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A systematical study on contact modiﬁcations is performed for structured packed beds.
The bridges modiﬁcation is found to give the most reasonable macroscopic results.
The overlaps and bridges methods are suitable for predicting local heat transfer.
Reasonable bridge diameter is found in a range from 16% dp to 20% dp .
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a b s t r a c t
The present paper systematically investigated the appropriateness of different contact point modiﬁcation
approaches for forced convective heat transfer analysis in structured packed beds of spheres. The threedimensional Navier–Stokes equations and RNG k–ε turbulence model with scalable wall function are
adopted to model the turbulent ﬂow inside the pores. Both macroscopic and local ﬂow and heat transfer
characteristics for different packing forms (simple cubic, body center cubic and face center cubic packing
forms) and contact treatments (gaps, overlaps, bridges and caps modiﬁcations) are carefully examined. In
particular, the effects caused by the bridge size for the bridges treatment are discussed, and the numerical
results are compared with available experiments in literature. It is found that the effects of contact
treatments on the pressure drops are remarkable for different structured packing forms, especially when
the porosity is relatively low, while such effects on the Nusselt numbers are relatively small. Among the
four different contact modiﬁcations, the bridges method would give the most reasonable pressure drops
for all the structured packing forms studied and this method is also proved to be suitable for predicting
the Nusselt numbers. The local ﬂow and heat transfer characteristics in the structured packed bed are
sensitive to the methodology of contact modiﬁcations. The gaps and caps treatments would distort the
local ﬂow and temperature distributions in the packed bed, especially near the contact zones. While
the local ﬂow and temperature distributions from the overlaps and bridges treatments would be more
reasonable and close to those in the original packing with points contact. Based on both the macroscopic
and local ﬂow and heat transfer analyses, the bridges treatment is recommended. The effects caused
by the bridge size in the bridges treatment are also remarkable. It is noted that too small or too large
bridge size would lead to unreasonable results for both the macroscopic and local ﬂow and heat transfer
analyses. A reasonable range of bridge diameter is found to be from 16% dp to 20% dp .
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Nowadays, packed beds are used in a wide variety of nuclear
energy and chemical process industries, such as high temperature
gas-cooled nuclear reactors, packed bed regenerators, absorption towers, catalytic reactors and chromatographic reactors (van
Antwerpen et al., 2012; Yang et al., 2012), to name a few.
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Due to the rapid development of computer technology, computational ﬂuid dynamics (CFD) becomes quite popular in the
simulation of ﬂuid ﬂow and heat transfer in the packed beds. With
the aid of CFD, detailed transport characteristics in the small pores
of packed bed would be obtained. For example, in the recent studies of Shams et al. (2012, 2013a,b), three-dimensional turbulent
ﬂow and heat transfer in a pebble bed were numerically investigated with the quasi direct simulations method, which may serve
as a benchmark for the validation of different turbulence modeling
approaches. The obtained results showed a good prediction of the
ﬂow and heat transport in the pebble bed core and this would be
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area [m2 ]
speciﬁc heat [J/(kg K)]
model constants in turbulent kinetic energy equation
model constant in turbulent viscosity correlation
particle diameter [m]
pore scale hydraulic diameter [m]
RNG k–ε turbulence model coefﬁcient
area heat transfer coefﬁcient of particle to ﬂuid
[W/(m2 K)]
height of packed cell [m]
turbulent kinetic energy [m2 /s2 ]
thermal conductivity of ﬂuid [W/(m K)]
length of packed cell [m]
normal vector
Nusselt number of particle to ﬂuid
pressure [Pa]
shear production of turbulence [kg/(m s3 )]
heat ﬂux on the particle surface [W/m2 ]
pore Reynolds number
temperature [K]
velocity in x direction [m/s]
Darcy velocity in x direction [m/s]
velocity in y direction [m/s]
volume [m3 ]
velocity vector [m/s]
Darcy velocity vector [m/s]
velocity in z direction [m/s]
width of packed cell [m]
coordinate directions [m]
dimensionless wall distance

Greek letters
ε
turbulence dissipation rate [m2 /s3 ]

RNG k–ε turbulence model coefﬁcient
dynamic viscosity [kg/(m s)]

t
turbulent viscosity [kg/(m s)]

density [kg/m3 ]
Prandtl number in turbulent kinetic energy equak
tion
T
Prandtl number in energy equation

Prandtl number in turbulence dissipation rate equation
Porosity

Subscripts
cell
packed cell
ﬂuid
f
in
inlet
outlet
out
p
particle

meaningful for the design and safety consideration of high temperature reactors. Furthermore, in the studies of Nijemeisland and
Dixon (2001, 2004), Dixon and Nijemeisland (2001) and Dixon et al.
(2008, 2013), a series of numerical researches on the ﬂow and
heat transfer processes in the ﬁxed-bed reactors were performed.
The velocity and temperature distributions inside the pores were
detailed and the corresponding hydrodynamic and heat transfer
performances were carefully analyzed. Other relevant studies on
packed beds were also reported by Calis et al. (2001), Guardo et al.
(2004, 2006), Gunjal et al. (2005), Bai et al. (2009), Xia et al. (2010)

and Li et al. (2012). The CFD method was proved to be a reliable tool
when modeling convective heat and mass transfer in the packed
beds of particles.
However, it is difﬁcult to generate high-quality computational
grids near the particle–particle or particle–wall contact points.
The grid cells near the contact points would be highly skewed
which may lead to simulation convergence problems and affect the
computational accuracy. In order to diminish this defect, several
methods aimed at modifying the contact points were presented in
the literature. For example, in the studies of Nijemeisland and Dixon
(2001, 2004) and Bai et al. (2009), the particles were shrunk by a
certain amount and the contact points were replaced by the small
gaps between particles. On the other side, Guardo et al. (2004, 2006)
suggested increase the particle diameters by a certain value and
the contact points were replaced by the overlapping areas between
particles. Furthermore, in the work by Ookawara et al. (2007) and
Kuroki et al. (2007), the particles in or near contact points were
cylindrically bridged to reduce the ﬁne computational cells around
the contact points. And Eppinger et al. (2011) presented another
alternative way of ﬂattening the particles locally in the proximity of
the contact points if the distance between two particle surfaces fell
below a predeﬁned value. This method would be equivalent to the
removal of spherical caps at the contact points between particles.
In the above-mentioned studies, the contact point modiﬁcation
methods were in good agreement within the respective studies.
But there is no general agreement so far. For example, the particle shrinking method would reduce the porosity and may cause
underestimations of the pressure drop and heat transfer in packed
beds. In a recent study of Dixon et al. (2013), a systematical study
on the wall–sphere and sphere–sphere contact points were performed based on the two-particle model. Four different contact
modiﬁcation methods including gaps (particle shrinking), overlaps (particle enlarging), bridges (cylindrically bridging) and caps
(sphere cap removing) were carefully compared to examine the
modiﬁcation effects on the ﬂow and heat transfer performances. It
was found that the global modiﬁcations (gaps or overlaps methods)
would change the bed porosity and give erroneous results, while
the local modiﬁcations (bridges or capes methods) would make little deviations in the porosity and give much better results, such as in
the prediction of drag coefﬁcient and pressure drops. Furthermore,
between the local modiﬁcations, the bridges method was found to
offer the best computational results for the particle–particle and
particle–wall heat transfer. Meanwhile, in another recent study of
Dixon et al. (2012), the numerical work on the treatment of contact
points based on the two-particle model was extended to investigate the effects of contact points in a random ﬁxed bed of spheres.
The gaps (particle shrinking), bridges (cylindrically bridging) and
caps (sphere cap removing) methods were compared in the simulations. It was found that the gaps method would gave slightly
poorer results; the bridges and caps methods would be better and
indistinguishable from each other. The CFD results were also compared with available experimental data and reasonable agreements
were obtained. These ﬁndings would be important and meaningful for reducing the modeling difﬁculties and errors in packed bed
simulations.
In our previous numerical and experimental studies (Yang et al.,
2010, 2012), it was found that the hydrodynamic and heat transfer performances in structured and random packed beds were
quite different. With proper selection of packing form and particle
shape, the pressure drops in the structured packed beds could be
greatly reduced and the overall heat transfer performance would
be improved. These ﬁndings would be of great help for the optimal design of packed bed reactors. In the numerical study of Yang
et al. (2010), the gaps method was employed for the structured
packed beds, where the particles were assumed to be stacked with
small gaps (1% of particle diameter). And this manner was proved
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Fig. 1. Physical model.

by later experimental data (Yang et al., 2012) to underestimate the
pressure drops and friction factors, especially when the porosity is
relatively low. This may indicate that a proper contact point treatment would be important and required for the structured packed
beds simulations. However, systematical studies on the contact
point modiﬁcations for structured packed beds are quite few in the
literature, though it is noticed that Lee et al. (2007) have numerically studied the effects of the contact point treatments on the ﬂow
ﬁeld and local heat transfer in a structured pebble bed reactor core
(body center cubic packing (BCC)). In the study of Lee et al. (2007),
a sensitivity analysis for the gap size was ﬁrst conducted with two
spheres, where the gap, point contact, and area contact methods
were adopted. Then both the point and area contact treatments
were selected to investigate the ﬂow and temperature distributions in the structured pebble bed reactor core. Differences of ﬂow
and induced local heat transfer were obvious between the gap and
direct contact cases (point or area contacts), while no large differences were found between the point and area contact cases. It
was evident that the gaps treatment might distort the simulation
results, especially for the local phenomena around the inter-pebble
region. It seemed the direct contact treatment methods were better.
Since only two contact treatment methods (point and area contact)
were compared and the structured pebble bed was only represented by the BCC packing form in the study of Lee et al. (2007).
This is insufﬁcient to cover most practical structured packed beds.
In the present study, a systematical study involving various
contact point treatments is carried out for the forced convective
heat transfer analysis in the structured packed beds of spheres.

Four different contact modiﬁcation methods including gaps (particle shrinking), overlaps (particle enlarging), bridges (cylindrically
bridging) and caps (sphere cap removing) are carefully compared
to investigate the modiﬁcation effects on the ﬂow and heat transfer performances in the structured packed beds, including simple
cubic (SC), body-centered cubic (BCC) and face-centered cubic (FCC)
packing forms. The computational results are also compared with
available experimental data (Yang et al., 2012).
2. Physical model and computational method
2.1. Physical model
As shown in Fig. 1(a), the structured packed bed under consideration is formed by three-dimensional periodically arranged array
of spherical particles, where the heat ﬂux on the particle surface is
kept at qp . Air is used as the cold ﬂuid and it is assumed to be uniform
and parallel to the x direction. Due to the symmetry (in y and z directions) and periodicity (in x direction) of the physical model, only
one structured packed cell with dimensions of L(x) × H(y) × W(z)
is chosen as the computational domain (see Fig. 1(b)), where the
microscopic ﬂow and heat transfer inside are considered to be fully
developed. Therefore, in the computational domain, the symmetrical boundary conditions are adopted for the top, bottom and side
walls, and the inlet and outlet ﬂow and heat transfer are considered to be periodically developed. Furthermore, as shown in Fig. 2,
three kinds of structured packing forms as reported by Yang et al.
(2012), including simple cubic (SC), body center cubic (BCC) and
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Fig. 2. Structured packed cells of spheres.

face center cubic (FCC) arrangements, are selected as representative structured packing forms and the geometrical parameters are
presented in Table 1, where the particles are directly contacted with
points. Meanwhile, as shown in Fig. 3, four typical contact point
modiﬁcations, including gaps (particle shrinking), overlaps (particle enlarging), bridges (cylindrically bridging) and caps (sphere
cap removing) treatments, are selected for the investigation. In the
present work, for the gaps treatment, all the particles are shrunken
by 1% of the original particle diameter (1% dp ) and the contact points
are replaced by the small gaps between particles. While for the
overlaps treatment, all the particles are enlarged by 1% dp and the
contact points are replaced by the overlapping areas between particles. As for the bridges treatment, the particles in contact points
are cylindrically bridged with each other and the bridge diameter
is kept at 16% dp if not particularly speciﬁed. In addition, for the

caps treatment, the sphere caps of the particles in contact points
are removed and the contact points are replaced by the ﬂattened
gaps between particles, where the diameter of the ﬂattened surface
is also kept at 16% dp .
The effects of contact point modiﬁcations on the porosity of
different packing forms are listed in Table 2, where the original
porosities with points contact are also presented. It is shown that
the porosities with the bridges and caps methods for the different
packing forms are quite close to the original porosities (points contact), and the maximal deviation is less than 1%. While the porosity
deviations for the gaps and overlaps methods are relatively larger
and the maximal deviations are 8.5% and 8.1%, respectively, which
are both extracted from FCC packing. Meanwhile, it is obvious that
the gaps and caps treatments overestimate the porosities, and the
overlaps and bridges treatments underestimate the porosities.

Table 1
Geometrical parameters for different packed cells (points contact).

2.2. Governing equations and computational methods

Packing form



L [mm]

H [mm]

W [mm]

dp [mm]

dh [mm]

SC
BCC
FCC

0.476
0.320
0.259

12.00
13.86
16.97

12.00
13.86
16.97

12.00
13.86
16.97

12.00
12.00
12.00

7.30
3.78
2.81

In the present computation, three-dimensional Navier–Stokes
and energy equations for steady-state incompressible ﬂow are
employed. The RNG k–ε turbulence model and scalable wall
function are adopted for the internal turbulent ﬂow when the
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Table 2
Effects of contact point modiﬁcations on the porosity of different packing forms.
Points contact

Gaps (1% dp )

Overlaps (1% dp )

Bridges (16% dp )

Caps (16% dp )

0.492
0.340
0.281

0.461
0.300
0.238

0.476
0.319
0.258

0.477
0.320
0.261

pore Reynolds number (Rep ) is larger than 300. The RNG k–ε turbulence model is applicable to the small-scale eddies, which are
independent of the larger-scale phenomena that create them, and
it is more suitable for modeling turbulent ﬂow in complex geometries (Yakhot and Orszag, 1986; Nijemeisland and Dixon, 2004;
Yang et al., 2010). Due to the symmetry (in y and z directions)
of the packed cell, only a quarter of the computational domain

0.476
0.320
0.259
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5.8x10

G4

G2

-5

5.7x10

G3

20.4

-5
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Contact point modiﬁcations
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5
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Fig. 4. Variations of mass ﬂow rates and Nusselt numbers with grid numbers for
the SC-Gaps (1% dp ) model (Pr = 0.7, p/x = 500 Pa/m).

is ﬁnally used for the simulation. The conservation equations for
mass, momentum, and energy are as follows:
Continuity:

∇ · V = 0

(1)

Momentum:
T
f (V · ∇ V ) = −∇ p + ∇ · [(f + t )(∇ V + (∇ V ) )]

(2)

Energy:


f (V · ∇ T ) = ∇ ·

kf
t
+
cp
T




· (∇ T )

(3)

The transport equations for RNG k–ε model are as follows
(ANSYS CFX 11.0, 2006):

⎧
⎪
⎨k :

f (V · ∇ k) = ∇ ·

f +

t
k

· ∇ k + Pk − f ε

⎪
⎩ε :

f (V · ∇ ε) = ∇ ·

f +

t
ε

· ∇ε +

cε1 ε
ε2
Pk − cε2 f
k
k

(4)

where Pk is the shear production of turbulence, t is the turbulent viscosity, cε1 and cε2 are the turbulence model constants in ε

Table 3
Numerical uncertainty analysis of our grids for gaps case.

Fig. 3. Different contact point modiﬁcations.

Arrays

Grids (total elements)

Mass ﬂow rate
(kg/s)

Nusf

SC-Gaps (1% dp )
(Pr = 0.7, p/x = 500
[Pa/m])

291 051
414 643
596 818
907 269
Extrapolated values
GCI

5.56 × 10−5
5.78 × 10−5
5.77 × 10−5
5.76 × 10−5
5.75 × 10−5
0.5%

19.94
20.04
19.98
20.03
19.76
1.2%
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equation,  T ,  k and  ε are the Prandtl numbers in T, k and ε equations. Their deﬁnitions and values are as follows:
T

Pk = t · (∇ V + (∇ V ) ) : ∇ V ,



(1 − /4.38)
,
1 + 0.0123
k = ε = 0.718

cε1 = 1.42 − f
T = 1.0,

k2
(c = 0.085),
ε

Pk
=
, cε2 = 1.68,
f c ε

t = f c

f =

A similar method in the reference (Shams et al., 2012) to treat
heat periodic boundary is used in the present simulation. The
amount of heat input into the ﬂuid has been subtracted at the outlet of domain. Therefore, a fully developed thermal ﬁeld can be
obtained. The boundary conditions are as follows:

⎧
x = 0, L
⎪
⎪
⎪
⎪
⎪
⎪
⎨



T̄ 



−T̄ 

q (A )

p
cell
, p|x=L = p|x=0 + p
 p (A
f cp ū x=0
 in )cell



= k
, ε|x=0 = ε , v = w = 0
u|x=0 = u|x=L , k
x=L

x=0

=

x=0

x=L

x=L

∂u
∂w
∂p
∂k
∂ε
∂T
=
=
=
=
=
= 0, v = 0
∂y
∂y
∂y
∂y
∂y
∂y
⎪
⎪
v
∂T
∂u
∂
∂p
∂k
∂ε
⎪
z = 0, W/2
=
=
=
=
=
= 0, w = 0
⎪
⎪
∂z
∂z
∂z
∂z
∂z
∂z
⎪
⎩
∂T
Particle walls −kf
= qp , u = v = w = k = ε = 0
∂n
y = 0, H/2

Here qp is the constant heat ﬂux speciﬁed on the particle surfaces.
When the pore Reynolds number (Rep ) is larger than 1000, the constant heat ﬂux qp is kept at 1000 [W/m2 ]; otherwise, qp is kept at
500 [W/m2 ]. T̄ and ū are the average temperature and velocity of
ﬂuid, respectively. p is the pressure drops.
In the present study, the pressure drops are speciﬁed ﬁrstly
according to our previous experiments (Yang et al., 2012) and
then the corresponding ﬂow and temperature ﬁelds are calculated by the solver (ANSYS CFX 11.0). After the calculations, the
mass ﬂow rate, pore Reynolds numbers (Rep ) and Nusselt numbers (Nusf ) are extracted based on the ﬂow and temperature ﬁelds.

Fig. 5. Velocity proﬁles in Line A with different grids for SC-Gaps (1% dp ) model.

Fig. 6. Representative grid conﬁgurations for different contact modiﬁcations.
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Fig. 7. Variations of pressure drops for different contact treatments in SC, BCC and
FCC packed beds.

With these computational data in hand, the relations of pressure drop and Nusselt number versus pore Reynolds number are
obtained, and this is widely used to describe the macroscopic ﬂow
and heat transfer characteristics in the packed beds. The governing
equations are solved by commercial code ANSYS CFX-11 and the
convective terms in the momentum equations are discretized with
high-resolution scheme. The continuity and momentum equations
are solved together with coupled algorithm based on ﬁnite volume method. For convergence criteria, the relative variations of
the temperature and velocity between two successive iterations
are demanded to be smaller than the speciﬁed accuracy level of
1.0 × 10−6 .
In the present work, the pore Reynolds number (Rep ) and pore
scale hydraulic diameter (dh ) are deﬁned as follows:



Rep =



f (V D  /)dh
f

,

dh = 4


·
1−



Vp
Ap


(5)
cell

where V D is the Darcy velocity vector,  is the porosity, Vp is the
particle volume, Ap is the area of particle surface. The subscript
“cell” means the value is obtained within packed cell.

Fig. 8. Variations of Nusselt numbers for different contact treatments in SC, BCC and
FCC packed beds.

The heat transfer coefﬁcient hsf and the Nusselt number Nusf are
deﬁned as follows:
hsf =

qp
(T̄p − T̄f )cell

,

Nusf =

hsf dp
Kf

(6)

where T̄p and T̄f are the average temperatures of particle surfaces
and ﬂuid, respectively, dP is the original diameter of the spherical
particles.
3. Grid-independence test
First of all, the suitability of grid used for the simulation is
checked and the SC packing with gaps (1% dp ) treatment is selected
for the test with a prescribed pressure drop of 500 [Pa/m] (see
Figs. 2(a) and 3(a)). In the present simulation, the tetrahedral grids
are constructed and ﬁve prism layers are added on the particle surfaces. The grids are reﬁned near the contact regions. Four sets of
grids with total element number of 291051, 414 643, 596 818 and
907209 are used for the test and the maximal element sizes on
the particle surfaces are of dp /30, dp /60, dp /75 and dp /120 correspondingly. Furthermore, the maximal element size for the main
ﬂow computational domain is limited to dp /24 and the thickness
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Fig. 9. Velocity distributions for different contact treatments in the FCC packing (Pr = 0.7, p/x = 104 Pa/m).

of the prism layer is kept at dp /240. It is shown in Fig. 4 that the
relative differences for both mass ﬂow rate and Nusselt number
in these four grids are all less than 1%. The Richardson extrapolation (RE) method (Celik and Karatekin, 1997) is adopted for the
numerical uncertainty analysis. The extrapolated values and the
grid convergence index (GCI) for the mass ﬂow rate and Nusselt
numbers are calculated and present in Table 3. Fig. 5 presents
the velocity proﬁle in a speciﬁed line. The results clearly indicate that an indication of oscillatory convergence would occur in
our simulations. Therefore, the selected mesh resolution (414 643)
would be appropriate to reproduce overall ﬂow topology. In addition, with the scalable wall function method, the values of y+ near
the particle surfaces are larger than 11.06 and this would be reasonable for the high Reynolds turbulence model. Finally, similar
grids to the test cases are constructed and used for the following simulations. Representative grid conﬁgurations for the gaps,
overlaps, bridges and caps models are presented in Fig. 6, and the
grid numbers for different packing forms are listed in Table 4.
Last but not the least, the validation of our numerical methods
was also prescribed in detail in our previous paper (Yang et al.,
2010)

4. Results and discussion
4.1. Macroscopic hydrodynamic and heat transfer analysis for
different contact models
Firstly, the effects of contact treatments on the macroscopic
hydrodynamic and heat transfer performances are examined for
different structured packing forms. Four different contact modiﬁcations (gaps (1% dp ), overlaps (1% dp ), bridges (16% dp ) and caps
(16% dp ), see Fig. 3) and three typical structured packing forms (SC,
BCC and FCC, see Fig. 2) are studied.
The variations of pressure drops and Nusselt numbers for different contact treatments in the SC, BCC and FCC packing forms
are presented in Figs. 7 and 8, respectively. As shown in Fig. 7, it is
found that the effects of contact treatments on the pressure drops
are quite remarkable for all the studied packing forms, especially
when the porosity is relatively low. The pressure drop extracted
from the overlaps (1% dp ) model is the highest and from the gaps
(1% dp ) model is the lowest. The values obtained from the bridges
(16% dp ) and caps (16% dp ) methods are close to each other. This
may indicate that the global contact modiﬁcations, such as particle

Table 4
Total element numbers for different packing forms with different contact treatments.
Packing forms
SC
BCC
FCC

Gaps (1% dp )
414 643
652 484
2 131 259

Overlaps (1% dp )
919 727
655 595
2 286 630

Bridges (16% dp )
551 194
663 460
2 212 100

Caps (16% dp )
493 151
723 919
1 672 652
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Fig. 10. Particle surface temperature distributions for different contact treatments in the FCC packing (Pr = 0.7, p/x = 104 Pa/m).

shrinking (gaps) or enlarging (overlaps), would lead to relatively
remarkable changes in the bed porosities (see Table 2) and ﬁnally
distort the simulation results. For example, the porosity deviations
from the bridges (16% dp ) and caps (16% dp ) treatments are less
than 1% for all the studied packing forms, while the deviations
from the overlaps (1% dp ) and gaps (1% dp ) models would be up
to 8.5% and 8.1% for the FCC packing. Meanwhile, the contact modiﬁcation effects for different packing forms are also quite different.
The deviations of pressure drops for different contact treatments
in the BCC and FCC packing forms are much higher than those
in the SC packing. For the SC packing, the porosity is relatively
high. Large straight airﬂow channeling would be formed inside
and the effect caused by the contact modiﬁcations on the ﬂow
would be small. While for the BCC and FCC packing forms, the
porosity is much lower, and the airﬂow channeling inside would
be smaller and ﬂexuous. Therefore, the effect caused by the contact
modiﬁcations in the BCC and FCC packing forms would be relatively large. Compared with the experimental data of Yang et al.
(2012), the bridges treatment method would give the most reasonable pressure drops for all the studied packing forms. The maximal
deviations between the computational (bridges treatment) and
experimental results (Yang et al., 2012) are 15.1%, 51.6% and 21.8%
for the SC, BCC and FCC packing forms, respectively, and the average

deviations are 11.1%, 42.6% and 16.7%, respectively. It is noted that
the deviations for the BCC packing is relatively large, and this might
be caused by both the numerical and experimental uncertainties
(Yang et al., 2012).
Furthermore, as shown in Fig. 8, the Nusselt numbers for different packing forms are not so sensitive to the contact treatments.
With the same packing form, the deviations of Nusselt number for
different contact treatments are relatively small. In the present simulation, the heat ﬂux on the particle surfaces is kept at constant
and the heat conductions inside and between particles are not considered. Therefore, the heat transfer in the packed bed would be
mainly affected by the main ﬂow convections and the effects caused
by the contact modiﬁcations would be relatively small. Similarly,
compared with the experimental data of Yang et al. (2012), the
bridges treatment method would give reasonable Nusselt numbers
for all the studied packing forms. The maximal deviations of Nusselt
numbers between the computational (bridges method) and experimental results (Yang et al., 2012) are 24.4%, 6.8% and 10.0% for the
SC, BCC and FCC packing forms, respectively, and the average deviations are 21.8%, 4.2% and 5.3%, respectively. Therefore, based on the
above analysis, the bridges treatment method is recommended for
predicting both the macroscopic hydrodynamic and heat transfer
performances in the structured packed beds.
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4.2. Local ﬂow and heat transfer analysis for different contact
models
In this sub-section, the effects of contact treatments on the local
ﬂow and heat transfer are discussed in the small pores of packed
bed, which would be important for comprehensive understanding
of the detailed transport characteristics inside the packed beds. It
is to note that our simulations may not capture the details precisely in the near-wall region due to the scalable wall function
we used. According to the macroscopic hydrodynamic and heat
transfer analysis, the contact modiﬁcation effects would be much
more obvious when the porosity is relatively low. Therefore, the
FCC packing is selected for the investigations.
The velocity distributions for different contact treatments in the
FCC packing are presented in Fig. 9. It is shown that due to the similar geometrical conﬁgurations near the contact regions, the local
velocity distributions of the gaps (1% dp ) and caps (16% dp ) models are quite similar, and this is also true for the overlaps (1% dp )
and bridges (16% dp ) models. It is noted that with gaps (1% dp ) and
caps (16% dp ) modiﬁcations, the contact points are replaced by the
small artiﬁcial gaps between particles, and high velocity air ﬂows
would be formed inside. It seems a jetting ﬂow is produced inside
the artiﬁcial gap and this would be quite different from the original packing with points contact method. While for the overlaps (1%
dp ) and bridges (16% dp ) models, the contact points between particles are replaced by the overlapping areas or cylindrical bridges.
The local air ﬂow is stagnant around the contact zones and this
would be reasonable and similar to the ﬂow for the points contact
model. Furthermore, it is also obvious that, with the jetting ﬂow
inside, the average velocities for the gaps (1% dp ) and caps (16% dp )
treatments would be higher than those for the overlaps (1% dp ) and
bridges (16% dp ) models. Therefore, with the same prescribed pressure drop, the mass ﬂow rates for the gaps (1% dp ) and caps (16%
dp ) treatments would be higher. In other words, with the same ﬂow
rate or pore Reynolds number (Rep ), the pressure drops for the gaps
(1% dp ) and caps (16% dp ) treatments would lower and this is also
consistent with the results presented in Fig. 7(c).
The particle surface temperature distributions for different contact treatments in the FCC packing are shown in Fig. 10. It is obvious
that the local temperature distributions on the particle surfaces
between the gaps (1% dp ) and caps (16% dp ) models are quite
similar; the similarity is true between the overlaps (1% dp ) and
bridges (16% dp ) models. The average temperature of particle surfaces for the overlaps and bridges method is 308.2 K and 307.1 K,
respectively. It is noted that due to the ﬂow stagnations, the high
temperature hot spots are formed around the contact zones for the
overlaps (1% dp ) and bridges (16% dp ) models. While for the gaps (1%
dp ) and caps (16% dp ) treatments, due to the jetting ﬂows inside, the
temperatures in the artiﬁcial gaps are relatively low. The hot spots
between particles would move to the leeward side of particle surfaces and this would also deviate the local transport phenomena for
the original points contact model. Furthermore, it is also obvious
that, with the higher mass ﬂow rates inside, the average temperatures on the particle surfaces for the gaps (1% dp ) and caps (16% dp )
treatments would be lower than those for the overlaps (1% dp ) and
bridges (16% dp ) models.
According to above discussions, it is found that the local ﬂow
and heat transfer characteristics in the small pores of packed bed
are quite sensitive to the particle contact modiﬁcations. The gaps
and caps treatments would distort the internal local ﬂow and
temperature distributions of the packed bed, especially when the
ﬂow and heat transfer are taking place near the contact zones.
While the local ﬂow and temperature distributions from the overlaps and bridges modiﬁcations would be close to those of the
original points contact model. Therefore, compared with the gaps
and caps modiﬁcations, the overlaps and bridges treatments would

Fig. 11. Variations of pressure drops and Nusselt numbers for different bridges
modiﬁcations in the FCC packed bed.

be more suitable for the local ﬂow and heat transfer analysis in the
structured packing beds. Finally, based on both the macroscopic
and local ﬂow and heat transfer analyses, the bridges treatment
method is recommended.
4.3. Optimal analysis for bridges contact model
According to the above macroscopic and local ﬂow and heat
transfer analyses, the bridges modiﬁcation is considered as the
best contact treatment for the simulations in the structured packed
beds. However, in the above discussions, the bridge diameter is
ﬁxed at 16% dp and the effect caused by the bridge size is still
unclear. Therefore, in this sub-section, the effect of the bridge size is
discussed. The FCC packing with four different bridges treatments
are selected for the investigations, where the bridge diameters are
kept at 10% dp , 16% dp , 20% dp and 24% dp , respectively.
The porosity variations for different bridges treatments in the
FCC packing are listed in Table 5, where the original porosity with
points contact are also presented. It is shown that, as the bridge
diameter increases, the deviation of porosity between the bridges
and points contact models increases. The maximal deviation in the
present study is 1.9% for the FCC-Bridges (24% dp ) model. The variations of pressure drops and Nusselt numbers for different bridges
treatments in the FCC packing are displayed in Fig. 11. As shown
in Fig. 11(a), the pressure drop increases as the bridge diameter
decreases. The pressure drop in the FCC-Bridges (10% dp ) model is
the highest and in the FCC-Bridges (24% dp ) model is the lowest. The
bridges (10% dp ) treatment is found to overestimate the pressure
drops, while the bridges (24% dp ) treatment is found to underestimate the pressure drops. Compared with the experimental data of
Yang et al. (2012), the maximal deviations of pressure drops for the
FCC-Bridges (10% dp ) and FCC-Bridges (24% dp ) models are 67.5%
and 32.5%, respectively, and the average deviations are 49% and
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Table 5
Porosity variations for different bridges modiﬁcations in the FCC packed bed.
Bridges modiﬁcations

FCC-Bridges (10% dp )

FCC-Bridges (16% dp )

FCC-Bridges (20% dp )

FCC-Bridges (24% dp )

FCC (Points contact)



0.259

0.258

0.257

0.254

0.259

26.3%, respectively. It is also shown that the pressure drops from
the Bridges (16% dp ) and Bridges (20% dp ) treatments ﬁt well with
the experimental data (Yang et al., 2012) and the average deviations are 16.7% and 17.1%, respectively. This may indicate that, with
the bridges method, too small or too large bridge size could lead to
unreasonable pressure drops in the structured packed beds. Should
the bridge diameter be too small, the bridges treatment would be
close to the points contact method. The grid cells near the contact
zones would be highly skewed and this may affect the accuracy of
computations. On the other side, should the bridge diameter be too
large, the bridges modiﬁcation would distort the porosity and this
would also be unreasonable. Furthermore, as shown in Fig. 11(b),
the Nusselt numbers for different bridges treatments ﬁt well with
the experimental data of Yang et al. (2012). The maximal deviations
of Nusselt numbers between the computational and experimental
results are 14.3%, 10.0%, 13.4% and 8.7% for the FCC-Bridges (10% dp ),
FCC-Bridges (16% dp ), FCC-Bridges (20% dp ) and FCC-Bridges (24%
dp ) models, respectively, and the average deviations are 7.3%, 5.3%,

7.7% and 6.0%, respectively. This conﬁrms that the bridges method
would be reasonable for predicting the macroscopic heat transfer
in the structured packed beds. Meanwhile, it is also demonstrated
that the Nusselt numbers for the bridges treatment are insensitive
to the bridge size, and the deviations of Nusselt number for different
bridges treatments are relatively small. This is similar to the Nusselt
number variations presented in Fig. 8. For different bridges models,
the heat ﬂux on the particle surfaces is also kept at constant and the
heat conductions inside and between particles are not considered.
Therefore, the effects caused by the different bridges modiﬁcations
would be small.
Moreover, the local ﬂow and heat transfer characteristics for
different bridges treatments are analyzed. The streamline distributions for different bridges treatments in the FCC packing are
presented in Fig. 12. It is shown that, with the same Reynolds
number (Rep = 1000), the local ﬂows for different bridges treatments are quite different. Large vortices are found in the packed
cell when the bridge size is small. As bridge size increases, such

Fig. 12. Streamline distributions for different bridges modiﬁcations in the FCC packed bed (Pr = 0.7, Rep = 103 ).
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Fig. 13. Particle surface temperature distributions for different bridges modiﬁcations in the FCC packed bed (Pr = 0.7, Rep = 103 ).

vortices would become small. When the bridge is small, the bridges
contact would be close to the points contact method and the
ﬂow stagnations would be more obvious near the contact zones,
which would lead to larger ﬂow vortices inside and the maximal local velocity would be higher. Therefore, the pressure drops
for the bridges treatment with small bridge size (10% dp ) would
be higher than those of other bridges treatments (see Fig. 11(a)).
The particle surface temperature distributions for different bridges
treatments in the FCC packing are presented in Fig. 13. It is
shown that, with the same Reynolds number (Rep = 1000), the local
temperature distributions on the particle surfaces are also different for different bridges treatments. Due to the effects of the
local ﬂow inside, higher temperature hot spot is found when the
bridge size is small. As bridge size increases, the ﬂow stagnation zones become small and the averge temperatures inside are
lower.
The above macroscopic and local ﬂow and heat transfer analyses
for different bridges treatments demonstrated that the effects of the
bridge size would be quite remarkable on both the macroscopic and
local performances for the bridges modiﬁcations. Too small or too
large bridge size would lead to unreasonable results in the structured packed beds. Based on the present investigations, the bridge
diameters ranging from 16% dp to 20% dp are consider to be reasonable for the bridges treatment and this setting is recommended for
simulations in the structured packed beds.

5. Conclusions
Three-dimensional numerical studies to investigate the contact
point treatments are carried out for the forced convective heat
transfer analysis in the structured packed beds of spheres. Both
the macroscopic and local ﬂow and heat transfer performances for
different packing forms and contact treatments are carefully examined. The numerical results extracted from different contact models
are compared with the experimental data in the literature and the
major ﬁndings are as follows:
(1) The effects of contact treatments on the pressure drops
are remarkable, especially when the porosity of the packed bed
is relatively low. The global contact modiﬁcations, such as particle
shrinking (gaps) or enlarging (overlaps), would lead to remarkable
changes in the bed porosities and distort the pressure drops. Compared with the experimental data of Yang et al. (2012), it is found
that the bridges method would give the most reasonable pressure
drops for all the structured packing forms studied here and the
bridges method is also proved be suitable for predicting the Nusselt
numbers in the structured packed beds.
(2) The local ﬂow and heat transfer characteristics in the structured packed bed are sensitive to the particle contact modiﬁcations.
With gaps and caps modiﬁcations, a jetting ﬂow would be generated inside the artiﬁcial gap. Due to the jetting ﬂows inside, the hot
spots between particles would move to the leeward side of particle
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surfaces. While for the overlaps and bridges models, the local ﬂow
is stagnant around the contact zones and the corresponding high
temperature hot spots would be formed around the contact zones.
Therefore, the local ﬂow and temperature distributions from the
overlaps and bridges treatments would be more reasonable and
close to those in the original packing with points contact.
(3) With bridges treatments, the effects caused by bridge sizes
are also remarkable. Too small or too large bridge size would lead
to unreasonable results for both the macroscopic and local ﬂow and
heat transfer characteristics in the structured packed beds. Based
on the present study, the bridge diameters ranging from 16% dp
to 20% dp are recommended for simulation use in the structured
packed beds.
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