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Abstract  The potential of Computational Fluid Dynamics as a tool for design and analysis of
the Circulating Fluidized Bed Reactor is considered.  The ruminations are largely philosophical
in nature, and are based mainly on experience.  An assessment of where CFD may, or may not,
be a helpful tool for developing the needed understanding, is furnished.  To motivate this
assessment, a clarification of what composes a CFD analysis is provided.  Status of CFD usage
in CFBR problems is summarized briefly.  Some successes and failures of CFD in CFBR
analysis are also discussed; this suggests a practical way to proceed toward the goal of adding
CFD as a useful tool, to be used in combination with well–defined experiments, for CFBR
needs.  The conclusion is that there remains substantial hope that CFD could be very useful in
this application.  In order to make the hope a reality, nontrivial, and achievable, advances in
multiphase flow theory must be made.

Introduction and Background
The goal of the engineer interested in the Circulating Fluidized Bed Reactor is

typically to design a system with known, reliable behavior.  The behavior of interest
includes the chemical conversion, reliability, and safety of the unit.  The intent of this
article is to give a high–level view of how Computational Fluid Dynamics may, or may
not, fit into the realm of useful tools for design, analysis and control of CFBRs.  CFD is
a relatively new discipline that has become useful in certain endeavors in science and
engineering such as astrophysics and aerodynamics.  The usage of CFD in academic
studies is exceptionally broad, including a great many studies involving aspects of
CFBR systems.  Despite this broad academic use, it appears that industrial application
of CFD is very limited with respect to the CFBR design problem in practice.  One can
only suppose that a reason for this lack of use is that engineers engaged in the design
process are in need of commercial CFD software, which is not presently suitable for
many of the necessary tasks associated with the design problem.  Another reason,
equally as likely, is that the physical problems in the CFBR are extremely complex.
The question that remains is whether the problems are prohibitively complex.  This
article furnishes the authors’ opinion on the answer; that is, CFD can help with the
CFBR analysis problem to a limited extent now, and will help more in the future.

It is apparently a fact that the use of the CFBR in industry is growing, while real
understanding is progressing at a much slower pace.  This growing use has naturally
placed pressure on developing increased understanding, in order to improve reliability,
increase efficiency, and ensure safety of operations using CFBR systems.  An early
review article by Matsen (1988) identified the complete lack of understanding of the



       
Figure 1.  LANL simulation of a complete CFBR loop.
Lines indicate the surface of the 3D grid.  The riser reactor,
with an obstruction mocked by a diameter change, is on the
left; the single cyclone is on the right.  A heat source is
added to the solid field near the Regeneration Point.
Fluidization gas enters the Inlet.  Liquid enters the domain
through the Injection Ports; heat from the solid field
converts the liquid to gas, which leaves through the Outlet.
The calculation was performed for demonstration purposes
only, using the LANL research code CFDLIB.

hydrodynamics in the turbulent fluidization regime as a main obstacle in CFBR design.
Later, Yang (1993) reiterated that turbulent gas–solid hydrodynamics is not sufficiently
understood, and further that the influence of the hydrodynamics on the reactive flow
(mixing and reaction) is also not well known.  Still later Fan and Zhu (1998) illustrate
that there is little or no fundamental understanding of the turbulent multiphase flow in
the reactor riser, and Kwauk (1999) mentioned again that the design of new systems is
strongly dependent upon full–scale data.

Evidently, the state–of–the–art in CFBR design practice (Yang, 1993; Kwauk,
1999) does not include CFD in any useful role at the design stage (at least in the
nonproprietary literature).  The CFBR design process is discussed in terms of the
steady–state pressure profile as seen by a circulating marker of solid material.  Matsen
(1988) and Yang (1993) both
note that the mode of operation
of the CFBR depends on how
the various components of the
system interact to produce the
complete pressure balance
observed.  Accordingly the
design process must include the
system as a whole, rather than
by simply considering a
collection of components in
isolation.

As early as 1995 the Los
Alamos National Laboratory
fluid dynamics group showed
that a single cyclone and riser
configuration could be
simulated in a three–
dimensional, time–dependent
calculation (Kashiwa et al.,
1995).  The grid used in this
demonstration calculation is
shown in Fig. 1.  A typical
result is shown in Fig. 2 where
the surface density of solid
catalyst grains is shown at a
certain instant in the simulation.
This calculation represents the
dynamics of a Fluidized
Catalytic Cracking unit in which
cool liquid is injected near the
bottom of the riser where a
relatively dense bed of hot
catalyst grains resides.  The hot FCC grains are fluidized by another gas injected at the
bottom of the riser.  This simulation was performed mainly to illustrate the practical
density of gridding that can be used for simulations performed on available workstation



Figure 2.  LANL simulation of a complete CFBR loop.
Surface contours of solids volume fraction, viewed with riser to
the right, at an instant.  Typical regions of high and low
concentration are marked.  Arrows indicate the general
direction of circulation.  The flow is strongly time–dependent
and three–dimensional.

clusters, and to show that reasonably complex geometries with three or more phases
(gas, liquid, solid) can be computed in an affordable span of calendar time.  Notice in
Fig. 1 that there are only about six grid cells that span the reactor riser diameter, which
is a very coarse grid density.  This means that features of the flow that correspond to
the macroscale can be resolved in computations of this sort; effects of mesoscale and
microscale phenomena must be incorporated into the physical models.

For many other engineering applications, computations of similar scale and
complexity are now routinely
carried out with commercial
software, and on
workstations available to
engineers in most large–scale
industrial research
installations.  In the present
case, a complete CFBR loop
can be simulated at whatever
physical size scale is of
interest to the engineer, using
available software.  If this is
in fact true, then why is it
that CFD is not a routine part
of the CFBR design process?

The simple answer is
that the physical models
mentioned by both Matsen
and Yang are still lacking.

The real role of CFD
here, as yet unfulfilled, is in
helping to unravel the
complexities of the turbulent,
reactive, multiphase flow in
the riser reactor, the key
element of the CFBR loop.
In order to see this role
better, it is helpful to
understand what CFD is, and
what it is not.

What is CFD?
Computational Fluid

Dynamics refers to the use of
computers to obtain
approximate solutions to
complex systems of
equations.  Solutions to the equations are supposed to be enlightening with respect to
the physical behavior of the materials studied in a particular flow situation.  In today’s
realm of CFD studies, the materials may exhibit fluid behavior (no static shear stress),
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or they may exhibit non–fluid behavior (solids with various kinds of stress and/or
failure).  The spatial dimensionality of the systems of interest ranges from zero to three,
and includes both steady state and time–dependent problems.  Hence both “fluid” and
“dynamics” in CFD can be something of a misnomer.  Nevertheless the term CFD is
used almost universally now to mean computer generated solutions to complex physical
problems.

CFD analysis is carried out largely by use of a program (also called a code) that
integrates a set of equations subject to a definition of a spatial domain, initial and
boundary conditions, for a given problem.  For the purposes here, it is very helpful to
appreciate the three main components that make up a CFD code: (1) physical theory;
(2) numerical recipe; and (3) computer instructions.  The theory is the set of equations
that make up the physical model.  This model is supposed to be an idealization of the
laws of nature.  The numerical recipe is an algebraic approximation to the equations
making up the physical model.  The study of numerical recipes is a branch of applied
mathematics, which makes up a discipline of its own.  The computer instructions are
the actual human readable statements that are issued to the computer by way of some
operating system; these instructions are executed by the computer and convert the input
of the analyst into output that is of interest.  That output is the approximate solution to
the model equations.  Thus the workforce needed to construct a computer code includes
a theorist, an applied mathematician, and a computer scientist (programmer).

The term caveat emptor (user beware) applies to CFD in ways that are redefined
day by day.  The theory is by definition always incomplete, the numerical recipe has a
variable degree of accuracy, and the computer instructions always have bugs.  The best
that can be done in practice is to find a theory that is applicable, use a numerical recipe
that has well defined accuracy, and a set of computer instructions containing minimal
errors.  With such a code in hand the analyst must then proceed to perform studies that
fit within the limits for which the code is valid; the failure to understand those limits (or
to stay within them) is the single most common pitfall experienced by CFD
practitioners.

Insofar as the CFBR analysis of interest here, there exist codes in both the
commercial and research sectors that are characterized by excellent numerical recipes
and highly bug–free status.  What these codes lack today is a theory that is adequate for
the CFB reactor problem, at least for the critical part of the system, namely the riser.
The main part of the physical theory that is lacking is a means of reliably, and
effectively, representing the effects of multiphase turbulence.  Hence the fly in the
ointment here is the theory, and progress in this area has been frustratingly slow.  One
reason is that the theoretical problem is very, very, difficult.  It is, nevertheless, not
entirely hopeless, as discussed below.

What CFD is not.
The main idea to take away here is that CFD is not a panacea for difficult

engineering problems in general, and in the CFDR problem in particular.  One cannot
expect to take a code, grid up a complex geometry, set some initial and boundary
conditions and turn the crank – expecting to get “the right answer”.  The instructions in
the code may be effectively bug–free, the numerical recipe may be highly accurate and
efficient, and the computer may be extremely fast; but if the model equations don’t
apply to the problem, then the result cannot be correct.  (The old term garbage–in,



garbage–out would then apply.)  The practical use of CFD for the CFBR problem is a
heuristic use: one which helps to peel back the onion, in effect.  That is, CFD can serve
as a helpful tool in developing the missing theory, and along the way it can perhaps do
some good in making the design process more effective.

Scales of Resolution
The real goal is to perform meaningful device–scale (macroscale) simulations of

the CFBR on grids of the sort shown in Fig. 1.  On this scale the model equations in the
single–field world of CFD are called Reynolds Averaged Navier Stokes equations.
CFD solutions on this scale may be either steady–state or time dependent; in either case
they are generally referred to as RANS simulations, and the term will be used here to
mean resolution on the macroscale.  On the other end of the spectrum of scales are
so–called Direct Numerical Simulations which purport to resolve all scales of motion.
In the CFBR context a DNS would mean computation of each and every boundary
layer on each and every individual solid grain, as well as all fluid scales of motion.
DNS in multiphase problems is important for theory development, so it applies to the
CFBR design problem only indirectly.  The term DNS will be applied here to mean
CFD simulations at the microscale, which are typically smaller than the smallest grains
in a gas–solid system.  At scales intermediate to the macro– and microscales Large
Eddy Simulations are often important in single–field studies.  In the present context,
LES will be used to mean simulations that resolve bubbles, clusters and streamers, but
do not explicitly compute the scales of motion at which dissipation of the fluctuational
energy takes place.

In principle, DNS requires no approximation to the physics.  One supposes that the
equations of motion are known, and integrated exactly.  In the LES resolution some
model is needed to represent the effects of unresolved scales of motion.  For
single–field studies researchers often simply rely on the inherent numerical dissipation
to furnish the subgrid model, which can be justified on the basis that the dissipative
scales are not of interest, as in very high Reynolds number flows.  For multiphase
problems, LES has in effect been widely used – also with no special subgrid model,
with results that are widely variable.  The RANS approximation is, of course, entirely
dependent on the closure model.  As will be seen shortly, CFD in the multiphase RANS
approximation is where the biggest successes, and most prominent failures, have
occurred in the CFBR problem.

Because of the grid densities needed, DNS studies typically saturate the largest
supercomputers available.  These studies form a driving force for making computing
machines bigger and faster yet.  DNS is by far the most compute–intensive endeavor in
CFD, and is not likely to ever have a direct role in CFBR analysis.  LES studies
likewise require huge memory because of the high grid densities needed and are
unlikely to have a direct role in CFBR design, except for detailed studies of some
components of the loop, such as valves and engagement sections.  RANS is the
practical choice for CFBR design/analysis studies, from the standpoint of computing
intensity and because the results are what the engineer needs anyway – the averaged
system behavior.



Status of CFD Theory in CFBR Analysis
The most popular approach to multiphase flow theory of the gas–solid reactive

hydrodynamics, is one that begins with ensemble averaging of the dynamical equations
for a single pure substance.  This averaging process leads directly to a set of
conservation equations for mass, linear momentum and total energy for each of the
materials (phases or classes) considered in the problem.  The averaged equations have a
multiphase Reynolds stress in each phase, plus terms representing interactions via mass
exchange, momentum exchange, and energy exchange, between the materials.  (These
conservation equations have been called continuum equations in the literature, although
one or more materials may not satisfy the conditions normally considered appropriate
for approximation as a continuua.)  Closure models for the Reynolds stress and for the
exchange terms form the main body of outstanding needs in the turbulent reactive
multiphase flow problem.

The second most popular approach to multiphase flow theory is to track the
averaged behavior of a representative grain of solid, as it interacts with an
ensemble–averaged fluid.  In the plasma physics literature this method is referred to as
the kinetic formulation because it is valid in the free–molecular flow regime. The
kinetic formulation amounts to a discrete approximation to the probability distribution
for the velocity.  (In the multiphase application the kinetic formulation is often called
the spray model.  Here the term kinetic is used to avoid ambiguity.)  For the gas–solid
application, the kinetic formulation can use various approximations to estimate the
ways in which the grain interacts with other grains.

Both continuum and kinetic approaches are statistical in nature and require closure
assumptions to complete the equation set.  Generally the continuum approach is most
useful in dense suspensions, while the kinetic method is most appropriate for very
dilute flows with a small ratio between the macroscale and the grain separation distance
(like the gas–solid jet).  At present there appears to be no theory that bridges the
transition between continuum and kinetic regimes.

More on the current status of CFD usage in CFBR engineering can be found in
Sinclair (1997), Kuipers et al. (1998), and van Wachem et al. (2001a).  For a general
background, the text by Gidaspow (1994) is quite useful.  In the engineering literature,
the foregoing fundamental theoretical models are called Eulerian (continuum) models
and Lagrangian (kinetic) models.  This is an unfortunate choice of terminology because
the terms Eulerian and Lagrangian are more typically used to describe a chosen frame
of reference, which is arbitrary (the physics are frame–independent).  Hence the terms
continuum and kinetic are more appropriate.  In continuum models, all phases are
considered to be continuous and interpenetrating.  Because the equations come from
averaging, which results in a loss of information, closure (constitutive) laws are needed.
In this case the closures describe the rheology of suspended (fluidized) particles.
Accordingly, the accuracy of continuum models depends totally on the empirical or
semi–theoretical constitutive equations.  In kinetic models, the equations of motion for
each particle are solved, taking into consideration the particle–particle collisions,
particle–wall collisions and all interacting forces between gas and particles, and the gas
is usually treated as continuum.  The computational requirement is, however,
formidable and cannot be applied fruitfully in industrial dense phase CFBRs.



Because of considerable improvement in computational power in recent years,
substantially more CFD works for multiphase systems have been published.  Their
comparisons with experimental results can best be characterized as qualitative and
incomplete.  The CFD models at the current stage of development can only be
characterized as correlative, rather than predictive.  When the data are available, the
CFD models can always be made to correlate the data reasonably well by adjusting the
closure laws (such as the particle restitution coefficient, frictional coefficient or drag
relationship).  In blind tests, however, the CFD models can fail miserably, emphasizing
the incompleteness of the theory.

Examples of Successes and Failures
Recent applications of CFD studies include simulation of dynamic behavior of

clusters in CFBR (Ouyang and Li, CFB6 pp. 199–204), risers and clusters (Hoomans et
al., CFB6 pp. 255–260; Kuipers and van Swaaij, CFB6 pp. 267–273; Mathiesen et al.,
CFB6 pp. 249–254; Peirano et al., CFB6 pp. 281–287), effect of pressure (Li and
Kuipers, FL10 pp. 389–396), bubbling fluidized beds (O’Brien and Syamlal, FL10 pp.
357–364; Ouyang et al., FL10 pp. 285–292; van Wachem et al., 2001a), heat transfer in
fluidized beds (Schmidt and Renz, CFB6 pp. 243–248), solids movement near a
distributor (White et al., CFB6 pp. 225–230), solids mixing (Wang et al., FL10
325–332), particle segregation in gas-fluidized beds (Goldschmidt et al., FL10 pp.
795–802; van Wachem et al., 2001b), jets in fluidized beds and CFBR (Gilbertson et
al., FL10 pp. 405–412; Albrecht et al., FL10 pp. 347–356), cyclones (Ruottu and
Ruottu, CFB6 pp. 289–294; Majander et al., FL10 pp. 715–722), pneumatic conveying
(Letizia, FL10 pp. 397–404), and three phase fluidization (Zhang et al., FL10 pp.
429–436).  Simulations for large industrial size plants include Flour and Balzer (CFB6
pp. 275–280) and Albrecht et al. (FL10 pp. 347–356).

In general, it can be said that available CFD codes are more correlative than
predictive and more qualitative than quantitative.  Once calibrated with actual data,
reasonable predictions for simple macroscale (and some mesoscale) phenomena, such
as expansion of a slugging bed, slug rise velocity, bubble size and shape, and bubble
velocity, can be obtained (van Wachem, 2001a).  Qualitative mesoscale cluster
formation and its dynamics can also be generated in the LES limit, though the
hydrodynamic structure may depend on the particle coefficient of restitution (Ouyang
and Li, CFB6 pp. 199–204).  Similar comments can be made about almost all
applications mentioned above.

Fortunately there are parts of the CFBR loop for which existing RANS models for
the force density are adequate, and where turbulence plays little or no significant role.
Analyses in these areas provide at least some hope that CFD can be useful in the CFBR
loop design process.  Unfortunately there are cases in which some misapplication of
existing models has occurred; these are mentioned in the following sections.

Example of CFD Success
There exist a number of documented cases in which CFD has been useful in parts

of the CFBR loop; a single case is mentioned here for illustration.  In employing a
RANS CFD model to aid the design of a two–stage multi–entry cyclone at high solid
loadings, Majander et al. (FL10 pp. 715–722) were able to predict the pressure drop,



the particle separation efficiency and the probability of erosion for different designs.
Over 3 million cells were used for the whole geometry (200,000 for the one–eighth
symmetry).  Lagrangian particle tracking was employed and particle acceleration,
collisions with walls, turbulent dispersion and interaction with gas flow were included,
while particle–particle interactions, important in dense gas–particle flows, were
neglected.  They also found that the standard k–ε model without swirl correction gave
incorrect tangential velocities.  Use of a more advanced turbulence model with swirl
correction greatly enhanced the accuracy.  The application of CFD in the RANS
resolution aided the design and reduced the number of expensive and time–consuming
large–scale experiments.  From an application point of view, this is a major success
story.

It is worthwhile noticing that in the foregoing problem the main physics of
importance are turbulence, the drag force density and gravitational acceleration.  The
flow regime is dilute, and evidently the effect of clustering is negligible.  Hence the
so–called standard drag model is all that is needed in this RANS calculation.  Although
successful for the purposes used, the turbulence model could still be improved.

Example of CFD Failure
In the 8th International Conference on Fluidization in 1995 at Toulouse, France, the

first “Challenge Problem Workshop” was organized.  Again in 2001 at the 10th

International Conference on Fluidization at Beijing, China, the second Challenge
Problem Workshop was held.  The format of the Challenge Problem was to generate
experimental data sets months before the meeting.  The hardware configuration and the
operating conditions were then distributed to all potential modelers to invite their
participation to predict the performance.  A Workshop was then organized at the
meeting where the comparisons between the modelers’ predictions and the
experimental data sets were announced.

In the most recent 10th Fluidization Conference, modelers were invited to predict
axial pressure profiles, radial mass flux profiles and radial particle velocity profiles in a
circulating fluidized bed of 0.2 m diameter and 14.2 m high.  The CFBR was equipped
with both a blind tee riser exit and an elbow riser exit.  Two different air velocities, 3.7
m/s and 12.0 m/s, and two solids mass fluxes, 50 kg/s-m2 and 390 kg/s-m2, were
employed using FCC catalyst or sand as the bed material.  The challenge problem was
sent to 100 different research groups with13 responses being received.  Among the 13
models, 6 were based on CFD.  The majority of the CFD modelers only modeled a
small portion of the 36 data sets requested.  The range of error for all models was from
100% to 355%, with the highest individual percent error being 838%.  The performance
of the CFD predictions was no better than models typically available in handbooks
(Knowlton, 2001).

So what is the reason for the CFD failures?  One can only suppose (in an educated
sort of way) that the codes used were relatively bug–free and numerically accurate, but
lacking in the proper theoretical models for the flow regime studied.

Challenges Ahead
The collective experience of Matsen (1988), Yang (1993), Fan and Zhu (1998) and

Kwauk (1999) points directly to the hydrodynamics of turbulent multiphase flow as a



critical weak link in CFBR design and operational understanding.  Supposing this to be
true, a closer look at what composes a general theory for multiphase turbulence is
appropriate.  This leads to a short list of important items that are needed in order to
permit CFD to have a positive impact on the CFBR design problem.

Insofar as the hydrodynamics of turbulent multiphase CFBR riser flow is
concerned, the main item lacking is an adequate theory describing the multiphase
Reynolds stress.  As is the case for single–phase turbulence, work is proceeding slowly
on this problem.  Of course, numerous attempts at a general formulation have been
made, but so far none have attained the status of common use for the design problem.
There is some hope however, that an appropriate multiphase analog to the
two–equation model for single phase turbulence has been developed (Kashiwa and
VanderHeyden, 2000), but which still needs substantial testing, along with other
emerging possibilities.

One feature that readily becomes apparent in the study of the multiphase Reynolds
stress is the strong dependence of the multiphase fluctuational energy on the force
density (momentum exchange rate) between the materials.  This force density creates a
non–negative source to the fluctuational energy, as well as a non–negative source to its
rate of decay.  Hence the balance between turbulence energy and decay rate, and
therefore the turbulent viscosity, is altered by the multiphase momentum interaction.
What this means is that modeling of the force density and modeling of the Reynolds
stress go hand–in–hand when the multiphase case is considered.

There are two main parts of the force that bear consideration: (1) a contribution
from mean relative motion; and (2) a contribution from mean relative acceleration.  The
first is a drag force which depends strongly on whether a homogeneous dispersion
exists versus a nonhomogeneous dispersion (clusters, bubbles, streamers).  The second
contribution can be thought of as a “mixture virtual mass”; this is an effect that arises
from one material displacing the other.  Models for both these effects that carry with
them the influence of particle properties such as shape, elasticity, and polydispersivity,
are just now coming forth.  These models have some way to go before general
acceptance is likely to occur.  It is expected that a model that permits the force density
to depend on the turbulence will be necessary.  This means that full two–way coupling
(turbulence–force–turbulence) is likely to be important in the model.

In addition to the force density, additional work is needed to properly relate
fundamental material physical properties (viscosity, strength, elasticity, friction
coefficients, grain shape) to their proper places in the CFD model.  In the case of a wall
stress, these properties may have a strong influence on boundary conditions for the
RANS model.

The interaction among the physical effects extends another level when chemical
reactions, or physical transformations (such as phase change) are considered.  Then the
turbulence controls the mixing among species in the gas phase, and the rate of contact
(both thermal and chemical) between the gas phase and the solid phase.  Unfortunately
the single phase turbulent mixing problem is still largely unsolved; fortunately there is
ongoing strong academic effort, from which the multiphase problem will certainly
benefit.

One item that is peculiar to multiphase flow, as opposed to its single phase
counterpart, is whether a continuum approximation is valid for the dispersed phase of
material.  When momentum coupling is strong between dispersed solid grains and their



surrounding fluid, then a collection of grains can behave as a continuous field.  Such is
true also when collisions between grains is frequent enough for individual grain
velocities to become similar, locally.  When collisions are infrequent, or when
solid–fluid momentum coupling is weak, then the solid field undergoes a transition to
noncontinuum or kinetic behavior.  Theoretical methods for the kinetic regime are well
known from studies in low–density gases and plasmas.  These methods apply perfectly
well to the kinetic regime of the dilute solid grains.  What is lacking is a theoretical
method to describe the continuum–kinetic transition.  This transition can occur in a
gas–solid jet or in a spouting bed, for example.

To summarize, the main theoretical needs that remain open in the CFBR riser
section include:
•  A well–validated model for the multiphase momentum exchange force that is

capable of spanning the transition from the dense bubbling bed regime, to the dilute
transport regime.  The main issue is to incorporate the physical effects of mesoscale
structures in the model (bubbles, clusters, streamers).

•  A well–validated model for the multiphase Reynolds stress, and its codependence
on the force density.  The challenge here is to balance the competing effects of
energy produced by velocity gradients with that produced by the force density.

•  A well–validated method for connecting the force density, Reynolds stress, and
averaged rates of chemical and physical reactions, as may be moderated by the
multiphase turbulence.

•  A method for spanning the continuum–to–kinetic flow regimes for the dispersed
solid phase material.
In addition, there are also some experimental and practical difficulties in trying to

compare the CFD calculations and experimental results.  For example:
•  It is extremely difficult to obtain non–intrusive experimental data in dense phase

suspensions such as in a bubbling or a circulating fluidized bed.  When those data
are available, they usually are not verified or collaborated by other independent
organizations employing similar experimental units under similar operating
conditions.  Thus the accuracy of experimental data cannot be independently
qualified and guaranteed.  When large industrial units with high temperatures and
high pressures are involved, the availability of data is even more problematic.

•  All fluid–particle systems are basically chaotic, heterogeneous, nonlinear,
nonequilibrium and unsteady.  Comparisons of instantaneous phenomena are
difficult.  Comparisons using averaged values sometimes can be misleading.
Benchmark criteria for quantitative validation are still to be developed.
In the CFD theory developments needed for CFBR, some additional aspects need

to be emphasized.  For example,
•  The accuracy of predictions from CFD in the LES resolution, are usually mesh size

dependent (O’Brien and Syamlal, FL10 pp. 357–364).  This brings into question
the accuracy of subgrid models for the microscale processes.  Because of the
computational cost involved with the LES resolution, many 2D studies have been
performed to simulate 3D phenomena, which is known to be questionable from
single–turbulence studies.  A systematic study of this mesh size dependence will be
of use in guiding future CFD theory development.

•  The riser entrance effect, exit effect, the effect of internals, the effect of particle
attrition and particle entrainment on particle size distribution, particle segregation



etc., are important in practical application of CFBR, but are too complex to be
predicted by the current state of CFD models.  Effort spent in those areas will have
large payoffs.

Prospects for the Future
With regard to the transition from dense to dilute turbulent flow in the riser, the

present state of affairs in the CFBR design problem can be described as data–rich, and
theory–poor.  There exists collectively a very large body of experimental data for
pressure drop in the riser, as a function of the operating parameters (solids flux, gas
velocity, grain type), in facilities ranging from very small scale to full industrial scale
(Yang 1993).  So far a theoretical model that bundles these data into a fundamental
form sufficiently compact for engineering use has not emerged.  Given this state of
affairs (which is not at all uncommon), the sensible way to proceed is to let the data
lead the way.  By this is meant that the data need to be organized so that the physical
processes which dominate the flow processes can be extracted from the observations.

In this case the observations are both qualitative and quantitative in their form, and
all of the observations play an important role in the scientific process, which is cyclical
in nature.  The cycle begins with observations that stimulate an intuitive notion of what
may be the dominant physics; an hypothesis (theory) is put forward in the form of some
idealized expressions (an equation); the hypothesis is tested against the quantitative
data; another experiment is suggested for which the theory furnishes a prediction; and
so on ad infinitum.

To give a specific example of how this process may be carried out, consider the
problem of predicting the averaged fluctuational energy in a homogeneous
sedimentation.  For a very large vessel the homogeneous sedimentation is well
approximated by a fluidized bed of solids, levitated by the upward flow of fluid.  There
exist experimental data for the fluctuational energies of both fluid and solid materials in
this situation, mainly for very dilute solids loading.  The goal is to find a theory that
describes this energy quantitatively, given the flow parameters and material properties.
If the theory is correct, then a prediction of the fluctuational energy (turbulence) can be
made in case of dense loading.

A first cut at organizing the physical effects can always be furnished by
dimensional analysis.  For this, one simply postulates what may be the controlling
physics in terms of a collection of parameters.  For example, let us suppose that the
fluctuational energy k may depend on the system dissipation ε , the mean relative
velocity w, a grain scale d , the fluid (kinematic) viscosity ν , and the volume fraction
of loading θ .  These are six parameters in two dimensions (velocity and length).  The
product theorem implies
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A multiphase turbulence theory under development at LANL (Kashiwa and
VanderHeyden, 2000) yields this form with α = 2 3/ , β = 2 3/ , γ = −1 9/ .   The system
dissipation is just the scalar product of the mean relative velocity and the force density.
Because the force density goes to zero linearly with  the particle loading, the
fluctuational energy goes to zero at zero particle loading as it must.  Hence the LANL
theory is consistent with the foregoing postulate of the controlling physics.  This model,
which is still nevertheless a postulate, is fully three dimensional and time dependent; it



is undergoing testing in cases for which a homogeneous force density model applies, as
well as for cases in which nonhomogeneous phase distributions require additional
modeling of the force due to the presence of bubbles and clusters.  Thus, when
complete, the model is supposed to be applicable to the problem of dense to dilute
transition of the turbulent riser flow.

This demonstrates the first two steps in the process; the data suggest a postulate,
which is folded into a theory.  The next step is to test the theory on other data, then to
make a prediction for a new experiment.  Such steps have been taken recently, in
cooperation with the riser group at Sandia National Laboratories (Trujillo et al. 2001a).

Summary and Conclusions
To summarize, the hope remains that CFD can be a significant player in the design,

and safe operation of CFBR systems.  However, the hope is unfulfilled so far.  Progress
is slow, partly owing to the difficulty of the theoretical problem of describing the
averaged behavior of turbulent, reactive, multiphase flows, and partly owing to the
difficulty of obtaining accurate measurements in an adverse experimental environment.
Computer codes exist that are perfectly capable of integrating the model equations, and
computers are widely available that are sufficiently large and fast to perform the needed
numerical operations, at least in the RANS (macroscale) discretization.  Sadly the
bottleneck is the theory, which still requires substantial development before CFD can
be employed for the full height of the riser reactor.  Within a few years, however, at the
present pace of research, it would appear that CFD codes may finally be available that
are suitable for the task.  Hopefully the need will still exist when this time arrives; at
which point meaningful simulations can be performed that will assist in optimization
and safety assurance of CFBR units.
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