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Abstract

This paper presents a method developed for determining temperature distribution in a semi-analytical way within tri-dimensional solid-state
circuits and packaged devices in steady state conditions. The method is an efficient route to investigate large ranging sized structures with an
arbitrary complex layout composed of multiple material layers and localized heat sources.

The method, called the Discrete Boundary Resistance (DBR), consists in decomposing the structure into layers of different sizes to develop
the temperature solution as a Double Fourier Series after subdividing the contact boundaries into discrete elements. The solution is expressed as
a function of thermal resistance attached to the contact boundaries connected to a temperature reference. The performance of the method has been
studied in regards with a three-dimensional device involving a non-uniform distribution of voids between layers. Computational time was found

to be shorter than ones achieved with the Finite Element method.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Thermal management is a major issue in design of integrated
circuits and packaged devices. It is recognized that tempera-
ture has a strong influence on reliability. Thermal gradients and
coupling effects, caused by localized power dissipation, can
drastically affect the performance of the devices [1]. Conse-
quently, analysis achieving an optimal control in temperature
is required by considering all involved relevant features such as
the operating conditions, the physical properties and structural
characteristics of the devices.

Temperature of circuits and packaged devices can be man-
aged by layout optimization, substrate thinning, incorporation
of heat spreaders and thermal vias. Investigation is therefore
quite complicated because of the nature of three-dimensional
heat spreading effects and the existence of non-linear be-
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haviour. It has become essential to obtain simulation tools
determining the temperature distribution as a function of device
topology, layout, properties of the materials and input power.
Among the methods for performing simulations, numerical
methods, such as finite elements [2], boundary elements [3,4],
are recognized as flexible with the capability to take into ac-
count all relevant features of structures. The computational
cost of these methods can be extremely high for simulation of
complex systems that need dense meshes to obtain acceptable
accuracy. Precise thermal simulations can be sometimes virtu-
ally impossible as for example for certain Radio-Frequency and
microwave tri-dimensional devices that have extremely small
heat sources and multiple layers over a wide range of dimen-
sion. Analytical and semi-analytical methods become attractive
as well for simulations using compact modeling because mesh-
ing is not required. Among these methods, one can mention
the Green functions [5] and the Integral Transform technique,
especially using Fourier series expansions [6,7]. Nowadays,
investigation of heat transport in devices with a large range
of component sizes remains a challenge and improvements of
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semi-analytical methods become desirable in terms of flexibil-
ity, precision and computational cost.

This paper reports a method called the Discrete Boundary
Resistance (DBR) to calculate temperature distribution in a
semi-analytical way for tri-dimensional solid-state circuits and
devices. The method is an efficient route to investigate complex
structures formed with any arbitrary number of compounds and
localized heat sources, over a wide range in size. The method,
which offers both high precision and reasonable computational
cost, is particularly suitable for analysis of compound semicon-
ductor devices that have a strongly non-planar structure with
large range of component sizes and a high number of local-
ized heat sources. It could be applicable for example to Radio-
Frequency solid-state devices, semiconductor lasers, semicon-
ductor chips, Multi-Chip-Modules, sensors and Micro-Electro-
Mechanical-Systems. Most of these devices are constructed of
multiple layers having dimensions that can vary from a fraction
of a micron to a couple of centimeters. It has already been used
to estimate the thermal properties of packaged device [8].

The present method could be considered as a generalization
of the approach reported in [9], originally developed to con-
struct thermal compact models for subsystems, in combination
with the use of the Fourier Transform technique.

The principle of the method is presented. Its performance,
in terms of precision and computational cost, is studied with
regards to a tri-dimensional multi-layered device. The case of
imperfect contact between layers due to an arbitrary distribution
of voids has been especially investigated.

2. The Discrete Boundary Resistance method

Most circuits and packaged devices can be described as a
structure of multiple layers of rectangular shapes with different
sizes, as illustrated in Fig. 1. The represented structure consists
of N layers starting from its top side where the Ny -th layer
refers to the bottom layer (see Fig. 1(b)). The heat transport
mode is heat conduction. Steady state conditions are consid-
ered.

For clarity purpose, some simplifications are used. First, the
bottom side of the structure should be isothermal and its tem-
perature T is a reference (zero temperature). Secondly, all
faces of the structure in contact with the surrounding medium
are adiabatic. In most of cases, the heat exchange by convection
and radiation with the surrounding medium can be neglected.
Moreover, for convenience, power dissipation is located at the
top side of the structure. Additionally, thermal conductivity is
constant within each material layer.

Note that the Discrete Boundary Resistance method could be
extended to non-isotropic and heterogeneous media with power
dissipated at any position of the structure. The method is partic-
ularly suitable to take into account imperfect contacts between
layers with non-uniform distribution in the plane.

2.1. Principle of the method

The method consists in decomposing the structure into Ny,
layers of different sizes (Fig. 1) and then in developing for each
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Fig. 1. Layout of a packaged device, as studied, formed with multiple layers of
rectangular shapes of different sizes (contacts between layers can be imperfect):
(a) three-dimensional view, (b) cross-sectional view ([L]: layer, [B]: boundary
contact).

one the solution of the heat conduction equation after subdi-
viding the contact boundaries into M discrete elements, as
illustrated in Fig. 2. As demonstrated in the next section, the
temperature solution referred to any layer can be expressed in
the rectangular coordinate system as a Double Fourier Series
satisfying the edge boundary conditions (adiabatic, see Sec-
tion 2.2). The solution can be then found for the full structure
after applying the contact conditions (1) and (3) to any layer as:

— asecond type of boundary condition (Neumann) at the top
face (z = 0), by prescribing an heat flux ¢ over the discrete
elements. According to the Fourier law, this condition is
written as:

st
0z

} =o' (1
z=0

All quantities refer to the k-th layer and i-th discrete el-
ement (surface S), A is the thermal conductivity of the
layer. The different values of ¢’ describe a spatial distri-
bution such as ¢’ = ¢ (x, y') where i = 1,2,3,..., Mc
and therefore a heat flux vector can be defined as:

=0, 0% ... 0. .. oM] )
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Fig. 2. Arbitrary layer of the layout, as considered by the Discrete Boundary
Resistance method: (a) three-dimensional view, (b) cross-sectional view (dis-
crete boundary resistances attached between the bottom face of each layer and
the bottom of the entire structure).

— a third type of boundary condition (Fourier) at the bottom
face (z = e), by defining a thermal resistance R between
the discrete element and the bottom side of the structure
(zero temperature), as shown in Fig. 2(b). The as defined
condition is written as:

aT LT Ty
—AS’[ } S —— 3)

0z |,

R, expressed in [K W‘l], refers to the resistance between
the i-th discrete element of the k-th layer and the bot-
tom side of the entire structure. A collection of discrete
boundary resistances such as R’ = R(x', y’) with i =
1,2,3,..., Mc is thus attached to the bottom face of each
layer (see Fig. 2(b)). This resistance should be formally
considered as the ratio between a temperature difference
and the heat flux through the discrete element. It depends
on the geometry of the structure as well as the boundary
conditions. The collection of discrete boundary resistances
can be represented as a vector:

R=[R'.R*...,R,...,RMc] @)
The decomposition of the structure into layers of different sizes
allows the solution of the three-dimensional heat conduction
equation in each layer (k =1, 2, ..., Np) to obtain solutions as
Fourier series satisfying conditions (1) and (3). The as devel-
oped solutions are presented in Section 2.2. Next, an algorithm,
described in Section 2.3, has been set up to assemble the tem-

perature distributions of the different layers by applying con-
tinuity at contact boundaries in order to find, step by step, the
heat flux and resistance vectors (2) and (4) fork =1,2,..., N1.
Finally, temperature can be found at any point of the structure.
In the case of perfect contact between layers, the vector rela-
tions (5) and (6) are used for such assembling:

Ti—1 |b0ttom = Tk|top &)
Dy |b0tt0m = Py |top (6)

Relations (5) and (6) mean that temperature-heat flux at the bot-
tom and top faces of the respectively (k — 1)-th and k-th layer
are equal for each boundary element. In the case of non-perfect
contact between layers, the relation (5) must be replaced by (7)
for assembling:

Ty —1lbottom = Tk|top +R.- (pk|top (7N

Each element of the vector 130, expressed in K W_1
thermal contact resistance referring to the boundary.
According to assumptions mentioned above, the vector <D1
is prescribed (top side of the structure). As the distribution Ris
found, bottom face heat flux is therefore determined by Eq. (3).

is the local

2.2. Solution of the heat conduction equation for any layer

This section gives the solution of the heat conduction equa-
tion for any homogeneous layer exposed to conditions (1)
and (3). Subscript k, referring to the as-considered layer, is
omitted in all quantities. Layer dimensions are Ly and Ly in
the x- and y-directions respectively. The solution of the tri-
dimensional heat conduction equation (8):

VT =0 ®)
satisfying the edge boundary conditions (9):

oT aT

= =0, = =0 ©
X |r=o,L, dy y=0,L,

can be expressed as a Double Fourier series as (see [10]):

L& c08(ctn ) 08 (B Y)
T(x.y,2)=»_ Y 0(n.m.2) ~ (10)

n=0m=0

N, M are the truncation orders of the expansion series, N, is
the norm of the scalar product:

Lx L.V
Nym = / / cos? (otyx") cos?(Bmy') dx’ dy’ (11)
x'=0y'=0

with o, B, the eigenvalues:
nmw mim

_nr _ mr 12
oy L. Bm L, (12)

and @ the Cosine Transform of T (x,y,z) defined as:

67(n,m,z)=/ fT(x/,y’,z’)COS(anx’)COS(ﬂmy’)dx’dy/
x'=0y'=0
(13)
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6 is the solution of the following matrix system (the subscripts
top, bottom and oo refer respectively to the top and bottom faces
of the layer and to the bottom side of the structure) obtained
after applying the Fourier Transform (13) to the relations (1),
(3) and (8) (see Appendix A):

e:tOp — A B I Rbottom éoo (1 4)
Biop c pllo 1 Boo
with
6=100.0< N0 Gom < ONm--Oo.m < Onml (15)
and

D =[Pg <> Pyo- - Powm <> PN DPom < Pyul" (16)
A, B, C and D are square diagonal matrices:

A =diag(Ao,o < AN,o---Aom < ANm - Ao,m < AN, M)

(17)
with
Ay = cosh(Yn,me) (18)
B, C and D are calculated the same way with:
Bn,m = COSh(Vn,m e), Cn,m = )"Vn,m Sinh(yn,m e)
Dy = cosh(yy,me) (19)
vn.m depends on the eigenvalues «;,, B, and is given by:
Yam =% + B (20)

I and Rbottom are respectively the unit and convolution matrices
of order (N + 1)(M + 1) x (N + 1)(M + 1). The calcula-
tion of the elements of ﬁbonom, a function of the resistance
distribution R, is detailed in Appendix A. Finally, the spec-
trum of the top temperature vector can be expressed as a func-
tion of the top heat flux vector by inverting a matrix of order
(N+ DM+ 1) x (N+ 1)(M 4+ 1) (see Appendix A). After
calculating the spectra, the return to real space is carried out by
the formula (10).

2.3. Solutions assembling

This section describes the algorithm set up for solutions as-
sembling to find vectors 13;{ and <13k at all boundaries (k = 1-N).

(x,i, y,i,ek) and (x,’;H, y,i+1,0) are coordinates of the dis-
crete element i for the k-th and (k 4 1)-th layers respectively
and R’C’k, the contact resistance for the i-th discrete element be-
tween the k-th and (k + 1)-th layers. According to Eq. (3) the
k-th resistance vector is calculated as:

Ti(xh, yi,er) — Too
D (xg, Vi €k)

Because of the continuity of the temperature and the heat flux
at the boundary between the k-th and (k 4 1)-th layers, Eq. (21)
can be written as:

Re(xp, vi ex) = 1)

Tk+1 (x]i+1 ) )’Ji_,_] ) O) - TOO
¢k+1 (x]l(+1’ y]l<+1a O)

Re(xt, yioex) = (22)

A temperature drop is created at the boundary by introducing

the contact resistance:

R (xp v ex)

Tk+1 (x]l(+1’ y]l(+17 0) - TOO
i+ 1(Xpg15 Viey15 0)

= Re (. v ) + 23)
As mentioned above, a contact resistance can be taken into ac-
count at any point between layers.

The principle of the algorithm is indicated in Fig. 3. It is
based on the iterative calculation of the resistance vectors until
convergence of the process by using relation (23). The iterative
sequences start from a set of initial resistance vectors (formally
the vectors R,? for k =1to Ny — 1). According to relation (23)
resistance R ,1 can be then approximated by:

o i ,
T G Vi 10 0 = Too

5 4 .
Py K1 Vig1: 0)
(24)

Ry (xp vi ex) = Rék(xli» Yioex) +

The calculation loop is repeated until the criterions (25) or (26)
are satisfied:

i1, . . .
CR—maX|:<maX<|Rli (x]l{a y[l{a ek)_R]i(x;{a y/lpek)l
R{(x}, yi. ex)

fori=1,..., Ny xN),k))forkzl,...,N—1:|gsR

(25)
i+1 . . ; . .
CT:maX[<maX<|Tk] ('x/ivy]lcao)_Tkj(x[l{? Y1l<a0)|
Tk](-x]l(a y]l@())
fori=1,..., Ny XN),,()) fork:l,...,N] Leér
(26)

Cpr and C7 are parameters testing convergence of resistance
and temperature vectors, respectively. eg and e7 are constants
as small as desirable achieving convergence, typically equal to
1 x 1073, max is the maximum element of the vectors, Ny, Ny,
are the subdivision numbers according to the x- and y-axis.

3. Performance of the method

The performance of the Discrete Boundary Resistance
method is studied by considering a three-dimensional pack-
aged device constructed with four layers of different sizes and
three rectangular heat sources (a, b, ¢), as shown in Fig. 4. The
power is dissipated at the top side of the device over the regions
a, b and c. Imperfect contacts between layers are considered.
Dimensions and thermal conductivity of materials are reported
in Table 1. Dissipated power is given in Table 2.

3.1. The case of uniform contact between layers
Contact between layers is first considered as uniform. Ther-

mal contact resistances referring to each boundary are indicated
in Table 3.
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vectors R? for k=1 to N -1

Initialization of the

Iteration j>1

R}*" for k=1 to N;-1 according to relation (24)

Cr <&

> Convergence of the iterative algorithm

Fig. 3. Iterative assembling algorithm, as applied to the DBR method.
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Fig. 4. Three-dimensional packaged device, as studied.

3.1.1. Temperature distribution

Fig. 5(a) shows the temperature distribution calculated at the
top side of the device by the DBR method. The assembling al-
gorithm was initialized by a constant boundary resistance equal
to 1 x 107* Km? W™, Truncation orders for double Fourier
Series were chosen to N = M = 30 in all layers. These results

Table 1

Dimension and thermal conductivity of layers used in the device in Fig. 4

Layer  Thermal conductivity . Length Ly  Length Ly,  Thickness e
Wm~!K! mm mm mm

1 50 10 20 0.5

2 50 20 20 0.5

3 200 50 40 2

4 150 70 70 5

Table 2

Dimension of heat sources and dissipated power used in the device in Fig. 4

Heat source Dissipated power Coordinate/x; Coordinate/y; Power density

w mm mm Wm_2
a 7.5 1.66-3.33 25-75 9 x 10°
b 50 5-7.5 5-10 4 x 100
c 50 25-75 12.5-17.5 2 x 100

Table 3
Thermal contact resistance between layers used in the device in Fig. 4

Boundary Thermal contact resistance R¢
Km?w~!

1 5x 1076

2 5x107°

3 1x 1073

4 1x 1074
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Fig. 5. Temperature distributions at the top side of the device (Fig. 4, Tables 1 and 2): (a) as calculated by the DBR method, (b) as calculated by the FEM software,

(c) temperature profiles along the x-axis (AT =T1 — Too).

were found in good agreement with the Finite-Element method
(Comsol® — Multiphysics Software), as reported in Figs. 5(b)
and 5(c). The difference between the methods does not exceed
1.5 °C over a regular grid of 20 x 40 points along the x; and y;
axes when the maximum temperature reaches 130 °C.

3.1.2. Analysis of the convergence

Convergence of the solution is analyzed with respect to the
assembling algorithm. Fig. 6 shows the variation of C7 (rela-
tion (26)) as function of the iterative sequences. Fig. 7 shows
the change in calculated temperature (maximum temperature
and within the dissipation regions a, b, c¢) as a function of the
iterative sequences. Fig. 8 gives the distribution of the bound-
ary resistance computed for layer 1 for different sequences of
the calculation loop (2, 5, 10, 20 iterations). Results reported in
Fig. 6, Fig. 7 and Fig. 8 demonstrate the very fast convergence
of the calculation. For ¢ = 1073, the convergence criterion

5 10 15 20
Iteration

Fig. 6. Evolution of Cr as defined by relation (26) according to iterative se-
quences.
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Fig. 7. Evolution of the calculated temperature at the top side of the device
(maximum temperature Tmax and heat source average temperatures T, p  With
AT =T — To, FE: Finite-Elements, DBR: Discrete Boundary Resistance) ac-
cording to iterative sequences.

Crt < e is satisfied after 21 iterations (see Fig. 6). However,
Fig. 7 shows that a couple of iterations are sufficient to calcu-
late temperature with fine precision. 99.5% of the final value,
calculated within the dissipation regions, is reached after only
5 iterations. One observes that resistance placed to the central
region of the top layer (see Fig. 8) is rapidly calculated while
ones near the edge slowly converge. Note that the lower resis-
tance region can give the effective area of the heat flow. In a
general way, lowest boundary resistance zones define the pref-
erential paths of the heat flow across the full structure.

The accuracy of the method strongly depends on the trunca-
tion orders (Ny, M}, ) of the Fourier series and the discretization
orders (Ny,, Ny, ) of the boundaries. Fig. 9 shows the influence
of the truncation orders for Ny = M and k =1, 2, 3,4 on the
calculated temperature. One finds that high truncation orders
are not required: the convergence is ensured with Ny = My =
30 for the maximum temperature and with Ny = M} = 20 for
the average temperature. Discretization orders have quite more
significant influence (see Fig. 10). For the present case, bound-
aries are subdivided according to a regular square mesh and the
temperature solution is found constant up to Ny, = Ny, =35
for k = 1,2, 3, 4. Generally, optimal truncation and discretiza-
tion orders depend on layer dimensions and properties.

Influence of the initial boundary resistance set on the con-
vergence is also investigated. The set, formally composed of the
vector elements 13(1), ﬁg and ﬁg arbitrary chosen for each layer,
has a strong impact on the convergence of iterative sequences,
and consequently on the computational cost. A mismatch in
convergence is observed on the variation of Cr as a function
of the iterative sequences for different boundary resistance sets,
as shown in Fig. 11. If the initial boundary resistance is lower
than 1 x 107® Km? W~! then the algorithm does not system-
atically converge. The optimal set is achieved with an initial
boundary resistance equal to 1 x 107* Km?>W~!. The com-
putational cost can be drastically reduced by estimating initial
values on the base of reasonable physical considerations. In a
general way, initial sets of the boundary resistance vectors can

be estimated by the following formula, obtained from a series
1-D thermal circuit:

3

0 i, €j+l
=k

Fig. 12 shows the variation of Cr as a function of iterative se-
quences with the set given by the formula (27) for the three
layers. Convergence is found after only 20 iterations which is
not substantially different from results obtained with uniform
initial boundary resistance sets equal to 1 x 10~ Km? W~

3.1.3. Computational time

All tests were performed with a 3 GHz, 1024 Mo Personal
Computer.

Fig. 13 reports the temperature calculated by the DBR
method at each iteration as a function of the computational time
for the maximum and average temperature within the regions a,
b, and c. Each iteration requires approximately 30 seconds.
The time consumed, referred to the Finite-Element method,
was evaluated for a suitable mesh of the full structure corre-
sponding to a solution unchanged within 0.5% after meshing
refinement. Fig. 13 demonstrates the higher performance of the
DBR method with respect to the time consumed. The calcula-
tion by the Finite-Element method needs about 300 seconds,
as indicated in Fig. 13, calculations performed with the DBR
method are concluded after 150 seconds with a precision better
than 0.5%.

3.2. The case of non-uniform contact between layers

Non-uniform contacts are then considered to test the method.
Fig. 15 shows the temperature distributions calculated at the top
of the device with a thermal contact between layers 1 and 2
exhibiting a non-uniform concentration of voids represented by
function (28):

RE(x1,y1) = 0.5 x sin(x - y1) (28)

R(lj is expressed in Km? W~!. Function (28) is plotted in
Fig. 14. As expected, the results reported in Fig. 15(a) and
Fig. 15(c), using the DBR method, are in very good agreement
with the results shown in Fig. 15(b) and Fig. 15(c), using the
Finite-Element method. Maximum difference does not exceed
1.6 °C for a 20 x 40 point mesh. Impact of the region of high
void concentration is clearly observed.

4. Conclusion

The Discrete Boundary Resistance method has been de-
veloped for determining temperature distribution in a semi-
analytical way within tri-dimensional solid-state circuits and
packaged devices in steady state conditions. The method is an
interesting route to investigate complex structures with an arbi-
trary layout composed of multiple material layers and localized
heat sources over sizes ranging from a fraction of a micron to a
couple of centimeters.
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Fig. 8. Distribution of the Boundary Resistance (in 104 Km? Wfl), as calculated for the top layer: (a) after 2 iterations, (b) after 5 iterations, (c) after 10 iterations,

(d) after 20 iterations.
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Fig. 9. Calculated temperature at the top side of the device (maximum temper-
ature Tmax and heat source average temperatures T p, ¢ With AT =T — Tio)
as a function of the truncation order (N, = My, for k = 1,2, 3, 4).
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Fig. 10. Calculated temperature at the top side of the device (maximum temper-
ature Tmax and heat source average temperatures T, 1, ¢ With AT =T — Too)
as a function of the discretization order (Ny; = Ny, = 35fork=1,2,3,4).
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Fig. 11. Variation of C7 as a function of iterative sequences for different initial boundary resistance sets: (a) uniform sets, (b) non-uniform sets.
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Fig. 12. Evolution of C7 according to iterative sequences for initial boundary
resistance sets given by formula (27) (R(l) =173 x 1074, Rg =1.58 x 1074,

R)=143x10"*inKm> W),

200
X tFE —o—AT
180 e
%ATa
140 AT
[ TTSUSS SRR STS
o 120 ‘iy\k
: s
S 100 \
80
60
40— sgeeso ©

2
% 100 200 300 400 500 600
Time computation (s)

Fig. 13. Evolution of the calculated temperature at the top side of the device
(maximum temperature Tmax and heat source average temperatures T, p  with
AT =T — Txo) according to the computational time (fpg: time consumed re-
ferred to the Finite-Element method).
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Fig. 14. Distribution of the thermal contact resistance between layers 1 and 2,
as given by (28) (RL x 105 Km?> W1,

The method consists in decomposing the structure into lay-
ers of different sizes to develop for each one the solution of
the heat conduction equation as a Double Fourier Series, af-
ter dividing the contact boundaries into discrete elements. The
temperature solution is expressed as a function of a boundary
resistance vector attached to the reference temperature of the
full structure. An algorithm has been set up to assemble the
temperature distributions of the different layers in order to find,
step by step, the heat flux and resistance vectors at the bound-
aries.

The method has been studied in regards with a three-
dimensional device constructed with multiple layers of dif-
ferent sizes and three rectangular heat sources. As expected,
the method is found in very good agreement with the Finite-
Element method, especially for non-uniform thermal contacts
between layers. Efficiency of the assembling algorithm has
been demonstrated in terms of accuracy and computational cost.
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Fig. 15. Temperature distributions at the top side of the device (Fig. 4, Tables 1 and 2) with non-uniform thermal contact between layers 1 and 2: (a) as calculated
by the DBR method, (b) as calculated by the FEM software, (c) temperature profiles along the x-axis (AT =T — Teo).

In addition, the convergence of the algorithm has been ana-
lyzed to find the optimal initial boundary resistance sets and the
suitable truncation orders for series expansion and number of
boundary elements.

Finally, the Boundary Resistance Method offers high pre-
cision and reasonable computational cost. This computational
method is particularly attractive for analysis of compound semi-
conductor devices that have a strongly non-planar structure with
large size range of components and high number of localized
heat sources. The calculation of boundary resistance distribu-
tions can provide the preferential paths of heat flow through
the structure. The method can be applicable to various complex
circuits and devices. The next step of the development of the
DBR method could consist in building a criterion that links the
truncation and discretization orders for each layer in order to
optimize the computational time and to reduce the number of
hyper-parameters of the method. Also comparison with other

semi-analytical methods [4,6,7] will be considered in the fu-
ture. Additionally, the method could be extended to transient
thermal analysis.

Supplementary material

The online version of this article contains additional supple-
mentary material.
Please visit DOI: 10.1016/j.ijthermalsci.2008.05.011.
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