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A study is presented of the relationship between the local flow field and the local wall
heat flux in a packed bed of spheres. Computational fluid dynamics is used as a tool for
obtaining the detailed velocity and temperature fields, for gas flowing through a periodic
wall segment test cell. Results from the wall segment are demonstrated to reproduce those
obtained from a full bed of spheres with tube-to-particle diameter ratio of N = 4. Attempts
to correlate the local wall heat flux with local properties of the flow field, such as velocity
components, velocity gradients, and components of vorticity, led to the conclusion that
local heat transfer rates do not correlate statistically with the local flow field. Instead, a
conceptual analysis was used to suggest that local patterns of wall heat flux are related
to larger-scale flow structures in the bed. © 2004 American Institute of Chemical Engineers
AIChE J, 50: 906-921, 2004
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Introduction

Fixed-bed reactors are used in many different chemical
processes and are a very important part of the chemical indus-
try. To model fixed beds, we must have a good qualitative
understanding and an accurate quantitative description of their
fluid flow and heat transfer. Fixed-bed models have usually
been developed for high tube-to-particle diameter ratio (V)
beds, where temperature and flow profile gradients are mild
and can be averaged. Modeling of the low-N beds (3 = N = ),
used in extremely exo- and endothermic processes in tube-and-
shell type reactors, is complicated because of the presence of
wall effects across the entire radius of the bed. Heat transfer is
one of the most important aspects. To obtain accurate models
of heat transfer, we need to study its dependency on realistic
flow features in these low-N beds.

Recently, the range of applications for computational fluid
dynamics (CFD) has been extended to the field of chemical
engineering with the introduction of specially tailored fluid
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mixing programs. The general setup of most CFD programs
allows for a wide range of applications, and several commer-
cial packages have introduced chemical reactions into the CFD
code, allowing rapid progress of the use of CFD within the field
of chemical reaction engineering (Bode, 1994; Harris et al.,
1996; Kuijpers and van Swaaij, 1998; Ranade, 2002). Already,
CFD can be applied to the more physical aspects of chemical
engineering, cases in which heat transfer and mass flow are the
essentials.

In the field of fixed-bed modeling, there are two different
types of models referred to by the term “CFD simulation.” In
the first, the bed is represented as an effective porous medium,
with lumped parameters for dispersion and heat transfer (Ja-
kobsen et al., 2002). The reactions that take place in the porous
catalyst particles are represented by source or sink terms in the
conservation equations (Ranade, 2002) and corrected for vol-
ume fraction and particle transport limitations. The velocity
field can be obtained from a modified momentum balance (Bey
and Eigenberger, 1997) or a form of the Brinkman—Forchei-
mer-extended Darcy equation (Giese et al., 1998). These ap-
proaches provide an averaged velocity field, usually in the form
of a radially varying axial component of velocity, which is an
improvement over the classical assumption of plug flow (con-
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stant unidirectional flow). These velocity fields have been used
in improved models of fixed-bed transport and reaction
(Winterberg et al., 2000). The disadvantages of this approach
have been the continued lumping of transport processes, thus
obscuring the physical basis of the model, and the necessity of
introducing an effective viscosity for the bed, to bring com-
puted and experimental velocity profiles into agreement (Bey
and Eigenberger, 1997; Giese et al., 1998).

In the second type of CFD fixed-bed simulation, the geo-
metrical complexities of the packing are not simplified, or
replaced, by the effective medium that is used in the first
approach. The governing equations for the fluid flow itself are
relatively simple, however, the geometric modeling and grid
generation become complicated and the computational de-
mands increase significantly (Ranade, 2002). Because of the
computational requirements, the approach can so far be applied
only to small, periodic regions of the reactor. It is therefore
useful mainly as a learning tool, from which we can develop
detailed insight into fixed-bed flow structures, and understand
how they influence transport and reaction. The understanding
from this more rigorous ‘“discrete particle” CFD can then be
used to inform the simplifying decisions made for the more
computationally tractable “effective medium” CFD simula-
tions.

Earlier work on discrete particle simulations of fixed beds
has been reviewed recently (Dixon and Nijemeisland, 2001).
Sgrensen and Stewart (1974) studied particle-to-fluid heat
transfer under creeping flow in a three-dimensional (3-D) cubic
array of spheres. Dalman et al. (1986) investigated flow be-
havior in an axisymmetric radial plane with two spheres, giving
a first high-detail insight into flow patterns in fixed beds. This
study showed that eddies could form between the spheres,
which led to a region of poor heat transfer. Lloyd and Boehm
(1994) did a very similar 2-D study with eight instead of two
spheres in line. In this study the influence of the sphere spacing
on the drag coefficients was investigated. It was also found that
heat transfer from the spheres decreased with decreased sphere
spacing. McKenna et al. (1999) obtained valuable insight into
the effect of particle size on particle—fluid heat transfer from a
2-D CFD study of small clusters of catalyst particles and a
single catalyst sphere close to a wall.

Earlier studies in our group used a 3-D three-sphere model
(Derkx and Dixon, 1996), followed by an eight-sphere model
(Logtenberg and Dixon, 1998a,b) in which the packing was
modeled as two layers of four spheres, perpendicular to the
flow in the tube with a tube-to-particle diameter ratio, N =
2.43. Subsequently, a 3D 10-sphere model was developed, with
N = 2.68, incorporating contact points between the particles
and between the particles and the wall (Logtenberg et al.,
1999). These studies focused on using CFD to obtain tradi-
tional heat transfer modeling parameters such as the wall
Nusselt numbers (Nu,,), and gave reasonable qualitative agree-
ment with experimental estimates.

Several other groups have studied fluid flow in discrete
particle beds. Esterl et al. (1998) and Debus et al. (1998)
applied a computational code by Nirschl et al. (1995) to find
flow profiles, using an adapted chimera grid. This grid con-
sisted of a structured grid, based on the flowing medium, which
was overlaid by a separate structured grid, based on the pack-
ing particles. Calculated pressure drops were compared against
predicted pressure drops using, among others, Ergun’s relation
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for a bed with the same porosity; the simulation data gave the
same order of magnitude. Simulations were performed in beds
with up to 300 spheres, although the bed for which results were
discussed consisted of 120 spheres. One of the aspects that may
have affected the accuracy of the simulations is that the bed
was only approximately five layers deep, resulting in a flow
that mainly consisted of inlet and outlet effects.

Other research groups have used commercial CFD packages
to simulate behavior in fixed beds. Calis et al. (2001) applied
the commercial code CFX-5.3 to a structured packing of
spheres. They simulated flow in a number of channels of square
cross section filled with spherical particles. Several different
types of structured packings were investigated, all based on
structured packing of spheres. The repetitive sections had vary-
ing values of N, from 1 to 4. Values for pressure drop obtained
from the simulations were validated against experimental val-
ues. The turbulence models used (k-¢ and RSM) showed
similar results, with an average error from the experimental
values of about 10%. Pressure drop in a structured packing was
also studied by Petre et al. (2003), who used the CFD results to
construct submodels of different contributions to the overall
pressure drop.

Still other research groups (Georgiadis et al., 1996; Maier et
al., 1998; Manz et al., 1999; Suekane et al., 2003; Zeiser et al.,
2001) used a lattice Boltzmann technique for simulation of
flow in a fixed bed of spheres. A dense packing of spheres in
a cylindrical column was created from experimental observa-
tions, such as magnetic resonance imaging (MRI), or by com-
puter simulation, using a raining and compression algorithm.
The created packing topology was then divided into an equi-
distant Cartesian grid, where individual elements were labeled
as solid or fluid regions as in a marker-and-cell approach. A
high resolution of the grid made it possible to obtain accurate
flow profiles. Recently (Freund et al., 2003; Yuen et al., 2003;
Zeiser et al., 2002) simple reactions have been added to the
simulation, showing species and conversion profiles inside the
bed.

The main limitation of the lattice Boltzmann technique is
that it cannot handle energy balances as of yet. Incorporating
heat transfer into fixed-bed simulations is extremely challeng-
ing, given the need to mesh and solve both flow in the voids
and conduction in the particles. Following the earlier work on
cubic packings or simplified clusters of a small number of
particles, CFD simulations of flow in more extensive fixed beds
have all been isothermal. The contribution of the present work
is to present the use of CFD to add heat-transfer modeling to
calculations of flow near the tube wall of a fixed bed of spheres.

CFD Methodology

Computational fluid dynamics (CFD) codes make it possible
to numerically solve flow, mass, and energy balances in com-
plicated flow geometries, such as a packed bed. The differential
forms of these balances are applied to a large number of control
volumes, which together make up the computational domain.
The size and number of control volumes (mesh density) are
user determined and will strongly influence the accuracy of the
solutions. After boundary conditions have been implemented,
the flow and energy balances are solved by an iteration process
that decreases the error in the solution until a satisfactory result
has been reached.
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One of the most important parts of CFD modeling is the
construction of the mesh topology. In our earlier studies (Derkx
and Dixon, 1996; Logtenberg and Dixon, 1998a,b; Logtenberg
et al., 1999) the mesh density was investigated extensively.
Additional studies were done to find the optimal mesh density,
for the specific simulation geometries used here. Fluent UNS
Version 5.4 was used, which is based on unstructured meshes
to allow flexibility for the complex geometry of a fixed-bed
packing. The simulations were mostly performed on a Dell
workstation with dual P III Xeon 1.0 GHz processors, and 2
GB of RAM. The large amounts of RAM were necessary to
handle the complex geometries that were used. Some of the
runs were made on a more recently acquired Dell workstation
with a P III Xeon 1.4 GHz processor and 4 GB of RAM.

The general equations used for conservation of mass (the
continuity equation), conservation of momentum, and conser-
vation of energy, and the finite volume method used to dis-
cretize them are all described in standard references for the
subject (Patankar, 1980). In the present application, particular
care was given to the choice of turbulence model, and to the
treatment of flow near solid surfaces.

Turbulence

The Renormalization Group (RNG) k-& model (Yakhot and
Orszag, 1986) was used for the turbulence conditions in the
CFD simulations. The major differences, in application, from
the standard k-& model are different empirical constants in the
k and & balances and extra terms in the turbulent dissipation
balance (&). The RNG methods are a general methodology of
model building based on the stepwise coarsening of a problem.
The main idea is that the RNG theory is applicable to scale-
invariant phenomena that do not have externally imposed char-
acteristic length and time scales. In the case of turbulence, the
RNG theory is applicable to the small-scale eddies, which are
independent of the larger-scale phenomena that create them.

The form of the main balances in the RNG k-& model are
similar to the balances in the standard k-& model, with the
modification from the RNG statistical technique (Fluent, Inc.,
1997). The momentum equation is derived to be

a(pu,) a(P”i“j) ap ad ou;  Ju;
ot " ax  am an | Prlax, Tan)]

The effective viscosity in this balance is computed using the
form of a high Reynolds number. This is identical to the
turbulent viscosity defined in the standard k-& model

K2

= pC, . ()

The only difference lies in the constant C, o which is 0.09 in the
standard k-& model and 0.0845 in the RNG k-& model.

The transport equations for the turbulent kinetic energy
and the turbulence dissipation & in the RNG k-& model are
defined similarly, now using the effective viscosity defined
through the RNG theory. A mean strain rate, S, is used instead
of separate turbulence source terms
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where o, and «, are the inverse effective Prandtl numbers for
k and &, respectively. The model constants C,, and C,, from
Eq. 4 are derived analytically through the RNG theory and are,
respectively, 1.42 and 1.68 (in the standard k-& model these
model constants are 1.44 and 1.92, respectively).

The major difference in the RNG k-& model from the stan-
dard k-& model can be found in the & balance, where a new
source term appears in the R term. This term is a function of
both the turbulent kinetic energy « and the turbulence dissipa-
tion term e. The R term in the RNG k- model makes the
turbulence in this model sensitive to the mean rate of strain.
This results in a model that is responsive to effects of strain and
streamline curvature, a feature that is nonexistent in the stan-
dard k-& model. The inclusion of this effect makes the RNG
k-& model more suitable for complex flows, such as flow in
fixed beds, in which the streamlines must curve around the
particles.

Energy

The RNG model provides its own energy balance, which is
based on the energy balance of the standard k-& model. The
RNG k-e model energy balance is defined as a transport
equation for enthalpy, as follows

d(ph) N d(puh) 9 oT
ar ax,  ox, \ Yok gy
oy s 6
Dt (Tik)eff 9x, r (3)

where £ is the sensible enthalpy, 7, is the deviatoric stress
tensor and « is the inverse turbulent Prandtl number for tem-
perature. In the traditional turbulent heat transfer model, the
Prandtl number is fixed and user-defined; the RNG model treats
it as a variable dependent on the turbulent viscosity. It was
found experimentally that the turbulent Prandtl number is in-
deed a function of the molecular Prandtl number and the

viscosity (Kays, 1994).

Wall functions

To be able to resolve the flow solution near solid surfaces
with zero flow boundary conditions, there need to be some
special conditions set. Besides the zero flow boundaries, the
presence of a solid surface also affects the turbulence; the
dissipation of turbulent kinetic energy (e) is much larger near
a solid surface because the turbulence is damped. Slightly
further away from the solid surface, still in the boundary layer,
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there is a source of turbulent kinetic energy atributed to the
local Reynolds stresses and the large gradient of the mean
velocity. Several methods are available to resolve both the zero
flow condition at the solid surface and the turbulent conditions
near the solid surface. The most fundamental is to directly
resolve the boundary layer, using a highly refined mesh close to
the solid surface. In a fixed-bed model, where there is so much
solid surface from both tube wall and packing, this approach
would be prohibitively expensive in computational resources.

The general goal of the wall function approach is to replace
the direct modeling of the viscous sublayer and the transition
region to the fully turbulent layer with one empirical model, in
effect linking the solution variables in the cells adjacent to the
solid surface to the corresponding values on the solid surface.
In our simulations we have used two different wall function
models, the standard wall function and the nonequilibrium wall
function.

The standard wall function is based on a proposal by Laun-
der and Spalding (1974), and it has been used widely for
industrial flows. The wall function describes the velocities,
temperatures, and turbulent quantities in the region close to the
wall. The nonequilibrium wall function (Kim and Choudhury,
1995) is the most suitable for complex flows involving sepa-
ration, reattachment, and impingement where the mean flow
and turbulence are subjected to severe pressure gradients and
change rapidly. In such flows, improvements can be obtained,
particularly in the prediction of wall shear and heat transfer. In
the nonequilibrium wall function approach the heat-transfer
procedure remains exactly the same. The mean velocity is
made more sensitive to pressure gradient effects.

Validation study

Because the CFD methodology is not specifically designed
for application in constrained geometries, such as particle
packed beds, it was necessary to verify whether the simulated
results were valid. Although the CFD code is based on funda-
mental principles of flow and heat transfer, some of the bound-
ary issues were modeled using empirical data not necessarily
appropriate for the fixed-bed application.

A 44-sphere model was created with N = 2 (Nijemeisland
and Dixon, 2001). This specific geometry was used to validate
CFD results in fixed beds by comparing radial temperature
profiles of the simulations with experimental data in an iden-
tical setup. The comparisons showed that experimental tem-
perature profiles and CFD-produced profiles were qualitatively
and quantitatively comparable, although several adjustments to
the final temperature profiles of both the experimental results
and the CFD simulation were needed to compensate for devi-
ations in the measurements and simulations. Factors that were
adjusted included thermal conduction through the thermocou-
ple cross for the experimental results and radiation effects and
solid—solid conduction that were neglected in the CFD
simulations.

The direct comparison of the temperature profiles acquired
experimentally and from the CFD simulation showed that when
CFD is applied to fixed-bed analysis it gives identical, though
more detailed, results compared to those by experimental data
acquisition. CFD can be considered a new method of data
acquisition in fixed beds. This new method requires a consid-
erable amount of work to set up, although once operational
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provides a wealth of data unavailable through any other
method.

Simulation of Full Diameter Tube

Industrial application of low tube-to-particle diameter ratio
beds starts at about N = 4 to 8, depending on the process. Our
previous work focused on the validation study of an N = 2 bed
(Nijemeisland and Dixon, 2001). The value N = 2 was chosen
to allow the construction of an experimental setup and a CFD
model that had identical geometry, as far as possible. We were
able to simulate the full length of the experimental tube for N =
2 using a model with 44 spheres. In the present work, as a
representation of a larger N bed, a CFD model with N = 4 was
chosen because geometric data for this case were already
available and it was of interest as one of the standard values for
N in steam reforming.

Experience in CFD modeling of fixed beds in tubes has
taught us that the number of control volumes increases rapidly
with increasing N, and linearly with increasing bed length. A
full industrial N = 4 bed has approximately 12 spherical
particles in a cross section, is approximately 13 meters in
length, and a full simulation of this was estimated to consist of
about 7200 particles. To be able to solve for certain details in
the model, such as areas where particles in the packing touch
each other, or the tube wall, a high level of detail is necessary
for the required accuracy of the simulation. More particles in a
geometry will lead to more high-detail areas, thus increasing
the computational size of the geometry very quickly. The
computational grid for this bed, at the desired mesh density,
would consist of approximately 600 million control volumes.
Such large computational grids are currently unmanageable,
both in grid size and in the iteration process.

From these considerations the need to limit the simulation
geometry was apparent. The largest simulation geometry re-
duction can be obtained by imposing axially translational pe-
riodic boundaries. By using these periodic boundaries only a
section of the entire bed needs to be modeled; additionally the
effects of inlet and outlet boundary conditions are removed. To
implement these conditions, the structure of the N = 4 bed had
to be obtained and analyzed.

It was initially attempted to determine the structure of the
bed experimentally. Both wax models that could be cut into
slices, and transparent acrylic spheres in a Plexiglas tube that
allowed digital photography, were used. After determining the
positions of the spheres, the structure of the bed had to be
implemented as a computational geometry. For this the posi-
tions of the spheres had to be established very precisely.
Satisfactory results could not be obtained by the experimental
methods because of the unavoidable uncertainties in the sphere
positions introduced by the measurements.

The low tube-to-particle diameter ratio of the model ensured
a relatively regular structure in the bed and made it possible to
refine the experimentally obtained sphere locations using geo-
metric relations. The experience gained during the experimen-
tal analyses led to the observation that the packing structure
away from the support plate consisted of two intertwined
regular substructures, a wall layer consisting of layers of nine
spheres and a central structure consisting of a three-sphere
spiraling repetitive structure. Similar observations of a wall
layer and a central region have been made in studies of com-
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puter-generated packings (Mueller, 1997). The spiral nature of
the structure necessitated six packing layers for the central
spheres to return to their original positions, so that periodic
boundary conditions on the flow could be accommodated. The
final full-bed model was constructed with the six layers and 72
spheres in total.

With the model geometry established, the discretization
mesh for the finite-volume method had to be created. Our
previous experience (Nijemeisland and Dixon, 2001) had dem-
onstrated that at the particle—particle and wall—particle contact
points, the mesh became extremely distorted. This resulted in
the failure of the numerical method under turbulent flow con-
ditions, which was believed to be connected to the use of the
wall functions. Following our previous strategy, all spheres
were reduced to 99% of their original size after placement. This
method creates small gaps at the contact points of the spheres
with each other and the wall. The additional fluid regions that
were created were shown to have no influence on the flow
solution, and a small and correctable influence on the heat
transfer (Nijemeisland and Dixon, 2001).

For a more accurate solution, a finer mesh size is required.
However, this leads to higher computational requirements. In
our model, the control volumes generated by the mesh need to
be at least as small as the wall-particle gaps. In the larger void
areas, the control volumes may be bigger. When the full-bed
model, including the internals of the particles, was created
using control volumes with the size of the gaps, the total
number of control volumes came to approximately 47 million,
which was clearly far too high for practical computation. A
graded mesh was created next, using a fine mesh near the
contact areas and a coarser mesh in the larger voids of the bed
and inside the spheres. This resulted in a total of six million
control volumes. This mesh also could not be used because of
software restrictions, and it was necessary to restrict full-bed
modeling with the graded mesh to the fluid region only. The
full-bed simulation geometry and some details of the graded
mesh on the sphere surfaces can be seen in Figure 1. In
particular, the mesh refinement near the contact points is
clearly seen. Only fluid flow could be solved using the graded
mesh on the fluid region. To accommodate heat transfer, a
coarser mesh for both fluid and solid regions was created. The
full-bed flow results from the coarser mesh could be compared
to those from the finer, graded mesh. These results are pre-
sented as part of the full-bed/wall segment comparison in the
next section.

Figure 1 also shows the periodic nature of the model geom-
etry. In a periodic boundary model the inlet and outlet plane
geometries are identical and the flow conditions are set to be
identical as well. This effectively imposes the outlet conditions
of the bed section on the inlet, and therewith establishes the
translational periodic condition and creates a model of a ge-
neric section in the bed. We have presented some laminar,
isothermal flow solutions using a coarse mesh for the N = 4
bed in an earlier paper (Dixon and Nijemeisland, 2001). In the
present work, our focus is on the added complication of heat
transfer.

When a nonisothermal bed is to be simulated, the tempera-
ture profile develops along the bed axial coordinate, and the
temperature field is not periodic. To use the periodic flow
boundary conditions, the momentum and energy balances must
be decoupled and the flow parameters, such as viscosity and
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density, must be assumed independent of temperature. An
isothermal, periodic flow solution is calculated first, then the
resulting velocity field is taken as fixed during the solution of
the energy balance. The flow inlet and exit boundaries are set
as a velocity inlet and a pressure outlet, although the flow
parameters in these boundary conditions are not used at this
point.

To calculate the development of the temperature profile in
the bed, a series of simulations has to be performed. In the
series of simulations the generic sections are virtually stacked
by imposing the outlet temperature conditions of one section as
the inlet conditions of the downstream section. In this ap-
proach, axial conduction cannot be included because there is no
mechanism for energy to transport from a downstream section
back to an upstream section. Thus, this method is limited to
reasonably high flow rates for which axial conduction is neg-
ligible compared to the convective flow of enthalpy.

To create a complete picture of the developing profile the
resulting temperature contour maps of the different stages can
be placed together. Figure 2 shows the result of placing the
temperature maps of four consecutive simulations together.
The two pictures, for x = 0 and y = 0, correspond to two
sections through the length of the tube, at right angles to each
other. In these pictures, the main axial flow is from left to right,
and Re, = 1000. This value of Re,, was used for all subsequent
simulations. An initial temperature of 300 K was taken for the
inlet of the first stage, and the wall temperature was constant at
400 K. The fluid properties were those of air, giving a Prandtl
number of approximately Pr = 0.7, and the particle properties
were those of alumina. The simulation therefore corresponds to
a typical laboratory heat transfer experiment setup, in which
the tube wall is heated by a steam jacket, for example, and
energy is transferred from the wall into the colder flowing fluid.

The overall picture of the temperature field presented in
Figure 2 confirms our intuitive expectation of a classical
“boundary-layer” type of development, with a colder inner core
and a warmer near-wall region. Closer inspection shows that
the boundary layers are, in fact, interrupted by the presence of
the particles. These are not isothermal, despite their higher
thermal conductivity, yet the temperature field within a particle
differs from that in the surrounding fluid. Fingers of warmer
fluid infiltrate between the particles as flow is deflected radi-
ally. The behavior of local heat transfer rates, and of catalyst
particles situated in these temperature fields, will depend on the
local temperature and flow conditions, which are difficult to
isolate in the larger view.

There is a slight discontinuity in the temperature contours
between the sections, most noticeably between the first and
second sections. This is related to the neglect of axial conduc-
tion between stages mentioned above. This is not evident in the
fluid phase, given that axial conduction through the fluid is
small compared to the convective transport. In the solid phase,
however, back-conduction from the warmer second stage re-
sults in a higher temperature at the stage entrance because there
is no heat flux between the stages in the solid phase.

The simulation of full beds, even for N = 4, is difficult and
computationally demanding, resulting in an enormous amount
of information that also presents problems in data reduction.
This leads to the conclusion that we need a model focusing on
a small number of catalyst particles near the wall of the tube,
and their direct neighbors, for an accurate description of the
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Figure 1. N = 4 full bed simulation geometry.
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Figure 2. Continuous temperature profiles in the (a) y = 0 and (b) x = 0 planes for four stacked simulations geometry
segments.

heat transfer and flow processes taking place on a local scale.
The near-wall region is the most interesting area because this is
where the largest heat transfer gradient occurs.

Wall Segment Model

Simulations of heat transfer in fixed beds of discrete particles
place severe demands on computational resources. The basic
problem is the need to mesh the particles, to allow for solid
conduction. Although a relatively coarse mesh would probably
be sufficient inside the particles, the internal particle mesh is
dictated by the surface mesh; in turn, this is governed by the
need for compatibility with the mesh in the fluid adjacent to the
particle. That mesh, however, has to be very fine to properly
represent flow near the particle—particle contact points, even
with the use of near-wall models.

To be able to obtain accurate enough results for specific
regions in the bed simulation, or to be able to simulate a
specific region faster, a reduced-size model can be created of a
segment of the overall simulation model. Because our primary
concern is to find the influence of flow patterns on the wall heat
transfer, the near-wall region is the logical section on which to
focus. This segment geometry can be used to generate simu-
lation results more quickly because of its limited size. This
requires the addition of several new boundaries on which
appropriate boundary conditions have to be implemented.

We have chosen to focus on a 120° “slice” of the bed
cross-sectional area, as illustrated in Figure 3. A single-particle
layer of the segment contains a fully symmetrical layout of
particles, including three wall spheres and one center sphere.
Because in the full bed six layers were necessary to create
periodic conditions, because of the spiral nature of the three
center spheres, six layers would also be needed for the segment
model. This would, however, defeat the purpose of creating a
segment model, that is, reduction of model size. It was there-
fore chosen to slightly adjust the positions of the central
spheres, to allow for periodic boundary conditions over two
layers of spheres, as shown in Figure 3. For a wall-segment
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model, periodic boundary conditions on the top and bottom
boundaries are necessary, and a layout that allows for these
conditions, as well as the symmetry conditions on the side
walls of the segment, is needed.

When simulations are done in a reduced wall-segment model
the results need to be validated against a full-bed model. The
main reason for this is to see whether the wall-segment model
results are representative for a full bed, following the adjust-
ment of the center spheres, and also to check that the bound-
aries, which are relatively close to all parts of the segment
model, do not influence the solution.

As mentioned in the previous section, a fine graded mesh
was developed for the full-bed model, although it was impos-
sible, because of memory restrictions, to export the completed
mesh to the simulation program. It was possible to create a fine
graded mesh for the fluid region alone, that is, when all solid
parts (the particle internals) were excluded from the mesh. This
mesh required 2.6 million control volumes. Only flow simula-
tions could be performed with this mesh. A coarser mesh was
also developed for the full bed that included both particles and
fluid, on which both flow and energy analyses could be per-
formed. The full-bed coarse mesh consisted of 1.97 million
control volumes, three times smaller than the fine graded mesh.
Similarly, for the wall-segment model, both a fine graded mesh
and a coarse mesh were created. The difference is that for the
segment the fine graded mesh could be applied to both particles
and fluid, giving approximately 760,000 control volumes. This
is the mesh that is shown in Figure 3, on the particle surfaces
and on the bottom periodic boundary. The coarse mesh was at
a similar resolution to the coarse mesh developed for the full
bed, and was used for comparison purposes only.

Wall-segment flow and energy runs were made under the
same conditions as for the full-bed runs. Wall-segment results
were compared to full-bed results, for the simulated flow fields.
Additionally, mesh independence studies were performed on
the full-bed model and the wall-segment model. The results of
the different simulations were directly compared using radial
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velocity profiles sampled from various predefined locations,
indicated in Figure 4. These were located on five axial planes
at different angular positions, labeled P2 through P6, at three
different axial positions, Z1 through Z3, shown in the inset to
Figure 4. The comparisons presented here were obtained from
plane P4 because it was furthest removed from the effects of
the symmetry boundaries, at each of the three axial positions.

The overall flow field in plane P4, from which the radial
velocity profiles were obtained, is shown in Figure 5, as a
velocity vector plot. The velocity magnitude is represented by
both the size of the arrows and their color, as given in the scale.
This simple planar representation of the flow field shows re-
gions of reversed flow in the wake of the particles, as well as
recirculating wake flow near the contact points of particles.
Near the bottom of the particle in the top right of the plot a
fairly strong radial flow can be identified. Similar features were
identified previously (Dixon and Nijemeisland, 2001).

The axial component of velocity was made dimensionless
using the inlet average velocity v,, and is shown in Figure 6.
The figure compares profiles at three axial positions in the
plane P4. In this figure, two comparisons are being made
simultaneously. The fine and coarse meshes for the full-bed
flow simulations are compared, to check that the flow results
are independent of mesh density. In addition, the wall-segment
and the full-bed models are compared at the same mesh den-
sity.
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Figure 5. Velocity vector plot of plane P4; vectors are colored by velocity magnitude in m/s.

The velocity profile plots show interruptions in the velocity
profile, which is where solid particles were located, so that no
velocity data were available. In general, the data of the three
different cases agree very well qualitatively: velocity highs and
lows are shown at the same points in the bed. Quantitatively,
the results of the two full-bed models are practically identical,
indicating that the solutions were completely mesh indepen-
dent. The data from the wall-segment model in some cases
deviate slightly from the full-bed models. This can be ex-
plained by the slightly different layout of the wall-segment
model center spheres, as explained above. The differences in
velocity magnitudes are mainly found in the transition area
between the wall spheres and the central spheres. The effect of
slightly larger gaps between spheres from the nine-sphere wall
region and the three-sphere central region, attributed to the
sphere relocations, has an effect on the magnitude of the
velocity profile. Some differences are also found in the central
layer area where the sphere positions are not identical. Agree-
ment is generally excellent in the region of most concern to us,
near the wall. Similar plots were made for the radial and
tangential components of velocity, with essentially the same
results.

A second series of axial velocity component radial flow
profile comparisons is shown in Figure 7. Again, two compar-
isons are made in this figure. The effect of mesh density for the
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wall segment was investigated using the fine graded mesh
(labeled “wall-segment” in the figure) and the coarse mesh. We
also wanted to investigate whether the scale of the model
affected the results. This might be expected if the small-scale
turbulence were important in our results, in that this scale
would be independent of the model scale, and would play a
different role if the model scale were changed. A simulation
geometry was created at 1/8th the size of the original model, to
see whether the absolute size of the model had a significant
influence on the solution of the physical models, including the
wall functions, which resolve the wall boundary layers. To
scale down the simulation geometry, a linear factor of 0.125
was used, creating a wall segment of 1/512th the volume of the
original model, using the fine graded mesh. The fluid velocity
was also scaled down to maintain the same value of Reynolds
number. It was reasoned that if the physical models were
resolved properly, there should be minimal difference between
the flow profiles. The only regions in which some differences
were expected were near surfaces, where the effect of the
no-slip boundary may have been more pronounced in the
smaller geometry.

The dimensionless axial component of velocity is compared
in Figure 7 at the same positions as for the comparisons in
Figure 6. The results in Figure 7 show no significant differ-
ences, either qualitatively or quantitatively, between the pro-
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Figure 6. Comparison of axial velocity components at
the three different axial positions in the wall
segment and two full-bed geometries.

files. This confirms complete mesh independence of the wall-
segment geometry, and proper resolution of the wall functions.
Again, similar plots were made for the radial and tangential
components of velocity, and again essentially the same results
were obtained.

Correlation of Fluid Flow with Wall Heat Transfer

With the results of the wall-segment geometry validated, we
can develop a methodology to relate the wall heat transfer to
the near-wall flow features. This approach allows us to link the
effectiveness of local heat transfer to the packing geometry,
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through the local flow features. This is an essential step in
optimizing catalyst particle shape.

The structure of the packing next to the wall is shown in
Figure 8. The ringlike structure of the near-wall packing was
mentioned previously in discussing Figures 1 and 3. It is
further clear from Figure 8 that the N = 4 sphere bed geometry
shows a structured packing in the near-wall region. The pack-
ing of the spheres is very strongly influenced by the presence
of the column wall, organizing the packing in the rings of nine
spheres along the wall, as was described earlier. The flow
solution obtained in the wall-segment model is superimposed
on the bed structure in Figure 8, where pathlines are shown. We
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Figure 7. Comparison of axial velocity components at
the three different axial positions in the wall
segment geometries at two different mesh
densities and 1/8th size.
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Figure 8. Parallel projection of the wall segment model, indicating the regularity of the wall structure.

can identify repetition in the flow field, directly related to the repetitive structure allows us to concentrate on a smaller sec-
repetitive structure of the packing. Regions of fast axial flow tion of the geometry for the comparative study.

between the spheres, and slow recirculating flow downstream When we look at the heat flux map of the wall-segment
of the wall-particle contact points are clearly seen. This cylindrical wall, as shown in Figure 9, we can also clearly

Z (m)

o
- e

e ——————

Figure 9. Wall heat flux map on the cylinder wall of the wall segment model, in kW/m?Z.
The repetitive structure is indicated by the gridlines.
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identify a repetitive structure in the heat flux pattern. The
circular, red and yellow regions of high flux correspond to the
contact points between the particles and the wall, where flow is
almost stagnant. Around these points the fluid gap between
particle and wall is very thin and the higher thermal conduc-
tivity of the alumina particles provides a pathway for good heat
transfer. Just downstream of the contact points, we can identify
“horseshoe”-shaped blue regions of lower heat flux. These
correspond to regions where the gap between particle and wall
is relatively wide, and the flow within the gap is slow and
occasionally recirculating. The green regions of intermediate
heat flux between the arms of the horseshoe correspond to
regions of faster flow as the fluid is squeezed through narrow
gaps between particles or between particle and wall. The bro-
ken lines indicate the unique elements in the repetitive struc-
ture. When we look at a similar picture of the geometric
structure of the bed, as shown in Figure 8, we see that the
repetitive structure of the heat flux map and the wall packing
structure are related.

A small difference in aspect ratios of the same cylinder-wall
plane can be noted between Figure 8 and Figure 9. This may be
explained by the fact that Figure 9 was created using numerical
data from the CFD simulation for which the 3-D coordinate
data were transcribed to 2-D data to facilitate a 2-D plot, with
the arc length s of the wall along the x-axis and the height of
the wall along the y-axis. In contrast, Figure 8 displays an
isometric parallel projection normal to the cylinder wall in the
center of the arc length of the wall, resulting in a seemingly
smaller arc length of the wall.

With the repetitive structure of the flow directly related to
the wall packing structure and a similar apparent structure
found in the wall heat flux map, we can try to quantitatively
relate the flow structure to the wall heat flux in a repetitive
element. The element chosen is indicated in Figure 8 by the
gray box and in Figure 9 by the solid line box.

Statistical approach

Our initial hypothesis was that velocity components on a
local level, on a scale of several control volumes, could be
related to the local wall heat fluxes. It was expected that
especially the radial components of velocity would have a
distinct influence on the heat transfer processes. A procedure
was developed, therefore, for quantitative analysis of any direct
relation between the local velocity components and the local
wall heat flux.

The object was to relate the local wall heat flux to the
immediate neighboring fluid flow. The fluid flow in a small
region close to the wall (up to about 5 mm away from the wall,
10% of the tube radius) was categorized by axial, radial, and
tangential velocity components. Each component was then
averaged over the region along the direction perpendicular to
the tube wall, at each position on the wall. By organizing the
data in this way, the fluid flow components could be directly
related to the wall heat flux in the same region of the tube. The
same procedure was followed for other attributes of the flow
field, as discussed below.

Results are shown in Figure 10, for direct numerical com-
parisons of the local wall heat flux with the axial, radial, and
tangential components of flow. The flow components are nor-
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Figure 10. Normalized near-wall velocity components
directly related to the local wall heat fluxes.

malized using the local velocity magnitude. Figure 10 shows
no obvious relation between wall heat flux and the immediate
neighboring flow components. There is considerable spread in
the data. The same value of wall heat flux can be obtained for
very different values of a given velocity component, even for
both positive and negative values. It can be concluded, how-
ever, that backflow (a negative v, component) is associated
with areas of low heat flux only. The highest wall heat fluxes
appear only for strongly axially directed flows (v./py| =~ 1),
although the presence of such strong axial flows does not imply
that wall heat flux will be high. Similarly, it can be concluded
that in high heat flux areas radial flow tends to be positive
(toward the wall) and in low heat flux areas it is mostly
negative (away from the wall). Nothing can be said about the
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Figure 11. Normalized near-wall vorticity components
directly related to the local wall heat fluxes.

angular velocity component. The indicated trends are tentative
at best, although it was concluded that there was no clear,
distinct relation between the local velocity components and the
local wall heat flux.

It was next postulated that the vortices in the flow may have
had an influence on the wall heat flux. This was motivated by
the observation of poor heat transfer in the same regions as
recirculating flow, in Figures 8 and 9. The vorticity of the flow
& is a measure of the rotation of a fluid element as it moves in
the flow field, and it is defined as the curl of the velocity vector,
& = V X v. An identical comparison as was done with the
velocity components was performed using the vorticity com-
ponents in the flow. Figure 11 shows the direct comparisons
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between the normalized local vorticity components and the
local wall heat fluxes. The vorticity components showed abso-
lutely no correlation with the wall heat fluxes.

Another aspect of flow that was investigated was the flow
helicity H. The flow helicity is defined as the dot product of
vorticity and the velocity vector, H = (V X v)-w. The helicity
of the flow combines the vorticity and the flow field; it provides
insight into the vorticity aligned with the fluid stream. In the
previous comparisons the relation between the velocity com-
ponents and the heat flux was, although minimal, more prom-
inent than the relation between the vorticity and the heat flux.
By combining the velocity with the vorticity, we might get a
better idea whether the vorticity plays a part in the local heat
transfer process. As was expected from the definition of helic-
ity, the data were more structured than was the case with the
vorticity. There was still too much spread in the data; however,
so as not to compose any strict relation between the local
helicity and the local wall heat flux, the plots are not shown
here.

Besides the twisting of the flow, described with the vorticity
and the helicity, we inspected velocity component derivatives,
and did a similar quantitative comparison. A relation might
have been expected between the shear in the flow and the wall
heat fluxes. In the simulation geometry the axial flow compo-
nent is by far the dominant flow direction; in this comparison
we looked at the derivative of the axial velocity component
with respect to the three coordinates, r, 6, and z. The graphs in
Figure 12 show the direct relation between the axial velocity
component derivatives and the local wall heat flux. Similar to
the previous comparisons there, again, was not an easily iden-
tifiable relation. The comparisons of the velocity component
derivatives showed less spread than that in the comparisons
against the vorticity or helicity.

In the comparison of the axial derivative of the axial velocity
component against the wall heat flux in the top graph in Figure
12, most of the data showed a derivative value close to zero,
meaning that there was not much acceleration or deceleration
of the flow. From the comparison, we can draw some general
conclusions, similar to the relations between the wall heat flux
and the velocity components. Where dv_/dz was positive, the
flow was accelerating, or turning around from reverse flow to
the main flow direction, and this occurred only in the low wall
heat flux areas. The gradient dv_/dz was negative in the medium
flux area, most likely the area just downstream of the sphere-
wall contact point where the axial component of the flow
decreased, as it was diverted tangentially around the contact
point.

The bottom two graphs in Figure 12 show the radial and
tangential derivatives of the axial velocity component. The
spread of the data in these comparisons, especially the radial
derivative case, was considerable, and comparable to the
amount encountered with the vorticity and helicity compari-
sons. The asymmetric picture seen for the tangential derivative
in the bottom graph of Figure 12 was attributed to the choice of
the repetitive area. Tangentially, the repetitive area was mir-
rored on either side of the tangential boundaries. In this case,
therefore, the tangential derivative of the flow component
showed data with mostly negative values; in the mirrored
section on either side the data would be inverted, showing
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Figure 12. Near-wall partial velocity derivatives directly
related to the local wall heat fluxes.

mostly positive values. For the tangential derivative of the axial
velocity component, the more extreme values were found in the
low flux areas and in the high flux area the derivative values
were close to zero, similar to the axial derivative case.

From the numerical comparisons, it can be concluded that
there appears to be no statistical relation between the local flow
features and the wall heat flux. To determine the proper nu-
merical representation of the flow field for making a direct
quantitative comparison is a difficult task because it may not be
the local flow behavior at the wall that defines the conditions
locally, but a larger scale flow feature. It is often important to
know the history of the local fluid, to understand its participa-
tion in the local heat transfer rate.
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Conceptual approach

It was concluded that for a better understanding of the
influence of the flow field on the wall heat flux, a more
conceptual comparison was required. It was determined that we
had to look at features of the flow on a larger scale than that
used for the local analysis of the previous section. To do this,
the flow field that was used to gather the data for the compar-
ative plots in Figures 10—12 was reduced to a cartoon showing
only the main flow features. This could then be related to a plot
of the wall heat flux by conceptual comparison. In this way a
simplified quantitative comparison is combined with an overall
view of the situation allowing for a relation of the flow situa-
tion to the wall heat flux.

To illustrate this approach, the detailed flow field shown in
Figure 13a was simplified and divided into several main fea-
tures, as shown in Figure 13b. The main through-flow in the
center of the section is indicated by a darker surface on the
bottom of the section, flowing around the spherical particle, to
the top of the section. In the wake area downstream of the
sphere, there is a recirculating flow displaying both backflow
(negative z velocities) and radial flow toward the wall. The
third main feature is a radial flow in the left lower corner,
which is part of the recirculating wake flow of a spherical
particle located below the indicated section.

Figure 13c shows the wall heat flux in the part of the wall for
which the outline is displayed in Figure 13a, and that consti-
tutes the front surface in Figure 13b. As can be seen when the
heat flux map is related to the basic flow features, there is no
dominating flow direction that causes a higher or lower heat
flux through the wall. The lower heat flux is located in the areas
where recirculating flow and the main through-flow meet.
These transition, or mixing regions are not identified by a
particular flow direction, which explains why the plots in
Figure 10 did not show a particular trend.

When the plots from Figure 10 are related to the conceptual
comparison from Figure 13 it can be seen that the fact that
backflow was seen only in low wall heat flux areas is related to
the fact that backflow occurs only in the sphere wakes, which
are an essential part of the flow-mixing regions. Similarly the
negative radial velocities are limited to low flux areas, and are
specifically located in the wake flow, near the mixing area in
the top right hand corner of the segment.

Conclusions

Computational fluid dynamics was applied for the first time
to the detailed 3-D analysis of simultaneous flow and heat
transfer through realistic spherical packings in the wall region
of a fixed-bed reactor tube. It was shown, for N = 4, that flow
simulation in a flow-periodic wall segment gave the same
results as the simulation of a full bed, when the proper sym-
metry boundary conditions were applied. It was demonstrated
that the identification and isolation of a typical portion of the
bed could be used to reduce the computational burden of these
simulations when the main focus is on near-wall phenomena.

Maps of local wall heat flux were obtained for a constant
wall temperature tube, showing the pattern of wall heat flux
corresponding to the local bed structure. Experimental tech-
niques to date have not been able to give such detailed local
heat transfer properties. The patterns showed the strong point-
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Figure 13. The unit-cell section used for comparing fluid flow to wall heat flux: (a) the flow field expressed in pathlines;
(b) the simplified expression of the flow field in the fluid section; (c) relative wall heat flux.

The viewpoint here is that of an observer located on the tube wall.

wise variation of local wall heat flux, which had not been
suggested previously.

A reasonable hypothesis was tested, that the local wall heat
flux would correlate with measures of the local flow field.
Somewhat surprisingly, no such correlation could be found for
the fairly wide range of measures that we tested. Our interpre-
tation of the results was that to be able to relate a near-wall flow
field to a wall heat flux pattern, both a quantitative analysis and
a conceptual analysis are required. The quantitative analysis
shows which flow components are involved in low or high wall
heat flux, although, without the conceptual analysis, it is im-
possible to explain with which flow feature the flow component
is associated. Because basic flow components, such as flow
direction or magnitude, are not exclusive to certain flow fea-
tures, it is impossible to identify causal relations in a quanti-
tative analysis alone. The conceptual analysis suggests that the
wall heat flux at a particular position is part of a larger pattern
of heat flux, which is related to the patterns of fluid flow on the
scale of a particle or larger.

The sphere-packed bed, showing a repetitive packing struc-
ture, facilitated the comparison of heat-transfer data and flow
field on a local unit cell level. To be able to make more general
conclusions about the effects that the features of the flow field
have on the near-wall heat transfer, it would be necessary to
compare a wider range of flow fields and bed structures. The
sphere-packed beds are limited in the types of near-wall pack-
ing features that they can display. The logical expansion of the
present work would be to different catalyst particle geometries.
Our subsequent results on the influences of nonspherical cata-
lyst particle geometry on fixed-bed near-wall heat transfer will
be presented in a future publication. Successful identification
of links between particle geometry, near-wall fluid flow, and
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wall heat flux should enable design of catalyst particles that are
more effective for heat transfer in fixed beds.
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