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Abstract

Analytical Green’s functions in the frequency domain are presented for the three-dimensional diffusion equation in an unbounded, half-
space, slab and layered media. These proposed expressions take into account the conduction and convection phenomena, assuming that the
system is subjected to spatially sinusoidal harmonic heat line sources and do not require any type of discretization of the space domain. The
application of time and spatial Fourier transforms along the two horizontal directions allows the solution of the three-dimensional time
convection-diffusion equation for a heat point source to be obtained as a summation of one-dimensional responses. The problem is recast in
the time domain by means of inverse Fourier transforms using complex frequencies in order to avoid aliasing phenomenon. Further, no
restriction is placed on the source time dependence, since the static response is obtained by limiting the frequency to zero and the high
frequency contribution to the response is small.

The proposed functions have been verified against analytical time domain solutions, known for the case of an unbounded medium, and the

Boundary Element Method solutions for the case of the half-space, slab and layered media.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The transient heat diffusion is a fundamental phenom-
enon observed in several applications, such as building
physics and thermal engineering. One of the most important
reference works for transient heat transfer is by Carslaw and
Jaeger [1]. This book contains a set of analytical solutions
and Green’s functions for the diffusion equation, which
gives the response, i.e. temperature field or/and heat fluxes,
of the diffusion equation in the presence of a transient heat
process.

Most of the known techniques to solve transient
convection-diffusion heat problems have been formulated
in the time domain or using Laplace transforms. In the ‘time
marching’ approach, the solution is assessed step by step at
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consecutive time intervals after an initially specified state
has been assumed. Using the Laplace transform, a numerical
transform inversion is required to calculate the physical
variables in the real space, after the solution has been
obtained for a sequence of values of the transformed
parameter.

In the ‘time marching’ approach, the result at each time
step is computed directly in the time domain. Chang et al.
[2] and Shaw [3] used a time-dependent fundamental
solution for studying transient heat processes. Later, Wrobel
and Brebbia [4] implemented a Boundary Element Method
BEM formulation for axisymmetric diffusion problems.
Dargush and Banerjee [5] proposed a BEM approach in the
time domain, where planar, three-dimensional and axisym-
metric analyses are all addressed with a time-domain
convolution. Lesnic et al. [6] studied the unsteady diffusion
equation in both one and two dimensions by a time
marching BEM model, taking into account the treatment
of singularities. Davies [7] used a time-domain analysis to
compute the heat flow across a multi-layer wall, considering
surface films to model the radiant and convective exchange.
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An alternative to the ‘time marching’ approach is to
remove the time dependent derivative, using instead a
transformed variable. The Laplace transform technique
has been extensively reported in the literature, to shift the
solution from the time domain to a transformed domain,
for solving diffusion problems. However, an inverse
transform is then required to reconstitute the solution in
the time domain, which is associated with a loss of
accuracy and may lead to the amplification of small
truncation errors. Several researchers have tried to
overcome this major drawback: algorithms for Laplace
inversion have been proposed by Stehfest [8] and Papoulis
[9]. Rizzo and Shippy [10] used a numerical approach that
incorporates a Laplace transform to create a time-
independent boundary integration in a transform domain.
Other authors have proposed different solutions for
analyzing the diffusion-type problem by means of Laplace
transforms, such as those presented by Cheng et al. [11],
Zhu and Satravaha ([12,13]).

The search for Green’s functions has been extensively
researched, given their interest as benchmark solutions
and in the development of numerical methods, such as
the BEM (e.g. Ochiai [14]) and the Method of the
Fundamental Solutions (MFS) (e.g. Sarler [15]). Feng
[16] used a method based on modified Green’s functions
to compute the unsteady heat transfer of a homogeneous
or a composite solid body. Haji-Sheikh et al. [17] present
different types of Green’s functions that are solutions of
the heat conduction diffusion equation in multi-dimen-
sional, multi-layer bodies for different boundary con-
ditions, calculating eigenvalues.

This work presents Green’s functions for calculating the
transient heat transfer wave field in the presence of an
unbounded, half-space, slab and multi-layer formations,
with the occurrence of conduction and convection phenom-
ena. The problem is formulated in the frequency domain
using time Fourier transforms. The proposed technique
allows the use of any type of heat source, and deals with the
static response.

The problem of multi-layer heat transfer has been
broadly studied. The Ozisik’s book [18] includes a review
of one-dimensional composite media, referring to orthog-
onal expansions, Green’s functions and Laplace transform
techniques. Monte [19] analysed the transient heat
conduction of multi-layer composite slabs, applying the
method of separation of variables to the heat conduction
partial differential equation. A frequency-domain
regression method was developed by Wang and Chen
[20] to compute the heat flow for a one-dimensional
multi-layer model.

The present work defines the transient heat transfer in a
multi-layer system subject to a point, a linear or a plane
source in the presence of both convection and conduction.
This work extends previous work carried out by the
authors to define the response of layered solid media
subjected to a spatially sinusoidal harmonic heat

conduction line source, e.g. Tadeu et al. [21], where
only the conduction phenomenon was addressed. The
proposed fundamental solutions relate the heat field
variables (fluxes or temperatures) at some position in
the domain caused by a heat source placed elsewhere in
the media, in the presence of both conduction and
convection phenomena.

As in the previous work, the technique requires the
knowledge of the Green’s function for the unbounded
media, which are developed by first applying a time
Fourier transform to the time diffusion equation for a
heat point source and then a spatial Fourier transform to
the resulting Helmholtz equation, along the z direction, in
the frequency domain. So these functions are written first
as a superposition of cylindrical heat waves along one
horizontal direction (z) and then as a superposition of
heat plane sources.

The Green’s functions for a layered formation are
formulated as the sum of the heat source terms equal to
those in the full-space and the surface terms required to
satisfy the boundary conditions at the interfaces, i.e.
continuity of temperatures and normal fluxes between
layers, and null normal fluxes or null temperatures at the
outer surface. The total heat field is achieved by adding the
heat source terms, equal to those in the unbounded space, to
the sets of surface terms arising within each layer and at
each interface.

The scope of this paper is to present first the three-
dimensional formulation, explaining the mathematical
manipulation to obtain the Green’s functions for a heat
line source as a continuous superposition of heat plane
sources in the frequency domain. The procedure to retrieve
the time domain solutions is also given. This methodology is
verified by comparing the results obtained with the exact
time solutions for one, two and three-dimensional point heat
sources placed in an unbounded medium.

This paper then goes on to describe the formulation of a
sinusoidal line heat load applied to a half-space, a slab, a
slab over a half-space medium and a layered formation. The
continuity of temperature and heat fluxes need to be
achieved between two neighbouring layers, while null
temperatures or null heat fluxes may be prescribed along an
external interface of the boundary. The full set of
expressions is corroborated by comparing its solutions
with those provided by the Boundary Element Method,
which requires the discretization of all layer interfaces.

2. Three-dimensional problem formulation and Green’s
functions in an unbounded medium

The transient heat transfer by conduction and convection
in the domain with constant velocities along the x, y and z
directions is expressed by the equation
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in which V,, V,, and V, are the velocity components in the
direction x, y and z, respectively, ¢ is time, T(tx,y,z) is
temperature, K=k/(pc) is the thermal diffusivity, k is the
thermal conductivity, p is the density and c is the specific
heat. The application of a Fourier transformation in the time
domain to the Eq. (1) gives the equation
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where i = +/—1 and w is the frequency. Eq. (2) differs from
the Helmholtz equation by the insertion of a convective
term. For a heat point source, applied at (0,0,0) in an
unbounded medium, of the form p(w, x, y, z, 1)=0(x) 6(y)
6(z)"”, where 6(x), 6(y) and 8(z) are Dirac-delta functions,
the fundamental solution of Eq. (2) can be expressed as
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As the geometry of the problem remains constant along
the z direction, the full three-dimensional problem can be
expressed as a summation of simpler two-dimensional
solutions. This requires the application of a Fourier
transformation along that direction, writing this as a
summation of two-dimensional solutions with different
spatial wavenumbers k, (Tadeu and Kausel [22]). The
application of a spatial Fourier transformation to
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along the z direction, leads to this fundamental solution
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where H,() are Hankel functions of the second kind and

order 0, and 7y = \/x*> + y%.

The full three-dimensional solution is then achieved by
applying an inverse Fourier transform along the k, domain

to the expression (—i/2)H, > <\/—(Vf + Vy2 + V2)/4K?

—(iw/K)—(kz)er). This inverse Fourier transformation

can be expressed as a discrete summation if we assume
the existence of virtual sources, equally spaced at L., along
z, which enables the solution to be obtained by solving a
limited number of two-dimensional problems,
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with k_,,, being the axial wavenumber given by K_,,= (27/L,)m.
The distance L, is chosen so as to prevent spatial
contamination from the virtual sources, i.e. it must be
sufficiently large (Bouchon and Aki [23]). This technique is
an adaptation and extension of other mathematical and
numerical formulations used to solve problems such as wave
propagation (Tadeu et al. [24] and Godinho et al. [25]).

Note that Eq. (5) with V,=0 becomes the fundamental
solution of the differential equation obtained from Eq. (2)
after the application of a spatial Fourier transformation
along the z direction, namely
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when V,=0.

Eq. (5), which results when a spatially sinusoidal
harmonic heat line source is applied at the point (0,0)
along the z direction, subject to convection velocities

V., V, and V, can be further manipulated and written as a
continuous superposition of heat plane phenomena,

(7
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and Im(») <0, and the integration is performed with respect
to the horizontal wavenumber (k,) along the x direction.
Assuming the existence of an infinite number of virtual
sources, we can discretize these continuous integrals.
The integral in the above equation can be transformed into
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a summation if an infinite number of such sources are
distributed along the x direction, spaced at equal intervals
L,. The above equation can then be written as

—ie
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where Eo= —i/l2kL,, E=¢ ™M E =™ , =

—~(VZ+ VI + VHIAK? —(iw/K) — (k,)* —k3, and Im(v,)
<0, and k,,,=(27/L,)n,which can in turn be approximated
by a finite sum of equations (N). Notice that k,=0
corresponds to the two-dimensional case.

2.1. Responses in the time domain

The heat in the spatial-temporal domain is calculated by
applying a numerical inverse fast Fourier transform in &, k,
and in the frequency domain. The computations are
performed using complex frequencies with a small
imaginary part of the form w.=w-in (with n=0.7Aw, and
Aw being the frequency step) to prevent interference from
aliasing phenomena. In the time domain, this effect is
removed by rescaling the response with an exponential
window of the form e”. The time variation of the source can
be arbitrary. The time Fourier transformation of the source
heat field defines the frequency domain to be computed. The
response may need to be computed from 0.0 Hz up to very
high frequencies. However, as the heat responses decay very
rapidly with increasing frequency, we may limit the upper
frequency for which the solution is required. The frequency
0.0 Hz corresponds to the static response that can be
computed when the frequency is zero. The use of complex
frequencies allows the solution to be obtained because,
when w.=w-in (for 0.0 Hz), the arguments of the Hankel
function of the equations are not zero.

The technique proposed in this paper uses Fourier
transformations, which can be written as discrete sum-
mations over wavenumbers and frequencies. The math-
ematical formulation entails the use of sources equally
spaced in the z-axis and x-axis by spatial separations
L,=2m/Ak, and L,=2/Ak,, and also by temporal intervals
T=2m/Aw, with Ak, and Ak, being the wavenumber steps.
Note that the use of complex frequencies diminishes the
contribution from the periodic (fictitious) sources to the
response at the time window 7.

2.2. Verification of the solution

The formulation described above was implemented and
used to compute the heat field in an unbounded medium. In
order to verify this formulation, the solution is compared
with the analytical response in the time domain.

The exact solution of the convective diffusion, expressed
by Eq. (1), in an unbounded medium subjected to a unit heat
source is well known and it allows the computation of the heat

field given by both conduction and convection phenomena in
the presence of three, two or one-dimensional problems. When
the heat source is applied at the point (0,0,0) at time =1, the
temperature at (x,y,z) is given by the expression

(H=V +x2 A=V, +9)* =V, +2) 4K T

T t’ 9 9 = b
(t:%.3.2) pc(4TtKT)¥? (10)

if t> 1,

where 7=1-typ, d=3, d=2 and d=1 when in the presence of a
three, two and one-dimensional problems, respectively
(Carslaw and Jaeger [1] and Hagentoft [26]).

In the verification procedure, a homogeneous unboun-
ded medium, with thermal properties that allowed
k=14Wm~' °C™', ¢=880.0JKg '°C™"' and p=
2300 Kg m ™ >, was excited at r=277.8 h by a unit heat
source placed at x=0.0m, y=0.0m, z=0.0 m. The
convection velocities applied in the x, y and z direction
were equal to 1 X10 ®ms ™",

The responses were calculated along a line of 40 receivers
placed from (x=—1.5,y=0.35,z=0.0) to (x=1.5,y=0.35,
z=0.0), for a plane (d=1), cylindrical (d=2) and spherical
(d=3) unit heat source.

The calculations were first performed in the frequency
range [0, 1024 X 1077]Hz with an increment of Aw=10""
Hz, which defines a time window of T=2777.8 h. The
solution for the two-dimensional case (cylindrical unit heat
source) was found with Eq. (5), while the results for a plane
unit heat source propagating along the y axis was obtained
ascribing k,=0 and %,,=0 to Eq. (9), multiplied by L,.
Complex frequencies of the form w.=w—i0.7Aw have
been used to avoid the aliasing phenomenon. The spatial
period has been set as L, = L, = 2/k/(pc Af).

In Fig. 1, the solid line represents the exact time solution
given by Eq. (10) while the marks show the response
obtained using the proposed Green’s functions. There is
good agreement between these two solutions. Notice that, as
we have assigned a convection velocity in the x direction,
the temperature response along the line of receivers is not
symmetrical. In addition, lower temperatures were regis-
tered at the three-dimensional case, since the energy emitted
by the heat source is dissipated in the three directions.

3. Green’s functions in a half-space

In this section, a semi-infinite medium bounded by a
surface with null heat fluxes or null temperatures is
considered. The required Green’s functions for a half-
space can be expressed as the sum of the surface terms and
the source terms. The surface terms need to satisfy the
boundary condition of the surface (null heat fluxes or null
temperatures), while the source terms are equal to those
presented for the infinite unbounded medium. The surface
terms for a heat source located at (x,yo)can be expressed by
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Fig. 1. Temperature along a line of 40 receivers, at times 350, 450, 550 and 650 h: (a) for a plane (d=1) unit heat source; (b) for a cylindrical (d=2) unit heat

source and (c) for a spherical (d=3) unit heat source.
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where E, = e . A, is the unknown coefficient to be com-
puted, so that the heat field produced simultaneously by the
source and surface terms should produce Tl(w, x,¥,k,)=0
or (0T (w, x,y,k,)/dy) =0 at y=0.

The computation of the unknown coefficient is obtained
for each value of n. These coefficients are given below for
the two cases of null heat fluxes and null temperatures at the
surface y=0.

Null normal flux at y=0,

A, = e*iVnyO;
Null temperature at y=0,
A, =—e", (12)

Replacing these coefficients in Eq. (11), we may compute
the heat terms associated with the surface.
Null normal flux at y=0,

n=-+ow
- _ _ E
T\(w,x,y,k,) = Eoe((Vx(x %0) +V,(—0))/2K) 2 : <Vaf)Ed;
n

n=—oo

Null temperature at y=0,

T] ((JJ, X, y’ kZ)
n=-+ow E
= Eye W0V, 00260 Z <_at) E, (13)
n=—w Vn

where E,; = e 7010 and E, = — 00,

The final fundamental solutions for a half-space are
given by adding both terms: the source and the surface
terms, which leads to

Null normal flux at y=0,

T(w,x,y,k.)
ViV, 0m2k) o~ (E + Exf
= Epe(emoth Yo ()R s
n=—oo n
Null temperature at y=0,
T(w,x,y,k,)
ViV, m2k) o~ (E = Eu
= Eoe b o Z y— Ed‘ (15)
n=—w n
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Fig. 2. Real and imaginary parts of the response for a half-space formation (K,=0.4 rad m ™~ 1: (a) Null normal flux at y=0; and (b) Null temperature at y=0.

3.1. Verification of the solution

A BEM model was used to compute the temperature field
when a heat source is placed in a semi-infinite medium
bounded by a surface with null temperatures or null normal
heat fluxes. This technique entails high computational costs,
since it needs the discretization of the boundary. In order to
simulate the half-space, the boundary is modelled through a
large number of elements distributed along as much of the
surface as necessary. The limited discretization of the
interfaces was achieved by introducing an imaginary part to
the frequencies, w.=w—in (with n=0.7Aw), which intro-
duces damping.

The verification of the solution is illustrated for a
homogeneous half-space medium with thermal material
properties that allow k=14 W m~'°C™', ¢=880.0J Kg ™!
°C~'and p=2300 Kg m >. The convection velocity, in the y
direction, applied to the half-space mediumis 5X 10~ " m s~ .
It is assumed that the origin of convection coincides with the
source position. This structure is excited at (x=0.0 m,y=
1.0 m) by a line heat source with spatial sinusoidal variation
(k,=0.4rad m~"). Fig. 2 gives the results obtained at the
receiver (x=0.2 m,y=0.5 m) in the frequency range [0, 032X
10~ 7] Hz with a frequency increment of 1X 10~ Hz. In this
plot, the solid lines represent the results provided by the
proposed solutions while the markers correspond to the
solution computed using the Boundary Element technique.
These results show that the responses are similar.

4. Green’s functions in a slab formation

For a slab structure with thickness %, the Green’s
functions can be achieved taking into account the boundary
conditions prescribed at each surface, i.e. null heat fluxes or
null temperatures. They can be expressed by adding the
surface and source terms, which are equal to those in the
full-space.

Three scenarios can be considered: the prescription of
null heat fluxes at the top and bottom interfaces (Case I); or

null temperatures in both surface boundaries (Case II); or
even the consideration of different conditions at each
surface (Case III). At the top and bottom interfaces, surface
terms can be generated and expressed in a form similar to
that of the source term.

Top surface medium

n=-ow
- _ — E
Ty, 2,3, k) = Ege V070020026 7 (Va A;) Ey:
n

n=—oo

Bottom surface medium

Tz(&), X, Y, kz)
n=-+w E
= Eye (V=) +V,0-30)/2K) Z (—bAZ>Ed, (16)
n=—ow n

where E,=e ™A' and A’ are as yet unknown
coefficients to be determined by imposing the appropriate
boundary conditions, so that the field originated simul-
taneously by the source and the surface terms guarantees
null heat fluxes or null temperatures at y=0 and at y=~h.

This problem formulation leads to a system of two
equations in the two unknown constants for each value
of n.

Case I. -null heat fluxes at the top and bottom surfaces.

\%4 V
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Case II. -null temperatures at the top and bottom surfaces.

1 _efiu,,h A; _e—iVu)’o

A = (18)
e ivah 1 AZ —e i |h=yol
Case III. -null heat fluxes at the top surface and null
temperatures at the bottom surface.
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Once this system of equations has been solved, the
amplitude of the surface terms has been fully defined, and
the heat in the slab can thus be found. The final expressions
for the Green’s functions are then derived from the sum of
the source terms and the surface terms originated in the two
slab surfaces, which leads to the following expressions,

- i _ .
T(w,x,y,k;) = 4—e“Vx<" RO (K )

k
n=+w E E
D W CY YT
= Vn Vn
n=—oo
where (20)
2 2 2 .
K = ViVt Ve _l_w_(k 2.
! 2K K :

4.1. Verification of the solution

The formulation described above related to the slab
formation was used to compute the responses at a receiver
placed in a slab 3.0 m thick, subjected to a spatially harmonic
varying line load in the z direction. The results for the three
different cases of boundary conditions were then compared
with those achieved by using a Boundary Element Method.

In this verification procedure, the medium properties and
convection velocity remain the same as those assumed for the
half-space (k=14Wm~'°C™! ¢=880.0JKg '°C~'
and p=2300 Kg m~?). The slab is heated by a harmonic
point heat source applied at (x=0.0 m, y=1.0 m).

The response is performed in the frequency range [0, 32 X
10~ 71 Hz with a frequency increment of Aw=10" " Hz. The
imaginary part of the frequency has been set to n=0.7Aw. To
validate the results, the response is computed for a single
value of k,(k,=0.4radm™"). Fig. 3 shows the real and
imaginary parts of the responses at the receiver (x=0.2 m,
y=0.5 m). The solid lines represent the discrete analytical
responses, while the marked points correspond to the
Boundary Element Method. The results confirm that the
solutions to the three cases are in very close agreement.
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Fig. 3. Real and imaginary parts of the responses for a slab formation, when
a heat source is applied at the point (x=0.0 m, y=0.0 m): (a) Case I (null
heat fluxes at the top and bottom surfaces); (b) Case II (null temperatures at
the top and bottom surfaces); and (c) Case III (null temperatures at the top
surface and null heat fluxes at the bottom surface).

5. Green’s functions in a layered formation

The solutions for more complex structures, such as a
layer over a half-space, a layer bounded by two semi-infinite
media and a multi-layer can be established imposing the
required boundary conditions at the interfaces and at the free
surface.
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5.1. Layer over a half-space

Assuming the presence of a layer, h; thick, over a half-
space, we may prescribe null temperature or null heat fluxes
at the free surface (top), while at the interface we need to
satisfy the continuity of temperature and normal heat fluxes.
The solution is again expressed as the sum of the source
terms (the incident field) equal to those in the full-space and
the surface terms. At the interfaces 1 and 2, surface terms
are generated, which can be expressed in a form analogous
to that of the source term.

Layer interface 1

n=-+o®
E
T11(w,x,y,k;) = Egye! 00260 Z ( o 21>Ed-

Vni

n=—ow

diffusivity in the medium j (k;, p; and c; are the thermal
conductivity, the density and the specific heat of the
material in the medium j, respectively).

The coefficients A!;, A2 and A!, are as yet
unknown. They are defined in order to ensure the
appropriate boundary conditions: the field produced
simultaneously by the source and surface terms allows
the continuity of heat fluxes and temperatures at y=h,
and null heat fluxes (Case I) or null temperatures (Case
1) at y=0.

Imposing the three stated boundary conditions for each
value of n, a system of three equations in the three unknown
coefficients is defined.

Case 1. -null heat fluxes at y=0.

(21)
(v, Vv, T
Y : y : iv, h
—— — +iy, |e ™ 0
2K1 nl 2K1 nl
t
nl b]
(Vi (hi=y0)/2K;)
Y —iv,, |e7mM +ivy _m Yoz — iV | |An]| = b 24)
2K1 2K1 Vi 2K2 e(v_vl(hl_yo)/ZKl) . b
A 3
kiy., eVe(hi—0/2Ky) n2
e*”’nlhl 1 1¥nl
sz 5 e, v1(h1=y0)/2K )
Layer interface 2 where
n=-+w E bl — |:V :| ”’n]yO’
Tia(onk) = B0 S (20 ), 2K,
n=—ow0 Vni v
(22) by, = —|:_2I? _iVn1:| e—iVn1|h1—Y()|, by = _e—iVn1|h1—yo|
1
Half-space (interface 2) when the source is in the layer (y, < ),
=t /o while
Tﬂ(w’x’y’ k) = Eoze(‘/yz(\’*y())/ZKz) Z ( 21A > b, =0,
n=—o0 Vn2
h—yo)2K.
(23) eV (h=50)/2K5) -

where E; = (—i/2k,L,), Ey = e " E =e bl p, =
eeb Tl g = V2K — (0lK) — I K, with
Im(v,;) <0 and A, is the layer thickness (j=1 stands for

the layer (medium 1) while j=2 indicates the half-space
(medium 2)). Meanwhile, K;=kj/p;c;) is the thermal

Vi
bz = 2K +1i 1,n

(V32 (h=y0)/2K)

e( 1(—0)/2Ky)

kv, e

—iv,,|h
n2| 1 .V0|’
kzy ) e("y](” yO)/ZKI)

b3=

when the source is in the half-space (yo> h,).

Case II. -null temperatures at y=0.

B ] e_iynlhl O T
Al b
(Vi (h1—yo)I2K>) nl 1
&_iy e ivmh + iy _m &—il/ ;)02 b

2k, M 2K1 nl vy \ 2K, 2| eVatimonky | [ Ay | = b2 |- (25)

- ki eValhmonky Al b

Wy
¢ ! g,y @Vt i—y0/2KD)
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where

Vi

bl = _e_’an}’o’ b2 — _|:212 _iVn1:| e—an||h1—yo|,
1

—iv [l —yol
>

b3=_e

when the source is in the layer (y, < i),

while
bl = O,
(Vo (h—yp)2K5)
b, = & +iv Ynl & =iVl =yl
2 2K, "2y, eV (02K ’
(Vya(h—y0)/2K5)
b, = le”I e ’ ’ efi"n2|h1*y0|
3 kv, eVn(0l2K) ’

when the source is in the half—space (v, > hy).

The heat field produced within the two media results
from the contribution of both the surface terms generated at
the various interfaces and the source term.

Yo <h; (source in the medium 1)

(&

T(w,x,y,k;) = kl eMnO2PKO By (K o)
"R (E E
sty (B, B ),
n=—o0 nl
ify<h;  T(@xy.k) = Epe 2070
n=-+ox
Xy (— nz)Ed, if y<h,.
n=—w
(26)
V. c v,
0 . 30 ylo . y1
=+, | — -
2KO n0 Cq1 2K1 n 2K1 n
@ -1 —e Wl
kocar
\%
0 —2;{] — iy, |emh 2K +iv,
1 1
0 e vml 1
Yo>h; (source in the medium 2)
"N (E E
T(wxy,k)—E (Vi1 0—0)/2K1) Z < 11 12 )Ed,
n=—o0 Vni

ify<hy;T(w,x,y,k,) = T V02K g 0(Kinto)
2
= VnZ

n=—o

+ Eoze(vyz(yivo)/ZKz) nZ) Eq4, 1fy > hl .

27
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with

AP
y ZKJ

5.2. Layer bounded by two semi-infinite media

> i 2
) _?j_(kz) (=12).

For the case of the layer placed between two semi-
infinite media, the solution needs additionally to account
for the continuity of temperature and heat fluxes at the
interface 1, since the heat propagation also occurs
through the top semi-infinite space (medium 0), which
can be expressed by

T02(w’ X, Y, kz)

n=+ow
E
— B o(Vo—0)2Ky) Lo g0 g, -8
00€ n;w - d (28)
where '=(_i/2kjo), Eooze—ivuoy’ and Vo=
\/—( o/ 2Ko)? — (lKy) — K2 — K2,

The surface terms produced in the interfaces 1 and 2, in
the media 1 and 2 (bottom semi-infinite medium) are
expressed in Egs. (21) (23).

The coefficients A%, A!,, A2, and A!, are defined by
respecting the continuity of heat fluxes and temperatures at
y=h; and y=0. These surface conditions lead to the
following system of four equations when the heat source is
placed within the layer.

—iv,1 O
Ab b
n0 1
0
Altll b2
= (29)
b
Via .| 2 A bs
_ —iv, | 2
2K, ¢ | AL, by
kicsy
ks
where
j
V| Doy | 12K;
e =1
j 9
an
-1
Vil S o ) 12K;
e =1
C4j = ’
an
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Vi1 . .
bl R +1 iv, e—”’nl)’o b2 = g Wm0
2K1 b 9

by = |:;/Kl _iyn1:|e—i1’n1|h1—)’o|’ by = _e—il’n1|h1—yo|’
1

when the source is in the layer (0 <y, < hy),

while

0 C
\ . 30—
b, = |: N vl —2e Wn0|}’0| b, =

2Ky Ca1 koCar

when the source is in the half—space (v, < ).

and

\" .
by =0, by=0 by= [21? + iv, } Zﬁ e =l

kl Ca2 —ivy |y YO|
b4 —¢
kycs

when the source is in the half—space (yq > ).

The temperatures for the three media are then computed
by adding the contribution of the source terms to those
associated with the surface terms originated at the various
interfaces. This procedure produces the following
expressions for the temperatures in the three media.

E
T(w,x,y,k;) = Egye V002K Z < Ly )Ed,ify<0;
Vno

n=—ow

T(w,x, y.k) = (Vvl(y_yo)/ZK])HO(Ker) +E013(VHU y0)/2K1)
n=-+ow
E E
x> ( A 12A )Ed,if0<y<h1;
n=—w

5 E
T(w,x,,k;) = Egye "0 0/2K2) Z <V21 )Ed,lfy> hy.
n2

n=—ow

(30)

The derivation presented assumed that the spatially
sinusoidal harmonic heat source is placed within the layer.
However, the equations can be easily manipulated to
accommodate another position of the source.

5.3. Multi-layer

The Green’s functions for a multi-layer are established
using the required boundary conditions at all interfaces.

Consider a system built from a set of m plane layers of
infinite extent bounded by two flat, semi-infinite media, as
shown in Fig. 4. The top semi-infinite medium is called
medium 0, while the bottom semi-infinite medium is
assumed to be the medium m+1. The thermal material
properties and thickness of the various layers may differ.

X
y Interface 1
hy Medium 1
Interface 2 Medium 2
h,,I Interface m Medium m

Fig. 4. Geometry of the problem for a multi-layer bounded by two semi-
infinite media.

Different vertical convection velocities can be ascribed at
each layer. The convection is computed assuming that the
origin of convection coincides with the conduction source.
The system of equations is achieved considering that the
multi-layer is excited by a spatially sinusoidal heat source
located in the first layer (medium 1). The heat field at some
position in the domain is computed, taking into account both
the surface heat terms generated at each interface and the
contribution of the heat source term.

For the layer j, the heat surface terms on the upper and
lower interfaces can be expressed as

n=-+ow
- _ E;
T, y,k,) = onewﬁ(y 30)/2K;) Z ( % Ai,j) E,,
nj

n=—oo

3D
= V,;(—0)/2K; Sl Ep »
Th(w,x,y,k;) = Eye 002K E (V A,,j)Ed,

nj

n=—w

j—1

y—z Iy

=1

—iv,;

—i/2k;L,, E;; = e y

—(V,2K))* + (—iwlK;) —kJ? — k2, with Im(r,;)) <0

and £, is the thickness of the layer /. The heat surface terms

produced at interfaces 1 and m+ 1, which govern the heat

that propagates through the top and bottom semi-infinite
media, are ,respectively, expressed by

—iVy;
E'2= €

J
=k
=1
b

where EO] =

E
Top(w,x,y, k;) = Egpe V00 0/2Ko) Z ( o 4 ) E,.

n——owo n0
n=-+o
Tng1p(w,x,y, k) = EO(m+1)e(vy(m+”(y_yO)/ZKW”) Z
n=—oo

E

(m+1)2

X( = n(m+l)>Ed
n(m+l)

(32)
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A system of 2(m+ 1) equations is derived, ensuring the
continuity of temperatures and heat fluxes along the m+1
interfaces between layers. Each equation takes into account
the contribution of the surface terms and the involvement of
the incident field. All the terms are organized according to
the form Fa=1»>b

[Cl0€30 —C21€41  —C11€41C51 - 0 0
€30 _Cq _ C41C51 0 0
ko ky ky
0 C21C31C51 C11C31 0 0
C31C51 €31
0 —_ - 0 0
ky ky
0 0 0 cee “ComCam “C1mCamCsm
0 0 0 P
ki Ky
0 0 0 co CpC3Csyy C1mC3m
0 0 0 C3mCsm Cam
ki kin
where

\ \
J J

J =l
Vii Z h—yo | 12K; Vii Z hi—yo | 12K;
e =1 e =1

Gy = Coyj = ———— and
an Vﬂj

CSj — efiu,ljhj.

The resolution of the system gives the amplitude of the
surface terms in each interface. The temperature field for
each layer formation is obtained by adding these surface
terms to the contribution of the incident field, leading to the
following equations.

Top semi-infinite medium (medium 0)

n=4w
- - E
T((U, X, Y, kZ) = bj()()e(\,m(-y Yol2Eo) Z ( ol Azo) Ed’

n=—o n0

if y <O,

Layer 1 (source position)

~ —i _ —v
T(w,x,y.k;) = Ee(vvl(y yo)/ZKI)HO(Kl ro) + EO]e(Vvl() Y0)/2K1)
1

n=+w
E E

n=—oo nl nl

Layerj (j#1)
~ Vo) 'S~ (En e o En g
T(w,x,y,k.) = Ege™ Y —CAy A ) Eg,
'

nj 7
j-1 j
if;h, <y< ]Z;h,;

n=—ow

0 _
i —nYo
C11€41€
0 .
Ca1 e*”’n])’o
ki
0 Ab, .
" —CHiC e_”’ul|h1_.Vo|
Al 21C3]
0 nl
31 i -
AZI _ . e W1 [ —yol
e frd ]
t
O Anm
b 0
O Anm
Al 0
LA n(m+1) J
“C2m+1)Caim+1) 0
_C4(m+1) 0
k(m+1) i o -

(33)

Bottom semi-infinite medium (medium m—+ 1)

Toniip(@,x,,k,)

n=-+o
E
_ Vs 1 —Y0) 2K, (m+1)2
_E()(m+1)e( ym+1)(V=Y0) +1) < m A;(m+1))Ed~
Vn(m+l)

n=—ow

(34)

Notice that when the position of the heat source
is changed, the matrix F remains the same, while
the independent terms of b are different. However, as the
equations can be easily manipulated to consider another
position for the source, they are not included here.

5.4. Verification of the solution

Next, the results are found for the three scenarios. First, a
flat layer, 3.0 m thick, is assumed to be bounded by one half-
space. Null heat fluxes or null temperatures are prescribed at
the top surface. Then, a flat layer, also 3.0 m thick, bounded
by two semi-infinite media, is used to evaluate the accuracy
of the proposed formulation. The convection velocities
applied to the three media were 5X 107, 8X 10~ " and 1 X
107°ms~' for the top medium, intermediate layer and
bottom medium, respectively. The thermal material proper-
ties used in the intermediate layer were k=14 Wm ™' °C~ !,
c=880.0JKg~'°C™" and p=2300.0 Kgm >, while at
the top and bottom media were k=63.9 W m-'°CT! ¢=
434.0JKg '°C~'and p=7832.0 Kgm >,
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Fig. 5. Real and imaginary parts of the responses for a layer over a half-space: (a) Case I-null heat fluxes at y=0, responses at receivers 1 and 2; and (b) Case II-

null temperatures at y=0, responses at receivers 1 and 2.

The calculations have been performed in the frequency
domain from 0 to 32X 10~ Hz, with a frequency increment
of Aw=10""Hz and considering a single value of k, equal
to 0.4rad m~'. The amplitude of the response for two
receivers placed in two different media was computed for a
heat point source applied at (x=0.0m, y=1.0 m). The
real and imaginary parts of the response at the receiver 1
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< |
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ooolb—— v v b
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(x=0.2m, y=3.5m) and the receiver 2 (x=0.2m, y=
3.5 m) are displayed in Figs. 5 and 6, with the imaginary
part of the frequency set to n=0.7Aw. The solid lines
represent the analytical responses, while the marked points
correspond to the BEM solution.

As can be seen, these two solutions seem to be in very
close agreement, and equally good results were obtained
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_ 0.0017 o imaginary part
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Fig. 6. Real and imaginary parts of the responses for a layer bounded by two semi-infinite media: (a) Receiver 1; and (b) Receiver 2.
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from tests in which heat sources and receivers were situated
at different points.

6. Conclusions

This paper has presented the 2.5 Green’s functions for
computing the transient heat transfer by conduction and
convection in an unbounded medium, half-space, slab and
layered media. In this approach the calculations are first
performed in the frequency domain. The results for a
layered formation are obtained adding the heat source term
and the surface terms, required to satisfy the interface
boundary conditions (temperature and heat fluxes con-
tinuity). Notice that null convection velocities can be
prescribed for the different layers, allowing solid layers to
be modelled.

The unbounded medium formulation was corroborated
by comparing its time responses and the exact time
solutions. In turn, the analytical solutions used in the half-
space, slab systems and layered media formulation were
verified using a BEM algorithm. Very good agreement was
found between the solutions.

The 2.5 Green’s functions for a layered medium can be
useful for solving problems such as the heat performance of
a multi-layer construction element. Using these funda-
mental solutions together with the BEM or MFS algorithms
can be helpful in resolving engineering problems, such as
the case of layered formations with buried inclusions.
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