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Heat transfer between contacting solid particles in gas is localized about the points of contact because of the
low thermal conductivity of gas. This suggests the model of a network of discrete thermal resistances. Thermal
interaction of two particles in the zone of contact between them includes thermal conductivity in the solid
phase as well as heat transfer through a gas gap between the particles, where the conductive heat transfer at
higher distances from the center of the contact changes to the transition transfer and free molecular transfer
near the contact center. In the framework of this approach the effective thermal conductivity depends on three
dimensionless morphological parameters: the volume fraction of solid phase, the mean coordination number,
and the ratio of the size of necks between particles to the size of particles. The physical properties of the phases
are specified by the thermal conductivities of the solid and the gas, the adiabatic exponent of the gas, and the
Knudsen number. The proposed model agrees with the experimental S curves of the effective thermal conduc-
tivity versus the logarithm of gas pressure. It also describes the experimental tendencies of increasing the
effective thermal conductivity with the particle size and the volume fraction of solid. The model can be applied
to powder beds with micron-sized particles as well as to packed beds with millimeter-sized particles in gas.
Free molecular and transient regimes of heat transfer in the gas filling pores can be important even for
millimeter-sized particles at atmospheric pressure when the Knudsen number is as low as 10−5. These rarefied
gas phenomena are responsible for such a complicated behavior of the considered heterogeneous media. Their
quantitative description gives the model, which does not contain fitting parameters.
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I. INTRODUCTION

Transport processes in heterogeneous media are long
explored.1 Nevertheless, new aspects of this problem are
arising due to recent applications.2,3 This can be explained by
a great variety of morphology of heterogeneous structures
because each type of morphology often necessitates a special
approach. This paper is encouraged by the studies of selec-
tive laser sintering/melting of powders,4 while the applica-
tion field could be wider.

The powder bed is considered as a multiphase heteroge-
neous medium with the structure of packed bed, where the
solid particles are dispersed in a continuous gas phase in
such a way that they touch each other. The dispersed par-
ticles can form point contacts between them. The point con-
tacts become the surface ones as a result of mechanical de-
formation of particles at compacting,5 sintering at elevated
temperatures,6 or condensing a liquid at high humidity.7

Thus, the morphology is formed, which will be referred to as
the structure of slightly sintered powder bed. The area of the
contacts between solid particles is supposed to be much less
than the area of the solid gas boundaries, so that the particles
can still be distinguished in the slightly sintered structure.
Materials with the described structure are widely used for
thermal insulation.8 The same morphology is typical at se-
lective laser sintering of powders.9

In 1873 Maxwell proposed the estimate of the effective
conductivity �e of dispersed medium based on the problem
of interaction of a single particle with the matrix10

�e

�g
= �1 − 2fs

1 − �s/�g

2 + �s/�g
���1 + fs

1 − �s/�g

2 + �s/�g
� , �1�

where �g is the conductivity of the matrix, �s is the conduc-
tivity of the dispersed phase �particles�, and fs is the volume
fraction of the dispersed phase. This model neglects the mu-
tual influence of the dispersed particles and is rigorous in the
limit fs→0. In 1935 Bruggeman tried to overcome this re-
striction by changing the matrix with an effective homoge-
neous medium with self-consistent conductivity depending
on the influence of neighbor particles. This approach gave
implicit formula11

1 − fs =
�s − �e

�s − �g
��g

�e
�1/3

. �2�

According to more recent estimates12 Eq. �2� is satisfactory
at fs�0.2, which is considerably less than the typical values
of fs for packed and powder beds.

Further attempts to precise theoretical estimates of the
effective thermal conductivity like in Eqs. �1� and �2� �Refs.
12–15� could show excellent coincidence with experiments
for certain kinds of heterogeneous media as well as consid-
erable disagreement in other cases. Thus, the three param-
eters of �g, �s, and fs were supposed to be insufficient to
describe various heterogeneous media. It became clear that at
least a more careful characterizing of the morphology is nec-
essary. Rigorous calculations for regular structures of spheri-
cal, cylindrical, and ellipsoidal inclusions are known,16–20 as
well as the results for a nonideal thermal contact with a
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matrix18–20 polydisperse particles21 and random structures.22

Nevertheless, these researches do not clarify if the chosen
model morphology matches an actual heterogeneous me-
dium. Any heterogeneous structure specified in detail can be
calculated using modern numerical methods.23 However, the
experimental determination of the three-dimensional detailed
structure itself can be unfeasible because it often requires a
complicated tomography analysis, which is restricted in spa-
tial resolution.

General models10–15 and models with specified
geometry16–22 do not imply such peculiarities of powder beds
as a high difference in thermal conductivity between the ma-
trix and the dispersed phase and the contacts between par-
ticles. Therefore, special models were developed for the
structure of packed beds7,9,24–30 and lattices of overlapping
spheres.8,31 Some authors were concentrated on the gas fill-
ing pores24–27 while others considered contacts between
particles.7–9,28–31 The effective contact conductivity �e of the
simple cubic �SC� structure of equal overlapping spheres can
be estimated by the Reimann-Weber formula8

�e = �s�1

x
+

1

�
ln

2

x
�−1

, �3�

where x is the relative contact size measured as the ratio of
the contact radius to the sphere radius. Numerical calcula-
tions of the temperature distribution in an insulated sphere
with two small surface contacts28 gave results for the fcc and
bcc lattices of contacting spheres. Heat transfer between a
close-packed structure of equal spheres and a wall was
calculated.30 A numerical method for periodic structures was
proposed and applied to the fcc lattice of overlapping
spheres.31

The above models imply the conductive mechanism of
heat transfer both in the solid and the gas phases. The ther-
mal conductivity of gas is known to be independent of its
pressure.32 Therefore, these models cannot explain the strong
correlation between the effective thermal conductivity and
the gas pressure, which is well known from experiments with
powder beds.8,33,34 The common explanation of this correla-
tion is the increase in the mean-free path in the gas with
reducing pressure and the related change from the conductive
to the transition and the free molecular mechanisms of heat
transfer in pores.33 However, the quantitative theory of this
effect does not exist up to now.

A specific kind of heterogeneous media, namely the pow-
der beds, is studied in this paper. The theoretical analysis is
based on the two key features of such media: the first, par-
ticles of the solid phase can be clearly distinguished, which
form point or small surface contacts between them; the sec-
ond, the thermal conductivity of the solid phase is consider-
ably greater than that of the gas filling pores.

II. MODEL OF DISCRETE THERMAL RESISTANCES

At high ratios of thermal conductivity of the solid phase
to that of the gas phase, �s /�g�700–1000, heat transfer in
the powder bed is controlled by the gas phase as found
experimentally.13 Such a regime is typical for metallic and
often for ceramic powders in air. In the vicinity of the con-

tact point, the gap g between two contacting particles is pro-
portional to the distance from the contact point r squared,26,27

where the factor of proportionality depends on the curvatures
of the contacting surfaces. In the conductive regime, heat-
flow density q through this gap is inversely proportional to g,
so that q�1 /r2. Hence, the heat flow is strictly nonuniform
in the volume of a pore and its major part passes through thin
gaps near the contacts between particles. In case of small
surface contacts, a heat flow through the solid phase is su-
perposed, but the total heat flow is still highly nonuniform.
The size of the heat-affected zone of a surface contact is of
the order of its size, so that the thermal contacts of a particle
with its neighbors are independent at the considered condi-
tions. Such medium can be considered as a network of ther-
mal resistances, each of them corresponding to a contact be-
tween neighbor particles. The nodes connecting the
resistances correspond to the particles.

Thus, the classical theoretical approach based on the in-
teraction of a single particle with the matrix and requiring a
correction for mutual influence of particles at their high den-
sity is proposed to abandon. Instead, a strong but localized in
space interaction is suggested to start with. This model has
been developed for calculating the packed beds and the pow-
der beds in Refs. 9, 26, 27, and 29. The principal object of
analysis becomes the contact between two neighbor par-
ticles. The mutual influence of two neighbor contacts can be
taken into account if necessary.28 Below, the model of dis-
crete thermal resistances is applied to the packed beds of
equal spheres. Let the thermal resistance of a contact be �.

A. Regular packing of equal spheres

The effective conductivity can be directly calculated for
regular lattices. Thus, the conductivity tensor is reduced to a
scalar in the systems with cubic symmetry. Therefore, an
estimate of the conductivity in a direction of high symmetry
is sufficient. For example, if spherical particles of the same
diameter D are packed in a SC lattice �see Fig. 1�a�� and the
gradient of the homogenized temperature �T is directed
along axis �100�, the heat flow through the corresponding
plane �100� can be found as follows. The temperature differ-
ence between the centers of spheres of the upper and the
lower monolayers is estimated as �T=�	�T	, where �=D is
the interplanar spacing. The heat flux of 	=�T /� passes
through a contact between the upper and the lower particles.
The area S=D2 of plane �100� corresponds to a contact, so
that the effective heat flux density is

q =
	

S
=

�	�T	
S�

. �4�

The definition of the effective thermal conductivity �e is

q = �e	�T	 . �5�

Comparison of Eqs. �4� and �5� results

�e =
�

S�
. �6�

Substituting the interplane spacing � and the area per contact
S into Eq. �6� gives that �e=1 / �D�� for the SC packing.
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In close-packed structures such as fcc, the effective con-
ductivity in the direction of the normal to the close-packed
plane ��111� fcc� can be found as shown in Fig. 1�b�. This
plane can be divided into regular hexagons shown by thin
lines each of them containing nine contacts and has the area
of 3�
3 /2�D2. The average area per contact is S= �
3 /6�D2.
The interplane spacing is �= �
2 /
3�D. These values substi-
tuted into Eq. �6� result in the effective thermal conductivity
of �e=2
2 / �D��. In the bcc structure �Fig. 1�c�� with the
temperature gradient along axis �100� the interplane spacing
equals �= �
3 /3�D. Plane �100� can be divided into squares
shown by thin lines with the side equal to the lattice param-
eter d=2�
3 /3�D, which contain four contacts. The average
area per contact is S=d2 /4=D2 /3. Equation �6� with these
values of � and S gives �e=
3 / �D��. In case of particles
packed in the diamond structure with the temperature gradi-
ent along axis �111�, heat transfer through each regular hexa-

gon in plane �111� shown in Fig. 1�d� is controlled by three
contacts. The average area per contact is S=4�
3 /3�D2 and
the interplane spacing is �=D, so that �e=
3 / �4D��. The
effective thermal conductivity of the studied regular struc-
tures is summarized in Table I.

B. Random packing of equal spheres

The contact between two neighbor particles is character-
ized by its radius vector r defined as the middle of the inter-
val connecting the centers of the particles r1 and r2, r= �r1
+r2� /2, and the unit vector of direction �= �r1−r2� / 	r1
−r2	. A distribution function of contacts 
�r ,�� can be in-
troduced with 
drd� the number of contacts in elementary
volume dr in solid angle d�. This distribution for a uniform
isotropic randomly packed structure of spheres with diameter
D is9

(a) SC

(b) FCC

(c) BCC

(d) Diamond

(e) Random

FIG. 1. Thermal contacts �points� at �a�–�d� regular and �e� random packing of equal spheres of diameter D. �a� SC structure. Cross
section of two neighbor layers �100�: dashed line, plane �100� and arrow, direction �100�. �b� fcc structure. Two neighbor closely packed
layers �111�: the particles of the lower layer are shown by dashed line and thin lines separate similar hexagons. �c� bcc structure. Two
neighbor layers �100�: the particles of the lower layer are shown by dashed line, thin lines separate similar squares, and d is the lattice
parameter. �d� Diamond structure: thin line, the elementary cube with the side 4�
3 /3�D and dashed line, plane �111�. Only contacts in this
plane are shown. �e� Random structure. Axis �OZ� is directed along the vector of temperature gradient. Only contacts contributing to heat
transfer through the plane drawn by dashed line are shown. Thin lines connect the centers of contacting particles.

TABLE I. Parameters of regular structures of equal spheres with cubic symmetry.

Lattice fcc bcc SC Diamond

Solid fraction, fs �
2 /6=0.740 �
3 /8=0.680 � /6=0.524 �
3 /16=0.340

Coordination number, N 12 8 6 4

Thermal conductivity, �eD� 2
2=2.828 
3=1.732 1 
3 /4=0.433
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drd� =
1

2
fsN

6dr

�D3

d�

4�
, �7�

where N is the mean coordination number and the factor of
1/2 in the RHS of Eq. �7� is necessary because two opposite
directions � and −� correspond to the same contact.

The average heat flux density through plane z=0 normal
to the vector of temperature gradient �T �see Fig. 1�e�� can
be found from the distribution function

q = �
4�

d��
−D cos �/2

D cos �/2 �T���
�


dz , �8�

where � is the polar angle. The limits of integration over z
and the temperature difference through the contact �T���
=D cos �	�T	 are evaluated here with the following assump-
tions: �i� the contact between two particles contributes to
heat transfer through a plane only if the centers of the par-
ticles are on the opposite sides relative to the plane; �ii� the
temperature difference between the centers of neighbor par-
ticles depends on their radius vectors r1 and r2 as

�T = T�r1� − T�r2� = �r1 − r2� � T = D� � T . �9�

The effective thermal conductivity of the random structure is
obtained by comparison of definition �5� with the result of
integration of Eq. �8�

�eD� =
fsN

�
. �10�

This equation obtained for statistically isotropic random
packing appears to be rigorous for the above considered
regular structures too. This can be proved by substituting the
parameters from Table I into Eq. �10�.

III. THERMAL RESISTANCE OF A CONTACT BETWEEN
TWO PARTICLES

To evaluate the resistance �, heat transfer between two
contacting spheres of radii R1 and R2 is considered as shown
in Fig. 2. The temperatures of the centers of the spheres are
T1 and T2. The gap between the spheres is filled with a gas of
thermal conductivity �g, which is much less than those inside
the spheres �1 and �2. A small circular surface contact of
radius a much less than R1 and R2 is possible between the
spheres �see Fig. 2�. In the considered conditions, the prin-
cipal part of the heat flux is transferred through the vicinity
of the contact where the gap g between the spheres is ap-
proximated by a quadratic function of distance r from the
center of the contact �see Fig. 2�

g =
r2

R
, �11�

with the reduced radius

R =
2R1R2

R1 + R2
. �12�

The steady-state temperature distribution in the solid phase
satisfies the equation of Laplace

�2T

�z2 +
1

r

�

�r
�r

�T

�r
� = 0, �13�

where the cylindrical system of coordinates �z ,r� is intro-
duced with axis �OZ� connecting the centers of the particles
and point �z=0, r=0� corresponds to the center of the con-
tact �see Fig. 2�. Equation �11� suggests that g�r�R in the
studied domain near the contact. Therefore, the gap g can be
neglected when specifying the boundary conditions at the
spheres. The approach where solid phase one occupies the
bottom half space z�0 and solid phase two occupies the
upper half space z�0 is applied below. The condition of
continuity of heat flow q between the particles is written as

�1� �T

�z
�

z=−0
= �2� �T

�z
�

z=+0
= q�r� . �14�

The other boundary conditions are the temperature continuity
at the surface contact

T	z=−0 = T	z=+0 at r � a �15�

and the condition of temperature jump on the gas gap

h�T	z=+0 − T	z=−0� = q�r� at r � a , �16�

where h is the heat transfer coefficient through the gas gap
g�r�. The centers of the spheres are far from the heat-affected
zone of the contact, so that in the considered approximate
geometry one can specify temperatures T1 and T2 at the in-
finity

T → T1 at z → −  , �17�

T → T2 at z → −  . �18�

Thus, the problem of thermal contact between spheres is
approximated by the problem of nonideal thermal contact
between half spaces. The temperature distribution in half
spaces z�0 and z�0 is found from the equation of Laplace
�13� with boundary conditions on the contact surface �Eqs.

T2

r

g

T1

a

R2

R1

solid phase

solid phase

gasgas

λ2

λ1

λg λg

Z

O

FIG. 2. Thermal contact between two spheres of radii R1 and R2,
thermal conductivities �1 and �2, and temperatures in their centers
T1 and T2. a is the radius of the surface contact, r is the distance
from the axis of symmetry �OZ�, g is the gas gap, and �g is the
thermal conductivity of gas.
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�14�–�16�� and conditions at the infinity �Eqs. �17� and �18��.
The precision of this approximation increases when the size
of the heat-affected zone decreases relative to the sizes of the
spheres, i.e., when the radius of the surface contact a de-
creases relative to R �see Ref. 9� and the gas conductivity �g
decreases relative to conductivities of solid phases �1 and
�2.26,27 After introducing dimensionless temperature

� = �T − Tc�/�Tc − T1�, z � 0

�T − Tc�/�T2 − Tc�, z � 0
� , �19�

where Tc= ��1T1+�2T2� / ��1+�2� is the temperature of the
surface contact, boundary problem �Eqs. �13�–�18�� becomes
antisymmetric relative to plane z=0, namely, ��−z ,r�=
−��z ,r�, and is reduced to a half-space problem. For ex-
ample, in half space z�0

�2�

�z2 +
1

r

�

�r
�r

��

�r
� = 0, �20�

�	z=0 = 0 at r � a , �21�

�	z=0 =
�s

2h
� ��

�z
�

z=0
at r � a , �22�

� → 1 at z →  �23�

where

�s =
2�1�2

�1 + �2
�24�

is the reduced conductivity of the solid. The heat flux density
through the contact is evaluated as

q�r� =
�s

2
�T2 − T1�� ��

�z
�

z=0
. �25�

The thermal resistance � can be found from the following
equation

1

�
=

1

T2 − T1
�

0



q�r�2�rdr = ��s�
0

 � ��

�z
�

z=0
rdr . �26�

A. Heat transfer through the gas gap

The heat transfer coefficient h through the gas gap g
should be defined to fully specify the considered problem. In
the conductive limit it equals

h =
�g

g
. �27�

When the gap reduces, Eq. �27� is disturbed by nonequi-
librium boundary layers with the thicknesses of the order of
the mean-free path.32 This can be taken into account by in-
troducing the interfacial thermal resistance. For a thin gap
comparable with the mean-free path in the gas, heat transfer
is calculated from the Boltzmann equation. A good approxi-
mation can be the well-known problem of heat transfer be-

tween parallel plates for the Boltzmann equation32 because
the spherical surfaces are approximately parallel near the
contact. Points in Fig. 3 show numerical results obtained by
12-moment approximation for gas with internal degrees of
freedom.35 These data comprise the effect of the interfacial
thermal resistance taken into account through the gas kinetic
boundary conditions.35 In these calculations, gap g is nor-
malized by the mean-free path l, which is related with the
dynamic viscosity �. Thus, for the Maxwell molecules32

� =

�

3
mnlv̄ , �28�

where n= p /kT is the molecular density of the gas, m is the
molecular mass, p is the pressure, k is the Boltzmann con-
stant, and v̄= �8kT /�m�1/2 is the mean molecular velocity.
Thermal conductivity �g and viscosity � of gas are approxi-
mately related by the Eucken equation32

�g =
1

4
�9� − 5�cv

�

m
, �29�

where � is the adiabatic exponent and cv=k / ��−1� is the
specific heat at constant volume. The following definition of
the mean-free path through the thermal conductivity �g can
be obtained from Eqs. �28� and �29�

l = 6
� − 1

9� − 5

�g

p
�mT

2k
�1/2

. �30�

The heat transfer coefficient h tends to its free molecular
limit35

h0 =
1

4

� + 1

� − 1
p� 2k

�mT
�1/2

, �31�

at �=g / l�1 and to the conductive limit �27� shown in Fig. 3
at ��1. In the present paper the following approximation for
the function h��� is used

0 10 20 30
ξ = g/l

0

0.5

1

1.5

h

p(
2k
/π
m
T)

1/
2

[35]

(27)

(32)

γ = 7/5

FIG. 3. Heat transfer coefficient h between parallel plates at
distance g in gas with the mean-free path l at �=7 /5; dotted line,
numerical calculation in 12-moment approximation �Ref. 35�;
dashed line, conductive limit at ��1 �27�; and full line, approxi-
mation by Eq. �32�.
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h

h0
=

1

2

1

1 + �/�
+

1

2

1

�1 + ��/��1/2�2 , � =
2
�

3

9� − 5

� + 1
,

�32�

which is shown by full line in Fig. 3. Equation �32� exactly
tends to the free molecular and conductive limits and cor-
rectly approximates results35 for the transition regime �see
Fig. 3�.

B. Limit of low thermal conductivity of gas

The studied problem reduces to that of circular contact
between two ideally insulated half spaces if the heat flux
though the gas gap can be neglected. When h→0 in Eq.
�22�, it becomes the adiabatic condition

� ��

�z
�

z=0
= 0 at r � a . �33�

The rigorous analytic temperature distribution in the solid
phase is known at this condition9

� = 1 −
2

�
arctg


2


�2 + �2 − 1 + 
��2 + �2 − 1�2 + 4�2
at � � 0,

�34�

with dimensionless coordinates �=r /a and �=z /a. This dis-
tribution shown in Fig. 4 is discontinuous on the insulating
wall �z=0, r�a�. The temperature gradient attains the
maximum at the contact. The temperature tends to the con-
stant values at the distance of several contact diameters from
its center, which shows that the heat-affected zone is local-
ized and the model of discrete thermal resistances can be
applied. The contact resistance is evaluated by substituting
Eq. �34� into Eq. �26�

� =
1

2�sa
. �35�

This result corresponds to the well-known problem of a cir-
cular heat source with a constant temperature on an insulated
half space.36 The effective thermal conductivity of the

packed bed of equal spheres is obtained by substituting Eq.
�35� into Eq. �10�

�e

�s
=

fsN

�
x , �36�

where x=a /R=2a /D is the relative contact size. This equa-
tion is valid for the regular lattices with parameters fs and N
listed in Table I as well as for the random structure. The
effective conductivity is proportional to the contact size with
the factor of proportionality strongly depending on the struc-
ture through the volume fraction of solid fs and the coordi-
nation number N. Figure 5 shows that the model of Reimann-
Weber �3� and the numerical calculations of Siu and Li,28

give slightly nonlinear dependencies of the conductivity ver-
sus the contact size x. This nonlinearity can be considered as
the consequence of the mutual influence of neighbor con-
tacts. When x tends to zero, the heat-affected zones of con-
tacts decrease, the interaction vanishes, and the Reimann-
Weber �3� gives exactly the same result as Eq. �36� with the
parameters of the SC lattice. The present model somewhat
overestimates the effective conductivity at greater values of
x. It is in satisfactory agreement with the known models at
least in the interval 0�x�0.3 as shown in Fig. 5.

The above analysis indicates that the effective thermal
conductivity of packed �powder� beds with surface contacts
between particles essentially depends on three structure pa-
rameters: the volume fraction of solid fs, the coordination
number N, and the relative contact size x. Nevertheless, the
only discussed parameter was fs in numerous experimental
studies of the thermal conductivity of slightly sintered pow-
ders stimulated by the development of the technology of se-
lective laser sintering.37–39 A correlation between N and fs is
probable. An example of such a correlation is given by the
regular structures in Table I. However, different coordination
numbers are possible at the same porosity in real random
structures, so that the two parameters are better considered
independently.

FIG. 4. Distribution of the dimensionless temperature ��z ,r� in
the heat-affected zone of a circular contact with radius a between
two insulated half spaces with different temperatures.

0 0.1 0.2 0.3
x

0

0.2

0.4

0.6

λ e
/λ
s

(36)
Siu&Lee [28]
Reimann-Weber [8]

FCC

BCC

SC

Diamond

FIG. 5. Effective thermal conductivity �e normalized by the
conductivity of solid �s versus the relative contact size x. Compari-
son of the present model �Eq. �36�, full lines� with the models by
Siu and Li �Ref. 28, dashed lines� and Reimann-Weber �Ref. 8, Eq.
�3�, dash-dotted line� for equal spheres packed in cubic lattices.
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C. Low thermal conductivity of gas at point contacts between
particles

If the particles do not form surface contacts, the flux
transferred through the solid phase equals zero. Therefore the
flux transferred through the gas gap cannot be neglected even
at low thermal conductivity of gas. When the conductivity of
gas decreases relative to the conductivity of solid, the heat
transfer is controlled by the gas and the temperature distri-
bution in the particles approaches to the uniform one. At the
limit of low conductivity of gas, the temperatures of particle
surfaces equal to their temperatures at the centers and Eqs.
�16� and �26� result in

1

�
= �

0



h�r�2�rdr , �37�

where the heat transfer coefficient h is specified by Eq. �32�
as the function of the gap g. The quadratic function g�r�
given by Eq. �11� cannot be used because it produces a loga-
rithmic divergence at r→. The upper integration limit in
Eq. �37� was suggested to cut at r�R,26,27 when the approxi-
mation by Eq. �11� becomes incorrect. A high precision of
the estimate of this limit is not required because of the loga-
rithmic dependence on it. The physical reason of such a cut-
ting is that the gap between two spheres is defined at r less
than the radii of the spheres.

The value of the cutting radius was obtained in Refs. 26
and 27 by partitioning the sphere area between N nearest
neighbors. This approach gives a slow dependence of the
result on the coordination number. In this paper, the contact
resistance and the packing structure are analyzed separately,
so that a simplified cutting method is used

1

�
= �

0

R

h�r�2�rdr , �38�

which results in the thermal resistance of contact � indepen-
dent of N

�gD� =
2

�

1

1

2
ln�1 + L� + ln�1 + 
L� +

1

1 + 
L
− 1

, �39�

where

L =
� + 1

9� − 5

3

4
�Kn
�40�

and Kn= l /D is the Knudsen number.
Equations �10� and �39� result in the explicit formula for

the effective thermal conductivity of the packed bed of equal
spheres

�e

�g
=

fsN

2 1

2
ln�1 + L� + ln�1 + 
L� +

1

1 + 
L
− 1� , �41�

where the expression in square brackets depends on the gas
parameters and the factor before it is the dependence on the
packing parameters fs and N, which is the same as in Eq.
�36�. The effective conductivity �41� is related with the par-
ticle size and the gas pressure through the Knudsen number.

D. Numerical calculation

Boundary problem �Eqs. �21�–�23�� for the equation of
Laplace �20� in a half space is numerically solved by a finite-
volume method of the second order. First Eq. �20� is solved
in finite domain �0�z�Zm , 0�r�Rm� with condition �
=1 at boundaries z=Zm and r=Rm. Then Zm and Rm are in-
creased step by step to find the limit at Zm→ and Rm→.
The computation grid is uniform both in z and r. The gap
between two spheres necessary to evaluate the heat transfer
coefficient �32� is found as

g = 2�R − 
R2 − r2� , r � R

 , r � R
� . �42�

The contact resistance � is calculated by numerical integra-
tion of Eq. �26�.

Examples of the obtained distributions of the heat flow
and the surface temperature of the particle versus the dis-
tance r from the center of the contact are shown in Fig. 6.
These calculations are made on the grid 800�800, where
first 20 cells in r can be projected inside the surface contact
r�a. When the conductivity ratio �s /�g increases, these dis-
tributions tend to the limits shown by dashed lines, which
follow from the model of circular contact between two insu-
lated half spaces �34�

�	�=0 = � 0 � � 1

1 −
2

�
arctg

1

�2 − 1

, � � 1 � , �43�

2aq

�s�T2 − T1�
= � ��

��
�

�=0
= � 2

�
1 − �2 � � 1

0 � � 1
� . �44�

The heat flux density q �left column in Fig. 6� transferred
through the gas phase at r�a is considerably less than in the
solid phase at r�a and sharply decreases with r. This justi-
fies the model of discrete resistances. The temperature shown
in the right column of Fig. 6 approaches to a constant value
with increasing r. If the Knudsen number Kn decreases, the
mentioned distributions in gas �dotted lines in Fig. 6� tend to
the conductive limit Kn=0 �full lines�. Approaching to the
limit is slower at smaller relative contact size x=a /R. Thus,
Fig. 6�c� shows a significant difference in the heat flux at
Kn=10−4 and Kn=0. This is because the Knudsen number is
defined by the particle diameter D but the heat flux is con-
trolled by the gas gap g, which can be much smaller than D.

The dimensional analysis of problem �Eqs. �20�–�23� and
�32�� and the comparison with limiting cases �Eqs. �35� and
�39�� indicate that the contact resistance generally depends
on four dimensionless parameters

�gD� = F�x,
�s

�g
,Kn,�� , �45�

where F� � is a dimensionless function. In the conductive
limit Kn=0, when the dependence on the last two parameters
vanishes, the calculated contact resistance � is shown in Fig.
7 versus x and �s /�g. The normalization of � is changed in
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this figure to facilitate the comparison with the model of
circular contact between insulated half spaces �35�. Figure 7
shows that in the shadowed domain of parameters, this lim-
iting model can be applied with the relative error less than
10%. Decreasing the resistance with decreasing x and �s /�g
means increasing the relative input of heat transfer through
the gas gap between particles. Figure 8 shows the influence
of rarefying the gas, where full lines are the sections of the
surface shown in Fig. 7 at constant x and points are calcula-
tions at nonzero Kn. As Kn increases, the contact resistance
increases because of decreasing the flux through the gas gap
�compare with Fig. 6� and approaches to the model of circu-

lar contact between insulated half spaces �35�.
Figure 9 shows the examples of calculation at x=0 when

the particles form point contacts but not surface ones. In this
case, a grid 100�100 in the calculation domain with the
dimensions Rm=Zm=R was sufficient. The heat flux density
q �Fig. 9�a�� steeply decreases with the distance from the
contact center and the surface temperature of the particle can
be strongly nonuniform, for example at Kn=10−4 and
�s /�g=10 and 102 in Fig. 9�b�, as well as approximately
constant, for example at Kn=10−4 and �s /�g=103 and 104.
Heat transfer is controlled by gas phase in the latter case. The
dependence on the adiabatic exponent � is very slow in these
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FIG. 6. �Color online� Normalized heat flux density q �left column� through the contact between two spherical particles with center
temperatures T1 and T2 and the dimensionless temperature � �right column� on the particle surface versus the distance r from the center of
contact. The ratio of the radius of the surface contact to the reduced radius of the particles x=a /R: �a� 1/10; �b� 1/20; and �c� 1/40. Full lines
show the conductive limit Kn=0 with the numbers near the curves indicating the ratio �s /�g of the reduced conductivity of solid to the
conductivity of gas. Dashed lines show the limit at �g=0. Dotted lines show the transition regime in the gas with the adiabatic exponent
�=7 /5 and indicated values of the Knudsen number Kn.
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examples. Figure 10 shows the sections of the surface of
dimensionless contact resistance �45� in the parameter space
at x=0 and constant Kn and �. These sections appear to
depend on � very weakly. When the conductivity ratio �s /�g
increases, the relative contribution of the gas phase into the
contact resistance increases and the resistance tends to the
limit equal to the resistance of the gas gap, which depends on
the Knudsen number and is estimated by Eq. �39� �horizontal
intervals in Fig. 10�. When the Knudsen number decreases,
the distance between the corresponding curves decreases in
the left bottom part of Fig. 10, especially at �s /�g�102 and
Kn�10−4, indicating the tendency to the conductive limit at
Kn=0 shown by the dotted line.

In the case of the point contact, the gas gap g between
particles can be arbitraryly small when approaching to the
contact point and the zones of molecular heat transfer in gas
where g� l and the transition heat transfer with g� l always
exist. When the Knudsen number decreases, the curves ap-
proach each other in the left bottom of Fig. 10 at �s /�g
�102 and slowly tend to the conductive limit Kn=0 shown
by dashed line. The conductive approximation �27� consid-
erably overestimates the heat transfer coefficient in these
zones. Nevertheless, the estimates implementing Eq. �27� in-
stead of a more rigorous Eq. �32� shown in Figs. 9 and 10 by
dotted lines are useful and do tend to a finite limit at Kn
→0. This is because at low Kn near the contact point where
approximation �27� could introduce a considerable error, the
heat transfer is controlled by the solid phase.

IV. ANALYSIS OF EXPERIMENTAL DATA

The effective thermal conductivity of powder and packed
beds is evaluated by the model of discrete thermal resis-

1 2 3 4
lg(λs/λg )
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x

FIG. 7. �Color online� Dimensionless thermal resistance of a
contact between two spheres 2a�s� in the conductive limit Kn=0
versus the relative size of the surface contact x=a /R and the con-
ductivity ratio �s /�g. In the shadowed domain �Eq. �35�� for the
circular contact between half spaces provides a good
approximation.
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FIG. 8. �Color online� Dimensionless contact thermal resistance
2a�s� versus the conductivity ratio �s /�g at the relative size of the
surface contact x=a /R :1 /40; 1/20; 1/10; and 1/5. The values of x
are indicated near curves. Full lines show the conductive limit Kn
=0. The curves are vertically shifted with the increment of 0.2 and
the indicated absolute shift. Dashed horizontal lines show the limit
at �g→0. Points show the transition regime in gas with the adia-
batic exponent �=7 /5 and the indicated values of the Knudsen
number Kn.
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FIG. 9. �Color online� Normalized heat flux density q �a�
through the gas gap between two spherical particles in a point con-
tact with the temperatures of their centers T1 and T2 and the dimen-
sionless temperature � �b� on the particle surface versus the distance
r from the contact point at Kn=10−4 and �=7 /5 �full lines� and
�=5 /3 �dashed lines� and in the conductive limit Kn=0 �dotted
lines�. The numbers near the curves indicate the ratio �s /�g of the
reduced thermal conductivity of the solid phase to the thermal con-
ductivity of the gas.
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tances �10� where the results of Sec. III are useful to estimate
the contact resistance between two particles �. The neces-
sary gas parameters are listed in Table II. The thermal con-
ductivity of gases is taken from Ref. 40 and the mean-free
path at the normal pressure is calculated by Eq. �30�.

The method of calculation is explained below by the ex-
ample of packed bed of glass spheres with diameter D
=4.06 mm in air at the temperature of 60 °S and the atmo-
spheric pressure studied in Ref. 24. Table III presents the
parameters for calculation and the results. The parameters of
air are taken from Table II at the temperature of 333 K.
According to Fig. 10, the dimensionless parameters of the
contact are near the limiting curve at Kn→0. The numerical
model described in Sec. III results in the dimensionless con-
tact resistance �gD�=0.141. Equation �10� for the effective
thermal conductivity requires the mean coordination number
N, which was not measured in Eq. �24�. However, the re-
ported value of the solid fraction fs=0.6 is intermediate be-

tween bcc and SC structures �see Table I�, so that the value
of N is supposed to be intermediate. The estimate of N=7
gives �e /�g=9.5, while the experimental value of �e /�g re-
ported in Eq. �24� equals 12.0.

The discrepancy can arise because of neglecting the radia-
tive heat transfer in the calculations. The radiative contribu-
tion to the thermal conductivity is estimated in the Rosseland
approximation as41

�r =
16�T3

3�
, �46�

where � is the effective extinction coefficient for the thermal
radiation and � is the constant of Stefan-Boltzmann. The
wavelength of the thermal radiation is about 10 �m at the
considered temperature. The glass is opaque at this wave-
length. In the heterogeneous medium composed of opaque
and a transparent phases, the effective extinction coefficient
is estimated as a quarter of the specific surface of the inter-
face per the unit volume of the transparent phase.42 In the
case of the packed bed of spheres, this gives

TABLE II. Parameters of gases at the atmospheric pressure ac-
cepted for calculation.

Gas
Temperature,

T �K�
Adiabatic

exponent, �

Thermal
conductivity,
�g �W/�m K��

Mean-free
path, l
�nm�

Air 298 7/5 0.026 58

Air 333 7/5 0.029 69

N2 298 7/5 0.0257 57

He 298 5/3 0.152 161

He 473 5/3 0.2 266

He 573 5/3 0.24 352

Ar 298 5/3 0.0177 59
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λs/λg

0.1

1
λ g
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γ = 7/5
γ = 5/3

Kn = 10-4

Kn = 10-3

Kn = 10-2

Kn = 10-1

Kn = 10-5

Kn=10-6Kn = 0

FIG. 10. �Color online� Dimensionless thermal resistance �gD�
versus the conductivity ratio �s /�g at the point contact x=0. The
values of the Knudsen number Kn are indicated near the corre-
sponding curves. The adiabatic exponent � :7 /5 �full lines� and 5/3
�dashed lines� are given. The dotted line shows the conductive limit
Kn=0. Horizontal intervals show the limit at �g→0.

TABLE III. Calculation of the packed bed of glass spheres in air at 60 °C and the atmospheric pressure.

Parameter Value Source, note

Sphere diameter, D 4.06 mm Ref. 24 Initial data

Volume fraction of the solid phase, fs 0.60 Ref. 24

Thermal conductivity of the solid, �s 1.61 W/�m K� Ref. 24

Relative size of the surface contact, x=2a /D 0 Dimensionless parameters for evaluating
the contact resistance by Eq. �45�Conductivity ratio �s /�g 56

Knudsen number, Kn= l /D 1.70·10−5

Adiabatic exponent, � 7/5

Dimensionless contact resistance, �gD� 0.141 Numerical calculation, Fig. 10

Mean coordination number, N 7 Estimate by Table I

Dimensionless effective thermal conductivity, �e /�g 9.5 Calculation by Eq. �10�
10.2 With the correction for radiative thermal conductivity by Eq. �48�
11.0 Evaluation by empirical formula, Ref. 24

12.0 Experimental value, Ref. 24
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� =
fs

1 − fs

3

2D
. �47�

Substitution of Eq. �47� into Eq. �46� gives the estimate of
the radiative thermal conductivity

�r =
32

9

1 − fs

fs
D�T3, �48�

which results in �r=0.020 W / �m K�=0.7�g. The contact
and radiative heat flows are approximately independent, so
that the corresponding conductivities should be added. Thus,
the calculated value with the correction for the radiative
transfer is about 10.2�g, which is still less than the experi-
mental value of 12�g. The estimation by the empirical
formula24 gives �e /�g=11.0, which underestimates the ex-
periment too. The difference between the calculated and the
experimental values can be explained by the formation of
small surface contacts between particles due to a surface
contamination or a deformation.

A. Dependence on the gas pressure

Numerical calculation by the model results in S-shaped
curves of the effective thermal conductivity �e of the packed
bed versus the pressure p of the gas filling pores, which are
shown by full lines in Fig. 11. The right branches of these
curves tend to the limit of Kn=0 �dashed line in Fig. 11�a� at
p→, which corresponds to the dotted curve in Fig. 10. In
the considered case of point contacts between particles, x
=0, the left branches tend to zero.

Experimental works often report the residual thermal con-
ductivity at zero pressure. This value was 0.42�g for
experiment25 shown by points in Fig. 11�a�. The residual
conductivity is the sum of the conductivity through the sur-
face contacts �at x�0� given by Eq. �36� and the radiative
conductivity given by Eq. �48�. The contribution of the ra-
diative conductivity is evaluated as about 0.12�g in the con-
sidered conditions. Then the rest of 0.3�g can be used to
estimate the relative size of the surface contact by Eq. �36�.
This results in x=3·10−3. Such a small value can be ex-
plained by a noncontrolled contamination.

The calculated curves �full lines in Fig. 11� are generally
in good agreement with experiments25,33 for the packed beds
of ceramic particles �points�. However, the experimental val-
ues tend to the right limit a bit faster than the calculated
ones. According to the model, the value of the right limit is
sensible to the ratio �s /�g. While the conductivity of gas �g
is known with a good accuracy �see Table II�, the conductiv-
ity of solid ceramic phase �s could be a source of error. In
the calculations the values for pure sintered oxides40 are
used, which are indicated on the left top corner of each dia-
gram. These values could considerably overestimate the ac-
tual conductivity of the solid phase because of impurities and
crystal defects probably present in small particles. If the ratio
�s /�g were less, the saturation of the contact resistance with
decreasing the Knudsen number Kn �see Fig. 10� would oc-
cur earlier. The gas pressure is inversely proportional to Kn
�see upper horizontal axes in Fig. 11�, so that the correspond-
ing saturation with increasing the pressure would occur ear-
lier and the limit value would be less.

The left and the central parts of the S curve can be inde-
pendent of the conductivity of the solid phase because the
contact resistance approaches to its limit at �s /�g→ �see
Fig. 10� as Kn increases. In this limit the contact resistance is
estimated by the model of isothermal spheres �horizontal in-
tervals in Fig. 10� where the effective thermal conductivity is
given by Eq. �41�. The dotted curve in Fig. 11�b� calculated
by this approach satisfactorily agrees with the shown experi-
mental data.

The approximation of isothermal spheres �41� becomes
more precise with increasing the ratio �s /�g, so that it is
useful for metallic particles of high thermal conductivity.
Figure 12 compares this approximation with experimental
data34 for packed beds of uranium spheres. Thermal conduc-
tivity of uranium at RT is about �s=28 W / �m K�,40 which
results in the ratio of about �s /�g=1000 in nitrogen atmo-
sphere �see the value of �g in Table II�. According to Fig. 10,
at such a high ratio �s /�g the approximation of isothermal
spheres should be satisfactory at Kn�10−4÷10−5, which cor-
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FIG. 11. Effective thermal conductivity �e of packed beds of
ceramic particles in He versus pressure p: �a� spheroids Al2O3 with
the diameter D=0.936 mm at the temperature 573 K �Ref. 25� and
�b� powder Al2O3 with the mean diameter of particles D
=200 �m at the temperature 473 K �Ref. 33�. Points show experi-
mental data of Refs. 25 and 33. Full lines show the numerical cal-
culations. The horizontal dashed line shows the limit at Kn=0. The
dotted line shows the approximation of isothermal spheres �41�.
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responds to the particle diameter D�0,6÷6 mm at the at-
mospheric pressure in nitrogen with l=57 nm. Indeed, the
calculations by this simplified model agree with the experi-
mental data in Fig. 12.

B. Dependence on the nature of gas

At the same structure parameters fs and N and the adia-
batic exponent � Eq. �41� specifies the dimensionless ratio
�e /�g as a universal function of the Knudsen number. There-
fore, changing a monatomic gas to another monatomic gas in
the same packed bed is equivalent to shifting the universal
curve along the axis of pressure according to the change in
the mean-free path. This is demonstrated by Fig. 12�a�. The
helium atom is smaller than that of argon. Therefore, the
same value of the mean-free path and the Knudsen number is
attained at higher pressure in helium. This means that the
curve for helium should be shifted to the right, which corre-
sponds to the experimental data in this figure.

C. Dependence on the particle size

At the same packing structure and the gas filling pores,
the proportional increase in the particle size and the mean-

free path keeps the value of the Knudsen number. As the
mean-free path increases when the pressure decreases, the
universal curve shifts to the left with increasing the particle
size as shown in Fig. 12�b�, which agrees with experiments.

Figure 13 shows the data of different authors obtained in
air at the normal conditions in a wide interval of the particle
diameter D. The mean-free path l=58 is the same, so that the
Knudsen number Kn is inversely proportional to D and the
upper horizontal scale in this figure shows 1 /Kn. When D
increases and Kn accordingly decreases, the contact resis-
tance decreases �see Fig. 10� and the thermal conductivity
given by Eq. �10� increases. The three curves in Fig. 13 are
calculated in the approximation of isothermal spheres �41�
with the parameters fs and N corresponding to the fcc, bcc,
and SC lattices �see Table I�. The experimental points are
obtained at different packing densities fs, which complicates
the analysis. Nevertheless, the general experimental ten-
dency of increasing �e with D is evident. The experimental
points for uranium34 and lead13 obtained at the density about
fs=0,6 lie near the middle dashed curve corresponding to
bcc. In case of larger spheres, the variation in experimental
data is greater but still in between the upper full �fcc� and the
lower dash-dotted SC curves.

D. Peculiarities of powder beds

In the above experiments, even avec particles of few mil-
limeters, the purely conductive regime of heat transfer in the
gas phase is not attained despite extremely low values of the
Knudsen number down to Kn=10−5. The zone near the con-
tact point between particles always contributes considerably,
where the gas gap g is less or comparable with the mean-free
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FIG. 12. Comparison of the function of the effective thermal
conductivity �e versus the pressure p calculated in the approxima-
tion of isothermal spheres �41� �curves� with the experimental data
of Ref. 34 �points� for packed beds of uranium spherical particles in
gases at the RT: �a� particles of diameter D=190 �m in Ar and He
and �b� particles of various diameters in N2.
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FIG. 13. Effective thermal conductivity �e of packed beds of
metallic spheres in air at the normal conditions versus the diameter
D. Curves show the approximation of isothermal spheres �41� with
parameters fs and N given in the upper left corner. Points show
experimental data of Refs. 13, 34, and 43 with the indicated solid
materials and values of fs.
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path l. Therefore, the considered problem includes the phe-
nomena of rarefied gas even at the atmospheric pressure and
macroscopic dimensions. The weight of these phenomena
increases when the particle size decreases. Powder particles
often have irregular shape, which complicates applying the
model based on packed spheres. In addition, the volume frac-
tion of solid fs varies in a large range in powders.

Figure 14 shows the effective thermal conductivity versus
the volumetric fraction of solid. Points indicate experimental
data13,27,34 obtained for powder and packed beds of metallic
particles with high ratio �s /�g, when the conductivity of
solid �s actually does not influence. Therefore, these data are
compared with theoretical models in the limit �s /�g→.
According to the models of Maxwell �1� and Bruggeman �2�,
the ratio is a function of fs in the considered limit. The dif-
ference between these two models increases with fs. The
model of Maxwell better describes the micrometer-sized
powders, while the model of Bruggeman tends to the
millimeter-sized packed beds. The dependence on the par-

ticle size evident from the discussion in Sec. IV and III is
neglected in these well-known models.

Bold full curves with the indicated values of D show the
model proposed in this paper. The calculations are made in
the approximation of isothermal spheres, which corresponds
to the limit �s /�g→. First the values of �e /�g are evalu-
ated for the regular structures from Table I corresponding to
vertical thin lines in Fig. 14. Then these calculated points are
connected by splines. These estimates correctly present the
experimental dependencies on fs and D. The model signifi-
cantly underestimates the thermal conductivity for iron pow-
der with irregular particles �triangles in Fig. 14� and copper
powders �squares�. In the first case, the discrepancy can arise
because the particles are spherical in the model. In the sec-
ond case, the oxidation of copper can influence the experi-
mental result. Reference 27 points out that the two men-
tioned powders have wide size distributions. This also can be
responsible for the disagreement with the model.
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FIG. 14. Effective thermal conductivity �e of powder and packed beds in air at the normal conditions versus the volume fraction of solid
fs. Points show experimental data of Refs. 13, 27, and 34 with indicated material of the solid phase and the mean particle diameter. The shape
of particles and the reference are given in the top left corner. The dashed curve shows the model of Maxwell �1� in the limit �s /�g→. The
dash-dotted line shows the model of Bruggeman �2� in the same limit. Bold full lines show the approximation of isothermal spheres for the
specified particle diameters D and the corresponding Knudsen numbers Kn. Thin vertical lines give the values of fs for the regular structures
are indicated on the top.

MODEL OF THERMAL CONDUCTIVITY IN POWDER BEDS PHYSICAL REVIEW B 80, 024202 �2009�

024202-13



V. CONCLUSION

The model of discrete thermal resistances is proposed to
take into account the strong thermal interaction between par-
ticles in powder and packed beds. This model applied to
packed equal spheres estimates the effective thermal conduc-
tivity �e �10� as a function of the volume fraction of solid fs,
the mean coordination number N, and the thermal resistance
of a contact between two neighbor particles �. Equation �10�
is rigorous for regular packing with the lattices of Diamond,
SC, bcc, and fcc and is applicable for random packing.

The problem of heat transfer in the domain of the contact
between two particles includes conductivity in the solid
phase of the particles and through a possible spot of the
surface contact between them as well as heat transfer through
the gap filled with gas where the conductive regime at
greater distances from the center of the contact consecutively
changes to the transition and free molecular regimes, while
the distance to the center decreases. The intensity of heat
transfer rapidly decreases with increasing the distance from
the center where the gas gap is thin, so that the thickness of
the gap is proposed to neglect. This assumption results in the
model geometry of a nonideal thermal contact between half
spaces. Then the heat transfer coefficient through the gas gap
can be estimated by the well-known problem of heat transfer
between parallel plates. The heat transfer in the solid phase is
calculated in the two-dimensional cylindrical geometry.

The dimensional analysis for this model indicates that the
contact resistance � depends on four dimensionless param-
eters: the relative size of the surface contact x, the ratio of
thermal conductivities of the solid and gas phases �s /�g, the
Knudsen number Kn, and the adiabatic exponent �. The re-
sults of numerical calculation of this function are shown in
Figs. 7, 8, and 10. In the case of small surface contacts �0
�x�1� at high ratio �s /�g, the contact resistance is esti-
mated by the model of circular contact between ideally insu-
lated half spaces �35�. Then the effective thermal conductiv-
ity is estimated by Eq. �36�. The limits of application of this

approximation and its precision are estimated by Fig. 7. For
point contacts �x=0� at high �s /�g and not very small Kn,
the approximation of isothermal spheres �39� works, which
gives analytical formula for the effective thermal conductiv-
ity �41� with the limits of application estimated by Fig. 10.

The numerical calculations by the proposed model satis-
factorily describe the experimental S-shaped curves of the
effective thermal conductivity versus the logarithm of the gas
pressure. The residual conductivity in vacuum is explained
by a superposition of the radiative heat transfer and the trans-
fer through small surface contacts between particles. The
saturation at high pressures occurs because heat transfer is
controlled by the solid phase. The proposed model also
agrees with the experimentally observed variations in the S
curves with changing the gas filling pores and the particle
size.

The model explains the experimental tendencies of in-
creasing the effective thermal conductivity with the particle
size and the volume fraction of solid. It can be applied to
powder beds with micron-sized particles as well as to packed
beds with millimeter-sized particles. The discrepancy in the
experimental data is explained by nonsphericity of the par-
ticles and their distributions in sizes not included in the
model as well as by formation of small surface contacts be-
tween particles not controlled in the experiments.

The analysis of experimental data indicates that the free
molecular and transition regimes of heat transfer in gas fill-
ing pores can be important even for millimeter-sized par-
ticles at the atmospheric pressure, when the Knudsen number
is as low as Kn=10−5. These phenomena specific for rarefied
gases do define the complicated behavior of the considered
media. The rigorous evaluation of the rarefied gas effects
results in the model, which does not contain empirical pa-
rameters.
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