Journal of Engineering Physics and Thermophysics, Vol. 78, No. 3, 2005

NONSTATIONARY HEAT CONDUCTION
OF THREE-DIMENSIONAL BODIES
WITH UNEVEN INCLUSIONS

I. T. Denisyuk UDC 536.2

A study is made of the nonstationary heat conduction of a three-dimensional body with an uneven inclusion
mated with the matrix by an ideal thermal contact. Using thermal potential determined and studied on uneven
surfaces, the problem has been reduced to an unconditionally solvable system of integral equations. The re-
sults have been illustrated with an example of sudden heating of a body with a circular conic inclusion.

Formulation of the Problem. Stationary temperature fields of two-dimensional and three-dimensional bodies
with uneven (rough) inclusions have been studied in [1-4] based on the methods developed in [5-7]. We investigate
the nonstationary heat conduction of a three-dimensional body with an uneven inclusion mated with the matrix by an
idea thermal contact. Let the unbounded body contain an uneven inclusion occupying a finite simply connected region
V41 and the inclusion surface S contain noninteracting smooth singular lines (sets of angular points) and conic points.
The inclusion is mated with the matrix by an ideal thermal contact, and the composite is exposed to externa nonsta
tionary thermal actions. We find the temperature field of the composite.

We construct the solutions Tj = Tj(x, y, z t) of the nongtationary heat-conduction equation [8]
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Here the subscripts j = 0 and 1 refer to quantities in the regions Vo = R3\V; (R is the three-dimensional space) and
V1; n is the normal to the surface S (the normal is external in relation to the region Vq; the superscripts = mean the
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boundary values of the quantities, as the point M(x, y, Z) approaches the surface S from the regions Vq ("+" sign) or

1 A
Vo ("= sign); & = K = ﬁ; ¢ and pj are the specific heat and the density.
i L
At the singular points Mg, the fulfillment of the heat-conduction equation is understood in the sense of reali-
zation of the equality [9]

l 0%T, - a2aT. /0t -, (x,y, 2, )] dv=0,
AvLmMH‘[[ j 80l i (% Y,z 0] dv (5)

0AV
i.e, of the conservation of therma balance upon the contraction of the elementary region AV to the singular point
Mo.

Temperature Fields. We determine the behavior of the solution of the nonstationary heat-conduction equation
(1) in the vicinity of the singular points of the mating surface S The homogeneous equation corresponding to (1) is
invariant relative to the transformation

x=Bx;, y=By;, z=Bz, t:BZtl, x=Bx;

(B is an arbitrary real number). With alowance for the linearity of mating conditions (3) and (4) and the homogeneity
of initial condition (2), the solution of the problem is found from the functional equation

T, (x Y,z ) =A(B) T, (Bx, By, Bz B) , 6)

where the quantity A is a function of B. Differentiating relation (6) with respect to B and introducing the notation K
B dA

= - aag e obtain the equation

oT,
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whose solution determines the class of solutions of the heat-conduction equation
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Let the interface S of the regions contain a smooth singular line. We write the representation (7) in the local
coordinates p, 8, s connected with the singular line [7]. Satisfying relation (5) using the found T, we arrive at the
governing equation for Tj, coincident with the corresponding equation for the harmonic function, and the known as-
ymptotics [7]. In the case of a conic point, we assure ourselves, passing, in (7), to the curvilinear orthogonal coordi-
nates p;, 61, s; connected with this point [7], that the asymptotics of the solution of the homogeneous nonstationary
heat-conduction equation and the asymptotics of the corresponding harmonic function coincide.

Thus, it has been established that the asymptotics of solutions of the nonstationary homogeneous heat-conduc-
tion equation corresponding to (1) and to mating conditions (3) and (4) in the vicinity of the singular points of the
mating surface coincides with the asymptotics of harmonic functions with the same mating conditions [7]. Therefore,
the distributions of the nonstationary temperature and the components of the heat-flux density as well as the formulas
for computation of the intensity coefficients have the form given in [1]. It is noteworthy that an analogous circum-
stance holds for the wave Lamé equation [10].

The solution of Eg. (1) represents the sum of thermal potentials of the single and double layers [11] and the
volume [12]. To solve the problem we must study the conditions of existence and the properties of the potentias in
the case of uneven surfaces. If the density (M, t) of the thermd potential of the double layer W(M, t) is a continu-
ous function at the points of smoothness M(x, y, 2) of the surface S is equal to zero at the singular points of the sur-
face Mg(Xo, Yo, 20), and has the asymptotics
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in their vicinity, the thermal potentia exists, satisfies the homogeneous nonstationary heat-conduction equation, and, at
the points of smoothness M, we have the known representation for its boundary values

W (M, 1) = + 21, (M, 1) + W (M, 1) , ©)

where W(M, 1) is the direct value of the potential and Wi(M, t) are its boundary values, as the point of smoothness
of the surface is approached along the externa norma n from the region Vq ("+" sign) or Vo (=" sign).

Indeed, let the surface S contain one smooth singular line. We surround this line with a tubular surface § of
radius |. As a result, the surface S will be broken into the surfaces D and s? lying inside the tubular surface and
outside it. We write the thermal potential of the double layer as the sum

t t
W (M, 1) :_[dr_u’pz(N, 7) Ky (M, N, £, 7) dsy +I¢IJMZ(N, ) K, (M, N, 1, 7) dsy, (10)
0 s 0 s

where the kernd is
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The second term of the right-hand side of equality (10) represents the thermal potential of the double layer on
Lyapunov’s open surface, and its boundary values at the points of smoothness M € 9 are as follows [11]:

t
=i2T[uz(M,t)+IdTJ;Lu2(N, 7) Ky (M, N, t, T) dsy . (11)
0 S

t
dTJ;[p.Z (N, T) K, (M, N, t, T) dsy
S)

=00o0,

The first term in (10), which is computed at M € 2 asan improper integral with the use of the local coor-
dinates p, s connected with the singular line [7] and with account for (8), is a continuous function in passage of the
point M through the surface 2, Therefore, equdities (10) and (11) yield the truth of the representation (9).

In the case of a conic singular point, the proof is constructed according to the scheme presented above with
the use of the local coordinates connected with such a point [7]. The proof for a finite humber of nonintersecting
smooth singular lines and conic points not belonging to them is analogous. Direct subgtitution of the expression for
the double-layer potential into the homogeneous equation corresponding to (1) shows that it is satisfied outside the
surface S

If the density py(M, t) of the therma potentia of the single layer V(M, t) is a continuous function at the
points of smoothness of the surface S and, at the singular points M, tends to infinity with the asymptotics

o1 0O
MM, )=0=———~, a€(0,1), t€(0,), 2
. %]MMODGB "2

the thermal potential of the single layer exists, satisfies the homogeneous heat-conduction equation, and is a continuous
function at the points of smoothness of the surface S. We have the known representation for the boundary vaues of
the normal derivative of the potential
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where % V(M, t) is the direct value of the norma derivative of the therma potentia of the single layer.

Indeed, let the surface contain a singular line. Analogously to the previous proof for the surface S =
Dy S(Z), we have

t t
V (M, 1) :IdTJ’J’)ul(N, T) Ky (M, N, t, 7) dsy +J’dr££)ul (N, 7) Kq (M, N, t,7) dsy. (14)
0 s 0

The first integral on the right-hand side of (14) exists and represents the thermal potential of the single layer on
Lyapunov’s open surface [11], whereas the second integral, on passage to the variables p and s determined by the sin-
gular line [7] and with account for condition (12), is computed as the improper one. As the point of smoothness
passes through the surface S(Z), the second term of the right-hand side of (14) is continuous as the potential of the
single layer on Lyapunov's open surface [11] and the first term at M ¢ P is a continuous function. Therefore, the
potential V(M, t) represents a continuous function upon passage of the point of smoothness through the surface S

The normal derivative of equdity (14) with account for the known boundary values of the normal derivative
of the therma potential of the single layer on Lyapunov’s open surface [11] and for the continuity of the normal de-
rivative of the first term of the right-hand side of (14) at M ¢ 9 has boundary values determined by formula (13).

The proof in the case of a conic point and a finite number of smooth nonintersecting singular lines and conic
points not belonging to them is analogous. Substitution of the expression for the single-layer thermal potential into the
homogeneous nonstationary heat-conduction equation shows that it is satisfied.

An analog of the Lyapunov-Tauber theorem holds, namely: if the density of the double-layer thermal potential
satisfies conditions (8) and the limiting value of the normal derivative of the thermal potential exists at the point of
smoothness on one side of the mating surface S, it aso exists on the other side and the equality

+
o W(M,t)% = %?—W(M,t)% . (15
%T” 0 n O

holds. Indeed, we consider the case where a singular point is present on the mating surface S Separating, as has been
described above, the surfaces D and S(Z), based on equdity (10) we obtain

iW(Mt)—imdr (N, T) Ky (M, N, 1, 7) d Eiﬂdx (N,9) K; (M, N, t,7) d i
on ’ _ang gc[)ul B S'\'%-Fang g)ul PR SNH (16)
[l

The second term on the right-hand side of relation (16) has the character of a normal derivative of the double-layer
thermal potential on Lyapunov’s open surface ([13], p. 91), i.e, if the limiting value of the term exists on one side of
the surface 5(2), the limiting value equal to it exists on the other side. The first integral on the right-hand side of (16)
is computed with the use of the variables p and s [7] as the singular integral which is a continuous function in pas-
sage of the point of smoothness through the surface §2); this yields the truth of the theorem. The proof in the case
of a conic point and a finite number of nonintersecting singular points and conic points not belonging to them is
analogous.

If the singular characteristic equations determined by conic points [7] have positive roots less than unity at

these points, the quantity m = > LI 1 (0 w<m), where w is the apex angle of the mating surface in the plane

normal to the singular line from the external normal, and the right-hand sides of Egs. (1) fi(x, y, z t) ( = 0—1) are
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bounded in the corresponding regions Vj, then the problem of nonstationary heat-conduction (1)—~(5) is unconditionally

solvable.
We represent the temperature fields as the sum of the singular and regular components:

TM)=T; M D+T(M1) (=0,1). (17)
We write the singular components in the form of the sum of the therma potentials of the single and double layers:
le(M,t):\/jl(M, t)+v\/jl(M,t) (18)

with densities j1(N) and pjo(N), respectively, which, in view of the presence of the positive roots of the singular char-
acteristic equations, which are less than unity, are constructed just as those in [7]. As a result, we obtain

_ 1 _ 1 Org O
le(M,t)—aJ—J?effC%BHjl(N) dsy . (19)
16 1 or Hra DrZ-ZDﬁ-[ ara;
W, (M, ) =-— [[— — exp B T e 3 (N) dsy (20)
. wfs[rzanN %Vt 040 2  RVEH - R

where erf and erfc are, respectively, the probability integral and the additional probability integral [14].
We represent the regular terms of the solutions by the sum of the thermal potentials of the single and double
layers and the volume

Tj2 (M, t) = aj2 (M, t) + \/jz (Mv t) +\/vj2(Mv t) + UJZ (Mv t) 1 (21)

where aj>(M, t) are the known functions determined by the form of external thermal actions and satisfying the homo-
geneous heat-conduction equation; here, agy(M, t) - 0 as M — oo

t
2
Vip (M, ) :Idrj's[uj(l) (N.7) Kjy (M, N, t,7) dsy
0

t
Wio (M, = [t [[ ) (N.9 K, (M, N. 1) sy,
0

t
Wi, (M, 1) = —J’fj (N, 1) Kj1 (M,N, 1, 1) dsy,
0

uPN, 1) and (N, 1) are the unknown densities. It has been alowed for in (21) that the thermal potential of the
volume with a density f(N, 1) satisfies the inhomogeneous heat-conduction equation (1) ([12, p. 260Q]).

Satisfying the mating conditions at the points of smoothness (3) with (17)«21) and using formulas (9), (13),
and (15), we arrive a the system of integral equations in which we set, in view of the arbitrariness of the densities,

2
uézl) (N,7) = u(fl) (N, 1), uéz) (N1 = u(fz) (N, 7). (22)

As a result, we obtain the system of integral equations
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+IdTIJu 2 (N, T) [Kgo (M, N 1, T) =Ko (M, N, t, )] dsy =g (M, 1),
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_ @ @ 9 5 0 0
21 (Ag+Ay) Hog (M, 1) +J'dTJJH (N, 7) %\0 an Kor (M, N, t, 1) =Aq an K1 (M, N, t, T)EQSN +

+Idrflu822)(N 7 OO%KOZ(MNtT) )\1 KlZ(MNtT)DdsN h(M, 1),

where

g(M, 1) == Toy (M, ) —agp (M, 1) = Ug (M, 1) + Ty, (M, 1) +ag, (M, ) + Uy (M, 1) ;
h (M, t) :—Ao%ﬁ{n (M, 1) +agy (M, t) + Ug (M, )] +A1%[TL (M, t) +a, (M, ) + U (M, )] .

The right-hand sides of the integral equations (23) are continuous functions on S due to the redization of
mating conditions at the singular points (4), and their kernels are continuous at the points of smoothness of the mating
surface S. Therefore, the system of equations (23) has the character of Volterra integral equations in the variable t and
the character of Fredholm equations in Cartesian coordinates [15, 16]. Such a system is unconditionally solvable and
has the analytical solution obtained, for example, by the method of successive approximations ([16, p. 485]).

To completely solve the problem we must add the condition of thermal balance in the regions containing sin-
gularities of the interface of media

g(graj T,n)ds=0, (24)

where the surface Sy, in the case of a conic point, is a sphere with its center at this point and, in the case of a sin-
gular line, is a closed surface covering the line mentioned.

As an example, we study the heat conduction of a body containing a circular conic inclusion bounded by the
surfaces

z=0 (25)

in sudden heating of the composite by the quantity AT (Fig. 1). First we solve the auxiliary problem in a three-dimen-
siona space

oT 1
0T - afz)a_ a§=— (26)

with the initid condition
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Fig. 1. Geometric diagram of a circular conic inclusion.
T(X Y,z )0-o=AT. (27)
Applying the Laplace transformation to (26) with account for (27), we obtain the equation
0T - ﬁ_——AT k= ﬁ , 28)

whose solution has the form [9]

?:%Iy R ' exp (- kR) dedndx , R=V(x- &2+ (y-n)2+(z-X)2. (29

Evaluating the integral (29) and recovering the original function, we find the explicit expression for the auxiliary tem-
perature field

% D40D : % % (30)

where H(t) is the Heaviside function.

We represent the temperature fields in the form (17)—(20), where the singular components have the form (18),
and construct the densities according to the distributions (given in [1]) of the components of the heat-flux density and
the temperature. In accordance with the formulas of the singular components [7], with the use of the notation adopted
in [7], and with account for the equations of the circular-cone surfaces S and S (= S), we have

Ro(M) =Ry (M) = (Z +0.25 (¢ +y*—a’ z+0) ¢ ) 6 +y) Y2, (31)

U M) =arain (R, (M), R, (M)=(+y" +(@z+0))Y?

2.1/2

U. (M) = arcam(smeo(x +Yy) +(coseo—c)(z+c))R;l(M), (32)

where 8y = arctan (a/c).
The value of the index of singularity of the heat-flux density in the vicinity of the singular line has the form [1]

i
2m-w’

m=

Here w is the slope of the generator of the cone to the base. The singular characteristic equation determining the order
of singularity of the heat-flux density in the vicinity of the vertex of the circular cone has the form [1, 2]
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Fig. 2. Relative intensity factors vs. dope w of the generator to the base of the
cone at the instant of time determined by the equality aVkgt = 0.2: 1)
ky/KD: 2) ko/ KD

P, (cos6,) =0,

where Pp,_is the Legendre function; 84 = 81+ f; tan B = c/a; the roots of this equation are tabulated [17].
The external nonstationary therma action is represented according to formula (30): agy(x, v, z t) = T(r, t).

Substituting (18)—(21), (31), and (32) into boundary conditions (3), we arrive at the system of integral equations (23).

In constructing the solution in iterative form, we assumed that y = % = 0.8 (composite of the carbon stee—nickel type
[18]) and took five iterations, which gave an error of 4.5%.

In view of the geometric (circular cone) and therma symmetry of the problem (sudden heating by AT), we
assume that the unknown coefficients Cq;, Cgp, and Cq of the densities of the singular components of the temperature
fields are constant. When thermal-balance condition (24) is fulfilled at the conic point and on the singular line we ob-
tain the system of linear algebraic equations

A1C»Cq +B1CxCy =Dq, AyCpCq +ByCrC =Dy,

where the quantities Aq = Ag(a, ¢, AT, t), By = By(a@ ¢, AT, t), and Dg = Dq(a, ¢, ATg, t) (9 = 1,2) depend on the
geometry of the inclusion, the time, and the heat load and are not given because of their cumbersomeness:

Formula (24) yields the explicit expression for the intensity factor of the heat-flux density in the vertex of the
conic inclusion:

ko=C1 (Cop * Cp) - (33)
Relations for the intensity factors of the heat-flux density in the vicinity of the singular line are given by the formulas [1]

ki =Ag (Y~ 1) (Cyy cosmb; + C, SinmB,)/ (Y V2) ,

(34)

where we must replace Cg; and Cpp by Cp1Cq and CppCq respectively.

At values of t satisfying the inequality r/Vkgt <0.02, as follows from formula (30), we have T(r, t) = 0, i.e,
the external thermal action is absent, which gives zero values of the coefficients of intensity of the heat flux according
to formulas (33) and (34). _

The dependence of the relative intensity factors kp/k,go) (p = 1,2) for the instant of time determined by the
equality aVkgt = 0.2 on the value of the slope w of the generator to the base is shown in Fig. 2. The quantities
KY = A((y - D/(Y2)CoaCr and K = Ag(1 — y)CosC1N2 are the factors of intensity of the heat-flux density in the
vicinity of the singular line for the slope of the generator of the cone to the base, equal to TU36.
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Basic Results and Conclusions. We have obtained a closed solution of the problem of nonstationary heat-
conduction of a body with an uneven inclusion. It has been established that the distribution of the nonstationary tem-
perature field and the components of the vector of the heat-flux density in the vicinity of the singularities of the
interface of the media is identical to the corresponding distribution under stationary thermal actions.

The given example shows that, just as in the stationary case, the intensity of the heat-flux density in the vi-
cinity of the singularities of the interfaces of media is characterized by both the order of singularity and the factors of
intensity of the heat-flux density. Of primary importance is the order of singularity, and the intensity factors are a sig-
nificant characteristic for one and the same order.

NOTATION

a and —c, radius of the base and z coordinate of the vertex of the cone; ki and k, intensity factors of the
heat-flux density; I, radius of the tubular surface; p, complex number in the Laplace transform; T, temperature; t, time;
Vg and V4, regions occupied by the body and the inclusion; X, y, z, Cartesian coordinates of the point M; y = Ag/Aq;
K, thermal diffusivity; A, thermal conductivity; | and Wy, densities of the thermal potential of the single and double
layers; p, 6, s, loca coordinates connected with the singular ling; p1, 61, s, local coordinates connected with the conic
point. Subscripts: j = 0 and 1 refer to the regions Vg and V4 respectively.
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