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a b s t r a c t

This work investigates the influence of physical properties on heat transfer in a turbulent counterflow
in a moving bed using the High and Low Reynolds number turbulence models, in which the working
fluid flows in opposite direction to that of the steady movement of the permeable rigid medium. Trans-
port equations for flow and heat transfer in a moving bed equipment are applied and discretized using
the control-volume method. The system of algebraic equations obtained is relaxed via the SIMPLE algo-
rithm. The effects of Reynolds number, solid-to-fluid velocity ratio, permeability, porosity, ratio of
solid-to-fluid thermal capacity and ratio of solid-to-fluid thermal conductivity on heat transport are
investigated. Results indicate that motion of solid material, contrary to the direction of the fluid,
enhances heat transfer between phases. The same effect was observed for smaller Darcy number
and porosity, as well as for higher solid-to-fluid thermal capacity and thermal conductivity ratios.
When the intrinsic fluid velocity increases there is a greater conversion of mechanical kinetic energy
into turbulence, increasing the final levels of the turbulent kinetic energy for both High and Low
Reynolds number models.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Many applications in industry are concerned with turbulent
flow through permeable beds. Among them one can mention mov-
ing bed technology in counterflow configuration. Examples about
such technology are found in equipment for chemical compound
separation, recuperation of petrochemical processes, drying of
grains and seeds, removal of organic matter in affluents and in cer-
tain types of heat exchangers, just to mention a few applications.
Within this context, Yang (2009) [1] showed numerical simulation
of turbulent flow and heat transfer in heat exchangers fitted with
porous media, where a permeable material was inserted in a heat
exchanger to improve its process performance. There, the k–e mod-
el was applied to treat turbulence. Littman et al. (1995) [2], Manso-
ori et al. (2002) [3] and Zhang and Reese (2001) [4] presented
studies about turbulent gas–solid transport, where [2] showed
the effect of particle diameter, particle density and loading ratio
on the effective drag coefficient in steady transport, [3] presented
the thermo-mechanical modeling of turbulence heat transfer in
gas–solid flows including particle collisions and [4] studied parti-
cle-gas turbulence interactions using a kinetic theory approach ap-
plied to granular flows. Turbulent flows in composite domains,

involving both a finite porous medium and a clear region, have
been also investigated in the literature [5,6].

Several studies on laminar and turbulent flow though perme-
able media in a number of configurations were conducted and
compiled in a book [7]. In those studies, when analyzing heat
transport through the phases composing the medium, both the lo-
cal thermal equilibrium model (LTE) as well as thermal non-equi-
librium approach (LTNE) where tackle [8]. For cases when the solid
phase also moves, computations for a moving porous beds in par-
allel [9] and counterflow configurations, have been presented [10].
However, studies in [9,10] were restricted to the laminar flow
regime.

The purpose of this contribution is to extend the work in [10],
which was limited to laminar flow, to the turbulent regime. One
should point out that when going from simulating a simpler lami-
nar flow to accurately predicting turbulent flow regime within
acceptable accuracy, not only a proper mathematical model has
to be employed, but also the use of an adequate numerical scheme
and stable solution algorithm have to be employed. And yet, it is
the behavior of the turbulence kinetic energy associated with the
flow that is an important result to be observed. Such quantity,
evidently, cann ot be obtained with simpler laminar models.

The study herein includes investigation on heat transfer between
phases when several flow and material parameters as varied, includ-
ing the effect Reynolds number, slip ratio, permeability, as well as
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thermal capacity and thermal conductivity ratios between the
moving solid phase and the permeating fluid. With that, a wider
range of engineering systems can be analyses with the model
detailed in [7].

1.1. Macroscopic governing equations

The equations to follow are fully available in the open literature
and for that their derivation are not repeated here [7]. Two possible

Nomenclature

Ai interfacial area [m2]
ai interfacial area per unit volume, ai = Ai/DV [m�1]
cF Forchheimer coefficient
ck non-dimensional turbulence model constant
c’s model constants
D particle diameter [m]
D deformation rate tensor, D = [$u + (ru)T]/2[s�1]
f2 damping function
fl damping function
Gi production rate of hkii due to the porous matrix
H distance between channel walls [m]
k turbulent kinetic energy per unit mass [m2/s2]
hkii intrinsic (fluid) average of k
hkiv volume (fluid + solid) average of k
K permeability [m2]
L channel length [m]
p thermodynamic pressure [N/m2]
hpii intrinsic (fluid) average of pressure p [N/m2]
Re Reynolds number based on �uD

ReD Reynolds number based on �urel
�u microscopic time-averaged velocity vector [m/s]
h�uii intrinsic (fluid) average of �u [m/s]

�uD Darcy velocity vector, �uD ¼ /h�uii [m/s]
�urel relative velocity based on total volume, �urel ¼ �uD � uS

[m/s]
us friction velocity [m/s]
X dimensionless coordinate
y+ dimensionless distance among wall and first node,

yþ ¼ ywus
m

Greek
e dissipation rate of k, e ¼ lru0 : ðru0ÞT=q [m2/s3]
heii intrinsic (fluid) average of e
/ porosity
l fluid dynamic viscosity [kg/(m s)]
lt turbulent viscosity [kg/(m s)]
lt/

macroscopic turbulent viscosity [kg/(m s)]
m kinematic viscosity [m2/s]
q density [kg/m3]
rk;r� non-dimensional constants

Subscript
s,f s = solid, f = fluid
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Fig. 1. Porous bed reactor with a moving solid matrix: (a) Flow configurations, (b)
Counterflow with fluid moving west to east, (c) Counterflow with fluid moving east
to west.

Table 1
Damping functions and constants for turbulence models.

High Reynolds
number
turbulence
model
proposed by
Launder and
Spalding
(1974) [13]

Low Reynolds number turbulence model proposed by
Abe et al. (1992) [14]
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rk 1.0 1.4
re 1.33 1.3
c1 1.44 1.5
c2 1.92 1.9
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Fig. 2. Control volume and notation.
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