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I. Introduction

T HE use of simple mathematical formulations to solve the heat
conduction problems is of great interest for engineering calcu-

lations. Though the traditional analytical models are widely used
because of their numerous industrial applications [1–4], they some-
times do not provide satisfaction for large values of Biot number. In
addition, these models do not predict the temperature inside the solid
(at the center, for example).

In the case of spherical geometries, the analytical solution is
expressed as an infinite series which necessitates the numerical
solution of a characteristic equation for each value of theBiot number
[5]. Moreover, this analytical method sometimes requires the calcu-
lation of several hundred terms in the series in order to reach the
expected accuracy [6].

A perturbation method has been used in [7] to develop first-order
models which can be viewed as improved lumped models for the
slab, infinite cylinder, and spherical geometries. A second-order
model has been examined in [8] for the slab and in [9] for the cylinder.
The aim of this paper is to extend the ideas of [7–9] to the case of a
sphere subjected to convection to a surrounding fluid. It is shown that
this model gives accurate enough results even for an infinite Biot
number. The validity of the model is discussed and the region of the
sphere where it can be used is determined.

II. Mathematical Formulation

One considers unsteady heat conduction problems in a spherical
solid of radius R, initially at a uniform temperature Ti. The solid is
placed in a medium at variable temperature f�t� and a constant
convection coefficient h is considered at the external surface of the
sphere. It is assumed that the thermophysical properties are constant.

By using the following change of variables:(
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where T1 represents the constant temperature of the fluid, the heat
equation and the boundary and initial conditions can be written as
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In the previous equations, T is the temperature, � the time, r the
spatial coordinate, and � and � are the thermal diffusivity and the
conductivity of the solid material, respectively.

When the fluid temperature is constant [F�t� � 1], the analytical
solution of the problem defined by Eqs. (2) and (3) can be calculated
by employing the separation of variables techniques [6]. It is
expressed in the form of an infinite series:
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where ni are the roots of the characteristic equation:

tan ni �
�ni
Bi� 1

To develop a low-order model, we introduce as in [7] the pertur-
bation parameter " (whichwill be set to 1 later) in the left-hand side of
Eq. (2):
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We now seek the solution in the following form:
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 n�x� and Fn��� designate the spatial and time functions at the nth
order perturbation, respectively.

By introducing expression (6) into Eq. (5), and equating the
different terms, one obtains the following recurrence relations:
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The initial and boundary conditions (3), lead one to write8>><
>>:
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By truncating the series (6) at the second order, and using Eq. (7c),
the approximate temperature is given as
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