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Summary. Induction heating is used by technological processes of surfacing. The advantages of induction
heating are high concentration of energy at the heating area that allows to increase the productivity of process,
because time of surfacing decreases. The disadvantages of induction heating are electromagnetic radiation and
excessive loss of electrical energy. The authors deal with development of the optimal law for source capacity
change by using methods of calculation. It allows to reduce electrical energy consumption by 36,8% and 15,8%
compared with traditional laws of capacity distribution.
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Statement of the problem. For disk outer edge surfacing with wear-resistant material
an induction coil is used [1-5], which allows to perform simultaneous surfacing onto the entire
area being reinforced. This type of surfacing ensures axial symmetry of the process, thus we
obtain the part without any distortions and no further trimming is needed. Surfacing is
performed by using induction heating, its advantages being high energy concentration within
the heating area, which allows to increase productivity of the process by reducing time [6, 7].
Still, the induction heating has a number of disadvantages, — namely the electromagnetic
radiation and excessive electrical energy consumption, which in their turn had negative impact
on people involved and high rate of energy consumption.

Evaluation of known experimental studies. Work [8] provides approximate formula
for time-dependent capacity of heat sources to calculate the amount of required temperature to
be applied onto surfacing area within specified time t* at lowest consumption of energy.

Objective of the research. The objective of this study is to produce more accurate
optimal time law for capacity of heat sources, which would allow to considerably reduce energy
consumption hence saving funds and resources.

Statement of the task. As energy conservation is of great importance for high-quality
surfacing, a demand arises for finding out more accurate optimal time law for capacity of heat
sources.

Certain temperature T,,; should be provided in the thin shaped disc with radius R, in the
area of outer edge R, < r < R, to ensure high-quality surfacing at lowest consumption of
energy.

The equation of disc thermal conductivity for averaged in thickness temperature and
averaged capacity of heat sources is [8, 9]
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where T =T" =T, T" is disc temperature, T, = const — ambient temperature; k*=a/};
a — heat-transfer coefficient; A — thermal conductivity of the disc material; 2h — thickness of
the disc; a — thermal diffusivity; w(r,t) — averaged in thickness function of specific capacity
of inner heat sources.

It is considered that if » = R,, convective heat transfer condition comes in place and

there is no heat flow through the center of the disc, i.e. the following boundary conditions occur:

=0, 1)

aT
— =0ifr= 2
- Oifr=0, (2)
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E-l‘k*T:OifT:Rz. 3

At zero moment the disc temperature is constant and equal to ambient temperature. So
the initial condition is the following:

T=0ift=0. (4)

It is necessary to produce the law of heat sources capacity change at lowest energy
consumption needed for surfacing, provided the final temperature distribution within the disc
has the least predetermined deviation value. Surfacing time is considered to be predetermined
and equal to t*.

Thus, it is necessary to minimize the composite function

i A aw(r t) .
= | [T(r,t*) — T,qu(M)]?rdr + rdrdt = min, ®)
oj oJ oj

provided, the process is described by equation (1) under boundary and initial conditions (2-4).
Extended composite function of the task is as follows

Ry T Rz
] = f [T(r,t*) — Tyq(M?rdr +f f aw(r t) rdrdt +
0 0 0 6
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_ 0°T 10T k* 10T w(r,t)
_|_j j T(r,t) —— T ———+ rdrdt,
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where T (r, t) is Lagrangian multiplier.
Necessary criterion for composite function minimum is zero equality of the first
variation
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Having found the first variation and equaled it to zero, the conjugate problem is
produced:

9°T 10T k' 10T _

- _ = i 8
6r2+r6r h +a6t 0, ®)
oT _
ST =0ifr=R, (©)
T(r,t*) = 2a[T(r,7*) — T,a(M], (10)

as well as the following formula for optimal distribution of inner sources:
A g 11
w(r,t) = —FT(T, t) (11)

Apart from this, a direct problem (1)-(4) should be performed. The solution of the
conjugant problem, produced by Fourier method, is

T(r,t) = ) Ape®itfo(v,r) (12)

where J, (v,r) — zero-order Bessel function, v, — roots of the characteristic equation.

k*Jo(VR;) —v];(VRy) = 0. (13)
W2 =2+ % (14)

Solution (12) does not yet fulfils condition (10). To satisfy this condition we should find
the solution of the direct problem. Taking into account (11) and (12) the equation (1) will be
the following:

9°T 19T k*_ 10T _

1 ,
- awit
dar? + ror h T adt 2a? kZlAke Jovr). (15)

As fundamental functions in the coordinate r and eigenvalues are the same as for
conjugant problem, we are seeking the solution of the problem (15) in the form of:
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TG, = ) 6(Oo(v) (16)
k=1
Functions 6,(t), based on the initial condition (4) should fulfil condition
6,(0) = 0. (17)

Having substituted (16) and (15), the following equation for finding functions 6,.(t) is
produced

de,
dt

A
+ aw2f, = —Z—Zea‘“*%t. (18)

The general solution, if condition (17) is taken into account, can be the following:
B,(6) = — —2_ Sh(aw? 19
(t) = —ms (awit). (19)

So, the solution of the direct problem is

=1
T, == ) o Ash(awO)o(vr) (20)
K=1 K

To satisfy condition (10) function T,,(r) is expanded in fundamental functions of the
problem

Tzq (r) = z b Jo(vr). (21)
k=1
Rz
2
s mf Tea(®o(ver)rdr (22)
0
Having fulfilled (10), we obtain
2 2,2
AK = - a~ Wy Py (23)

2% "
awze?®@xT + sh(w?2t*)

Thus, the optimal law for distribution of source capacity is

8 ISSN 2522-4433. Scientific Journal of the TNTU, No 1 (97), 2020 https://doi.org/10.33108/visnyk_tntu2020.01


https://doi.org/10.33108/visnyk_tntu2020.0

Volodymyr Havryliuk, Volodymyr Mykhailyshyn, Mykhailo Mykhailyshyn, Cheslav Pulka

o w2b eaw}%t
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The corresponding function of average temperature distribution within the disc is as
follows:

i b.sh(aw?t)

T(rl t) = *
aw2et»s® + sh(aw2t*)

) ]O (VKr)' (25)

k=1

As a result of induction heat the predetermined temperature T,; should be reached
within the area of surfacing R; < r < R,, we define

0, 0<r<R,

Ta@ ={r o2y <h, (26)
In this case the distribution coefficient (22) will be equal
= Zk*sz*d [R2J1 (VeR7) — R1]1(V|<R1)]. 27)

R3 'VK(Vlg + k*z) JE(veRy)

As a result, distribution functions of optimal heat source capacity and temperature field
will be as follows:

22k T, i w2[Ro]; (VeR) — RyJy (VeRy) ekt (v,r)

w(r,t) = 5 > — ,
Ry &y (v + k*?)J2(vcRy) (aw,%ea‘*’xf + sh(aw,%r*))
T = 2K T S [RoJs (VeRa) = RuJi (WeR)]sh(awi)]o (vr)
) - R%

vi(VZ + k*?)J2(veRy) (aw,%eawﬁf* + sh(aw,%r*)) -

k=1

Heat sources will be concentrated within the surfacing area under induction coil.
Therefore we average the source strength by the surfacing area width

Ry
t) = —5—— ,Ordr =
w (t) RI_R? f w(r, t)rdr
e le (28)
4Nk T,y w;%eaw*‘t[th(Vsz) _R1]1(VKR1)]2

R3(R3 — RY) =y (v + k*?)J2(vR,) (aa)geawﬁf* + sh(aw%r*)) .
Full specific energy during the entire time of heating t* equals
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T*

Wopt = f wo()dt =
i K (29)
= AR Ty z WK — D[R2J; (vRz) — RiJ1 (VeR1)]?
aR(R; — RY) (v + k"‘z)]1 (veR3) (aw et 4 sh(aw2t ))

In order to evaluate energy conservation, which is occurs as a result of specific capacity
variation of sources according to the optimal law (28), we need to find the value of constant in
time specific capacity of sources which is needed to heat the surfacing area of the disc to the
predetermined average temperature T,,;. It can be shown [8] that this value equals

kT
wh= T (30)
h(l—e™ 7))

and correspondingly full specific energy during the entire time of heating

Ak* Tyt
= _ak*t* (31)
h(l—e "R )

*

Energy conservation, which is obtained due to heating according to optimal law, equals

Wope — W*
A= % 100%. (32)

It also is interesting to compare full energy consumption needed for heating, which was
found in this research, with equivalent value, provided the change of capacity of inner sources
is performed according to optimal law found in work [8] and which equals

A z* ak*t*
j yer v (33)

Wn =

a * sh(akh

Correspondingly the energy conservation equals

Wopt — VWsh
=" .100%. (34)
2 Wsh

Numerical calculations are performed for the following data. Geometrical
dimensions — R; = 0,092 m,R, = 0,105 m, 2h = 0,003 m. Disc material — steel St3sp with

thermal and physical properties: thermal diffusivity— a =6,2-107° mz/s; thermal
conductivity — A =40 W/(m .oC); heat-transfer  coefficient; — «a = 455 W/(mz _ oc);

T,; = 1220 °C; heating time — 7* = 32 s. Dependency diagrams of power and temperature
distribution are shown on figure 1, 2 and figure 3, 4 correspondingly.
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Figure 1. The distribution of optimal capacity of sources for different time points
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Figure 2. The change of specific capacity by optimal law (28) — WO (t) and the law of physical
work [8] — wsh (t)
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Figure 3. Temperature field of the plate
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Figure 4. Temperature distribution within the plate at final time point

Conclusions. Energy conservation obtained as a result of application of optimal law for

source capacity change (28) in comparison with heating at constant capacity.

Wopt - W*

— 100% = 36,832%.

1=

Energy conservation obtained as a result of application of optimal law for source

capacity change (28) in comparison with heating by the law of physical work [8]

Wope — W.
== 100% = 15,775%.
Wsh
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OIITUMAJIBHE KEPYBAHHS IHAYKIIHHUM HAT'PIBOM Y
IMPOIECAX HAIIVIABJIEHHA TOHKUX ®PACOHHUX IUCKIB

Boaogumup I'appuinok; Bosoauvup MuxaiJiMimH;
Muxaiiino Muxaiinmus; Yecaas Ilyabka

TepHoninbcokuu HAYIOHATLHUL MeXHIYHUL YHigepcumem imeni leana Ilynios,
Tepnonins, Ykpaina

Pesiome.  [nOykyitinuti  Hacpié  WUPOKO  3ACMOCOBYEMbCA 6  Npoyecax HaniaeieHHs,  sKi
BUKOPUCIMOBYIOMbCA O/l BIOHOBIEHHA CNPAYbOBAHUX A00 01 3MIYHEeHHs pobO4Ol NOBEPXHI NPU 8USOMOBIEHH
HOGUX 0emaiell, sKi 8 OCHOBHOMY 3ACMOCOBYIOMbCS 8 CLIbCLbKO2OCNOOAPCLKOMY Maulunobyoysanni. [lepesazamu
IHOYKYITIHO20 HASPIBAHHA € BUCOKA KOHYeHmMpayis eHepeii 8 30HI Hacpigy, w0 O0036014€ NIOSUWUMU
NPOOYKMUBHICMb NPOYECY 3a PAXYHOK CKOpoueHHs yacy. OOHAK iHOYKYIHUL Ha2pie MA€e pso HedoliKis, a came:
eeKMPOMAcHImMHe GUNPOMIHIOBAHHS MA HAOMIPHI 8umpamu elekmpoeHepeii, sKi GNIUBarms Had 300pP08 s
OMOUYIOUUX [ HA ONAAMY NOCHY2 30 BUKOPUCIAHY eHepzilo. 3 Memoio 3a0WaddiceHtsl eleKmpoeHepeii, agmopamu
PO3pobaeHull Oinb MOYHUL ONMUMATbHUL 3aKOH 3MIHU 6 Yaci NOMYMICHOCMI menaosux odcepel. Hucnosi
PO3PAXYHKU BUKOHYBANUCS Ol npoyecy IHOYKYIUHO20 HANIAGNEHHA BUCOKOYACTOMHUM 2eHEPAMOPOM, MOHKUX
@acounux OUCKI8 WUXTOI0 — NOPOWKONOOIOHUM MEEPOUM CRIABOM I3 3ACMOCYBAHHAM 0808UMKOB020 KIIbYE8020
indykmopa. Jlani 015 AKUX GUKOHYBANUCS PO3PAXYHKU: 2eoMempuydni posmipu — paodiyc oucka 105 mm, paodiyc
nogepxui oucka 6e3 wuxmu 92 MM, wupuna wapy wuxmu 13 MM, moswuna3 MM, mamepianr Oucka — cmanis
Cm3cn i3 3a0anumu menio@iz3uuHuMu Xapakxmepucmukamy, memnepamypa Haepisannus — 1220°C, wuac
Haepiganns — 32 c. Ilpoeedeni uucnogi o06uYUCIeHH O00360MAI0Mb BUBECU ONMUMALLHULL 3AKOH 3MIHU
nomyoichocmi Odcepen. Ilpu UKOHAHHI MOYHIWUX PO3PAXYHKIG 13 8PAXYBAHHAM 6CIX HEOOXIOHUX Koeiyicnmis
npusooums 00 ekonomii enekmpoenepeii na 36,8% nopisHsaHo 3 HazpieoM npu NOCMIUHIT NOMYICHOCMI 8 YACi |
Ha 15,8% — 3 nazpisom 3a OnNMUMANbHUM 3AKOHOM, aie be3 MOYHO20 YPaxy8aHHs menioQizuunux Koegiyicnmis.
Ipueeodeni epapiuni 3anexncHocmi 003601510Mb  O3HAUOMUIMUC I3 PO3NOOLIOM MA 3MIHOK ORMUMALLHOL
nOmMYJICHOCmI 0dicepen OJis Pi3HUX MOMEHMIE 4acy, d Makodic NOKA3yiomb 3MiHy MeMnepamypHo20 Nojis 6
3anedxcHocmi 810 uacy ma paoiycy Haniaeu08aH020 YacoHHo2o OUCKdA.

Kniouosi cnoea: inoykyitinuti nazpis, Haniaeien s, ONMUMALLHUL 3AKOH, NOMYICHICMb, meMnepamypad,
MOHKUL (haconHull OUCK.
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