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Abstract. Upper and lower bounds for the heat flow in nonhomogeneous circular bars
of variable diameter are presented. The thermal properties may depend on the axial and
radial coordinates and the boundary conditions of the considered heat conduction problem
does not depend on the polar angle. The analysed stead-state heat conduction problem is
axisymmetric. Equations of Fourier’s theory is used to formulate the thermal boundary value
problem of heat conduction in nonhomogeneous circular bars with nonuniform cross-section.
The computation of the heat flow is based on the concept of overall heat transfer coefficient.
The derivation of bounding formulae for the overall heat transfer coefficient is based on a
minimum principle and the Schwarz’s inequality. Six examples illustrate the applications of
the derived upper and lower bound formulae how one can use to estimate the heat flow in a
nonhomogeneous circular bar with nonuniform cross section.
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1. INTRODUCTION

The overall heat transfer coefficient in the steady-state heat conduction problem an
important structural property of a solid body in which the heat is flowing between its
two separated parts of its boundary surfaces. The exact (strict) value of the overall
heat transfer coefficient is known only with bodies of very simple shapes, wherefore
such principles and methods are of great significance with the application of which
lower and upper bounds may be created to the numerical value of the overall heat
transfer coefficient. From the higher temperature boundary part of body to the lower
temperature boundary part of the body the process of heat flowing is characterized
by the overall heat transfer coefficient according to the next equation @ = A(T) —Tz),
Ty > T3 here @ is the heat flow in unit time, 77 and T, are given temperature and
A is the overall heat transfer coefficient. There are several papers which formulates
upper and lower bounds for the heat flow in the case of steady-state heat conduction
problems. In paper [1] the author examines the problem of planar heat conduction
through an irregularly shaped body found as an inclusion in a perfectly insulating wall
between two half-planes maintained at different temperatures. He obtains upper and
lower bounds for the heat flow in terms of the temperature difference, conductivity
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and some global properties of the body. The presented method is based on the
Schwarz’s inequality. Paper [2] deals with the problem of determining the temperature
distribution for steady-state heat conduction in a long cylindrical pipe. The author
gives upper and lower bounds of the heat flow for the case of constant parameters
describing the conductivity and density. In paper [3] a heat conduction problem in
hollow three-dimensional body is considered and the author derives some inequality
relations by the application of which lower and upper bounds may be obtained for the
numerical value of the overall heat transfer coefficient. A linear problem of the steady-
state heat conduction is studied in isotropic inhomogeneous hollow rigid bodies in [4].
By the application of the Schwarz’s inequality upper and lower bounds are derived for
the overall heat conduction coefficient. Some mean value formula and bounds on the
thermal energy for the steady-state heat conduction in anisotropic three-dimensional
body are proven in [5]. The upper and lower bounds for the heat flux are derived
by the application of Schwarz’s inequality, avoiding the application of the minimum
principles of potential thermal energy and complementary heat flux energy which were
developed by Wojnar [6].

2. GOVERNING EQUATIONS

Let us consider a bar in the form of body of rotation. In cylindrical coordinates
(r, ¢, z) the domain under consideration is 21 < z < 22,0 < r < R(2), 0 < ¢ < 27 and
the axis of the bar is taken as the axis z (Figure 1). This body of rotation occupies
the region B = B U OB, where the inner points of B is denoted by B and the set of
boundary points of B is denoted by 0B. 0B is divided into three parts as 0B, = A1,
632 = A2 and 833. It is obvious that 0B = 8B2 U 832 U 833.

The boundary surface 0B; (i = 1,2, 3) is defined as

0Bz = {(Ta%z)

r = R(z), zlgzgzz,OgapSQﬂ'},

0B, ={(rp.2)p =2 0<r <R, 0<p <o} (i=12)

R1 = R(Zl), R2 = R(Zg)

The temperature in the body is denoted by T = T'(r,, 2) (r,,z) € B and k =
k(r,z) (r,p,z) € B denotes the thermal conductivity of the material of nonuniform
circular bar. The local heat transfer coefficient at cross section z; (i = 1,2) is denoted
by h; = hi(r,z;) (r,,2) € 0B; (1 =1,2).

There is no distributed heat source in B and no heat flux across the boundary
surface segment dBs. The boundary surface segment 0B; is subjected to convective
heat exchange and “fluid” temperature T; (i = 1,2). It is assumed that 77 and T
are constants and T > T5.

By the use of Fourier’s theory of heat conduction [7-9] it can be shown, that under
the conditions prescribed above the temperature field of nonuniform circular bar can
be obtained as

T(r,2) = (T1 — T»)0 + T, (2.1)
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Figure 1. The body of rotation.

where the function § = 6(r, z) is the solution to the next boundary value problem
(Figure 1)

V- (kVE) =0 in B, (2.2)

n-V0=0 on O0Bs;, (2.3)

kn-VO+hi(6—1)=0 on 0B, (2.4)

kn-VO0+h0=0 on 0Bs. (2.5)

Here, the symbol V = %er + % %ew + %ez is the Hamilton-type vector differential

operator in cylindrical coordinate frame, n is the unit outward normal vector on 0B,
dot between two vectors denotes their scalar product and e, = e, (¢) is the unit vector
in radial direction, e, is the unit vector in axial direction and e,(¢) = e, X e, (¢).
The cross between two vectors denotes their vectorial product.

We note that, the boundary value problem relating to the function 8 = 6(r, 2) is
“axisymmetric” and on the axis of revolution the next “boundary condition” follows
from the symmetry

90
—_ = = < z < L. .
By 0 r=0, 0<z<L (2.6)

From the cross section A; through the circular bar of variable diameter to the cross
section As heat flows. This process is characterized by the equation

Q=AT —Tz), T > Ts. (2.7)

In equation (2.7) A is a constant, which is called the overall heat transfer coefficient
and its value depends on the shape and the thermal properties of the nonuniform
circular bar, @) denotes the heat conducted within unit of time through the end
sections. Here, we note in the book by Carslaw and Jaeger [8] the thermal resistance
p is defined by the next equation pA = 1. It is evident [7-9]

Q:/k:n-VTdA:—/k:n~VTdA:(Tl—Tg)/kn-VHdA:
Aq Ao Ay
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/

Starting from the equation
V- (0kVO) = k|VO|]*> + 0V - (kV0) (2.9)

by integration and by the application of the Gaussian theorem of integral transform
and equations (2.2), (2.3), (2.4), (2.5) we obtain

0= /v-(keve)dB—/kwe\?dB = /9kn-V0d8B—/k;|V9|2dB =
B B OB B

/9kn~V9dA+/9kn-V9dA— /k|V€|2dB =
Ay Ag B

2 2
- /k|V0|2dB+/Z—(Trvo)szJr/i—(n~V9)2dA +/lm~V¢9dA.
1 2

B Ay Ao Ay
(2.10)
The combination of the formulae (2.7) and (2.8) with equation (2.10) gives
2 ]{)2
A= /k|V€|2dB+Z/K(noV0)2dA. (2.11)
B =15 "

From equation (2.11) it follows that, A > 0.

The primary purpose of this paper is to derive such inequality relations by the
applications of which lower and upper bounds may be performed for A. The exact
value of the overall heat transfer coefficient A might be given only with the knowledge
of the solution to the boundary value problem defined by equations (2.2), (2.3), (2.4)
and (2.5). The solution of the explicit form of the boundary value problem formulated
in equations (2.2), (2.3), (2.4) and (2.5) is known only for bodies B of very simple
shapes [7-9], therefore such principles and methods are of great significance with the
application of which lower and upper bounds may be produced to the numerical value
of A. On the other hand, some of the bounding formulae of A may be the theoretical
framework for the different types of finite element formulation of the heat conduction
problem described by the equations (2.2), (2.3), (2.4) and (2.5).

3. UPPER BOUND

We introduce the symbol E[¢] by the definition

El¢l= [ k|Vo|*dB + [ hi(¢ —1)2dA + [ hyo?dA, (3.1)
[ursstan fuovpas |

where ¢ = ¢(r, ¢, z) is such a function for which the integrals appear in (3.1) exist
and they have finite values.
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Theorem 1. Let F' = F (r, z) be continuous in the domain M and in the domain M
at least once continuously differentiable, otherwise an arbitrary function of r and z.
The inequality relations

A < E[F) (3.2)
is valid.

The domain M = M UOM is the meridian section of the body of rotation B. This
means that M = {(r,2) |0 <r < R(2), z1 < 2 < 22} and OM = dM; UMz UOM3 U
OMy, where My = {(r,2) |z = 21,0 <r < Ry}, OMs = {(r,2) | 2 = 22,0 < r < Ry},
OMs ={(r,2)|r=R(2),21 <z <z} and OMy = {(r,2)|r =0,21 < 2 < 22}.
Proof. Consider the function

n(r,z) =0(r,z) — F(r, 2). (3.3)

Using the expressions of E[F| and E[¢] we obtain

2
E[F] =E[G]+/kIVnI2dB+Z/hm2dA+2 /kV9~V7]dB+

B =14, B
/ hi(6 — 1)pdA + / hoOndA S . (3.4)
A1 AZ

By a lengthy, but elementary calculations which involve the application of the deriva-
tion of product function and Gaussian theorem of integral transformation the following
relationship may be deduced

/kVG - VndB + /h1(0 ~1)pdA +/h20ndA -
B Ay Az

/knn - V0dOB — /nv : (kV&)dB+/h(0 - 1)dA+/h29ndA -

OB B Ay Az
/n[kzn~V6+h1(97 1)]dA+/17[lm~V0+h20]dA: 0. (3.5)
Ay As

The combination of equation (3.4) with equation (3.5) leads to inequality relation
(3.2). From the demonstration it follows that equality in (3.2) can be reached only if
F=0.

4. LOWER BOUND

Theorem 2. In B the continuous vector field b = b(r, ¢, 2) differing from the
identically zero vector should satisfy the differential equation

V:b=0 in B (4.1)
and the boundary condition

n-b=0 on 0DBs. (4.2)
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The following inequality relation is valid

2
(f b- ndA)
A> - (4.3)

b2 (b:n)? (bn)2 3 4°
-~ FAB A+ [ SEmdA L+ [ SEdA
B Ay Ao

Proof. Let us have

Die.s) = [ 2
B

where e = e(r,p,2z) and f = f(r,p,2) defined in B are two arbitrary continuous
vector fields. On the basis of the Schwarz’s inequality it may be written that

i / A m

D(kV0,kV0) D(b,b) > (D(kV0,b))”. (4.5)
It can easily be understood that
A= D(kV6,kV0). (4.6)

The relationship

D(kV0, b) /ve de+/:( .V0)(n - b)dA+

1

Ay
/: (n-VO)(n-b)dA = /971, bdaB—i—/hﬁ(n-VQ)(n-b)dA—&-
As 2 Ay !
k k
/h (n-V0)(n - b)dA — /ov bAB — / <0+hn vo) dA+
A A, '
k
/ (9 + o V9> dA = /n -bdA  (4.7)
As ? Ay

further, inequality (4.5) and formula (4.6) by their combination directly yield the
lower bound formula (4.3) to be proven. In deriving the relationship (4.7) the rule of
differentiation of the product function as well as the Gaussian integration theorem,
equations (2.4), (2.5), (4.1) and (4.2) have been applied.

By some discussion it may be pointed out that in relation (4.3) the sign of equality
is valid only in the case when

b=akVe, (4.8)

where « differs from zero, however, otherwise being an arbitrary real constant.
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5. EXAMPLES

5.1. Example for upper bound. We assume

d
Hn@:01<m%+0% (5.1)
z1
where
1 1+ 4
Ci=rrr 710 OC=7—7" 7, (5.2)
+ A+ + A+
R(z) 22 d R;
Iﬂ@=‘/rMn@dn I= ?%Y Hr:/rm@mr (i=1,2). (53)
z
0 zZ1 0

Inserting the function given by formula (5.1) into inequality relation (3.2) we obtain

2T

ASAU:27T01:ﬁ.
T+4++ 4+

(5.4)

5.2. Example for lower bound. In order to get the lower bound for A, we use in
(4.3) the next divergence free vector field

1 |rdR
b= ﬁ E@ET(@)‘F@Z . (55)

This vector field satisfies boundary condition (4.2) and the condition
b-e, =0 r =0, 21 <2< 29. (5.6)
We introduce the following function and constants

R(z) R(z)

r3 r
M(z) = O/ mdr, Ms(z) = 0/ Wdr, (5.7)

Ze

M:/&xﬁ(gfm’ M:/G%#M,N:M+%, (5.8)

z1 zZ1

Ze

1 1 rdr .
gfrj/h} (i=1,2). (5.9)
‘0

Putting the vector field given by the formula (5.7) into the inequality relation (4.3)
we get
T

A>Ap=——
2N+ 4+ 3)

(5.10)
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5.3. Example for circular bar with uniform cross section. Let us apply for-
mulae (5.4) and (5.10) to the circular cylindrical bar. We assume that the thermal
conductivity depends only on the axial coordinate z and hq, ho are constants. In this
case the upper and lower bounds formulated in (5.4) and (5.10) give the same result
which is the exact value of A. The computations yield the next value of A:

027'('

A=——"" 2=0, z=L (5.11)

dz 1 1
Ry T A TR

SEN.

In equation (5.11) the constant ¢ is the radius of the considered circular bar, that is
R(z)=¢,0<z<L.

5.4. Example for homogeneous circular cone. In this section, we deal with the
homogeneous conical bars. Setting R(z) = a + bz, where a and b are constants and
z1 =0, z2 = L. We find, from (5.4) and (5.10)

Ay = il . AL = T . (5.12)

L 1 1 b2
tatean t ez t ez O+ 1 1
ka(a+bL) T hia ha(a+bL) Fa(atdD) T ma? T Fo(atoD)?

In equation (5.12) it has been assumed that k, hy and hy are constants.

In the case h; — oo at the end cross section A;, the Robin type boundary condition
will be replaced by Dirichlet type boundary condition, this means that, the cross
section A; is subjected to constant temperature T; (i = 1, 2).

Putting in formula (5.12) hy, he — 0o we obtain

Ay b?

IV (5.13)
which shows that, there is a significant difference between Ay and Aj, for sufficiently
large values of b.

Upper and lower bounds for A may be improved by means of Rayleigh-Ritz method
[10] and finite element method [11] which are based on the minimising (3.2) with
respect to F' = F(r, z) and maximizing (4.3) with respect to b = b(r, ¢, 2).

5.5. Example for nonhomogeneous circular cylindrical bar of uniform cross
section. Let ¢ be the radius of boundary circle of the considered bar. The material
properties are functions of the radial coordinate r. It is assumed that

k(?") = k(ﬂ', hl(r) = hoﬂ", (’L = ]., 2), zZ1 = 0, Z9 = L. (514)

Let Ay be defined as
3

o’
ko T hor T e
From the bounding formulae (5.4) and (5.10) the next result can be derived
Ap 1 A Ay 2
AL =—==-<)A=—<XMNgy=— = -. 5.16
PR 277 AT TN B (5.16)
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Denote the mean value of Ay and Ay A = 0.5(A\y 4+ Az). It is evident that

1
A =X < 5 (5.17)

5.6. Example for functionally graded circular cone. The points of the meridian
section of the circular cone are given by the next prescription

M = {(r,z)

oM, = {(r,z)‘z:zl,ogrgazl}, OMs = {(r,z)‘z:,ZQ,Ogrgazg},

0<r<az, zlgzgzg} and OM = OM; U Mo U OMs U IOMy,

My = {(r, 2)

The thermal properties are given functions of the radial coordinate according to the
next equations

r=az, zlgzgzg}, 6M4:{(7‘,Z)

T:0721SZ§22}5

k(r) = ko exp(vr), hi(r) = ha(r) = hoexp(vr), (5.18)

where kg, hg and v are material parameters. In the numerical example the following
data are used a = 0.5, z1 = 0.8m, 25 = 3m, kg = 100 %, ho = 20 H}LV—K, v=20.5 é

Substitution of this data into equations (5.3), (5.4) and equations (5.7-5.10) gives

K W W
I = 0.05769894569 W’ H; =1.830223478 < Hy = 37.65999967 <

K K K
N7 = 0.001731450850 —, Ny = 0.0145366169 —, N = 0.01626806776 —
1 W7 2 W7 W7

1 K 1 K
— = 0.1368991899 —, — = 0.006848732156 —
S1 W’ S, W’

Ay =9.96328894 ¥, A =9.816496019 %

If we approximate A the mean value of Ay and Ay then the relative error is less
as 0.7421 %.

6. CONCLUSIONS

Upper and lower bounds for the heat flux in nonhomogeneous circular bars of vari-
able diameter are presented. Thermal properties may depend on the radial and axial
coordinates. The axisymmetric nonhomogenity considered includes those cases too,
when the bar is a composite of different homogeneous materials, so that the thermal
conductivity and surface conductivity are piecewise constants. The discontinuities of
the thermal properties should not effect the presented analysis. Here, we note that, for
compound bar the function F' = F(r, z) is continuous on the whole meridian section
and its normal derivative computed on the curves which separate the different parts
of meridian section may have jump. Normal component of b remains continuous and
the tangential component of b may have jump across the common boundary curves
of different phases. Equations of Fourier’s theory of steady-state heat conduction are
used to formulate the field equations and boundary conditions of the heat transfer
problem analyzed. Examples illustrate the applications of the bounding formulae
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derived. Rayleigh-Ritz method and finite element formulation give possibilities to
improve the presented estimation of heat flux in circular bars of variable diameter.
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