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Thermal processes of new technological methods of heat treatment (thermocyclic, elec-
tropulse) of metals and alloys are considered in the paper. Mathematical models of the
temperature field in a moving tape and a wire with cyclically acting pulsed heat sources are
considered. Based on these models, the formulation of inverse problems for homogeneous
and inhomogeneous thermal conductivity equations is proposed. For each case (internal,
external heat source or a combination), the appropriate method for solving the inverse
problem is proposed. The integral condition of heat balance is used to construct the solu-
tions of the inverse problems. An integral condition of energy balance is used to construct
a quadratic residual functional in an extreme problem. The inverse problem in the case
when we have a combination of internal and external periodic heat sources is solved us-
ing the search method, where the integral condition was used to find the deviations and
further refinements of the desired function of the source.

Keywords: mathematical model, inverse problem, heat sources, integral condition.
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1. Introduction

The processes of heat treatment of moving and stationary objects are widely used in the powder
metallurgy, in the production of wire, as well as other products. In this paper, the heat treatment
is used as a separate operation, or in combination with plastic deformation [1-3]. This is due to the
requirements to the quality for the final product. Therefore, along with plastic deformation there are
various types of heat treatment by both external and internal heat sources [1-3|. It is important that
the heat treatment allows the creation of physical and mechanical properties of metals and composite
materials. Thermocyclic and pulse treatment using the technology of electro-plastic deformation [1-3]
is especially effective during the production of ultra-fine wire.

2. Analysis of publications on the subject of the study

The papers [4-7| contain studies of the thermal processes that occur during sintering of powdered
materials, various kinds of heat treatment and thermal processes that occur during wire drawing.
Mathematical models describe temperature distribution during processing of moving and stationary
wire and other products of cylindrical shape.

Initial boundary value problems for linear and quasi-linear heat equation in cylindrical coordinate
system (r, z, ¢,t) are considered as mathematical models.

From a mathematical point of view, the study of the temperature distribution in moving and sta-
tionary axially symmetric objects can be carried out through considering different initial boundary
value problems for linear and nonlinear heat equations by introducing certain restrictions on the equa-
tion and attracting the appropriate boundary conditions that characterize the heating process. Since
most of the temperature distributions investigated by heating the product of cylindrical shape do not
depend on the coordinates ¢, the partial derivative with respect to this variable in the heat equation
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can be neglected. Wires and other cylindrical shaped product are considered in the form of a moving
or stationary cylindrical isotropic medium with constant parameters and thermal characteristics with
the heating zone of the length L. In this case mathematical models of temperature fields, in which
there are both external and internal sources of heat have been already studied [5,6]. Internal heat
sources W (z,t,T) are caused by an electric current, which flows through the medium. External heat
sources are caused by a heat exchange of the product with the environment and are governed by the
Newton and Stefan—Boltzmann laws.

The internal heat sources in the mathematical model are represented in the form of a finite function
W (z,t,T) in the equation, and external heat sources are represented as boundary conditions of the
first, second or third kind.

Influence of non-linear components in the equation and the boundary conditions on the temperature
distributions is considered in the mathematical models.

3. The solution of the boundary problem for the heat equation with an external peri-
odically operating heat sources

In the mathematical model, the external heat sources are represented in the form of boundary con-
ditions of the first, second, or third kind. The mathematical model of the temperature field during
pulsed treatment of a sample of the cylindrical shape, has the form [7]

10 (0T 0*T oTr oT
o <TE> )\ﬁ UG~ P = 0, (r,z) €y, (1)
T(r,z,0) =Ty, (2)
T(r,0,t) =Ty, T(rl,t)="1, (3)
oT - ar - B B B !

where A, ¢, p, are thermal conductivity, heat capacity and density, T, is ambient temperature, a, ¢, o
are the convective heat transfer coefficient from the surface, the emissivity factor and the Stefan—
Boltzmann constant. By using the relation [§]

u(et) = 2 /0 T ) dr (5)

To

and the boundary condition (3), we obtain a problem for the determination of the average temperature
along the radius in the area Q7 = {(z,t)|z € (0,1),t € (0,%9)}

0%u ou ou 20 , 4 4 2
)\% — v(t)cpna — cpng = (Tc —u ) + f12(t)%a(Tc —u), (6)
u(z,0) = Ty, (7)
’LL(O, t) = To, ’LL(l, t) =1. (8)

In the latter formula, the heat exchange surface of the moving medium with the environment is kept
in mind. The transformation (5) makes it possible to reduce the dimension of the problem and reduce
it to a solution of the first boundary value problem for the quasilinear heat equation. Substituting the
variables (9) in problem (6)—(8), we reduce Eq. (6) to the canonical form

u(z,t) = Uz, t)etO=n01 (9)
and we obtain the following problem in the area Qr = {(z,t)|z € (0,1),t € (0,%0)}
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U 282U

U(z,0) =T, = Toe M0 0<2<1, (11)
U0,t) =T(t) =Toe " T(2) =T(t), U(t)=Ti(t), 0<t<to, (12)

where

—2aT.m%\ _, . vep —v2ep 2«
t) = t pz—n(t)t — t) = n t .
f(z1) flz()(w%ocpn)e k=g ) 75) +f12()rocpn

We have a correctly formulated problem, because the solution of problem (10)—(12) exists, it is
unique and stable with respect to small perturbations f(z,t), T'(z), T1(z).

Problem of reconstructing the heat source. In the case where the heat source is a known
function, we come to the inverse problem.

Such problems arise during control of temperature fields. Here, it is necessary to find temperature
distribution in the axisymmetric environment. Let the thermal characteristics of the medium be
constant. After applying averaging (6) and further transformations the problem (1)—(4) is transformed
into (10)—(12). Here, the function f(z,t) can be determined fully only when we know the temperature
distribution throughout the heating area. Therefore, during assigning the heat sources we assume the
amount of energy that turns into heating of the area and loss from the surface to be a known. The
condition of the heat balance in the case of an external source takes the form

/to // I(r,z1) dgdt_cpn/to/ /f12 T(r,z,t) — Tp) dz dr dt. (13)

After averaging (5) and applying (9) to the condition (13), we have

to l nz+n(t)t _ to l
/ / a(T) Uz e Te dzdt = cpn/ / fia2(t) (U(z, t)erstn®t _ To) dz dt. (14)
0+ J0 v 0+ J0

Based on Eq. (14) we introduce the quadratic residual functional [9, 10]

to l
:/ /[Wl(U,f)—Wg(U)]zdzdt,
e+ JO

z4n()t _
Wi(U, f) = oz(T)U(Z’t)eH o TC, Wa(U) = fi2(t) <U(Zat)€”2+n(t)t - To) :

v

We complete the statement of an inverse problem by adding initial and boundary conditions to the
heat equation. We have the inverse problem (10)—(12) in the area Qr = {(2,t)|z € (0,1),t € (0,%0)}.
The function f(z,t) in (10) is found under the condition of a minimum of quadratic residual functional

and restriction J(f) > 62, o
0
= / / o’dz dt,
0+ JO

where o2 is dispersion of the function Wa(v) [9, 10].
The iterative process is built in the space Ly(Q), @ = Q x [0,7,,] using a conjugate gradient

method [9-11] _
pRHL— kg ok k=0,1,...,k, (15)

where S¥ = Jk + SEL Ay = ||Jka /\|Jlk_1||2, Br = % Uk = U(f*, z,7) is the temperature
field at the k:th iteration, V¥ = V(Af*, 2, 71) the gradient of the temperature field at the kth iteration,
when the source varies by amount Afk (u, w) fo z,t)w(z, t)dz dt, ||u|| = \/(u,u) scalar product

of elements u(z,t), w(z,t) and the norm of element u in space Ly(Q). The gradient of temperature field
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V' is obtained from the solution of the homogeneous boundary value problem for the inhomogeneous
equation ov 92V
_ 2
E =a @ + Af(Z,t), (Z,t) € QT,
V(2,00 =0, 0<z<]|,
V(0,t) =0, V(,t)=0, 0<t<tp.

We get the objective functional gradient using the conjugate variable 1(z,t). Identity (Lv,
(v, L x 1)) allows us to write the conditions of the conjugated problem:

L x TIZ) = C) (Z7t) € QT7 (19)
Y(z,tm) =0, (20)
Ylag =0, (21)

where L * ¢ = ¢y + a1).., ( = ((2,t) some function. The formula for the gradient can be written as
Jo =1, (2,t) € Q.

For the organization of the iterative process (15) at each step we calculate the temperature, tem-
perature gradient and the conjugate variable. To find U(z,t), V(z,t), ¥(z,t) we need to solve all three
problems (10)—(12), (16)—(18), and (19)—(21). To this end we use a six-point difference scheme [10].
Let us introduce the grid @y, = {z; = th,i =0,1,... , N}, w, = {t; = j7,j =0,1,...,jo} and the grid
whr = w Xwy = {(ith,j7),i =0,1,...,N,7=0,1,...,jo} with steps h = %, T= ;—g. Let us denote by
yf the values in nodes (z;,t;) of grid function U, which is defined on wp,. We replace the derivative
%—Itj by a first difference derivative, and the derivative %ng by a second difference derivative Uz,. Then
we will enter arbitrary real parameter ¢ and consider one-parameter family of difference schemes, i.e.,

J+l_ g ) ) )
%7_7%:1&(03/{4'1—1-(1—0)3124)4—90?, 0<i<N, 0<j<jo, (22)

y(J) = lev y?\[ = Tij y? = y(zZ,O) = T(zi)v (102 = f(zivtj-l-o,f))v

tjvo5 =t; + 0.57,

or
el =05(F+f), f=Ff(zitizos), Ayi=yzi= Yi-1 — 2y +yit1)/h>.

The difference scheme (22) is written in a six-point pattern. At o = 0.5 it is absolutely stable with
respect to the initial data and the right hand side [10]. Then, the sweep method is used for solving
the system of equations.

4. Solution to the heat conduction problem with internal heat sources

Consider a general formulation of the problem of determining the temperature field in a moving
medium, which is heated by internal heat sources. The heating process occurs in two stages. In
the first stage the medium is heated with variable speed v(t). This is an unsteady transition process.
During the transition process, which occurs during the time 0 < ¢ < g, the medium speed v(t) varies
within the range 0 < v(t) = const.

If during the transition process the heat sources with unchanged parameters act in the heating zone,
then the temperature field will be of nonsteady nature. Along with the question of determining the
temperature distribution during the transition process there appears a technical problem how to define
the control parameters of heating process, in order for the temperature of the field during medium
movement with a variable v(t) speed to be steady. This can be achieved if we choose the appropriate
heat source density.
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Starting from the time tg, for ¢ > ¢y the speed of the wire becomes constant v = const. The choice
of control parameters allows maintaining a processing rate required from a technological point of view
in the area of the EPD. The density of the sources can be chosen in such a way that during the analyzed
period of time the temperature should remain near the predetermined one.

The definition of nonstationary temperature distribution during the transition process leads to the
solution of the following initial boundary value problem for the heat equation in area Q: {(z,r,t)|0 <
z2<1,0<r<ry,0<t<ty)} [4-7]

10 ( 6T> )\OQT oT oT

)‘;E 7‘5 @ - ’U(t)Cpn& - Cpna = —W(Z,t,T), (7", Z7t) € Qt7
T(T’,Z,O) = To,
T(r,0,t) =Ty, T(rl,t)="1T,
ol 0, ar T f12(t) [~(T)T = T,) —eo (T* = T)], (23)

where A, ¢, p, are thermal conductivity, heat capacity and density, 1. is ambient temperature, a, ¢, 0
are the convective heat transfer coefficient from the surface, the emissivity factor and the Stefan—
Boltzmann constant. The heat sources function W (z,t,T") when depends on the coordinates and time

takes the fi 4
akes the form [4] W(zt,T) = fi1(2)fo(T), 0<t<to, (24)

W(Z,t,T) = flg(t)fQ(T), t > to,

fo(T) = %, po, B are resistivity and temperature coefficient of resistance of the wire.

Using the relation (5) and the boundary condition (23), we obtain the problem of determining the
average temperature along the radius in the area Qr = {(2,t)|z € (0,1),t € (0,%)}

0%u ou ou 2 Bpol? 20 4 pol? 2
A%—v(t)cpng—cpng—l—flg(t) <%a + 2] ) = ?(T ut) 4 fro(t )—+f12( )ToaTc, (25)
u(z,0) = Ty, (26)
u(0,t) =Ty, wu(l,t) =T (27)

Consider the task of restoring the internal heat source. In this case, we assume the amount of energy
that transforms into heating the environment and loss from the surface is should to be known,

/to/ / fra(t) L +vﬁ(£)(r§7r201T(r =t d drd: - Cpn/ // (r.2,8) = To)dg &

t0/0+/f12 ”t)) Cdzdrdt. (28)

We have the inverse problem (25)—(28) in the area Qr = {(z,t)|z € (0,1),t € (0,t9)}. After averaging
over the radius and assuming that the temperature field is independent of the angular coordinate, the
condition, Eq. (28) takes the form [4-7]

/to/ Fa Lol t)(ﬁt;(" : 2PoU*(z,t)l dz dt = cp, /t /l(u*(zﬂf) —Tp)dzdt
07T
/ ’ 7{ oy 2D "o g ar (20)

Based on Eq. (29) we introduce the quadratic residual functional [9-11]
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to l
- / / (WU, f) — Wa(U)]? d=dt,
e+ JO

2 -
Wh(U, f) = flz(t)[(t) pol —l;}ii%)ﬂé)ou (z,t)l7

u*(z,t) — T
v(t)

The further treatment of the problem with internal heat sources is similar to the solution of the problem
with an external heat source.

Wall) = cpu (0" (2,8) = To) + - fialt)

5. Boundary value problems of heat conduction with a combination of internal and
external heat sources

We consider a mathematical model of the thermal process with a combination of internal and external
periodically-operating heat sources, i.e., the heat sources are reflected by both the equation and the
boundary conditions,

10 (0T 0T or or
)\;E <7’E> )\W — Ucpna - Cpng = _W(Z7t7T)7 (T7Z7t) S Qt?
T(r,z,0) =Ty,
Ag—f —fu(>[ (T)T = T.) +e0 (T* = T1)],
o7 (30)
Aor| = @ [aD(T =T + o0 (T =T,
< z=L
or or
o) = - T Fi(t) [a(TNT - T.) — eo (T* = T1)], (31)

where W (z,¢,T) in the case of dependent on the coordinates and time heat sources get the form (24).
After averaging of Eq. (5) we attain to the problem in the area Qr = {(z,t)|z € (0,1),t € (0,t9)}

2
)\% - vcpn% — cpp, ?: F(T,t), (32)
u(z,0) = Tp, (33)
or i 4
)\5 =+ f12(t) [a(T)(Te — u) + eoar (T, —u*)],
z=0
(34)
/\g—T = £f12(t) [a(T)(u — T,) + eoar (u* — T,)],
z z=L
u(z,0) = Ty(t), (35)
2
F(T,t) = 25—00 (T2 ) + Fra) 250 (1 + ) flg(t)%au + flg(t)%aTc.
4

We need to find I(w), which is the function of temperature

S | s

! / / fro(t) L t)) ¢ dz dr dt.
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We start the solution process with a priori setting the value of I(u), which can be determined from the
integral equation (34), where the function u*(z,t) is taken from the solution of the simplified problem.
Then we will find a solution to problem (30)—(33). This is a correctly formulated direct heat conduction
problem and can be solved numerically with the help of a difference scheme. In the problem (30)-
(33) the right side of the equation, the boundary conditions contain piecewise continuous functions.
To obtain the solution, we will build a conservative difference scheme using the balance method.
Conservative schemes can be obtained by the balance method (integro-interpolation method) [10].

Deviation of the model function ug(z,t) that is found in the approximation 8 and given by the
condition (34) is used as an error signal for further clarification I(u). To determine the variation of
the function I(u), which reduces the residual n = wups(0,t) — To(¢t) by combining method [11-14], we
will decompose I(u) into Taylor series in powers u and consider only finite number of terms

I(u) = Ip 4+ L + Lu® + I3u® + ...+ L.

This polynomial contains the j+1 of variable parameters I;. If the function Ty(t) varies monotonically,
then we will present Eq. (35) in the form

I(u) = ag + a1 (@ — To) + agu(u — Tox) + asu(@ — Tox)* + aa’(@ — Tor)* + . - .,

U=u-— TO(0)7
Tor = To(tr) — To(0).

On the right end of the interval [0,#], at @ = Tox, the unknown coefficient a;(I;) depends only on ay.
To find the parameters a;(f;) (j = 1,2,...,J) to each of them is assigned a function value Ty(t;) at
a certain point ¢; of the interval [0,t;]. Thus, the function value Ty(t;) at time ¢;, corresponds to the
value ag. Search for optimal parameter values a;(I;) which provide for the residual &; = wy,(t;) —To(t;)
condition |£;] < ¢ is based on a method of consistent residuals minimization by the following algorithm.

To each parameter a; a certain residual & (j = 0,1,2,...,J) is assigned. The test step Aay
is performed by the first parameter a; and the solution (direct problem) is found, which results in
determination of the increment of the corresponding residuals A&; and the approximate value of the
derivative g% = 221 is calculated. Next, several working steps on the parameter a; at a fixed value of
other parameters is done until the condition |£;| < 6 for the residual §; (j = 1) is satisfied. The value

of working steps is determined according to the following formula at A; =1

0
Aaj = —Ajgj%. (36)

Thus, the derivative 2 T can be refined after each Sth working step, i.e.,

da.\ P (B) (B—l)
77 R R
(1) e
Suppose that for the residuals & (j = 1,2,...,3,3 < J), which correspond to the parameters

ai,ag,...,as, condition |§;| < ¢ is satisfied. In this case, the values of the parameters a1, as, ..., as41,

which are subject to the inequality |£;] <6, & (j =1,2,...,s + 1) are determined. In the beginning,

a§s+1 _ A§s+1
6as+1 - Aa/s+1 !
Then the first working step is performed on this parameter, the step size is determined in accordance

with (36). Each following step on the parameter asy1 occurs after calculation cycle that is associated
with a change of the parameters ag,as, ..., as41 untill condition [£;| < 6 (j = 1,2,...,s) is satisfied. In

we make a test step Aagiq on the parameter asy1 and then we calculate the derivative

this case, we do not implement test steps to find the derivative & (j=1,2,. ) in contrast to the

case of the calculation cycle, which preceded the change of parameter as+1. The derivative 853 for the
first working step is taken from the previous cycle, and, in this case, the increment Aa; is calculated
according to the formula (32) at 0 < A; < 1. The calculation is terminated when all the components
& (1=1,2,...,55<J) of the residual vector satisfy the condition |;] < 0.
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6. Conclusions

A mathematical model of thermal processes in a cylindrical area with the existing internal and external
heat sources is considered. We have investigated the methods for solving the inverse boundary value
problems of heat conduction. From the physical point of view, the problem describes thermal processes
during thermal cycling and electric pulse treatment of cylindrically shaped samples.

Depending on the type of the inverse problem and the known parameters of the process describing
the mathematical model, the appropriate method of its solution is proposed. In particular, the problem
of restoration of the right side of a parabolic equation is considered. We have shown that the problem of
finding the temperature field and concentration distribution of both internal and external heat sources
can be reduced to external ones and solved by one algorithm.
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IHTerpanbHi ymoBu B obepHeHux 3agavax TenaonposBigHOCTI

Kobunbebka O. B., JIamenko B. I1., I'puroposa T. A.

Kpemenuyuvrut nauionarvrul yrisepcumem im. M. Ocmpoepadcvrozo,
eya. Ilepuwompasnesa, 20, 61046, Kpemenwyr, Yrpaina

Y poboTi pO3TJISTHYTO TEILIOBI MPOIECHU IIiJ YaC HOBUX TEXHOJOTIYHUX METOIIB 0OPOOKHU
MeTaJiiB 1 criaBis (TepMOIMKIIYHOL, e1ekTpoiMuysibeaol). TlobymoBano MareMaTuIHi MO-
JeJIi TeMIIEPATYPHOTO MOJIS B PYXOMi#l CTPIiYIli Ta JAPOTi 3 MUKJIYHO JIIOYUMU IMITYJTbCHUME
JKepeaMu Teria. Ha ocHOBI mux Moiesieit 3amporoHoBaHO (hOpMyTIOBaHHS OOEPHEHUX 3a-
Jad JUIS OJTHOPITHAX Ta HEOJHOPITHUX PIBHSIHD TEILIONPOBIAHOCTI. [l KOXKHOTO BUMIAJIKY
(BHYTPINIHBOIO, 30BHINIHBOIO JKepesa Temia abo X KOMOIHAIT) 3a0pONOHOBAHO Bijto-
BifHUiT MeTo po3B’sizyBaHHs 00epHEHOI 3ajadi. [HTerpaspbHa ymMoBa OajaHCy TeILa BHU-
KOPHCTOBYEThCH JIJIsI TIOOYJI0BU PO3B’sI3KiB 00epHEHUX 3aja4. 30KpeMa, iHTerpaJibHa yMO-
Ba OAJIAHCY TEIJIa BUKOPUCTOBYETHCS JJIs IOOYIOBU KBaIPATUIHOIO (PYHKIIIOHAJY SIKOCTI
B eKcTpeMaJibHil 3aia4i. OGepHeHy 3aja4y y BUIAJKY, KOJU € KOMOIHAIlsI BHYTPIIIHIX
Ta 30BHIITHIX MEPIOIUIHO JHIOYNX JKEPEeJI Teljia, PO3B’s3aH0 3a JOIIOMOTOI0 ITONTyKOBO-
ro METOJY, Jie IHTerpajibHa yMOBa BUKOPHUCTAHA IS TOIIYKY BIIXUJIEHBb Ta MOIAIBIIOTO
YTOYHEHHS MOTPiOHOT PYHKIIT JKepesia.

Knto4voBi cnosa: mamemamuyuna modeas, obeprena 3a0daua, 024Cepeso Mmenaa, inme-
2PANLHE YMOBA.
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