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THEORETICAL RESEARCH OF THE EFFECT OF ROTATIONAL
MOTION ON THE SHAPE OF SURFACE OF THE DEPOSITED LAYER
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Summary. Different methods of surfacing are using to strengthen machine parts. The process of
simultaneous induction surfacing consider in the article. The surfacing will perform with using simultaneous
centrifugal rotation compared to the traditional surfacing scheme. The disk is located in a fixed position during
the entire surfacing process according to the traditional scheme. The rotational movement is carrying out with a
certain angular velocity at the time of fusion of the metal layer. The working time of the part increased due to
centrifugal rotation. Because the layer of molten metal moves to the edge of the part, increasing its volume. The
edge of the part receives the greatest load to the moment of operation.
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Statement of the problem. Induction surfacing has found wide application in various
branches of the national economy. In agricultural engineering, thin steel parts, such as knives and
cutters, are welded with various powdered hard alloys [1-3]. To ensure the appropriate shape of
the deposited roller and self-sharpening in the process of their operation, this method is constantly
being improved in the directions of increasing the productivity of the depositing process, wear
resistance, saving electricity, and stability of the deposited metal layer thickness [1].

Analysis of known experimental studies. The authors developed a technology of
simultaneous induction surfacing of thin steel disks over the entire working surface with wear-
resistant powder alloys [1-3], taking into account the shielding of thermal and electromagnetic
fields [1, 4, 5], which allows saving electricity and shortening surfacing time. In paper [6], a
mathematical model of the movement of a drop of liquid metal on the surface of a rotating steel
disk was developed. It allows mathematical describing the studied particle of molten metal,
namely its coordinates, trajectory and relative speed of movement at a particular moment in
time at a given initial position and angular velocity disk rotation.

Formulation of the task. In [7, 8], the processes occurring in a liquid welding bath
during electron beam re-melting without disk rotation is considered, where the movement of
liquid metal inside the deposited layer is not taken into account. It is of interest to study the
influence of angular velocity on the geometric shape of the roller, which directly affects its
distribution in the surfacing zone, as well as the uniformity of the thickness of the surfacing
layer over the entire working surface of the disc.

The objective of the article is to study the shape of the deposited roller depending on
the thickness of the deposited metal layer and the angular speed of rotation of the circular disks,
in time of the beginning of the powdery hard alloy melting.

In Fig. 1, a disk with a welded roller using centrifugal rotation is shown. During
induction welding, in this case, during the initial melting of a hard alloy, its surface will change
its shape due to the action of inertial forces, which will subsequently affect the thickness of the
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deposited metal layer. Therefore, it is necessary to find theoretically this effect of rotary motion
on the shape of the surface of the molten roller.

In the process of induction surfacing of the working surface of thin round disks, the
disk is provided with rotational motion around the axis of symmetry with a certain angular
velocity w [4-6].

Figure 1. Fused disk using centrifugal rotation

The movement of the liquid is considered steady and it rotates like a solid body. The
molten metal is in equilibrium with respect to the disc. Liquid equilibrium occurs under the
condition that the net force of all forces acting on liquid points is equal to zero. The
minimum potential energy corresponds to the equilibrium state. The total potential energy
includes the gravitational component, the surface component, the energy of the interaction
between the surface of the disk and the liquid, the energy of the interaction between the disk
and the gas, as well as the potential energy of the elements of the liquid in the field of
inertial forces.

For simplicity, let us consider the two-dimensional case in Fig. 2.

yi

Figure 2. A drop of molten metal on the disk surface
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In our case, the external forces are gravitational forces F;, which are directed vertically
downward. A fluid element with area dxdy and mass dm = p;dxdy (p; — density per unit area
of liquid) is acted upon by the force of weight dF;, = gdm (g — acceleration of free fall).
Potential energy of a fluid element in the field of gravitational forces:

dFy = gydm = p,gydxdy.

Then,

d
dFyy = ===

3y dF; = —p,gdxdy = —gdm.

The total potential energy of the liquid, to the nearest arbitrary constant, is equal to:

x1 /y(0) 5 o
y=(x
Fy= f f pLgydy |dx =pig f o dx. @
X0 0 X0

The potential energy of surface tension is determined by the formula:

dPg = 04ds = 015/ dx? + dy? = 014/ 1 + y'?dx.

X1
P, = f oy 1+ y'2dx, (2
X0

if 0,4 the surface tension coefficient of the melt in contact with the gas phase.
The potential energy of the interaction between a solid body and a liquid, and a solid
body and a gas is:

X1

P = f (O-sl - O-sg)dx = (O-sl - O-sg) ’ (xl - xo), (3)

X0

if o5, — the coefficient of surface tension of a solid in contact with a melt; o, — the coefficient
of surface tension of a solid in contact with the gas phase.

The inertial force acting on the element dxdy is a centrifugal force acting in the radial
direction (in the direction of the x-axis). The inertia force dF;, = w?xdm acts on the dxdy
element with mass dm = p;dxdy. This force can be expressed:

dF,, = — i (— 1 a)zxzdm)
m dx\ 2 ’

thus, the potential energy of the liquid element in the field of inertial forces is:
1 1
apr, = — 5 w?x?dm = — szxzpldxdy

and the total potential energy of the melt in the field of inertial forces is equal to:
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x1 y(x) x1 /y(x)
1 1
Pinsz —Ea)zxzpldxdy=—§plw2f f x%dy |dx =
X0 0 1 X X0 0 (4)
=—Epla)2 f x2y(x)dx.
X0

Therefore, for the total potential energy, we obtain:

X1
1
pP= f [E’Dly(gy —w?x?) + o1+ Y2 + (05 — asg)] dx. (5)
Xo

The task of finding the shape of the cross-section of the melt is reduced to
determining the minimum of the obtained functional under the condition of constancy of
the area of the cross-section of the melt. In this way, we obtained an isoperimetric
variational problem for the conditional extremum. The condition for preserving the cross-
sectional area of the melt is:

X1

f ydx =S, (6)

Xo

if S —a given value. Then, an auxiliary function is deduced:

X1
1 /A
P, = j [E'Dly(gy — w?x?) + og\V1+y 2 4+ (Usz - asg) + Ay] dx,
Xo

if 2 — the Lagrange multiplier. Since o,; and o4 are constant values at a fixed temperature, the
minimum of the functional will be determined by the integral function:

1
F = E'Dly(gy — wzxz) + O'lgw/ 1+ y'2 + Ay.

The minimum of the functional is known to be determined by the solution of the Euler
equation:

JoF B d (GF)
dy dx\ay')
which in our case will take the form:
Y = o’ 2142 7
Wy P\ T : (7)

The shape of the cross section of the melt is determined by the solution of this equation,
which must satisfy the boundary conditions:
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y(xo) = 0; y(x1) = 0. (8)

Parameters x,,x.€ (0,R), if R — the radius of the disk, are fixed values. The Lagrange
multiplier A is determined from the isoperimetric condition (6).
Let's enter the dimensionless coordinates:

, 9)

where a denotes the so-called capillary length:

o
a= —2 (10)
g1 — Py

Then equation (7) in dimensionless coordinates will take the form:

" aw? -
7 el (11)

Jarry g

The resulting second-order differential equation is written in the form of a normal
system of two first-order differential equations:

{ Mo =M 12)
n = (1 +nD)z(no — BEX + A).

The notation ny = n, n, = n'is introduced here.

In this way, we obtained a two-point boundary value problem for the system
of differential equations (12) with the boundary conditions specified at the ends of
the interval:

n0(&) =0, n0(&) = 0. (13)

The numerical solution of the problem was deduced using the Mathcad software
environment. The algorithm for solving the problem is reduced to finding a solution relative to
L of the transcendental equation:

$1

[ mole. Dyag -5 =0, (14)
o

which represents the isoperimetric condition (6) written in dimensionless coordinates.

The solution of equation (14) is deduced applying the usual dichotomy method.
By setting A, we find the solution of the boundary value problem (12), (13). Based on
the solution, the left side of equation (14) is calculate. The boundary value problem is
solved in two stages. First, applying the sbval program, we find the initial condition on the
left edge for n,, and then, applying the Radau program, we solve the Cauchy problem for
system (12). The Radau program is used because system (12) belongs to the so-called stiff
systems.
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Numerical calculations were performed for the data:

k
9=981"/ 5,p =78-10°"9/ ;05 =175 N/p,
xo = 0.05m,x; = 0.07m,S = 3-10"5m?2.

The results of the calculations are shown in Figs. 3 and Fig. 4.
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Figure 3. The shape of the fusion cross section (y(x)) to different values of the angular velocity

Figure 4. Dependence y'(x) on different values w

As we can see, with increasing angular velocity, the shape of the cross-section of the

melt approaches the shape of a liquid drop located on the surface.

Conclusions. The above calculations make it possible to obtain a given geometric shape
of the deposited roller depending on the angular velocity and its thickness, which ultimately
increases the durability of the deposited surface, compared to the surfacing technology without

disk rotation.
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TEOPETHUYHE JOCJ/IKEHHSA BIUVIMBY OBEPTOBOI'O PYXY HA

®OPMY INOBEPXHI HAIIVTABJIEHOTI'O BAJIUKA

Muxaiisio Muxannumus; Borogumup I'appuinok; Yecaas Iyabka

TepHoninbcokuul HAYIOHAILHUU MeXHIYHUL YHigepcumem imeni leana Ilynios,

Tepuonins, Ykpaina

Pestome. [lemani mawun ma Mmexanizmie 'y npoyeci pobomu  3a3HAOMb  PIZHOMAHIMHUX

HABAHMAICEHb, WO NOG A3AHO 3 iX nepeduacHum cnpaylo8anuam. Baocaueoro eracmusicmio mamepianie €
3HOCOCMINIKICMb, AKA 61ACHe U 6UHAYAE CMYNiHb NPOMUOI] 3HOULYGAHHIO KOHMAKMYIOUUX NOGEPXOHb Y

ISSN 2522-4433. Bicnux THTY, Ne 2 (106), 2022 https://doi.org/10.33108/visnyk_tntu2022.02 ..........ooovvvevveemveerererreerreene. 123


https://doi.org/10.33108/visnyk_tntu2020.01.005
https://doi.org/10.15407/sem2015.02.07
https://doi.org/10.33108/visnyk_tntu2020.01.005
https://doi.org/10.15407/sem2015.02.07

Theoretical research of the effect of rotational motion on the shape of surface of the deposited layer

npoyeci ix excniyamayii pisHum 8UuOAM CRpaAylo8ants, cepeo AKux ochosne micye nocioae abpaszusne. Tomy
07151 NIOBUWJEHHS eKCNIYamayitiHo2o mepminy oemaineti GUKOPUCMOBYEMbCS IX 3MIYHEHH 3a OONOMO2010
DI3SHOMAHIMHUX MemoOi8 HANNA8IeHH s, MAKUX, K eleKmpo0y208020, 8i0p00Y206020, 2A308020, NIA3ZMOBO2O,
[HOYKYIUHO20 ma IHwux. Y piznux pobomax po3poOIeHO MEeXHON02i0 HeNnepepeHo NOCII008HO20 MdA
00HOYACHO20 THOYKYIUHO20 HANAAGIEHHS NO 6CIll pOOOUIL NOGEPXHI MOHKUX OUCKI6 3yOuacmoi ma cyyinvHol
dopmu, 3 BUKOPUCMAHHAM MIOHO20 0808UMKOB020 KilblYe8020 iHOYKMOPA 3 KPYeIUM NOoNnepeyHuM nepepizom
BUMKIB, WO 00380JI1€ PIBHOMIPHO THOYKY6amu cmpymu no nepepizy demani. Ilpu yvomy 6 sxocmi 0dxcepena
JHCUBTLEHHSL BUKOPUCTNOBYIOMbCS TAMNOBI 2eHepamopu 8ucoxkoi yacmomu. Posznamnymo npoyec 00HO4aACHO20
IHOYKYIUHO20 HANNABAEHHA MOHKUX CMANesux OUCKI8 NOPOWKONOOIOHUMU MEepOUMU CRIABAMU, WO
60100i10Mb NIOGUWEHUMU BLACMUBOCMAMU 3HOCcOcmitkocmi. Hannasnenns 30ilicHioembcss 6 NOCOHAHHI 3
BI0YEHMPOBUM 00EPMAHHAM NPU 3A0AHIU KYMOGIU WEUOKOCMI, WO € OCHOGHON GIOMIHHICIIO NOPIGHAHO 3
MpaouyiliiHo MexHoI02ict0, 8 AKIU 0emab 3aTUUAENMbCA HEPYXOMOI0 NPOMALOM YCb020 HANLABII0BAILHO20
yuxny. Obepmosguti pyx y npoyeci HANIABLeHHA 30IUCHIOEMbCA 8 MOMEHM NIABIEHHA 3MIYHIOB8ANIbHO20
mamepiany. Obepmanns Oucka 00360.5€ NIOGUWUMU 020 MEPMIH eKCNIAYamayii 3a paxyHoK 3MiyHenHs ma
30inbUenns 8 00 emi po3niasieno2o memany na tioeo pobouit nogepxui. Hasedeni pospaxynku 00360a510mo
ompumamu 3a0aHy 2eoOMempuyry opmy HaANIAENeH020 8ANUKA 3ANeHCHO 8i0 KYMOGOi WeuoKocmi ma 1uo2o
MOBGWUHU, WO 8 KIHYeBOMY pe3yabmami nidsuwye 008208iUHIiCMb poOOMU HANAABNEeHOI NOBEPXHI NOPIGHAHO
3 MEXHON02IEI0 HaNasenHs 6e3 0bepmaHnts OUCKA.

Kntouosi cnosa: posniasnenutl memain, cmaneduti OUCK, Kpanis, 8ioyenmpose 00epmaHts, Kymosd
WeUOKICcmb.
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