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Abstract

Objectives. Thermal spraying and powder laser cladding are promising technologies widely used in various
industries, including aerospace, energy, and mechanical engineering. The efficiency of these technologies depends
on the management of thermal processes occurring during coating application, which directly affect the quality and
durability of the resulting materials and products. This article considers a nonstationary problem of heat transfer
during single-pass spraying on a half-space. The research aim was to simulate the temperature distribution
in a material half-space upon the action of a moving heat source on its boundary.

Methods. Atheoretical study of the temperature distribution on the surface and in the bulk of the processed material
during movement of the spray head was carried out by solving the equation of nonstationary thermal conductivity
in Cartesian coordinates. This equation employs a special type of the heat source power density function in the form
of a thermal strip, simulating the process of heat transfer from the spray path to the material half-space of the part
base.

Results. The obtained solution representing the evolution of temperature in time at different points of the
medium shows that at a certain point of time after the passage of the heating pulse, the temperature inside
the medium reaches its maximum value rapidly followed by its relatively slow relaxation to the equilibrium
temperature of the environment. Penetrating deeper into the bulk of the medium, the thermal pulse is spreading
out while decreasing its amplitude and increasing its width, accompanied by a monotonic increase in the
time to reach the maximum. The transverse temperature distribution has the form of symmetrical peaks, less
pronounced in depth.

Conclusions. The obtained solution can be used when describing the general temperature field at some distance
from the spray head area, where specific heating details are lacking. In particular, the work shows that significant
temperature gradients arise in the vicinity of the primary spray area, which will cause noticeable nonstationary
temperature stresses.

Keywords: gas-thermal spraying, powder laser cladding, nonstationary heat conduction equation, temperature
field, temperature wave, Newton—Richmann boundary conditions, Green’s function for the heat equation
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Pe3iome

LUenu. Naszotepmmnyeckoe HambiieHMe 1 NOPOLLKOBas fla3depHas HamniaBka — NepPCrneKTUBHbIE TEXHONOMMU, LWNPOKO
MPUMEHSIEMbIE B PA3SINYHbBIX OTPAC/ISAX MPOMbILLIEHHOCTU, BKIIOHAS adPOKOCMUYECKYI, SHEPreTUYECKyo 1 Mallu-
HOCTPOUTENbHYIO oTpacnn. OOHUM U3 KIOYEBbLIX aCNEKTOB AaHHbIX TEXHONOTMNI ABNSETCS yrpaBieHne TernioBbiMU
rnpoueccamm, BOSHUKAIOLVMM NPU HAHECEHWM NOKPbLITUM, T.K. OHX HANPSMYIO BIUSIIOT HA KA4ECTBO M JOJITOBEYHOCTb
noJly4aemMbix MaTepmanos v n3genuii. B gaHHoM ctatbe paccMaTpuBaeTCs HECTaUMOHapHasa 3ajava TennonepeHoca
Nnpv 0gHOMPOXOAHOM HarbIIEHMM Ha NOJlYNPOCTPAHCTBO. Lienbio paboThl ABNSETCA MOASNMPOBaHMe pacnpeneneHms
TeMneparypbl B MateprasbHOM MOAYNPOCTPAHCTBE, HA FPaHNLLE KOTOPOro AENCTBYET ABVXKYLLMINCA UCTOYHVIK Tenna.
MeTopnbl. TeopeTnyeckoe nccnegoBaHue pacnpeneneHns TeMrnepaTypbl Ha MOBEPXHOCTU 1 B TOJILLE 006pabaThl-
BAeMOro marepmana B npouecce ABMXKXEHUS rOSIOBKM PachnbIUTENS OCYLLLECTBASNIOCH NYTEM PELLUEHNS YyPaBHEHUS
HecTaLMOHAPHOW TEeMnIonpoBOAHOCTM B AEKAPTOBbIX KoopamnHaTtax. OCOOEHHOCTbLIO YpaBHEHUS ABNSETCS Crneum-
anbHbIN BN GYHKUMW NAOTHOCTU MOLWHOCTU UCTOYHMKA TEMNA B BUAE TEMIOBOM MONOCHI, MOOENNPYIOLWEN NPOLECC
Tennonepeaayn OT JOPOXKN HAMbIIEHUS B MaTepuasibHOE NoJsTlynpoOCTPAHCTBO OCHOBLI AeTasn.

PesynbTaThbl. B pe3ynbtarte nccnenoBaHmsa NoAy4eHHOro peweHnst, NPeacTaBAgaoLLEero SBOMOLNI0 BO BPEMEHN
TeMnepaTypbl B pasfiMyHbiX TOYKax Ccpedbl, YCTAHOBEHO, YTO Yepe3 HEKOTOPOE BPeEMS Mocsie NPOXOXOEHUS M-
nynbca HarpeBaHus TemrnepaTtypa BHYTPU cpeabl 4OBOJIbHO ObICTPO AOCTUraeT MakCUMasibHOrO 3Ha4YEeHUs, a 3aTeEM
OHa OTHOCUTENbHO MEJIEHHO PenakCUpyeT K PaBHOBECHO TemrnepaType okpyxatoLler cpenbl. o mepe yrnybne-
HMS B TONLWY Cpenbl TEMJOBON MMMNYAbC PaCnblBAETCH, YMEHbBLUAETCH €ro amnanTyna 1 yBenmimBaeTcs LWNMpuHa,
a BpeMms AOCTMXKEHUS MaKCMyMa MOHOTOHHO yBeNnyYMBaeTcs. [lonepeyHoe pacnpeneneHme temneparypbl MMeeT
B, CUMMETPUYHBIX MNKOB, MEHEee BblPaXXeHHbIX B riyOuHe.

BbiBoAbl. [1ony4yeHHOE peLleHne MOXeT ObiTb MoMe3HbIM NPU ONMCaHUM 06LLEro TemMnepaTypHoro Noss Ha HeKo-
TOPOM yaaneHum ot ob6nacTu AeliCTBUSA rONIOBKU PACMbINIUTENS, FOe KOHKPEeTHbIE AeTanu Harpesa He NPOoSBAIOTCS.
B yacTHOCTH, B paboTe nokasaHo, YTO B OKPECTHOCTM AeNCTBMS NePBUYHOM 061aCTX HaMblIEHUS BO3HUKAIOT 3HAYM-
TeNbHble FPaAnNEHTbl TEMNepPaTyp, KOTOPbIE BbI3bIBAOT 3aMETHbIE HECTALMOHAPHbIE TEMMNEPATYPHbIE HAMPSXEHWS.
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KntoueBble cnoBa: razoTepMmnyeckoe HanbljieHre, NopoLIKOBas la3epHas Hannaeka, HecTaluMoHapHOe ypaBHeHe
TEnaonpoBOAHOCTU, TEMIEpaTypPHOE rnoJie, TeMrnepaTypHas BoJIHa, FpaHnYHble YCNoBusa HbloToHa — Puxmana, gyHKuma
pyHa a9 ypaBHEHUA TENIONPOBOAHOCTM

Ana umtupoBaHua: ConosbeB M.E., Kokapes C.C., banpmaeB C.J1., banpaes J1.X., Manbiwe [.B. HecTta-
LUMOHapHas 3agaya TennonpoBOOHOCTM B TEXHOJNIOTUM ra3oTePMUYECKOrO HarbUIeHUs 3alMTHbIX MOKPbITUIA.
Russian Technological Journal. 2025;13(6):127-138. https://doi.org/10.32362/2500-316X-2025-13-6-127-138,
https://www.elibrary.ru/ORZKBC

MpospayHocTb hMHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOI 3aMHTEPECOBAHHOCTM B MPEACTaB/EH-

HbIX MaTepuanax nin MetToaax.

ABTOpbI 329BNASI0OT 06 OTCYTCTBUN KOHDNINKTA MHTEPECOB.

INTRODUCTION

In modern mechanical engineering, powder coating
technologies using gas-thermal spraying [1, 2] and laser
cladding [3, 4] are widely used. These methods enable
not only the effective restoration of worn parts surfaces,
but also the creation of specialized coatings with
a unique set of characteristics, including increased heat,
wear, and chemical resistance [5, 6]. Laser cladding has
also become a fundamental technology in the field of
additive manufacturing of metal products, where parts
are produced by applying powder material layer by
layer [7, 8].

These technologies involve heating powdered
materials to temperatures exceeding their melting point,
followed by application to the surface of the part using
a high-speed gas flow. A distinctive feature of laser
cladding is the use of an infrared laser as a source of
particle heating. The laser beam is focused on the
surface of the part or in its close proximity, which
provides for a more accurate control of the temperature
of the deposited material and precise positioning of the
deposition path. In the case of conventional gas-thermal
spraying, the material is heated directly in the spray head.
The basic technological operation of these processes
is a single pass of the plasma torch along the surface
being treated, resulting in the appearance of a single thin
molten track on this surface at a speed equal to that of
the plasma torch. In this work, we focus on this basic
operation due to its determining effect on the quality of
the coating.

Optimization of the technologies under
consideration with the purpose of enhancing the
quality of the coatings and products obtained requires
elucidation of those thermophysical processes that
occur when molten material interacts with the surface
being treated [9-11]. In particular, the temperature
distribution across the substrate material during and
after the passage of the spray head is of particular
interest [12]. The importance of precise heat input
control for obtaining the desired coating microstructure
was also underscored in [13, 14].

Mathematical modeling methods are widely
used to optimize spraying technologies and predict
the properties of the coatings being formed [15-17].
Numerical methods, such as the finite element
method [13, 18, 19], are used to model the temperature
distribution in the spray path. The authors of [20] used
the finite volume method to investigate the influence of
temperature distribution during laser cladding on the
melting process of powdered metal in the cladding path
and the influence of the Marangoni effect on the size of
the melting zone. This method was also used in [21] for
numerical simulation of heat and mass transfer processes
in a three-dimensional problem setting when simulating
powder laser cladding of stainless steel. It was shown
that the temperature distribution in the cladding track is
a critical factor determining the shape of its cross-section
profile. In addition to the power of the radiation source,
the temperature distribution in the deposition track is
influenced by the speed of the deposition head relative
to the sample surface and the powder flow rate [22, 23].

Along with numerical methods, analytical methods
can also be used to describe a moving heat source,
predict the cooling rate [13, 24], and estimate the shape
of the molten metal pool [25].

When the focus is heat transfer processes during
spraying, rather than a detailed distribution of thermal
quantities in the track volume and their dynamics over
time, simplified models can be applied. In these models,
spraying generates a localized source of heat along the
plasma jet line of action and localized in time. In further
research, such a model can be taken as a zero (main)
approximation, and all other details of the process can be
taken into account in the form of corrections, in which
the parameter of smallness will be the ratio of the track
width to the characteristic size of the treated surface.

In this article, we consider the problem of nonstationary
temperature distribution in an infinite homogeneous half-
space, the boundary of which features a time-growing “heat
line.” This line is a heat source localized on a geometric
ray, the origin of which moves along a flat boundary at
a constant speed. In such a formulation, the problem is
somewhat non-standard, since its initial conditions are
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replaced by an asymptotic condition for the temperature
field: as t —» —oo, the temperature field of the half-space
tends to a constant value—the ambient temperature.

TASK STATEMENT

Abstracting from the size and shape of the sprayed
surface, let us consider this surface as the boundary of an
infinite half-space filled with a heat-conducting
substance with constant thermal conductivity o and
specific volumetric heat capacity c¢. On this surface, let
us consider a continuously growing thermal strip with
a velocity V consisting of point instantaneous heat
sources with a heat energy output g(7) as a certain
decreasing function of time (Fig. 1).

The axes of the fixed coordinate system are oriented
as shown in Fig. 1. In the selected coordinate system,
the power density of heat sources of the type under
consideration is described by the ratio

q(t, x, y, 2) = q,(t, )3(2)3(y)8(x — v0), )

wherein 8 is the Dirac delta function. The conditional
moment ¢ = 0 is shown in Fig. 1. The conditional
moment ¢ = 0 does not correspond to any initial
conditions, since the thermal band begins to form
att— —oo

In the model under consideration, the function g,(Z, x)
is defined externally. Thus, it simulates the process of
heat transfer from the thermal strip to the material of the
half-space and depends on many physical parameters in
the spraying process. In this article, we use the simplest
model of “stepwise thermal illumination,” in which

qo(t, x) = k(O(z — x/v) = 0(t — x/v — 1)), 2)

wherein k is the constant effective thermal power of
illumination; t is the effective thermal illumination

time (the effective values represent a simplified model
of heat exchange along a line of heat sources, in which
the heat source moves along the line at the speed of light
and transfers heat to the material of the half-space with
a constant power k during a finite time interval t at each
point along the line of sources); 0(x) is the standard
Heaviside step function.

The heat conduction equation for the problem under
consideration will take the form

T —aAT = 3)
= pd(¥)d(2)d(x —vt)(O(t — x/v) — O(t — x/v — 1)),
wherein 7 is the temperature in the region under
consideration, a is the thermal conductivity coefficient,
p = k/c, and the range of the variables changing is
(x,y) €R?,z € (—0,0), € R.

Equation (3) must be supplemented with Newton—
Richman boundary conditions, specified at the boundary
of the half-space in the form

-oT
Oz

=B(T].o - To)- )

z=0

wherein B is the reduced heat transfer coefficient, equal
to the ratio of the heat transfer coefficient at the material-
air interface to the thermal conductivity of the material;
T, is the ambient (air) temperature, which coincides with
the temperature in the asymptotic initial condition; the
minus sign on the left side corresponds to cooling

7

o = TO = const, ®)

playing the role of the initial condition in the formulation
of the problem under consideration and necessary for its
correct formulation.

Fig. 1. Thermal strip on the surface of a semi-infinite material half-space
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SOLUTION OF ANON-HOMOGENEOUS EQUATION

We will seek a particular solution to the inhomogeneous equation (3) using Green’s function G for the heat
conductivity operator

(%—aA’jG(t—t P =8t -t F -7, (6)

which, with arbitrary precision, is determined by the formula for solving a homogeneous equation

G(t—1',F - o 1 Aal=g(; — 1), (7)

. 1
C 2Jon(t—1)?

wherein 7 corresponds to the current point (x, y, z).
The particular solution 7'(¢,7) of the equation (3) corresponding to (7) takes the form

t
T(t,7)= j dt'I d3F ! 3 o= ((x=x2+ (y=y")2+ (z=2)2)/da(t—1) &
-0 R3 (2 out(t—t')) (8)

x pd(¥")0(z")o(x'= vt (O(¢'- x"/ v)—0(t'— x"/ v—1)).

Integrating over y',z' leads to the following intermediate formula for the particular solution:

3 t +00 —((x=x")2+ y2+ 22)/40(t—t")
oy )4 ' ©
T(t,”')— 3/2 I dt _[ dx (l‘—l')3/2 %
(2\/(XTE) -0 =0 )

x O(x'—vt")O(t'-x"/v)—-0(t'-x"/v—1)).

For correct integration over variables (x, ¢), we will proceed to lagging and leading combinations of the initial
variables:

r=x'"-vt',s=x"+tvt' o t'=

(10)

The volume element will be replaced according to the rule dtf'dx'=dsdr/2v, the integration region
(in coordinates x', t' representing a half-plane ¢'<¢) will become a half-plane s — r — 2vt < 0.
In the new variables, integral (9) will take the form

_ » oA ((x=(s+1)/2)%+ 2+ 22)/Aa(t—(s—r)/2v)
T(t,r):—mjds j dr 7 x
2v(2\/ om) —o 52t (t=(s=r)/2v) (11)

xd(r)(O(—r/v)—0(-r/v—1)).

Integrating over variable r instead of function 6 gives 0 if s —2v¢> 0 and 1 if the opposite additional equality holds
when substituting » = 0 into all occurrences of variable » This situation is universally described by the factor 6(2vt —s),
which ultimately leads to the integral

T(t,7)=

o~ ((x=s/2)?+ y2+ 22)/4a(t—s5/2v) W —((x=5/2)%+ y2+ z2)/Aa(t-s/2v) (12)
0(2vt —s) =

=2v(2\/7)3/2 J s/2v)3/2 2v(2\/_)3/2 J. s/2v)3/2
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Let us introduce a new variable u = ¢ — s/2v, for which the integral will take the form

e~ ((x=v(t—u))?+ y2+ 22)/4au
3 . (13)

—+00
T(t.i)=—L—> [ du
u
0

(2\/&)3/2

Integral (13) is calculated in elementary functions, and the final result is as follows:

—(«l(x—vt)2+ y24 22 +x—vt)v/20L)

L. p e

T(t,r)= . . 14
7 4om \/(x—vt)2+y2+z2 (9

In fact, solution (14) describes an axially symmetric thermal wave whose center moves at a speed v along
the x axis. In the accompanying inertial reference frame x = v¢ formula (14) takes the form of a cylindrical wave

. —pv/2a
T'(t,7) =L (15)
4o p

wherein p =4/ y2 + 22, with an axis coinciding with the line of heat sources.

When ¢ = +o00 solution (13) tends to zero for various reasons. When ¢ — —oo, the heat has not yet been released.
However, when ¢ — +oo, the infinite heat released along the entire thermal line has time to relax over an infinite
volume, which, as a result, returns to a state of zero temperature. At a typical point at a certain distance p from
the thermal axis, the evolution of temperature over time is shown in Fig. 2. It has the form of a thermal pulse that
increases rapidly immediately after the passage of the thermal pulse activation wave on the thermal line (the moment
when the laser beam passes the observation point at coordinate x = 0) and relatively slowly (according to the law of
inverse proportionality) relaxes to a state of equilibrium with zero temperature. The solution obtained does not have
any physical meaning yet relevant to the task at hand: this solution must be supplemented with a general solution of
the homogeneous equation, with the help of which the boundary conditions (4) can be implemented (4).

1000
800

X
= 600
400

200

0 2 4 6 8 10
t,s

Fig. 2. Dependence T(t) at parameter values: x=0,y=1,z=1 (inmm), v=5mm/s, a=1mm?2/s, p= 1.0 - 105 mm3.K/s

SOLUTION OF AHOMOGENEOUS EQUATION AND COMPLETE SOLUTION

Due to the linearity of heat conduction equation (3), its general solution can be written as the sum of a particular
solution of a non-homogeneous equation and the general solution of a homogeneous equation 7; :

T(t,x,y,z):T"(t,x,y,z)+Th(t,x,y,z), (16)
wherein T isthe particular solution (14) already found in the previous section. In this section, we will find a suitable 7} .

In essence, it is reduced to implementing the selected boundary condition (4) using 7. Substituting expression (16)
therein, after regrouping the summands, we find
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ot
([3 T, + EJ

wherein the right-hand side is the already known function. In addition, it was taken into account that, due to the

=B(T - T)

z=0

> a7

z=0

=0.
z=0

_ oT
evenness of T by z, the following equality holds: a—h
/A

We will seek a common solution 7, using the method of separation of variables:

T, = O()X(x) Y1) Z(2). (18)

Substituting (18) into equation (3) at p = 0 and dividing it by 7, we obtain the heat conduction equation in
a separated form:

9—oc(£+y—+Z—J=O, (19)

wherein the stroke denotes differentiation with respect to the argument. The condition for separating variables
takes the form of constancy of individual terms in (19); hence, this equation expresses the relationship between the
separation constants

—a(—k2 e +k2)=o (20)
which we will understand as an expression for the wave number £ :
ki 12 2
k, =+ E+kx+ky' 21
In (20)
@V X " 2 Y" 2 Z " 2
kt:6’7:_kx7:ky’7:kz' (22)

The general solution 7, has the following decomposition (a linear combination of different solutions with constant

coefficients):
K t+iCk x+k, v)+e.k Jark2+k2z
— t t
L= Cpee” T o

k,e

> (23)

wherein k= {k, k, k } and the parameter ¢ = +1 distinguishes the roots for £ 8 (21).
In order to find the Fourier coefficients C, , we substitute expression (23) 1nt0 boundary condition (17), in which
we also transform the right-hand side into a Fourler integral. All Fourier transforms will be greatly simplified when

noting that in the right side of (17), the particular solution T depends, according to (14), only on the lagging
combination & = x — vt. In order for the same combination to appear in the left side of (17), it is necessary and
sufficient to require that k, = —ivk,. Only in this case will the desired combination ik, (x — v¢) = ikéé be formed in the
exponent on the left, relative to which the Fourier transform will be calculated. This leads to a correct dependence on
the right-hand side. Let us find the Fourier image of the right side of (17). We have a chain of equalities

(a+v/20, K = 2+ K2 :
. (\l§2+y2 + ‘:)V/za —i(k§§+kyy ) {&=pcos @, y=psin @}

(2)2jayﬁ P o =

e—a(p +pcose)

2n 0
- BTy (ke )3(k, )~ [ do pdp- eriKpeos(v-o) - 4)
0 0

2
By f dg
16730 0 a(l + cos@) +iK cos(y — )

=PToS(k:)S(k),) — = F(k,.k;).
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The integral in the latter expression is calculated using the analytical continuation of the real formula

2
JZT do _ 21 (25)
0 a+bcos@+ccos® /g2 _p2 2
into a complex domain, which, in our case, gives the equality
2
f do _ 21 (26)
o @ +cos@)+iKcos(y —¢) K2 — 2iak,
with the choice of the root branch that gives VK< = ky when k‘: =0.
Finally, for the Fourier image of the right side (17), we obtain:
Pr
F(kyky) = BTyd(ke )8k, )~ @7)

2 2 _n,a
8 oc\/K 2a1k§

wherein K = ,Ik% + kéz, a =v/2a. Now, substituting (23) and (28) into (17), we find the Fourier coefficients for the

homogeneous solution, as follows:

F(k,.ke)

C, = .
k
B+ /1(2—2z'aké

A homogeneous solution with correct boundary conditions can be written as the following integral (3-functions
in F' are explicitly integrated):

(28)

. 2~
+00 +00 el(k§§+kyy)+./K 21ak§z

Bp
Th(ésyez):TO - dk_dk .
8n2a _{OL Y g\/K2 ~diak, ([3+\/K2 —2iaka)

(29)

As further analysis shows, formula (29) does not enable any transformation that would enable the result to be
presented in an analytical form, either partially or completely free of quadratures. Therefore, all further illustrations
will be obtained using numerical Fourier transformation for specific values of the model parameters.

First, let us write down the complete solution with the correct boundary conditions using formula (16):

Bp 00 +00 ei(ka&—ky Y)+,/K2 ~2iak, z
T y,2)=T, e [ ] di,dk. +
—00 —00

[k? ~2iak, (B + [K2 ~2iak, )
e—(\/m +§)v/2a

4mo VEZ + 2 422
wherein § =x — vt.

Let us assume the following average values for the model parameters (in the SI system):

(30)

+

T,=300,a =40, -£—=10%, =2z 102, v=10".
4ra

Next, we note that the parameter B (which has the dimension of a wave number, i.e., the reciprocal of the
wavelength) in formula (30) can be considered small. In this case, the solution will differ significantly for the
region k — 0, which corresponds to the long-wave modes of the solution describing regions of medium distance
from the source. Thus, a simplified form of formula (30) is obtained by neglecting § in the denominator under the
integral—this corresponds to the preservation of first-order terms in the expansion of the solution with respect to

Russian Technological Journal. 2025;13(6):127-138
134



Unsteady heat transfer problem
during single-pass spraying on a half-space

Mikhail E. Soloviev
etal.

parameter 3 (even in this case, the integrals are not calculated analytically). As a result, switching to the real form of
the Fourier transform for convenience of calculation, we find

+00 400 2CQ+Z/\/§
T(&y,2)=300-100 [ [ dk dk, ————x
(&2.2) _L _{O VS K4+ 6400k2

. e
X (KZ cos(kE‘\EJ + kyy —c sgn(k&)Q_z) - 80k§ s1n(ké<§ + kyy - csgn(kg )Q_z)) +10000

wherein

40(@ +g) (1)

\/§2+y2 452

0, =\/ /K4+6400k§ +K?, E=x-10731

Let us move on to illustrations of dependence (31). Figures 3 and 4 show families of one-dimensional graphs
obtained from the complete dependence (31). The family of curves in Fig. 3 represents the evolution of temperature
over time at points in the medium located at different depths in the thickness of the medium below the origin of
the coordinate system. The graphs show that sometime after passing the heating pulse, the temperature inside
the medium reaches its maximum value rapidly, and then it slowly relaxes to the ambient temperature. At the

same time, along with its penetration deeper into the
medium, the thermal pulse is spreading out. As a result,
its amplitude decreases and its width increases, and
the time it takes to reach its maximum value increases
monotonically. Overall, this picture corresponds to all
physically reasonable expectations of the model under
consideration.

Figure 4 shows the spatial distribution of temperature
at time ¢ = 0 in the bulk of the substance under the heat
line—the straight trajectory of the candle flame—
depending on the longitudinal coordinate x at the same
depths z, similar to that in Fig. 3. At the moment in
question, the candle passes over the point x = 0. It can be
seen that the thermal impulse (which is more pronounced
the closer the point in question is to the surface) has
accumulated in the previous section x < 0 and will
continue to move to the right in accordance with the
dependencies in Fig. 3.

The transverse temperature distribution relative to
the thermal line is represented by a family of graphs
in Fig. 5. It has the expected appearance of symmetrical
peaks, which become less sharp the deeper the
observation point is located.

The obtained solution (16) can be used when
describing the temperature field some distance away
from the action area of the candle, where specific heating
details (e.g., temperature distribution at the initial spray spot)
are not apparent. In particular, the graphs in Fig. 4 show
that significant temperature gradients arise in the vicinity
of the action area of the candle, which will cause noticeable
nonstationary temperature stresses. Their relaxation in the
vicinity of the passed sections of the thermal line will, in
one way or another, affect the quality of the coating, which
can probably be controlled technologically by means of
special spraying timing, coordinated with the dynamics of
the temperature wave in the layer.

2000
1750
1500
1250
1000
750
500
250

-100 0 100 200 300 400 500
t

Fig. 3. Temporal evolution of temperature at points
with the coordinates x=y =0:

(71)z=-0.1mm, (2) z=-0.2 mm, (3) z=-0.3 mm,

(4)z=-0.4mm, (5) z=-0.5mm, (6) z=-0.6 mm.

The negative time corresponds to the accepted

asymptotic initial condition (5);

in a moving coordinate system, the momentt=0is

conditional

2000
1750
1500
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1000
750
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250

Fig. 4. Spatial profile of the temperature wave aty =0,
t=0as a function of coordinate x at the same depths
in the layer asin Fig. 3: (1) z=-0.1 mm, (2) z=-0.2 mm,
(3)z=-0.3mm, (4) z=-0.4 mm, (5) z=-0.5 mm,
(6) z=-0.6 mm
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Fig. 5. Transverse spatial profile of the temperature wave
atx=0, t=0 as a function of the y coordinate at the same
depths in the layer as in Fig. 3:
(7)z=-0.1mm, (2) z=-0.2 mm,
(8)z=-0.3mm, (4) z=-0.4 mm,
(5)z=-0.5mm, (6) z=-0.6 mm

CONCLUSIONS

This article addresses a nonstationary heat
conduction problem simulating the technology of
gas-thermal spraying of a thin strip forming part of
a protective coating. An exact analytical solution
describing the temperature field in the substrate material
during the movement of a plasma torch creating a heat
strip is obtained.

Our calculations showed that:

e after passing the heating pulse, the temperature inside
the medium reaches rapidly its maximum value and
then relaxes slowly to the ambient temperature;

e when penetrating deeper into the material, the
thermal pulse spreads out, reducing its amplitude
and increasing its width, while the time it takes to
reach the maximum temperature increases;

e significant temperature gradients occur in the vicinity
of the heat source, which can lead to nonstationary
thermal stresses.

These facts are fully consistent with the general
laws of thermophysical processes and, taken together,
demonstrate the correctness of the selected physical
model and the validity of the approximations
made.

An accurate formula for the temperature field
of a nonstationary heat strip was derived, enabling
a detailed theoretical investigation of all essential
characteristics of the heat pulse and their use in
calculating experimentally and practically significant
parameters of the spraying technology. It should
be noted that the experimental possibilities for
investigating the characteristics of the heat pulse
under the conditions considered are rather limited and
resource-intensive.

The resulting solution can be useful for describing
the general temperature field at a certain distance from
the spray head, where the details of the thermal band
structure are not apparent. The results can be used to
optimize the technological parameters of spraying, such
as spraying timing, in order to control the quality of the
coating obtained.
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