
Vol.:(0123456789)

International Journal of Thermophysics (2022) 43:108
https://doi.org/10.1007/s10765-022-03037-6

1 3

Modelling Thermal Diffusivity of Heterogeneous 
Materials Based on Thermal Diffusivities of Components 
with Implications for Thermal Diffusivity and Thermal 
Conductivity Measurement

James K. Carson1 

Received: 27 February 2022 / Accepted: 20 April 2022 / Published online: 14 May 2022 
© The Author(s) 2022

Abstract
Effective thermal diffusivity models are useful for predicting thermal diffusivities 
of heterogeneous materials. The literature contains models that may be broadly cat-
egorised into four different types: (1) effective thermal diffusivity for highly specific 
applications (e.g. empirical curve fitting of measured data); (2) effective thermal dif-
fusivity as a weighted averages of the components’ thermal diffusivities and volume 
fractions; (3) effective thermal diffusivity calculated from effective thermal conduc-
tivity, effective density and effective specific heat capacity known as the ‘lumped 
parameter’ approach (which is the most commonly employed method); (4) compari-
son of times for a fixed quantity of heat to be transferred to a composite material 
with the heat transfer time for a material with an effective thermal diffusivity. The 
latter three modelling methods were tested on theoretical composite materials, and 
none performed consistently better than the others, suggesting there is scope for fur-
ther work in this area. Of the three methods, the least accurate on average was the 
lumped parameter method. Given that this relationship is often used to derive ther-
mal conductivity data from thermal diffusivity data (or vice versa), it is possible that 
significant error is introduced to the derived property in addition to any measure-
ment error, which is often not acknowledged.

Keywords Composites · Effective thermal diffusivity · Heterogeneous materials · 
Thermal conductivity
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a  Dimension shown in Fig. 1(m)
b  Dimension shown in Fig. 1(m)
c  Specific heat capacity (J·kg−1·K−1)
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Fo  Fourier number
k  Thermal conductivity (W·m−1·K−1)
MSE  Mean square error
n  Number of data points
q  Heat flux (W·m−2)
t  Time (s)
T  Temperature (°C)
v  Volume fraction
w  Mass fraction
x  X-Coordinate
X  Material thickness in x-direction (m)
Y  Material thickness in y-direction (m)
α  Thermal diffusivity  (m2·s−1)
β  Fractional completion of heat transfer process defined by Eq. 12
κ  Intermediate variable defined by Eq. 12
ρ  Density (kg·m−3)
σ  Intermediate variable defined by Eq. 25

Superscripts and Subscripts
−  (Overbar) average value
1  Component 1
2  Component 2
c  Continuous phase
comp  Property of composite
d  Dispersed phase
e  Effective property
h  Property of heterogeneous material
i  ith component
n  Index of infinite series
ss  Steady-state

1 Introduction

Modern technology often makes use of advanced materials that are composites or 
hybrids of two or more component materials [1]. The advantage of such materials 
is the ability to customise the material properties, within limits, according to a set 
of design criteria [2]. To this end, there is value in being able to model and pre-
dict properties of heterogeneous materials based on the properties of the component 
materials and some understanding of the structure of the composite, particularly in 
the initial stages of development when a range of specifications or design options 
need to be considered and evaluated.

The literature abounds with studies on the prediction of properties of heteroge-
neous or composite materials. Thermal conductivity prediction in particular has 
received much attention and numerous models have been developed [1, 3–15], and 
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upper and lower bounds for model predictions have been established [2, 16–18]. 
By comparison, significantly less attention has been paid to predicting the effective 
thermal diffusivity of heterogeneous materials, perhaps because many researchers 
seem satisfied with deriving effective thermal diffusivity from effective thermal con-
ductivity data (or vice versa) via the definition of thermal diffusivity, i.e.:

where α is thermal diffusivity, k is thermal conductivity, ρ is density and c is specific 
heat capacity and the subscript e refers to the effective property (i.e. the property of 
the composite as a whole). However, despite making use of the formal definition of 
thermal diffusivity, it is claimed that this approach only provides approximations at 
best [19, 20]. For composite materials comprised of  layers of component materi-
als, relatively simple formulae for effective thermal diffusivity prediction have been 
developed from first principles [20–23]; however, this is the only structure for which 
this is the case.

A number of researchers have produced empirical models to account for changes 
in effective thermal diffusivity with changes in composition and/or temperature (e.g. 
[24–39]). However, these types of models have limited value beyond data reduc-
tion or perhaps the identification of trends between variables. At the opposite end of 
the spectrum, there are highly elaborate models that may be used to obtain thermal 
diffusivity (and other properties), often by fitting temperature histories and profiles 
to measurement or simulation data (e.g. [40]); however, these types of modelling 
approaches rely on detailed structural information of the material being considered 
and are not suitable for quick calculations.

This paper describes a theoretical and numerical evaluation of different generic 
techniques (i.e. excluding purely empirical or highly material-specific models) for 
simple prediction of effective thermal diffusivity that are in current use; in particular 
the paper aims to test whether Eq. 1 (the Lumped Parameter method) is sufficient 
for use for every material, as appears to be assumed by many researchers. The impli-
cations from the evaluation exercise for the common practice of obtaining thermal 
diffusivity measurements for composites from thermal conductivity measurements 
(and vice versa) are also discussed.

2  Current Approaches to Modelling Effective Thermal Diffusivity

Of the types of modelling approaches described above, models that are simply 
empirical correlations of measured data, or are based on highly specific mate-
rial structures will not be considered further in this paper, since they were never 
intended for generic application, unlike the ones outlined below.

(1)�e =
ke

�ece
,
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2.1  Effective Thermal Diffusivity Models as Function of Composition 
and Components’ Thermal Diffusivities: ‘Averaging Method’

Two of the simplest, yet most widely employed thermal conductivity models are the 
Series and Parallel models [7], shown here for a 2-component material:

where v is the volume fraction of the component. Inspection of Eqs. 2 and 3 reveals 
that they are simply the volume-weighted harmonic and arithmetic means, respec-
tively, of the component materials’ thermal conductivities. Similarly, the geometric 
mean of the components’ thermal conductivities has been used to model effective 
thermal conductivities [7]. This simple approach of taking a weighted average of the 
components’ physical properties has also been applied to thermal diffusivity, e.g. in 
the case of the Parallel model [26, 41, 42]:

When applied to thermal conductivity, the Series and Parallel models do actually 
have theoretical bases, being derived from analysis of steady-state conduction resist-
ances [43]. The Series model in particular provides exact thermal conductivity calcula-
tions for one-dimensional heat flow in layered materials (i.e. when the thermal resist-
ances occur in series with respect to the temperature gradient); however, the same is not 
necessarily true when applied to thermal diffusivity.

Schimmel et  al. [20] determined relationships for effective thermal diffusivity of 
multi-layered materials analytically for which one external surface was exposed to a 
heat flux and the other was insulated. For a two-component material their expression 
for effective thermal diffusivity was:

Note than in Eq. 5, unlike Eqs. 2 to 4, the designation of component materials is not 
arbitrary and it is the external surface of Component 1 that experiences the temperature 
change, while the external surface of Component 2 is insulated. They compared predic-
tions from their effective thermal diffusivity models as well as predictions using Eq. 1 
(in which effective thermal conductivity was obtained using Eq. 2), to numerical simu-
lations of temperature histories in the layered material. They concluded that while their 
effective thermal diffusivity models could not produce the same results as the numeri-
cal method (that they assumed provided the ‘correct’ solution), it was much closer than 
the predictions from Eq. 1. Similar analyses for layered materials have been performed 
allowing for the finite propagation time of the temperature front [21–23].

However, other than for layered materials there do not appear to be any effective 
thermal diffusivity models of this type that have been derived analytically, although a 

(2)ke =
1

v1

k1
+

v2

k2

,

(3)ke = k1v1 + k2v2,

(4)�e = �1v1 + �2v2.

(5)1

�e
=

v2
1

�1
+

2v1v2

�1

(

�2c2

�1c1

)

+
v2
2

�2
.
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semi-empirical, modified form of an equation for layered materials derived by Mansan-
ares et al. [21] has been proposed for use with materials having other structures [44].

2.2  Effective Thermal Diffusivities Determined from Effective Thermal 
Conductivity, Effective Density and Effective Specific Heat Capacities: 
‘Lumped Parameter Method’

The most common approach for predicting thermal diffusivity (sometimes referred to 
as the ‘lumped parameter method’ [20, 38]), is to calculate it from effective thermal 
conductivity, effective density and effective specific heat capacities using Eq. 1 (e.g. 
[19, 20, 24, 45–62]). As mentioned in the Introduction, the number of different effec-
tive thermal conductivity models is large; however, the effective density and effective 
specific heat capacity are normally determined from the volume-weighted arithmetic 
mean according to Eq. 6 and the mass-weighted mean according to Eq. 7, respectively:

Note that volume fractions and mass fractions are related by:

Combining Eqs. 6 to 8:

The rationale of this approach is that provided the correct model for effective 
thermal conductivity is employed Eq. 1 would be sufficiently accurate for predict-
ing thermal diffusivity. However, it has been stated that Eq. 1 will only provide 
approximations for effective thermal diffusivity [19, 20].

It is worth observing that the thermal diffusivities predicted using Eq.  1 are 
different from those predicted using the approach described in Sect.  2.1. For 
example, Eq.  10 shows an expanded version of Eq.  4 (i.e. the Parallel model 
applied to thermal diffusivity) while Eq. 11 is the application of Eq. 1 in which 
ke is modelled by the Parallel effective thermal conductivity model Eq. 3 and the 
effective density and specific heat capacity are modelled by Eqs. 6 and 7:

It is clear by inspection that Eqs. 10 and 11 produce different results.

(6)�e = �1v1 + �2v2,

(7)ce = c1w1 + c2w2.

(8)wi = vi
�i

�e
.

(9)(�c)e = �1c1v1 + �2c2v2.

(10)�e =

(

k1

�1c1

)

v1 +

(

k2

�2c2

)

v2,

(11)�e =
k1v1 + k2v2

(�1v1 + �2v2)(c1w1 + c2w2)
=

k1v1 + k2v2

�1c1v1 + �2c2v2
.
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2.3  Ahmadi’s Method

Ahmadi [19] defined effective thermal diffusivities not specifically in terms of the 
component materials’ diffusivities or effective properties, but rather in terms of 
equivalent times for a transient heat transfer process to progress to a certain point. 
Using numerical methods, the time required for a heat conduction process in a 
representative micro-unit of a composite material to reach some fraction of com-
pletion defined in terms of total heat transferred was calculated, and compared 
to the analytical solution for the same process in a homogeneous material having 
an effective thermal diffusivity. For example, if the conduction process was to be 
some fraction β of completion, i.e.

then, according to his definition, the time required for the conduction process in the 
composite to reach β completion (tβ,comp) should be the same as the time required for 
an homogeneous material to reach β completion if the diffusivity of the homogene-
ous material is equal to the effective thermal diffusivity of the composite, i.e.:

where the subscripts h and comp refer to the homogeneous and composite materials, 
respectively. His definition of αe is therefore:

where t* is a dimensionless time variable (equivalent to the Fourier number multi-
plied by a factor of 4, according to the definition provided), and a is the characteris-
tic dimension of the object.

Ahmadi claimed that no similar definition of effective thermal diffusivity exists in 
the open literature, and indeed no others were found as part of this study. However, it 
was acknowledged that the αe calculated using Eq. 10 has a slight dependence on the 
value of β, which is undesirable. What was not discussed was whether t and t* also 
depend on the boundary conditions imposed, i.e. whether if αe is determined from 
one set of boundary conditions for a given value of β it will necessarily be accurate 
if that αe value is applied to the same material under a different set of boundary 
conditions. In addition, the fact that it must be determined numerically makes this 
method less convenient than those outlined in Sects. 2.1 and 2.2.

3  Evaluation of Different Methods for Determining αe

In order to evaluate the different prediction methods a simple composite system 
is employed for which analytical solutions to transient heat transfer are available, 
following a similar approach to that employed by Schimmel et al. [20]. Consider a 

(12)
Q(t)

QTotal

= �,

(13)t�,comp = t�,h,

(14)�e =
t∗
�,h
a2

t�,comp
,
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composite material made up of two slabs with dissimilar physical properties where 
heat flows in one-dimension through the two-component materials in series (Fig. 1). 
For simplicity, it is assumed that contact resistance is negligible. The material as 
shown in Fig. 1 has top and bottom boundaries insulated (i.e. dT/dy = 0 for all x), 
while the left-hand boundary is maintained at TA and the right-hand boundary is at 
TB. The material is initially at uniform temperature T0, and then for t > 0 TA is sud-
denly increased to some new value, while TB is maintained at TB = T0. The origin of 
the x-coordinate is the interface between Components 1 and 2.

Within each material, the transient conduction is governed by the Diffusion equa-
tion [43]:

The conditions at the interface between the two slabs are:

(15)�T

�t
= �

�2T

�x2
.

(16)k1
�T1

�x
= k2

�T2

�x
,

Fig. 1  Composite material comprised of two components in layers
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Eventually a steady temperature distribution is attained across the material with a 
steady heat flux between TA and TB, in which case:

Between TA and TB the steady heat flux is:

The purpose of an effective property is to be able to account for the heat transfer 
behaviour with a single property rather than having to account for the actual spatial 
variation in the property, so that Eq. 15 becomes:

Observing that in this case a/X = v1 and b/X = v2, the heat flow evaluated by Eq. 19 
will be the same as that calculated by Eq. 20 if ke is calculated according to Eq. 2; in 
other words, Eq. 2 may be derived by a comparison of Eqs. 19 and 20. It is important to 
observe that Eq. 19 applies regardless of whether TA or TB experiences the step change, 
with the only difference being the sign of the heat flux (i.e. positive or negative).

The solution of Eq. 15 with these boundary conditions for the transient heat transfer 
process is provided by Carslaw and Jaegar [63], with TB = T0 = 0:

where the λn are the roots of:

and:

(17)T1 = T2.

(18)𝜕2T

𝜕x2
= 0 →

dT

dx
= −

̇qss

k
.

(19)̇qss =
(TA − TB)

a

k1
+

b

k2

.

(20)̇qss = ke
(TA − TB)

X
.

(21)T1(x, t) =
TA

(

k1b − k2x
)

(

k1b + k2a
) − 2TA

∞
∑

n=1

sin2�b�nsin�n(a + x)

�n(asin
2
�b�n + ��bsin2a�n)

e−�1�
2
n
t,

(22)T2(x, t) =
TAk1(b − x)
(

k1b + k2a
) − 2TA

∞
∑

n=1

sina�nsin�b�nsin�(b − x)�n

�n(asin
2
�b�n + ��bsin2a�n)

e−�1�
2
n
t,

(23)cos �na sin ��nb + � sin �na cos ��nb = 0,

(24)� =

√

�1

�2
,

(25)� =
k2�

k1
.
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Figure 2a shows a plot of the temperature profiles at different times according to 
Eqs. 21 and 22 where one slab has the properties of water and the other has thermal 
properties of sandstone (Table 1, [64]) with a = b = 0.05 m, and X = Y = 0.1 m. The tran-
sition from the initial uniform temperature distribution to the steady-state distribution 
once the infinite series term on the right-hand side of Eqs. 21 and 22 has become neg-
ligible is clearly revealed. Figure 2b shows the temperature profiles when the positions 
of the component materials relative to the boundary that experiences the temperature 
change are reversed. It is clear that the temperature profile both during the transient 
process and under steady-state conditions depends on which component the heat flows 
through first [20, 23, 65].

The solution of Eq. 15 with the same external boundary conditions but for a homo-
geneous material is given by Carslaw and Jaegar [63] as:

where in this case the coordinate origin is at the left-hand boundary (surface A). 
Unlike the steady-state problem for thermal conductivity where the relationship 
between ke and k1, k2 was obvious, it is not a simple exercise to determine the proper 
relationship for αe with respect to α1 and α2 by comparing Eq. 26 with Eqs. 21 and 
22). This demonstrates that attempting to obtain an effective thermal diffusivity is 
inherently a more challenging task than determining effective thermal conductivity 
from a steady-state analysis.

Figure 3 shows the temperature history at the interface between the two-component 
materials (recalling that perfect thermal contact is assumed) according to the analytical 
solutions Eqs. 21 and 22) both with water as Component 1 (i.e. the component lying on 
the boundary which experiences the temperature change) and vice versa.

Figure 3 also includes temperature histories plotted using Eq. 22 and the effective 
thermal diffusivities determined by the different methods outlined in Sect. 2, as fol-
lows. The first of these methods (‘averaging method’, Sect. 2.1) was to employ some 
volume-weighted average of the components’ diffusivities. In this case the Series 
model (harmonic mean) seems logical since the components are in series with 
respect to the heat flow:

The second method (Lumped Parameter method, Sect. 2.2) was to employ Eq. 1 
with effective thermal conductivity modelled by the Series model and effective den-
sity and effective specific heat capacity modelled as per Eqs. 6 and 7:

Ahmadi’s method (Sect.  2.3) was implemented using finite element analy-
sis based on a heat transfer completion fraction (β) of 0.9. From Eq.  14, when 

(26)T(x, t) =
TA(X − x)

X
+

2TA

�

∞
∑

n=1

(−1)n

n
e−�en

2�2t∕X2

sin
n�(X − x)

X
,

(27)�e =
1

v1

�1
+

v2

�2

= 2.56 × 10
−7m2s−1.

(28)�e =

(

v1

k1
+

v2

k2

)−1

�1c1v1 + �2c2v2
= 3.15 × 10

−7m2s−1,
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Component 1 had the properties of water the predicted effective thermal diffusiv-
ity was 1.92 ×  10–7  m2·s−1; when Component 1 had the properties of sandstone 
it was 4.15 ×  10–7  m2·s−1. Note that in order to implement Ahmadi’s method, the 
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Fig. 2  Temperature profiles at different times for material depicted in Fig.  1; (a) Component 1 water, 
Component 2 sandstone; (b) Component 1 sandstone, Component 2 water
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effective thermal diffusivities were obtained for different boundary conditions 
(i.e. surface B in Fig. 1 insulated rather than held at fixed temperature).

Figure 3 shows that none of the three methods is able to model the exact solu-
tion for the temperature histories at the interface between the component materials, 
although Ahmadi’s method is able to account for the fact that the temperature his-
tory at the interface is affected by which of the component materials the heat flows 
through first.

The material shown in Fig. 1 is highly non-homogeneous, so it is worth con-
sidering whether the effective thermal diffusivity prediction methods would be 
more accurate for a composite made up of a larger number of alternating lay-
ers. To this end numerical simulations using the Finite Element method were 
performed, since the analytical solutions become increasingly complex with the 
addition of extra layers [20, 23, 63]. The numerical methods were first checked 
against the analytical solutions for the 2-layer composite in Fig.  1. Simula-
tions were performed for a composite having the same overall dimensions and 

Table 1  Thermo-physical 
properties of materials 
considered in analyses

Water Sandstone Aluminium

k (W·m−1·K−1) 0.6 1.83 204
ρ (kg·m−3) 1000 2200 896
c (J·kg−1·K−1) 4180 710 2707
α  (m2·s−1) 1.44 ×  10–7 1.17 ×  10–6 8.41 ×  10–5

0

2

4

6

8

10

12

14

16

0 1000 2000 3000 4000 5000 6000

T
(°C

)

t (s)

Analycal - water first
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Fig. 3  Comparison of temperature histories at the interface between Component 1 and Component 2
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boundary conditions as the 2-layer composite, but having 40 layers with the prop-
erties of the layers alternating firstly between sandstone and water, and secondly 
between sandstone and aluminium (Table 1). In this situation the positions of the 
components with respect to the boundary that experiences the temperature change 
has only a minor influence and the two temperature histories almost superimpose 
each other, so they are not displayed graphically.

Table  2 lists the effective thermal diffusivities calculated by the three different 
methods applied to two different pairings of component materials: sandstone/water 
and sandstone/aluminium. Note that the averaging method and lumped parameter 
method effective thermal diffusivities are independent of the number of layers and 
so they are unchanged from the 2-layer material, while those obtained using Ahma-
di’s method are different. The mean square error (Eq. 29) between the temperature 
histories from the numerical simulations and those calculated using Eq. 26 with an 
effective thermal diffusivity during the transient stage are also shown in Table 2. 

All three prediction methods perform much better for the 40-layer mate-
rial than for the 2-layer material, and both the averaging method and Ahmadi’s 
method provide reasonably accurate predictions. The lumped parameter method 
does not perform nearly as well as the other two methods.

It is worth considering a different geometry, such as the one illustrated in 
Fig. 4. This structure approximates the matrix + filler structure that is common for 
composite materials. The effective thermal conductivity of this structure is mod-
elled well by the 2-dimensional form of the Maxwell-Eucken model (Eq. 30) [5, 
66], particularly for low volume fractions of the dispersed phase (i.e. the circles):

where the subscripts c and d refer to the continuous and dispersed phases, respec-
tively. Therefore, the lumped parameter effective thermal diffusivity is:

In addition to Eqs.  4 and 27, it is also worth considering whether the Max-
well’s model applied to thermal diffusivity provides reasonable accuracy using 
the ‘averaging’ approach, i.e.:

Table  3 shows a comparison between the numerical results and the effective 
thermal diffusivity method for a system in which X = Y = 0.1 m, the radius of the 
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individual circles is 0.003 m, and the number of circles is 36, resulting in a dis-
persed phase volume (vd) fraction of 0.102. The material properties used in this 
case are those of sandstone and aluminium, and results are shown both for sand-
stone as the dispersed phase and sandstone as the continuous phase. In the case 
where sandstone forms the continuous phase, Eq. 27 provides the smallest MSE, 
smaller than the MSE from Eqs.  31, 32 or Ahmadi’s method. When sandstone 

Fig. 4  Matrix-filler material with dispersed phase and continuous phase

Table 3  Mean square error (MSE) between temperature histories using Eq. 26 with effective thermal dif-
fusivity and numerical simulations for a matrix + filler type material

Sand continuous Sand dispersed

αe MSE αe MSE

m2·s−1 m2·s−1

Averaging method (Eq. 32) 1.55 ×  10–6 0.335 7.21 ×  10–5 0.0359
Averaging method (Eq. 27) 1.30 ×  10–6 0.00132 1.03 ×  10–5 40.2
Averaging method (Eq. 4) 9.61 ×  10–6 29.4 7.57 ×  10–5 0.0226
Lumped parameter (Eq. 31) 1.48 ×  10–6 0.176 7.48 ×  10–5 0.0245
Ahmadi 1.41 ×  10–6 0.0789 6.96 ×  10–5 0.0543
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is the dispersed phase, however, Eq. 27 provides by for the worst MSE, with the 
others being comparable to each other.

Of the three test cases considered (2-layered material, 40-layered material, 
matrix + filler material) none of the three modelling approaches consistently pro-
vided the most accurate predictions, although, if an MSE value of less than 0.01 
can be considered ‘sufficient accuracy’, it is clear that sufficiently accurate predic-
tions were obtained for the latter two cases by more than one method. However, it is 
worth observing that the lumped parameter approach, which appears to be employed 
most often for effective thermal diffusivity in the literature was the least accurate 
method on average.

The averaging method is simple, and has the potential for greater accuracy than 
the lumped parameter method; however, it may be difficult to determine the appro-
priate mathematical relationship between the components’ thermal diffusivities, 
since it clearly will not always be either the arithmetic or harmonic mean. While 
it was logical to identify the harmonic mean (Eq. 27, Series model) for the layered 
materials, and it provided adequate predictions for the matrix + filler material when 
sandstone was the continuous phase, it was not suitable for the matrix-filler mate-
rial when aluminium was the continuous phase. Simply ‘translating’ an effective 
thermal conductivity model to effective thermal diffusivity is not the solution, since 
Eq. 27 provided better predictions than Eq. 32 for the sandstone matrix/aluminium 
filler material.

Ahmadi’s method [19] accounts for the transient nature of the problem by defin-
ing effective thermal diffusivity in terms of time; however, it is more cumbersome to 
implement than the lumped parameter or averaging methods, and for some materials 
it may be difficult to identify a representative sub-unit that is repeated throughout 
the volume of the material. While the method can provide very accurate effective 
diffusivities if they are applied under the same boundary conditions for which they 
were determined, they are not guaranteed to be more accurate than the averaging 
method if they are applied under different boundary conditions.

It appears, then, that there is scope for more effort to be devoted to improve effec-
tive thermal diffusivity modelling. In particular it would be valuable if thermal dif-
fusivity bounds analogous to those that have proven to be so useful in effective ther-
mal conductivity analysis [16–18] could be determined, although this is likely to be 
a more challenging exercise than for thermal conductivity.

4  Implications for Thermal Conductivity and Thermal Diffusivity 
Measurement

It is worth analysing why the lumped parameter approach does not perform well 
compared to the other two approaches. Consider again the 2-layer material depicted 
in Fig. 1 with Component 1 having the properties of water. Figure 2a shows that dur-
ing the early stages of the transport process the temperature gradient exists entirely 
within Component 1 and the effective properties of the composite are the same as 
the actual properties of Component 1. As the temperature ‘front’ crosses the inter-
face between the two components, the effective properties now are dependent on the 
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properties of Component 2 in addition to the properties of Component 1. However, 
shortly after the temperature front has crossed the interface, the temperature gradient 
is still mainly within Component 1 and so the effective properties are affected more 
by the properties of Component 1 than the properties of Component 2. For example, 
if the front has reached x = 0.03 m (Fig. 1) the effective volume fraction of Compo-
nent 1 is 0.5/0.8 = 0.625, while that of Component 2 is 0.3/0.8 = 0.375, and the prop-
erties of Component 1 still influence the effective diffusivity significantly more than 
Component 2. It is only once the steady-state gradient has been fully established that 
the effective diffusivity is affected by the thermal properties of the two components 
in equal measure since v1 = v2.

In order for the accuracy of Eq. 1 to be improved, the time-averaged values of 
effective thermal conductivity, specific heat capacity and density, rather than the 
steady-state values, should be used to estimate effective thermal diffusivity:

However, usually it is the steady-state values that are employed, which causes αe 
either to be underestimated (e.g. in this case when Component 1 has the properties 
of sandstone), or overestimated (if Component 1 has the properties of water).

A large number of thermal conductivity measurements are performed under 
steady-state or quasi-steady-state conditions, and often there is subsequent calcula-
tion of thermal diffusivity within the same study. Alternatively, thermal conductivity 
data are presented that have been calculated from thermal diffusivity data that were 
measured using a transient method. Consider the 2-layer material in Fig.  1 being 
subjected to a transient heat transfer measurement (with boundary B insulated rather 
than held at fixed temperature) where the effective thermal diffusivity is fitted to the 
temperature history at the insulated boundary. If Component 1 has the properties of 
sandstone, and Component 2 has the properties of water, the effective thermal dif-
fusivity is 4.18 ×  10–7  m2·s−1 (from fitting the analytical solution for a homogeneous 
material to the numerical simulation history for the heterogeneous material). The 
effective thermal conductivity calculated from this thermal diffusivity using Eq. 1 
would be 1.20 W·m−1·K−1. However, if the same material was subjected to a steady-
state measurement the thermal conductivity is 0.90 W·m−1·K−1, and the thermal dif-
fusivity calculated from it using Eq. 1 would be 3.15 ×  10–7  m2·s−1. For both thermal 
diffusivity and thermal conductivity there is a difference of 33 % between the prop-
erty measured directly and the one derived using Eq. 1.

This example involving the 2-layered material is a case of extreme inhomogene-
ity, and the error would not be as significant in the case of the 40-layered material. 
However, Eq. 1 is commonly used to derive thermal conductivity data from thermal 
diffusivity data (or vice versa) for heterogeneous materials without any recognition 
or consideration of the potential for significant error being introduced by its use (for 
example, thermal conductivity data derived from thermal diffusivity data can be very 
different from directly measured thermal conductivity [67]). Given that the defini-
tions of both thermal diffusivity and thermal conductivity are in macroscopic terms, 
defining the scale at which a multi-component material becomes ‘homogeneous’ is 

(33)�e =
ke(t)

�e(t)ce(t)
.
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a difficult task. However, if distinct ‘phases’ in a material can be identified by the 
naked eye then it is likely that error will be introduced if Eq. 1 is employed to derive 
thermal conductivity from measured thermal diffusivity data or vice versa. Clearly it 
is preferable for each property to be measured directly if possible.

It would be valuable to perform a study where direct measurements of thermal 
diffusivity and thermal conductivity are made on a range of different composite 
materials with varying degrees of inhomogeneity, and then to compare these to con-
ductivities and diffusivities derived from data for the other property. In this way it 
may be possible to quantify the extent of any uncertainty introduced when data for 
either property is derived from measurements of the other.

5  Conclusions

Three categories of effective thermal diffusivity modelling methods (averaging, 
lumped parameter, and Ahmadi) were tested on three theoretical composite materi-
als, and none performed consistently better than the others. Of the three methods, 
the least accurate on average was the lumped parameter method. Given that this rela-
tionship is often used to derive thermal conductivity data from thermal diffusivity 
data (or vice versa), it is probable that significant error is introduced to the derived 
property in addition to any measurement error, which is often not acknowledged.

Funding Open Access funding enabled and organized by CAUL and its Member Institutions.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as 
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is 
not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen 
ses/ by/4. 0/.

References

 1. N. Burger, A. Laachachi, M. Ferriol, M. Lutz, V. Toniazzo, D. Ruch, Progress Polym. Sci. 61, 1 (2016)
 2. S. Zhou, Q. Li, Numer. Heat Transf. Part A 54, 686 (2008)
 3. D.A.G. Bruggeman, Ann. Phys. 24, 636 (1935)
 4. E. Behrens, J. Compos. Mater. 2, 2 (1968)
 5. R.L. Hamilton, O.K. Crosser, Ind. Eng. Chem. Fundam. 1, 187 (1962)
 6. S.C. Cheng, R.I. Vachon, Int. J. Heat Mass Transf. 12, 249 (1969)
 7. R.C. Progelhof, J.L. Throne, R.R. Reutsch, Polym. Eng. Sci. 16, 615 (1976)
 8. I. Nozad, R.G. Carbonell, S. Whitaker, Chem. Eng. Sci. 40, 843 (1985)
 9. E. Tsotsas, H. Martin, Chem. Eng. Process. 22, 19 (1987)
 10. J.K. Carson, Int. J. Refrig. 29, 958 (2006)
 11. F. Gori, S. Corasaniti, Int. J. Heat Mass Transf. 77, 653 (2014)
 12. N. Zhang, Z. Wang, Int. J. Therm. Sci. 117, 172 (2017)
 13. V.R. Tarnawski, M.L. McCombie, T. Momose, I. Sakaguchi, W.H. Leong, Int. J. Thermophys. 34, 1130 

(2013)

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


 International Journal of Thermophysics (2022) 43:108

1 3

108 Page 18 of 19

 14. V.R. Tarnawski, P. Coppa, W.H. Leong, M. McCombie, G. Bovesecchi, Int. J. Therm. Sci. 156, 106493 
(2020)

 15. L. Qiu, Y. Du, Y. Bai, Y. Feng, X. Zhang, J. Wu, X. Wang, C. Xu, J. Therm. Sci. 30, 465 (2021)
 16. T. Lim, Mater. Lett. 54, 152 (2002)
 17. J.K. Carson, S.J. Lovatt, D.J. Tanner, A.C. Cleland, Int. J. Heat Mass Transf. 48, 2150 (2005)
 18. L. Wu, Int. J. Eng. Sci. 48, 783 (2010)
 19. I. Ahmadi, Heat Mass Transf. 53, 277 (2017)
 20. W.P. Schimmel, J.V. Beck, A.B. Donaldson, J. Heat Transf. 99, 466 (1977)
 21. A.M. Mansanares, A.C. Bento, H. Vargas, N.F. Leite, L.C.M. Miranda, Phys. Rev. B 42, 4477 (1990)
 22. J. Ordonez-Miranda, J.J. Alvarado-Gil, Int. J. Therm. Sci. 49, 209 (2010)
 23. J. Ordonez-Miranda, J.J. Alvarado-Gil, J. Heat Transf. 133, 091301 (2011)
 24. J.Y. Kong, O. Miyawaki, T. Yano, Agric. Biol. Chem. 44, 1905 (1980)
 25. P.I. Tikhonravova, A.S. Frid, Eurasian Soil Sci. 41, 190 (2008)
 26. M.S. Rahman, Food Properties Handbook, 2nd edn. (CRC Press, Boca Raton, 2009)
 27. M. Rinaldi, E. Chiavaro, R. Massini, Int. J. Food Sci. Technol. 45, 1909 (2010)
 28. G.L. Dotto, L.A.A. Pinto, M.F.P. Moreira, Heat Mass Transf. 52, 887 (2016)
 29. L. Riedel, Kaltetechnik 21, 315 (1969)
 30. D.A. Suter, K.K. Agrawal, B.L. Clary, Trans. ASAE 18, 370 (1975)
 31. P. Nesvadba, C. Eunson, J. Food Technol. 19, 585 (1984)
 32. J.I. Wadsworth, J.J. Spadaro, Food Technol. 23, 219 (1969)
 33. F.V. Matthews, C.W. Hall, Trans. ASAE 11, 558 (1968)
 34. J. Deng, Q.-W. Li, Y. Xiao, C.-M. Shu, Y.-N. Zhang, Thermochim. Acta 656, 101 (2017)
 35. R.S. Pohndorf, J.C.D. Rocha, I. Lindemann, W.B. Peres, M.D. Oliveira, M.C. Elias, J. Food Process 

Eng. 41, e12626 (2018)
 36. J. Deng, Q.-W. Li, Y. Xiao, C.-P. Wang, C.-M. Shu, Appl. Therm. Eng. 130, 1233 (2018)
 37. X. Xie, Y. Lu, T. Ren, R. Horton, J. Hydrometeorol. 19, 445 (2018)
 38. A.K. Sokolov, Steel Transl. 50, 391 (2020)
 39. H.W. Park, M.G. Lee, J.W. Park, W.B. Yoon, Int. J. Food Eng. 16, 20180055 (2020)
 40. R. Das, D.K. Prasad, Swarm Evolut. Comput. 23, 27 (2015)
 41. Y. Choi, M.R. Okos, Food Engineering and Process Applications 1 (Elsevier Applied Science Publish-

ers, London, 1986), pp. 93–101
 42. H. Sakamoto, F.A. Kulacki, J. Heat Transf. 130, 022601 (2008)
 43. Y.A. Cengel, A.J. Ghajar, Heat and Mass Transfer Fundamentals and Applications, 4th edn. (McGraw-

Hill, New York, 2011)
 44. J.K. Carson, Int. J. Thermophys. 42, 141 (2022)
 45. J. Zwart, M.M. Yovanovich, Effective thermal diffusivity of a simple packed system of spheres, in 

ASME National Heat Transfer Conference, Denver, Colorado, August 4–7 (1985), Paper # 85-HT-52
 46. J.Y. Kong, O. Miyawaki, K. Nakamura, T. Yano, Agric. Biol. Chem. 46, 783 (1982)
 47. J.Y. Kong, O. Miyawaki, K. Nakamura, T. Yano, Agric. Biol. Chem. 46, 789 (1982)
 48. E.F. Jaguaribe, D.E. Beasley, Int. J. Heat Mass Transf. 27, 399 (1984)
 49. J.Y. Kong, T. Yano, J.D. Kim, S.K. Bae, M.Y. Kim, I.S. Kong, Biosci. Biotechnol. Biochem. 58, 1942 

(1994)
 50. A.E. Drouzas, Z.B. Maroulis, V.T. Karathanos, G.D. Saravacos, J. Food Eng. 13, 91 (1991)
 51. R.P. Dias, C.S. Fernandes, M. Mota, J.A. Teixeira, A. Yelshin, Int. J. Heat Mass Transf. 50, 1295 (2007)
 52. T. Gambaryan-Roisman, M. Shapiro, A. Shavit, Int. J. Heat Mass Transf. 54, 4844 (2011)
 53. K. Woods, A. Ortega, Int. J. Heat Mass Transf. 54, 5574 (2011)
 54. C. Veyhl, T. Fiedler, O. Andersen, J. Meinert, T. Bernthaler, I.V. Belova, G.E. Murch, Int. J. Heat Mass 

Transf. 55, 2440 (2012)
 55. D. Polamuri, S.K. Thamida, Int. J. Heat Mass Transf. 81, 767 (2015)
 56. T. Fiedler, I.V. Belova, G.E. Murch, Int. J. Heat Mass Transf. 90, 1009 (2015)
 57. Y. Su, T. Ng, Y. Zhang, J.H. Davidson, Int. J. Heat Mass Transf. 108, 386 (2017)
 58. S. Chen, B. Yang, C. Zheng, Int. J. Heat Mass Transf. 111, 1019 (2017)
 59. T.Y.R. Lee, R.E. Taylor, J. Heat Transf. 100, 720 (1978)
 60. H.T. Aichlmayr, F.A. Kulacki, J. Heat Transf. 128, 1217 (2006)
 61. Y. Wu, C. Ren, X. Yang, J. Tu, S. Jiang, Int. J. Heat Mass Transf. 141, 204 (2019)
 62. M. Potenza, P. Coppa, S. Corasaniti, G. Bovesecchi, J. Heat Transf. 143, 072102 (2021)
 63. H.S. Carslaw, J.C. Jaegar, Conduction of Heat in Solids, 2nd edn. (Clarendon Press, Oxford, 1959)
 64. J.P. Holman, Heat Transfer, 7th edn. (McGraw-Hill, Singapore, 1992)



1 3

International Journal of Thermophysics (2022) 43:108 Page 19 of 19 108

 65. Yu.G. Gurevich, I. Lashkevich, G. Gonzalez de la Cruz, Int. J. Heat Mass Transf. 52, 4302 (2009)
 66. J.K. Carson, Prediction of the thermal conductivity of porous foods, PhD thesis, Massey University, 

New Zealand (2002)
 67. J.K. Carson, Int. J. Food Prop. 17, 1254 (2014)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps 
and institutional affiliations.


	Modelling Thermal Diffusivity of Heterogeneous Materials Based on Thermal Diffusivities of Components with Implications for Thermal Diffusivity and Thermal Conductivity Measurement
	Abstract
	1 Introduction
	2 Current Approaches to Modelling Effective Thermal Diffusivity
	2.1 Effective Thermal Diffusivity Models as Function of Composition and Components’ Thermal Diffusivities: ‘Averaging Method’
	2.2 Effective Thermal Diffusivities Determined from Effective Thermal Conductivity, Effective Density and Effective Specific Heat Capacities: ‘Lumped Parameter Method’
	2.3 Ahmadi’s Method

	3 Evaluation of Different Methods for Determining αe
	4 Implications for Thermal Conductivity and Thermal Diffusivity Measurement
	5 Conclusions
	References




