of the calculated and experimental data, m = 0.158 kg
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a angular acceleration
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19 . 4060 = == angular velocity
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40

50 t/T 60

Fig. 7. Comparison of the calculated and experimental data, m = 0.208 kg

. 3,0
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1,0 0_09 (experiment) _
f- = == angular velocity
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0,5 angular acceleration  —
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0,0

Fig. 8. Comparison of the calculated and experimental data, m = 0.258 kg

The developed method was tested during the model experiment.
Friction coefficients were obtained towing system: f, = 3-107° Nm,
i, =9,6-107 Nms, 1, =2-10" Nms’, and frictional forces arising therein
during model experimental studies defined (see Table 1).

Table 1
The velocity of main rope ¥, m/s | Friction moment Mfr, Nm | P = Mfi/gR, kg

0.570 0.0578 0.034
0.685 0.0688 0.040
0.858 0.0855 0.050
0.958 0.0951 0.055

1.034 0.1025 0.060

1.088 0.1077 0.063
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It was established that in the range of speeds of 1.0 m/s, the friction
moment Mfr equal to the product R.g by weight, equal to 58 g. According to
the previously used method the friction moment compensated by the moment
of gravity of suspension for towing loads, with a mass equal to 58.5 g.

Conclusions. The method of determination of the coefficients of
friction forces in the towing system was developed. It allows to obtain an
analytical representation of these forces depending on the velocity of the
pulling load.

It was found that the results of calculations of the frictional forces of
the old and new method are in good agreement. At the same time, the new
method allows to determine the friction force at any speed range cargo.

In addition, the proposed method requires less input information and
allows to avoid using non-friction phenomena manifested in the areas of
braking system — effect related to the change of coordinates the point of
suspension load in the final phase of the movement.
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