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1. Introduction 

In the last few decades computational fluid dynamics has become a very pow- 
erful and versatile tool for the analysis and solution of problems that are of con- 
siderable interest to the chemical engineer, despite the fact that CFD has not yet 
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reached its full potential. The chemical engineering discipline has developed 
many valuable semiempirical strategies to solve problems of practical interest. 
Prior to expanding on the nature of CFD and its current possibilities and limita- 
tions, a brief outline on these strategies will be presented. 

II. Traditional Approaches Followed within Chemical 
Reaction Engineering 

In the process technology raw materials are converted into desired products via 
chemical and physical processes. These products are often intermediates that are 
subsequently converted in other production processes. This general scheme (see 
Fig. 1) from raw materials like minerals, crude oil, natural gas, agricultural prod- 
ucts, etc., via preprocessing and purification is very common. A process engineer 
developing, designing, or optimizing a process has to deal with many disciplines 
varying from chemistry or biochemistry to economy. His or her ultimate aim is to 
produce a valuable product in a safe way at acceptable cost and burden to the envi- 
ronment. Also time is a scarce quantity because he or she has to take the changing 
market and competitors into account. The traditional chemical engineering sciences 
like transport phenomena and chemical reaction engineering play an essential role 
in achieving the aforementioned aims. In these sciences elements from physics (like 
transport theories, fluid dynamics, and thermodynamics), chemistry (kinetics, catal- 
ysis), and mathematics have been integrated to form dedicated tools to tackle ex- 
tremely complicated problems that come up in studying and developing processes. 

ENERGY + INFORMATION 

CHEMICAL 
TRANSFORMATION 

RECYCLE 
FIG. 1. Schematic representation of a production scheme typically encountered in process 

technology. 
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A new emerging tool is a combination of fluid dynamics and numerical math- 
ematics backed up by the immense growth of computer power: computational 
fluid dynamics ( 0 ) .  It is affecting the chemical engineering sciences and the 
art of the chemical engineer in a profound way. We also think that a special 
branch of CFD will originate from the confrontation with chemical engineering 
science. This is because of special demands in the applications, the application- 
oriented attitude of the chemical engineer, and the way the knowledge has been 
organized traditionally. 

Originally, technical scientific knowledge was arranged around the individual 
process steps: distillation, absorption, extraction, crystallization, heat exchange, 
mass exchange, etc.; the so-called “unit operations” (5  1920). For a short period 
of time also the notion of unit processes was used for chemical process steps such 
as chlorination, oxydation, hydrogenation, etc. However, because of lack of co- 
herence this never became a big success. Specifically after the second world war 
it became increasingly clear that the different unit operations could be strongly 
unified by combining the principle of microbalance formulation with laws of lin- 
ear transport of mass, momentum, and energy while adding elements of technical 
fluid dynamics and radiative heat transfer. This culminated in the textbook Trans- 
port Phenomena by Bird, Stewart, and Lightfoot (1960), which is still a standard 
for chemical engineers. Chemical reactions often form a considerable complica- 
tion in process description and modeling. Integration of chemical reaction kinet- 
ics and thermodynamics in transport phenomena resulted in the discipline of 
chemical reaction engineering. The first textbooks on chemical reaction engineer- 
ing appeared in the early 1960s (Levenspiel, 1962). Of course, these sciences 
have grown since then and the widespread use of computing facilities changed 
their nature allowing, amongst others, the chemical engineer to use large data- 
bases, advanced design and optimization methods, and complex and extended 
models that were previously difficult to handle. The increased use of the 
Maxwell-Stefan transport model instead of the traditional Fickian model repre- 
sents an example of this development. 

As mentioned earlier, in the past many powerful tools with a strong empirical 
base had been devised by chemical engineers to (approximately) solve extremely 
complicated problems encountered in chemical reaction engineering such as the 
design of process equipment (including chemical reactors) involving nonideal 
flow (see Fig. 2; Levenspiel, 1962). Very often the two idealized flow patterns, that 
is, plug flow and mixed flow, do not occur in reality but nevertheless these concepts 
have proven valuable when dealing with the design of chemical reactors because 
the conversion obtained in these two extreme cases provides the boundaries for the 
conversion in a chemical reactor in which nonideal flow prevails. Levenspiel 
(1962) stated that “If we know precisely what is happening within the vessel, thus 
if we have a complete velocity distribution map for the fluid, then we are able to 
predict the behavior of a vessel as a reactor. Though fine in principle, the attendant 
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FIG. 2. Some typical examples of nonideal flow patterns that can occur in process equipment. 
(From Levenspiel, O., “Chemical Reaction Engineering.” John Wiley & Sons, New York, 1962. 
Reprinted by permission of John Wiley & Sons, Inc.) 

complexities make it impractical to use this approach.” This situation has clearly 
changed because nowadays the “complete velocity distribution map” can in princi- 
ple be obtained by computing the velocity distribution in the system of interest. 

A well-known traditional approach adopted in chemical engineering to cir- 
cumvent the intrinsic difficulties in obtaining the “complete velocity distribution 
map” is the characterization of nonideal flow patterns by means of residence time 
distribution (RTD) experiments where typically the response of a piece of process 
equipment is measured due to a disturbance of the inlet concentration of a tracer. 
From the measured response of the system (i.e., the concentration of the tracer 
measured in the outlet stream of the relevant piece of process equipment) the dif- 
ferential residence time distribution E(t) can be obtained where E(t)dt represents 
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the fraction dF(t) of the volume elements with a residence time between t and 
t + dt: 

dF(t) = E(t)dt. 

The fraction of the fluid elements with a residence time of less than t is given by 
the cumulative residence distribution function F(r) given by: 

F(t) = J".(t)dt. 
0 

For a continuous reactor with a nonideal flow pattern, characterized by the differ- 
ential residence time distribution E(t), the following expression holds for the con- 
version Enonideal, which is attained in case complete segregation of all fluid ele- 
ments passing through the reactor can be assumed: 

where [bat&(t) represents the conversion attained in a batch reactor with batch 
time t. Of course, in reality a certain degree of mixing between the fluid elements 
passing through the reactor occurs with simultaneous chemical transformation 
and therefore information on the macromixing patterns is generally not sufficient 
to enable accurate prediction of the extent of chemical conversion in a reactor 
possessing a nonideal flow pattern. This mixing phenomenon necessitates the use 
of a micromixing model to account for the finite rate with which segregated fluid 
elements eventually achieve mixing at the molecular level (i.e.. segregation de- 
cay) to permit the occurrence of a chemical transformation. 

Due to the advent of CFD the aforementioned approach can still be followed 
but now the E(t) and F(t) functions can in principle be computed from the com- 
puted velocity distribution. Alternatively, the species conservation equations can 
be solved simultaneously with the fluid flow equations and thereby the extent of 
chemical conversion can also be obtained directly without invoking the concept 
of residence time distributions. 

The strong demand for data reduction also applies to results of CFD. Moreover 
chemical engineers have a sound distrust of, based on a lot of experience, calcu- 
lated results that have not been validated with experimental data. If we compare 
the traditional chemical engineering approach to the pure computational fluid 
dynamics-based procedure several advantages and disadvantages become appar- 
ent and at least for a long period of time both approaches have to (and probably 
will) merge to obtain an optimal result. However, more and more the traditional 
empirical and phenomenological models are being replaced by more fundamental 
descriptions, which are based on the full microbalances for mass, momentum, and 
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(thermal) energy. In the next section a brief discussion is presented of the role and 
types of modeling encountered in chemical engineering. 

A. ROLE AND TYPES OF MODELING IN CHEMICAL ENGINEERING 

The widespread availability of fast computing facilities and the rapid advance 
of powerful numerical techniques and software offer the possibility of numerical 
simulation of many processes of interest in chemical engineering science and the 
process industry. Problems often encountered in process operations can be de- 
scribed by balance equations for conservation of mass, momentum, and (thermal) 
energy in combination with transport equations for chemical conversion or phase 
transition. Because the equations are in most cases coupled and nonlinear, the 
problem is complex. Moreover, transport rates are dependent on local fluid prop- 
erties, which are often themselves a function of process variables. Therefore, only 
in the simplest cases can analytical solutions be found and numerical solution 
procedures are welcomed. CFD has been applied successfully in analyzing com- 
plex single-phase laminar flow problems. Here the accuracy of the simulations is 
so high that validation experiments are often considered unnecessary. This is cer- 
tainly not the case for single-phase turbulent flow problems in complex geome- 
tries, although considerable progress has been made here in recent years in turbu- 
lence modeling. 

Several computer codes are now commercially available (see Section III,C) 
that are applicable for laminar and turbulent single-phase fluid flow problems. 
They show variable success in different applications. For two-phase flow the sit- 
uation is still more complicated and detailed microbalance modeling is still in its 
infancy. Before we discuss these types of models in more detail, we first consider 
their advantages and disadvantages in comparison with other type of models. 
Specifically a comparison between detailed microbalance models (i.e., fluid flow 
equation-based microbalance models) and global system models (i.e., models that 
are not based on fluid flow equations) is made; Table I gives a short overview. A 
similar table has been presented by Villermaux (1996). The arguments given in 
Table I are global ones, because the boundaries between the different models are 
not clear-cut. Moreover, a wide range of model types is possible that shows an 
important overlap in properties. 

The most powerful property of the detailed microbalance models, especially in 
combination with visualization techniques, is the a priori prediction of (observ- 
able) macroscale phenomena. This can be particularly helpful in reducing the re- 
quired experimental effort. Important problems are the amount of detailed infor- 
mation required for the microscale transport equations and the large 
programming and computational efforts required to solve specific problems. Nev- 
ertheless, these types of models, by generating insight in the micro- and 
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TABLE I 
COMPARISON OF DETAILED MICROBALANCE MODELS WITH GLOBAL SYSTEM MODELS 

Detailed Microbalance Models 
Advantage 

More exact solution available 

Phenomena follow from calculations a priori 

Formal balance equations can be written 

Processes can be visualized 
straightforwardly (for single phase systems) 

Global System Models 
Advantage 

Simple models and simple solutions facilitate 

Can be adapted to the detail of information 

Limited calculation capacity often sufficient 
After adjustment of parameters accurate 

understanding 

required 

macroscale behavior prediction 

Disadvantage Disadvantage 

Detailed knowledge required about the 

Massive data production, thus data 

Large calculation capacity required 
Difficult to generalize. Each specific 

Lot of a priori knowledge together with 

Experimental validation and adjustment of 

Meaning of parameters sometimes unclear 

elementary process imaginative power required 

reduction required parameters necessary 

due to lumping 
problem requires additional 
(computational) effort 

Macroscopic behavior not always 
accurately predicted 

mesoscale mechanisms, can play an important role in the preparation of experi- 
mental programs and in innovations to improve existing processes. 

B. RELATION WITH EXPERIMENTAL W O R K  

Despite its great potential, in the near future CFD will not completely replace 
experimental work or standard approaches currently used by the chemical engi- 
neering community. In this connection it is even not sure that CFD is guaranteed 
to succeed or even be an approach that will lead to improved results in compari- 
son with standard approaches. For single-phase turbulent flows and especially for 
multiphase flows, it is imperative that the results of CFD analysis somehow be 
compared with experimental data in order to assess the validity of the physical 
models and the computational algorithms. In this connection we should mention 
that only computational results that possess invariance with respect to spatial and 
temporal discretization should be confronted with experimental data. A CFD 
model usually gives very detailed information on the temporal and spatial varia- 
tion of many key quantities (i.e., velocity components, phase volume fractions, 
temperatures, species concentrations, turbulence parameters), which leads to in- 
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creasing demands for experimental methods. In this way CFD is fruitful because 
it can lead to the development of new techniques to measure quantities that previ- 
ously have not been considered in detail. 

C. CFD IN CHEMICAL ENGINEERING EDUCATION 

Due to the rapid advances in CFD and the potential it provides to analyze, on a 
fundamental basis, systems of considerable interest to the chemical engineer it 
can be anticipated that the importance of CFD as a “workhorse” for the chemical 
engineering community will rapidly increase in the near future. This development 
implies that the chemical engineer working with CFD will need a good knowl- 
edge in a large number of disciplines, including physics, chemistry, thermody- 
namics, materials science, fluid dynamics, chemical reaction engineering, and nu- 
merical and experimental methods. Thus broader university education is 
important and the ability to participate in interdisciplinary research teams is con- 
sidered very important to meet the demands of an integrated approach combining 
experimental and theoretical methods with numerical simulation techniques. In 
this connection it is considered of crucial importance for (introductory) CFD 
courses to be implemented in the curricula of technical universities at (preferably) 
the undergraduate level. As far as the authors know most technical universities do 
not yet offer such courses. 

111. Computational Fluid Dynamics 

First we give a brief introduction to the historical development of the science 
of fluid mechanics, and subsequently the development and present areas of appli- 
cation of CFD are highlighted. 

The equations that form the theoretical foundation for the whole science of 
fluid mechanics were derived more than one century ago by Navier (1827) and 
Poisson (1831) on the basis of molecular hypotheses. Later the same equations 
were derived by de Saint Venant (1 843) and Stokes (1 845) without using such hy- 
potheses. These equations are commonly referred to as the Navier-Stokes equa- 
tions. Despite the fact that these equations have been known of for more than a 
century, no general analytical solution of the Navier-Stokes equations is known. 
This state of the art is due to the complex mathematical (i.e., nonlinearity) nature 
of these equations. 

Toward the end of the nineteenth century the science of fluid mechanics began 
to develop in two branches, namely theoretical hydrodynamics and hydraulics. 
The first branch evolved from Euler’s equations of motion for a frictionless, non- 
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viscous fluid, whereas the development of the second branch was driven by the 
rapid progress in technology were engineers, faced with the solution of practical 
problems for which the “classical” science of theoretical hydrodynamics had no 
answers, developed their own highly empirical science of hydraulics. At the be- 
ginning of this century Prandtl showed how the unification of the aforementioned 
divergent branches of fluid mechanics could be obtained. He showed both exper- 
imentally and theoretically that the neglect of the viscous forces, which are in- 
deed very small compared to the remaining forces for the two most important flu- 
ids encountered in practice (water and air), leads to incorrect results in thin fluid 
regions near solid walls. In this region, the boundary layer, viscous forces are 
very important and therefore should be taken into account. 

During the first half of this century a spectacular development in the boundary 
layer theory took place that was driven mainly by the needs of the aerodynamics 
community. Most of the initial developments involved approximate analytical so- 
lution or transformation and subsequent numerical integration of the relevant 
fluid flow equations (Schlichting, 1975). Until 1960 CFD was virtually absent in 
the aerodynamics discipline but gradually the aforementioned solution proce- 
dures were replaced by CFD-based approaches where the full conservation equa- 
tions were solved. However, until 1970 the storage capacity and the speed of dig- 
ital computers were not sufficient to enable efficient calculation of full 
three-dimensional flow fields around airplanes. This situation has by now defi- 
nitely changed since a number of computer programs for the calculation of three- 
dimensional flow fields around airplanes have become industry standards, result- 
ing in their use as a tool in the design process. It can be anticipated that for the 
(future) design of hypersonic aircraft, where the ground test facilities-wind tun- 
nels-do not exist to cover all relevant flow regimes, CFD will be the principal 
workhorse for the actual design. An interesting review of CFD applications in 
aeronautics has been presented by Jameson (1988), whereas the book of Ander- 
son (1995) gives an excellent introduction to the basics of CFD and its applica- 
tions in, amongst others, aeronautical engineering. 

Although the initial development of the CFD discipline was driven by the 
aerodynamics community, nowadays CFD is truly interdisciplinary since its cuts 
across all disciplines where the analysis of fluid flow and associated phenomena 
is of importance. For example, CFD has found application in the automobile in- 
dustries to study both the internal flow in combustion engines (Griffin et al., 
1978) and the external flow (Shaw, 1988, Matsunaga et al., 1992). Also in civil 
engineering CFD has found application in the study of problems involving flow 
dynamics of rivers, lakes, and estuaries and external flow around buildings. In en- 
vironmental engineering CFD has been used to analyze the complex flow patterns 
that exist in various types of furnaces (Bai and Fuchs, 1992). Here the CFD ap- 
proach has proven useful to optimize furnace performance (i.e., improved thermal 
efficiency and reduction of emission of pollutants). CFD has also been applied to 
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calculate air currents throughout buildings in order to arrive at improved designs 
of (natural) ventilation systems (Alamdari et al., 1991). 

In industrial manufacturing applications a myriad of applications exist of 
which the modeling of chemical vapor deposition reactors in the semiconductor 
industries (Steijsiger et al., 1992) and the modeling of the casting process of liq- 
uid metals (Mampaey and Xu, 1992) can be mentioned as examples. For further 
details on CFD applications in various industrial manufacturing processes the 
reader is referred to previous reviews (Colenbrander, 1991; Trambouze, 1993; Jo- 
hansen and Kolbeinsen, 1996). Colenbrander has prepared a review on CFD ap- 
plications in the petrochemical industries with specific emphasis on CFD applica- 
tions and related experimental work carried out in the Shell Group laboratories. 
The application of CFD to chemical reaction engineering has been reviewed by 
Trambouze (1993). During the last two decades CFD has also become a powerful 
tool for analyzing and designing metallurgical processes. Johansen and Kolbein- 
sen (1996) have recently prepared a review on this subject, where CFD applica- 
tions at SINTEF Materials and Technology were highlighted. Finally, Harris et al. 
(1995) have recently presented a review on the application of CFD in chemical 
reaction engineering (CRE) with emphasis on single-phase flow applications. Be- 
fore the application of CFD to CRE is discussed, a brief outline of CFD and its 
theoretical framework are first presented. 

A. DEFINITION AND THEORETICAL FRAMEWORK 

Computational fluid dynamics involves the analysis of fluid flow and related 
phenomena such as heat and/or mass transfer, mixing, and chemical reaction us- 
ing numerical solution methods. Usually the domain of interest is divided into a 
large number of control volumes (or computational cells or elements) which have 
a relatively small size in comparison with the macroscopic volume of the domain 
of interest. For each control volume a discrete representation of the relevant con- 
servation equations is made after which an iterative solution procedure is invoked 
to obtain the solution of the nonlinear equations. Due to the advent of high-speed 
digital computers and the availability of powerful numerical algorithms the CFD 
approach has become feasible. CFD can be seen as a hybrid branch of mechanics 
and mathematics. CFD is based on the conservation laws for mass, momentum, 
and (thermal) energy, which can be expressed as follows: 

1. Mass is conserved. 
2. Newton’s second law: = m - Z. 
3. Energy is conserved. 

Subsequently, the theoretical foundation is briefly explained where the authors have 
chosen to make a distinction between single-phase systems and multiphase systems. 
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1. Single-Phase Systems 

For single-phase systems involving laminar flows the conservation equations 
are firmly established. The mass and momentum conservation equations are re- 
spectively given by (Bird et al., (1960): 

a 
at 
-p + ( V - p i q  = 0, (4) 

( 5 )  
a -  

-pu + (V * pGU) = - v p  - (V - 7) + pg, 
at 

where p, U, p ,  and 7, respectively, represent the fluid density, fluid velocity, pres- 
sure, and viscous stress tensor. For nonisothermal systems the mass and momen- 
tum conservation equations, Eq. (4) and (3, have to be supplemented with an en- 
ergy equation for which either the total (i.e., the sum of internal energy and 
mechanical energy) or thermal energy equation can be used. Since in many chem- 
ical engineering applications (especially those dealing with chemical reactors) the 
mechanical energy changes are relatively small compared to the changes in ther- 
mal energy, the thermal energy equation is commonly used. For systems involv- 
ing chemical transformations, conservation equations for all species i involved 
have to be added. The thermal energy equation and the conservation equation for 
species i are respectively given by: 

a 
at 
-(pe) + (V - peii) = -(V 3 - p(V * iq + (-7:VE) + s h  (6) 

and 

In Eqs. (6)  and (7) e represents the internal energy per unit mas, 4 the heat flux 
vector due to molecular transport, Sh the volumetric heat production rate, wi the 
mass fraction of species i ,  ji the mass flux vector of species i due to molecular 
transport, and Si the net production rate of species i per unit volume. In many 
chemical engineering applications the viscous dissipation term (- 7:Viq appear- 
ing in Eq. (6) can safely be neglected. For closure of the above set of equations, 
an equation of state for the density p and constitutive equations for the viscous 
stress tensor 7, the heat flux vector ij, and the mass flux vector Ti are required. In 
the absence of detailed knowledge on the true rheology of the fluid, Newtonian 
behavior is often assumed. Thus, for 7 the following expression is used: 

2 
7 = - (A - -p)(V * $1 + p((Viq + (VU)T)}, 

/ 3  
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where X and p, respectively, represent the bulk viscosity and the shear viscosity. 
In dense gases and liquids the bulk viscosity X can probably be neglected (Bird et 
al., 1960). For the heat flux vector 4 and the mass flux vector Ti, respectively, 
Fourier’s law and Fick’s law are often used: 

(9) 
- 
q = -kVT, 

J .  = - D .  rP V(& I ,  (10) 

where k represents the thermal conductivity, T the temperature, and Di the Fickian 
diffusion coefficient of species i. Equation (9) for the description of the conduc- 
tive heat flux is only valid for isotropic media; for anisotropic media the heat flux 
vector 4 should be written as the dot product of the conductivity tensor and the 
temperature gradient. Fick’s law for the description of diffusional transport is, 
strictly speaking, only valid for the description of systems where (very) low con- 
centrations of the relevant species prevail. For more general expressions the in- 
terested reader is referred to Bird et al. (1960). 

The conservation equations, Eqs. (4)-(7) are also valid for the description of tur- 
bulent flows, but within the context of CFD a very high resolution in space and time 
would be required to capture all the details of the turbulent flow field. Although 
some exciting results have been obtained in recent years (see Section IV,A,2) in the 
so-called direct numerical simulation (DNS) in most industrial applications, which 
involve turbulent flows at (very) high Reynolds numbers, this approach cannot be 
followed. For the description of such turbulent flows, with their rapid temporal and 
spatial changes of pressure and velocity, usually the concept of Reynolds decom- 
position (Tennekes and Lumley, 1977; Warsi, 1993) is invoked where the instanta- 
neous value of each variable X appearing in the balance equations is represented as 
the sum of its time-averaged X and a fluctuating component X’: 

x = 3 + X ‘ .  

Substitution of the expressions for the instantaneous X values in the conservation 
equations, Eq. (4)-(7), followed by some kind of suitable time-averaging proce- 
dure leads to the time-averaged conservation equations for turbulent flow. These 
equations in fact show a very close resemblance to the original equations: The in- 
stantaneous pressure and velocity are replaced by the corresponding time- 
averaged quantities, whereas the viscous stress tensor T is replaced by the sum of 
T (now appearing with time-averaged velocity) and the so-called Reynolds stress 
tensor T@). The physical origin of the Reynolds stresses can be related to the inter- 
action of the fluctuating fluid motion with the time-averaged fluid motion. Simi- 
larly, the heat flux and mass flux appearing in the time-averaged conservation 
equations for turbulent flow [corresponding, respectively, to Eqs. (6) and (7)] 
consist of the sum of the molecular flux expressions for 4 and Ti (now appearing 
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with, respectively, time-averaged temperature and mass fraction of species i )  and 
the turbulent or eddy contributions. For the treatment of the source terms appear- 
ing in Eq. (7), which very often depend in a nonlinear manner on the mass frac- 
tions of the species involved in the chemical transformation, special strategies are 
required depending on ratio of the characteristic time for chemical transformation 
and the characteristic time for mixing (Pope, 1994; Fox, 1996). For nonisother- 
ma1 chemically reactive systems, the proper averaging of the heat source term Sh, 
which depends on the temperature via an Arrhenius type expression (Levenspiel, 
1962), should also be taken into account. The principal difficulty in modeling tur- 
bulent flow lies in the specification of the Reynolds stresses (and turbulent energy 
and species i mass flux), which should be specified in terms of the time-averaged 
variables. This so-called closure problem constitutes a formidable problem for the 
fluid dynamicist and considerable effort has been made to develop the corre- 
sponding closure laws. For the description of turbulent flows a semiempirical tur- 
bulence model is often invoked to calculate the Reynolds stresses. A turbulence 
model is defined as a set of equations (algebraic or differential) that determines 
the turbulent (momentum) transport terms in the flow equations governing the 
time-averaged or mean flow. It should be stressed that the turbulence model does 
not simulate the details of the fluctuating fluid motion, merely its effect on the 
time-averaged fluid motion. The nature and the degree of refinement contained in 
the turbulence model will determine the range of flows for which its has true pre- 
dictive power. Among the turbulence models most often applied one can mention 
(Rodi, 1980): 

Constant eddy viscosity model 
Prandtl's mixing length model 
Prandtl-Kolmogorov model 
k-c model 
Algebraic stress model (ASM) 
Reynolds stress model (RSM) 

All of these models require some form of empirical input information, which im- 
plies that they are not general applicable to any type of turbulent flow problem. 
However, in general it can be stated that the most complex models such as the 
ASM and RSM models offer the greatest predictive power. Many of the older tur- 
bulence models are based on Boussinesq's (1 877) eddy-viscosity concept, which 
assumes that, in analogy with the viscous stresses in laminar flows, the Reynolds 
stresses are proportional to the gradients of the time-averaged velocity compo- 
nents: 
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where p") represents the turbulent viscosity, which, in contrast with the molecular 
viscosity p, is not a fluid property but a property of the turbulent flow. In Eq. (12) 
Ui and Uj represent time-averaged velocity components. Within the framework of 
the models that use the eddy-viscosity concept, the task of the turbulence model 
is the description, by means of algebraic or differential equations, of the turbulent 
viscosity p@). 

The constant eddy-viscosity model and Prandtl's mixing length model belong 
to the class of zero-equation models since no transport equations are involved for 
the turbulence quantities. In fact, the constant eddy-viscosity model cannot be re- 
garded as a true turbulence model since the appropriate value of p(') is usually fit- 
ted from experimental data. Experience has shown that mixing length models are 
not suitable when convective or diffusive transport processes of turbulence are 
important. The Prandtl-Kolmogorov model belongs to the class of single- 
equation models because one conservation equation for the turbulent kinetic en- 
ergy k is solved. It overcomes the aforementioned problem of the mixing length 
model because a transport equation for the characteristic velocity scale of turbu- 
lence is solved for. The weak point in this model is the specification of the char- 
acteristic length scale L, which is required in the Kolmogorov-Prandtl expression 
for the turbulent viscosity: 

= C f l V i L ,  

where C, represents an empirical constant. Especially for complex flows it is dif- 
ficult to specify the length scale (distribution) and therefore two-equation models 
such as the k-E model have become more popular because here an additional 
transport equation is invoked to obtain the length scale (distribution) L. In the k-c 
model two transport equations are solved for the turbulent kinetic energy k and 
the viscous dissipation rate E .  The expression for the turbulent viscosity is given 
by: 

Computational experience has revealed that the two-equation models, employing 
transport equations for the velocity and length scales of the fluctuating motion, 
often offer the best compromise between width of application and computational 
economy. There are, however, certain types of flows where the k-E model fails, 
such as complex swirling flows, and in such situations more advanced turbulence 
models (ASM or RSM) are required that do not involve the eddy-viscosity con- 
cept (Launder, 1991). According to the ASM and the RSM the six components of 
the Reynolds stress tensor are obtained from a complete set of algebraic equations 
and a complete set of transport equations. These models are conceptually superior 
with respect to the older turbulence models such as the k-c model but computa- 
tionally they are also (much) more involved. 
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Due to the advances in computer technology and numerical solution proce- 
dures two powerful simulation types of turbulent flows have recently received 
particular attention, namely, direct numerical simulation (DNS) and large eddy 
simulation (LES). As stated earlier turbulent flows are also governed by the 
Navier-Stokes equations and in principle the solution of these equations with a 
sufficiently high temporal and spatial resolution should provide all the details of 
the turbulent flow without the necessity of turbulence modeling. Due to the fact 
that a turbulent motion contains elements with a linear dimension which is typi- 
cally O( smaller than the linear dimension of the macroscopic flow domain, 
a DNS simulation in three dimensions would require roughly O( lo9) grid points, 
which is still far beyond the current storage capacity of present-day computers. 
The estimate given here is only a very rough one and corresponds to relatively 
high Reynolds numbers. It should be mentioned here that the required number of 
grid points strongly depends on the nature of the turbulent flow (homogeneous 
isotropic turbulent flow or homogeneous shear flow) and also on the Reynolds 
number since the ratio of the dimension of the macroscopic system and the di- 
mension of the smallest eddies present in the turbulent flow depends on the 
Reynolds number: The smaller the Reynolds number the smaller this ratio. For 
turbulent channel flow the ratio of the channel width 26 to the scale of the small- 
est eddies h is proportional to (Res)’.’ where the Reynolds number Res is defined 
as: 

U C S  Res = -, 
V 

where Uc is the time-averaged velocity in the centre of the channel. On basis 
of the DNS performed by Kim et al. (1987) at Res = 3300 using 2 * lo6 
grid points, Reynolds (1991) has estimated the number of grid points Nxyz 
required for a DNS computation with comparable resolution to that of Kim et al. 
(1987) as: 

In a LES the spatial resolution of the computational mesh is (deliberately) chosen 
in such a manner that only the large-scale turbulent motion (eddies) is resolved. 
The consequence of this approach is the need to use subgrid models, which in fact 
model the turbulent stresses on a scale smaller than the computational grid. Due 
to the fact that the small-scale turbulence is isotropic, the specification of subgrid 
models is (far) less difficult in comparison with the aforementioned closure mod- 
els for the Reynolds stresses. The advantage of LES in comparison with DNS is 
its possibility to study (with a given number of grid points or control volumes) 
turbulent flows at (significant) higher Reynolds numbers. 
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2. Multiphase Systems 

For each continuous phase k present in a multiphase system consisting of N 
phases, in principle the set of conservation equations formulated in the previous 
section can be applied. If one or more of the N phases consists of solid particles, 
the Newtonian conservation laws for linear and angular momentum should be 
used instead. The resulting formulation of a multiphase system will be termed the 
local instant formulation. Through the specification of the proper initial and 
boundary conditions and appropriate constitutive laws for the viscous stress ten- 
sor, the hydrodynamics of a multiphase system can in principle be obtained from 
the solution of the governing equations. 

However, for most systems of practical interest, the analysis of multiphase 
systems on basis of the local instant formulation is intractable, even for ex- 
isting and near-future supercomputers, and consequently some kind of sim- 
plification must be made. From a computational point of view this state of the 
art bears some resemblance to the problems encountered in DNS of turbulent 
flows. 

The aforementioned simplification can be achieved through a continuum 
mathematical description of the multiphase system. There is extensive literature 
on the derivation of continuum equations for multiphase systems; the interested 
reader is referred to Ishii (1975). The derivation of the continuum equations is 
usually based on spatial averaging techniques where the point hydrodynamic 
variables are replaced by local averaged variables. The resulting multifluid for- 
mulation can be solved by appropriate numerical methods, which in fact general- 
ize the well-known single-phase solution procedure of Patankar (1980). For mul- 
tiphase isothermal systems involving laminar flow the conservation equations for 
mass and momentum are respectively given by: 

where Pk,  i i k ,  Ek, and Tk represent, respectively, the macroscopic density, velocity, 
volume fraction, and viscous stress tensor of the kth phase, p the pressure, Rk a 
source term describing mass exchange between phase k and the other N - 1 
phases, gkl the interphase momentum exchange term between phase k and phase 
I ,  and a momentum source term of phase k due to phase changes and external 
forces other than gravity. For nonisothermal multiphase systems the transport 
equations (17) and (1 8) have to be supplemented with N thermal energy equations 
(one for each phase), whereas for multiphase systems involving chemical conver- 
sion of M species, in the most general case NM species conservation equations 
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have to be added. The thermal energy equation and the conservation equation for 
species i present in phase k are respectively given by: 

where ek represents the internal energy per unit mass of phase k, & the heat flux vec- 
tor due to molecular transport in phase k, Ekl the interphase energy transfer term be- 
tween phase k and phase 1, Sh,k the volumetric heat production rate in phase k, wk,i  the 
mass fraction of species i in phase k, Jk, i  the mass flux vector of species i in phase k 
due to molecular transport, and s k , i  the net production rate of species i in phase k per 
unit volume. For closure of the conservation equations expressions similar to Eqs. (9) 
and (10) are used but it should be kept in mind that the transport coefficients (conduc- 
tivities and diffusivities) now represent effective transport coefficients that depend, 
amongst others, on the volume fractions of the N phases. It should be mentioned here 
that in many situations the M species are not present in all phases and in such circum- 
stances (far) fewer conservation equations have to be formulated (and solved). Anal- 
ogous to the situation for single-phase flows, the conservation equations (17)-(20) 
are also valid for the description of turbulent multiphase flows, but problems similar 
to those encountered in single-phase turbulent flows have to be circumvented. In this 
connection the strategy parallels the development presented in the previous section. 
However, due to the complexity of multiphase flows, the uncertainties introduced 
through the modeling of, for instance, the Reynolds stresses significantly increase. 
Additional difficulties arise due to the fact that closure equations for interphase trans- 
port of mass, momentum, and heat have also to be specified. 

In multiphase systems involving one or more dispersed phases an alternative 
to the aforementioned complete continuum representation is possible by adopting 
a Lagrangian description for these phases. The advantages of this mixed 
Eulerian-Lagrangian approach are its greater generality and flexibility with respect 
to the incorporation of microscopic transport phenomena, whereas its relatively 
high (compared to completely Eulerian approaches) computational load constitutes 
its most important disadvantage. However, also from a computational point of view 
a mixed Eulerian-Lagrangian approach can offer certain advantages (see Section 
IV,B, 1). If a Lagrangian description is adopted to represent the dispersed phase, for 
each individual particle (or bubble or droplet) an equation of motion is solved: 
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where mi, Vi represent, respectively, the mass and velocity of the ith particle 
and EFj the sum of the forces acting on the ith particle. Forces due to 
gravity, drag, virtual mass, vorticity in the continuous phases, and electrical 
forces can be included in this term. The particle position vector is calcu- 
lated from: 

The solution of differential equations (21) and (22) can be obtained with standard 
numerical integration techniques. 

Depending on the volume fraction of the dispersed phase, one-way coupling or 
two-way coupling between the dispersed phase and the continuous phase pre- 
vails. In systems involving (turbulent) multiphase flow at very small volume frac- 
tion of the dispersed phase, say, smaller than one-way coupling may be as- 
sumed. At such low volume fractions the effect of the particles on the turbulence 
structure in the continuous phase is negligible while particle-particle interactions 
(i.e., collisions) do not play a role. For systems with higher volume fractions 
( to the turbulence structure of the continuous phase is influenced by 
the dispersed phase while particle-particle interaction can still be neglected and 
two-way coupling between the phases has to be accounted for. With respect to the 
effect of the dispersed phase on the turbulence structure it can be mentioned that 
the ratio of the particle response time 7p and the Kolmogorov time scale 733 deter- 
mines whether the particles will enhance the production rate of turbulence energy 
(747K > 100) or increase the dissipation rate of turbulence energy (7&7K < 100). 
For still higher volume fractions of the dispersed phase particle-particle interac- 
tion (i.e., collisions) becomes important and four-way coupling has to be ac- 
counted for (see Fig. 3; from Elgobashi, 1991). In this case an integrated model- 
ing approach is required combining features of molecular dynamics (MD) to deal 
effectively with the huge number of particle-particle and/or particle-wall colli- 
sions, and CFD to obtain the velocity distribution in the continuous phase (see 
Section VI). 

B . NUMERICAL TECHNIQUES 

We will not attempt here to give a detailed explanation of the numerical as- 
pects (fundamentals of discretization, error estimates, and error control) of CFD 
since a number of excellent texts are available in the literature that deal in depth 
with this matter (Fletcher, 1988a,b; Hirsch, 1988, 1990). First some general as- 
pects of the numerical techniques used for solving fluid flow problems are dis- 
cussed and, subsequently, a distinction is made between single-phase flows and 
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multiphase flows. In general the solution of a fluid flow problem involves the fol- 
lowing steps: 

1 .  grid generation with the aid of 

Algebraic methods (Wang and Hoffman, 1986; Marcum and Hoffman, 

Conformal mapping (Thompson ef al., 1982, 1985; Thompson, 1982) 
Systems of (elliptic) partial differential equations (Thompson et al., 1982, 

Numerical grid generation can be seen as a highly specialized branch of CFD. 
The grids generated by either of the above-mentioned methods can be divided 
into structured grids and unstructured grids (see Fig. 4). In a structured grid the 
connectivity is constant throughout the interior computational domain, whereas 
unstructured grids do not necessarily have a constant connectivity. In general, un- 

1988; Hoffman, 1992) 

1985; Thompson, 1982) 
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STRU- GRID UNSTRUCTURED GRID 

FIG. 4. Structured and unstructured grids. 

structured grids offer better possibilities to represent systems with complex geo- 
metric features. Furthermore, staggered and nonstaggered (collocated) computa- 
tional grids can be distinguished (see Fig. 5). 

2. Discrete representation of the transport equations using: 

Finite difference methods (FDM) (Roache, 1972) 
Finite volume methods (FVM) (Patankar, 1980) 

STAGGERED GRID COLLOCATED GFUD 

EBiEBl Control volume for mass 

CSS¶ control volume x-momentum 

E Z Z l  Control volume y-momentum 

Control volume for a11 quantities 

FIG. 5. Staggered and collocated grids. 
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Finite element methods (FEM) (Baker, 1985; Zienkiewicz and Taylor, 

Boundary element methods (BEM) (Becker, 1992) 

The solution of the resulting nonlinear equations is usually achieved via an it- 
erative algorithm. Once a converged solution has been obtained it is essential to 
assess the invariance of the computational results with respect to the temporal 
and/or spatial discretisation. This aspect is unfortunately often not addressed in 
computational studies due to, amongst others, computer time constraints. 

1989a,b). 

3. Postprocessing: 

Contour and vector plots 
Data reduction 
Animations 

Postprocessing constitutes a very important final step, especially for the chem- 
ical engineer because in many chemical processes besides fluid phenomena many 
other aspects have to be considered (i.e., fouling, catalyst deactivation). 

1. Single-Phase Systems 

It should be mentioned here that the discrete representation of the transport 
equations can be based on the so-called primary variables such as pressure and 
velocity components but also on the stream function vorticity formulation 
(Roache, 1972). The SIMPLE algorithm (Patankar, 1980) is probably the most 
widely employed algorithm for the solution of fluid flow problems and forms the 
basis of many commercial FVM-based codes (PHOENICS, FLUENT, and 
FLOW3D). The SIMPLE algorithm is based on a sequential solution method of 
the nonlinear equations, which is advantageous from a modeling point of view 
since additional transport equations can be added with relative ease. This solution 
method can cause problems in case a (very) strong coupling between chemistry 
and heat transfer processes prevails. Finite element-based CFD codes are mostly 
based on the method of weighted residuals (Baker, 1985; Zienkiewicz and Taylor, 
1989a,b) and use a simultaneous solution procedure for the transport equations 
where typically the multidimensional Newton-Raphson method is used. 

A totally different approach to solving the Navier-Stokes equations is made in 
alternating direction implicit (ADI) methods (Briley and McDonald, 1975) and 
approximate factorization implicit (AFI) methods (Beam and Warming, 1977, 
1978). These methods apply an approximate spatial factorization technique to 
avoid the inversion of huge banded matrices and are computationally very effi- 
cient. 

Another class of powerful numerical techniques that should be mentioned here 
are spectral and pseudospectral methods, which are often used in DNS because of 
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their superior accuracy (relative to finite difference methods) in case the same res- 
olution is used. At the same time these techniques are competitive in computa- 
tional efficiency. For a detailed description of many spectral algorithms and ex- 
haustive discussion of the theoretical aspects of these numerical methods, the 
interested reader is referred to Canuto et al. (1988). 

An important class of fluid flow problems involves free surface flows where 
only the flow phenomena in a single phase are of importance despite the fact that 
two or more phases are present in the system. Such situations are encountered, for 
example, in gas-liquid two-phase flows where, due to the large density differ- 
ence, from a hydrodynamic point of view the flow can be treated as a liquid flow 
in a vacuum. The analysis of such free surface flows is rather complex due to the 
fact that in addition to the fluid flow problem the position of the interface and en- 
forcement of appropriate boundary conditions have to be dealt with. 

A number of computational techniques have been proposed in the past such as 
the marker and cell (MAC) method and the simplified marker and cell (SMAC) 
method developed, respectively, by Welch et al. (1965) and Amsden and Harlow 
(1970). In these methods a fixed computational mesh is employed through which 
the fluid moves; in addition a large number of massless marker particles are used 
to track the interface dynamically (see Fig. 6). The movement of these marker 
particles is performed on basis of the local fluid flow field where area (2D) or vol- 
ume (3D) weighting is applied with respect to the velocity components, which are 
available only at the Eulerian nodes of the computational mesh. Especially for 3D 
simulations the storage requirements for the marker particle based methods can 
become problematic and therefore more efficient (from the point of view of stor- 
age requirements) free surface computational algorithms have been devised. An 
interesting development in this connection is the (single-material) volume of fluid 

FIG. 6. Marker particles in an Eulerian grid. The marker particles are used to track the interface 
dynamically. 
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(VOF) method (Hirt and Nichols, 1981; Nichols et al., 1980) where in addition to 
the Navier-Stokes equations a scalar transport equation (the so-called F equation) 
for the fractional amount of fluid F is solved for: 

aF 
at 
- + (V - UF)  = 0, (23) 

where U represents the local fluid velocity. The solution of the F equation yields 
the F values at all computational cells of the domain, and with the aid of an inter- 
face reconstruction algorithm the position and orientation of the interface can be 
obtained. With the VOF method it is possible to incorporate, for example, surface 
tension via the condition for the normal stress at the interface (Hirt and Nichols, 
1981) or via the continuum surface force (CSF) model (Kothe et al., 1991). 

Recently Rudman (1997) has compared the performance of various volume- 
tracking methods for interfacial flow calculations (including the VOF method of 
Hirt and Nichols, 1981) and concluded that the method originally proposed by 
Youngs (1982) provides the best results (i.e., conservation of a sharp and well- 
defined interface) on various “artificial” problems including solid body rotation and 
shearing flow. In addition this method yielded the best results for the numerical sim- 
ulation of Rayleigh-Taylor instability. Nakayama and Mori (1996) combined a 
marker particle approach and a finite element method (FEM) based solution 
methodology to model time-dependent free surface flows in complex geometries. 
Udaykumar et al. (1996) presented a mixed Eulerian-Lagrangian method for fluid 
flows with complex and moving boundaries. They also used marker particles to rep- 
resent and track the interface in the Eulerian grid. A special feature of their computa- 
tional approach is the possibility to embed solidification or melting processes, with 
the associated dynamic evolution of the phase boundaries, in the flow simulation. 

2. Multiphase Systems 

For multiphase systems a rough distinction can be made between systems with 
separated flows and those with dispersed flows. This classification is not only im- 
portant from a physical point of view but also from a computational perspective 
since for each class different computational approaches are required. For multi- 
phase systems involving multiphase flow both Eulerian, mixed Eulerian- 
Lagrangian, and two-material free surface methods can be used. An excellent re- 
view on models and numerical methods for multiphase flow has been presented 
by Stewart and Wendroff (1984). A similar review with emphasis on dilute gas- 
particle flows has been presented by Crowe (1982). 

a. Eulerian Methods. The development of Eulerian computational methods for 
multiphase flows was pioneered by Harlow and Amsden (1974, 1975) at the Los 
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Alamos scientific laboratory. Their implicit continuous Eulerian (ICE) method 
formed the basis for many (Rivard and Torrey, 1977, 1979; Cook et al., 1981) 
later developments. 

b. Eulerian-Lagrangian Methods. For dispersed multiphase flow roughly speak- 
ing three different situations and corresponding computational strategies can be 
distinguished (also see Fig. 7): 

1. Dilute flows where on the average less than one particle is present in a com- 

2. Dense flows where a relatively high number of particles are present in a 

3. Dilute or dense flows where a large number of computational cells is con- 

We should mention here that the dispersed phase could also consists of drops or 
bubbles, which could, in principle, be deformable. 

The situation for case 1 arises when suspensions are relatively dilute and the parti- 
cles are small. Depending on the exact value of the volume fraction of the dispersed 
phase, one-way coupling or two-way coupling prevails (Pan and Banerjee, 1996a). 
With one-way coupling particles are being moved in response to the fluid motion 
without feeding back effects to the continuous phase, whereas in two-way coupling 
feedback effects are taken into account. As discussed in detail by Pan and Banerjee 
(1996a) care must be taken to implement two-way coupling correctly. Examples of 
one-way coupled calculations are those of Squires and Eaton (1990) and Pedionotti 
et al. (1992,1993) who both used DNS to study, respectively, particle segregation in 
homogeneous isotropic turbulent flow and particle segregation in a turbulent channel 
flow. For two-way coupling, different computational strategies are used depending 
on whether there is only one particle in a computational cell or many. 

In case 2 we deal with dense flows and in our computational strategy four-way 
coupling has to be accounted for since there is not only mutual interaction be- 
tween the suspended particles and the continuous phase but also particle-particle 
interactions (i.e., collisions). 

putational cell 

computational cell 

tained in a single particle 

casea caseb CaSeC 

FIG. 7. Different situations that can be distinguished in modeling dispersed multiphase flow. 
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In case 3 the relative size of the particles (with respect to the computational 
cells) is large enough that they contain many hundreds or even thousands of com- 
putational cells. It should be noted that the geometry of the particles is not exactly 
represented by the computational mesh and special, approximate techniques (i.e., 
body force methods) have to be used to satisfy the appropriate boundary condi- 
tions for the continuous phase at the particle surface (see Pan and Banerjee, 
1996b). Despite this approximate method, the empirically known dependence of 
the drag coefficient versus Reynolds number for an isolated sphere could be cor- 
rectly reproduced using the body force method. Although these computations are 
at present limited to a relatively low number of particles they clearly have their 
utility because they can provide detailed information on fluid-particle interaction 
phenomena (i.e., wake interactions) in turbulent flows. 

c. Two-Material Free &&ace Methods. The MAC or SMAC and VOF tech- 
niques can also be applied to study two-material or two-phase free surface flows. 
For details the interested reader is respectively referred to Welch et al. (1965) or 
Amsden and Harlow (1970), Hirt and Nichols (198 l), and Nichols et al. (1980). 

C. EXISTING SOFIWARE PACKAGES 

Because of the mathematical and numerical difficulties involved in the devel- 
opment of a CFD package this activity has been undertaken mainly by specialists 
where the user is kept away from the details of the solution procedures. Nowa- 
days there exist many user-friendly CFD packages which allow the engineer to 
set up and solve complex fluid flow problems with relative ease. First we would 
like to make a few comments on the selection of commercially available CFD 
packages and the aspects which should be kept in mind in this connection: 

1. User requirements. Does the user merely want to use a CFD package in its 
existing form to study fluid flow and related phenomena or does the user in- 
tend to modify and further develop the physical models incorporated in this 
package? For the second class of users it would be very beneficial to have 
access to the source code of the CFD package. In this last respect it is wor- 
rying that the claimed future trend is toward fewer and fewer CFD codes 
being available in source code. 

2. Geometry. Do we have to deal with relative simple geometries or very com- 
plex ones? In equipment encountered in many industrial processes we have 
to deal with complex geometries and in such situations body fitted coordi- 
nates (BFCs) may be used to fit the contours of the volume in question. To 
provide for greater flexibility with respect to distribution of grid points 
in regions of the domain (possibly adaptive) where steep gradients are 
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expected, nonstructured grids might be advantageous. Both CFD codes 
based on finite volume and finite element formulations are suitable for 
analysis of fluid flow in complex geometries. 

3.  Dimensions. The number of relevant dimensions for the class of fluid flow 
problems to be studied should be identified. Although in many cases it will 
be necessary to solve the full three-dimensional transport equations it is of- 
ten wise to first perform preliminary two-dimensional calculations in order 
to gain some computational experience for the system of interest. 

4. Preprocessing. Especially for analysis of fluid flow phenomena in complex 
geometries, the availability of efficient and easy-to-use preprocessors 
for both problem definition and grid generation is of crucial importance. For- 
tunately, most commercially available CFD packages meet this requirement. 

5. Numerical merhod. The choice of the proper numerical solution procedure 
should be left to specialists. Even when a particular CFD package has been 
chosen, the user can usually choose different solution strategies for the lin- 
earized equations (point or line relaxation techniques versus whole field solu- 
tion techniques) and associated values of the relaxation parameters. The 
proper choice of relaxation factors to obtain converged solutions (at all) within 
reasonable CPU constraints is a matter of experience where cooperation be- 
tween the engineer and the specialist is required. This is especially true for new 
classes of fluid flow problems where previous experience is nonexistent. 

6. Turbulence models. Do we have to consider turbulent flow (in complex) 
geometries or not? Especially in systems with complex geometries where 
turbulent flows prevail, simple turbulence models may fail and in such cir- 
cumstances advanced turbulence models (ASM or RSM) are required. 

7. Multiphase capabilities. For CFD analysis of multiphase flows using com- 
mercially available CFD packages it is very important that the CFD pack- 
age provide for an open programming environment where the user can im- 
plement his or her own physical submodels. 

8. Postprocessing. Usually the direct result of a simulation consists of large ar- 
rays of numbers that have to be converted somehow into more appealing in- 
formation. Fortunately, most CFD packages incorporate various postprocess- 
ing facilities to convert the basic data into beautiful color plots which show 
the spatial distribution of key variables. Despite these postprocessing facili- 
ties it is very important that some kind of further data reduction can be 
achieved which enables the engineer to present the computational results in 
an efficient and compact manner. For multiphase systems, where the flow is 
often nonstationary, it is furthermore of importance that the simulation results 
can be visualized dynamically, that is, with computer-generated movies. 

The existing software packages can be divided into two broad categories, 
namely, commercially available general-purpose codes such as PHOENICS, 
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FLUENT, FLOW3D, ASTEC, and HDAP, and codes that have been developed at 
universities and industrial laboratories for more specific applications: 

1. FLUFIX, for modeling fluidized bed combusters (Chang et al., 1989), at 

2. KIVA I and II, for analysis of internal combustion engines (Amsden, 1985, 

3. MELODIF and ESTET-ASTRID, for various applications in the field of en- 

The development of the modeling capability of commercially available codes 
such as PHOENICS, FLUENT, and FLOW3D has proceeded rapidly and it is to be 
expected that this development will continue in the near future. It is interesting to 
note that some vendors of general-purpose CFD packages have recently started to of- 
fer specialized versions of their codes for certain applications: POLYFLOW for CFD 
analysis of polymer materials processing applications (i.e., extruders), NEKTON for 
CFD analysis of flow phenomena in thin-film coating processes, and RAMPANT for 
CFD analysis of complex (external) flows. Tius section concludes with the specifica- 
tion of some of the current modeling capabilities embedded in these codes: 

1. Steady-state or transient two-dimensional (2D) and three-dimensional (3D) 
flows in standard geometries involving Cartesian, cylindrical, or spherical 
coordinates and complex geometries involving BFCs with adaptive grids 

2. Laminar flows involving Newtonian and non-Newtonian fluids 
3. Turbulent flows with simple closure models (eddy viscosity, mixing length, 

k-E) or complex closure models (ASM, RSM, FWG) for the Reynolds 
stresses 

the Argonne National Laboratory (USA) 

1989), at the Los Alamos National Laboratory (USA) 

ergy production, at ElectricitC de France (Simonin, 1996) 

4. Compressible and incompressible flows 
5. Flows involving mixing and/or chemical reaction 
6. Flows in porous media 
7. Multiphase flows using Eulerian multifluid approaches 
8. Multiphase flows involving dispersed phases (particles, droplets or bub- 

bles) using mixed Eulerian-Lagrangian approaches both with one-way and 
two-way coupling 

9. Flows involving radiative heat transfer 
10. Complex boundary conditions 

IV. Application to Chemical Reaction Engineering 

As stated in the introductory section, applications of CFD may be divided into 
broad categories, namely, those involving single-phase systems and those involv- 
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ing multiphase systems. The motivation for this distinction is due to (1) large dif- 
ferences in degree of complexity of physical description and (2) large differences 
in numerical solution strategies. 

A. SINGLE-PHASE SYSTEMS 

Within single-phase systems a further distinction can be made between sys- 
tems involving (1) laminar flows, (2) turbulent flows, (3) flows with complex rhe- 
ology, and (4) fast chemical reactions. Of course certain systems exist that fall 
into several of these classes and therefore also possess their main characteristics. 
These types of systems are discussed in more detail. 

1. Laminar Flows 

In many practical applications the chemical engineer has to deal with flows in 
complex geometries of which flows in curved pipes or channels and bends and flows 
around bodies with various shapes (i.e., cylinders and spheres) positioned inside 
ducts are well-known examples. As far as laminar flow systems are concerned, ac- 
curate flow field prediction, even in systems with great geometrical complexity, can 
be achieved nowadays with the aid of CFD and probably the accuracy of the simula- 
tions exceeds that of experiments. For systems with great geometrical complexity a 
number of computational approaches are possible such as finite difference or finite 
volume methods that invoke curvilinear coordinates (Thompson et al., 1982) or fi- 
nite element methods (Baker, 1985; Zienkiewicz and Taylor, 1989a,b). In the excel- 
lent books written by Baker (1985) and Zienkiewicz and Taylor (1989a,b) and the 
references cited therein numerous applications of (laminar) flows involving com- 
plex geometries (ducts with complex shape and/or immersed bodies, stirred vessels, 
etc.) can be found. A few illustrative examples of laminar flow around bodies pre- 
sent inside ducts and laminar flow in stirred vessels are highlighted. 

a. Laminar Flow in Ducts. An example of the application of curvilinear coordi- 
nates can be found in the paper by Wang and Andrews (1995) who presented sim- 
ulation results for laminar flow of a Newtonian liquid in a helical duct. They used 
a helical coordinate system to describe the geometry of the flow domain and used 
a modified MAC method (Welch et al., 1965) to solve the two-dimensional in- 
compressible Navier-Stokes equations. Specific features of the flow in this geom- 
etry are a relatively high frictional flow resistance and the occurrence of a so- 
called secondary flow pattern. In Fig. 8a the helical coordinate system is shown, 
whereas in Fig. 8b the effect of the pressure gradient in the circumferential direc- 
tion (d+/dO) on the structure of the secondary flow is shown in terms of the 
streamline pattern. Note that with increasing circumferential pressure gradient the 
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FIG. 8. (a) Helical coordinate system and (b) effect of the pressure gradient in the circumferential 
direction (d$dde) on the secondary flow structure. [From Wang, J.W., and Andrews, J.R.G., 
Numerical simulation of flow in helical ducts. AIChE J. 41(5), 1071 (1995). Reproduced with 
permission of the American Institute of Chemical Engineers. Copyright 0 1995 AIChE. All rights 
reserved.] 
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secondary flow changes significantly. These calculations are highly relevant to 
tubular reactors where the “tube” has been wrapped in the form of a coil due to 
space limitations. The occurrence of secondary flow can also be used to promote 
transport of mass and/or heat to the tube wall and in this case it is important that a 
reliable prediction of the associated enhancement factors can be made. 

Further examples of recent applications of the finite element method can be 
found in Targett et al. (1995) who studied flow through curved rectangular chan- 
nels of large aspect ratio using the FEM-based FIDAP code. They also compared 
their computational results with experimental data obtained from visualization 
experiments and found good agreement between theory and experiment. 

b. Laminar Flow around Bluff Bodies Inserted in Channels. In the literature nu- 
merous computational studies can be found that deal with the flow around bluff 
bodies. Anagnostopoulos and Iliadis (1996) used a FEM to study the vortex shed- 
ding behind a cylinder positioned in a channel, whereas Xu and Michaelides 
(1996) performed a numerical study of the flow over an ellipsoidal object inside a 
cylindrical tube. The extension of such calculations to systems that involve arrays 
of cylinders or “tube bundles” as encountered in many heat transfer applications 
is in principle possible but they are very CPU intensive. Figure 9 shows as an il- 
lustration of the Karman vortex street formed behind a cylinder (diameter 6) po- 
sitioned in a channel (width 2h) (Anagnostopoulos and Iliadis, 1996) at a 
Reynolds number of 106. From the pattern of the solid lines (equivorticity lines) 
shown in this figure the vortical structures behind the cylinder can be clearly rec- 
ognized. In addition, the increasing influence of the channel walls on the vortical 
structures with increasing dlh ratio can be inferred from Fig. 9. 

c. Laminar Flow in Stirred Vessels. The blending or mixing of highly viscous 
(miscible) liquids is encountered in a variety of industrial operations and has been 
studied computationally by, among others, Abid et al. (1992). They studied the ef- 
fect of agitator geometry on the flow patterns generated in a stirred vessel con- 
taining a very viscous liquid and performed both 2D and 3D numerical simula- 
tions. Especially in the case of very viscous fluids, which are often not transparent 
and therefore not accessible to advanced experimental techniques such as laser 
Doppler anemometry (LDA), a CFD approach can be very beneficial to generate 
useful data, provided that some kind of experimental validation of the computa- 
tional strategy has been undertaken. This is especially important for these types of 
flows where (considerable) simplifications of the agitator geometry are often 
made in the computations. 

d. Concluding Remarks. The simulation of processes involving 3D laminar fluid 
flow and associated phenomena such as mass and heat transport and chemical 
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FIG. 9. Karman vortex street formed behind a cylinder (diameter S, positioned in a channel 
(width 2h) at a Reynolds number of 106. [From Anagnostopoulos, P., and Iliadis, G. Numerical study 
of the blockage effect on viscous flow past a circular cylinder. Inr. J .  Num. Merhods Fluids 22, 1061 
(1996). Copyright John Wiley & Sons Limited. Reproduced with permission.] 

transformation can nowadays be performed with great accuracy. The main diffi- 
culties that can emerge here are due to (1) the use of insufficiently refined compu- 
tational grids to resolve all relevant details of the flow, (2) the accurate treatment 
of moving boundaries as encountered in agitated vessels, and (3) the use of inap- 
propriate numerical methods which cause severe numerical diffusion. 

2. Turbulent Flows 

For systems involving turbulent flows accurate modeling is much more com- 
plicated in comparison with those involving laminar flow and here it is considered 
very important to interpret and use the computational results with great care, es- 
pecially when one deals with turbulent flows in complex geometries. Whenever 
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possible a (limited) comparison with experimental data should be made to assess 
the correctness of the computations. This state of the art is due to the fact that our 
understanding of and our capability to predict turbulent fluid flow phenomena is 
unfortunately still limited as pointed out by Banerjee (1991) in a very lucid man- 
ner. Other reviews on the modeling and numerical simulation of turbulent flows 
can be found in Rogallo and Moin (1984), Launder (1991), and Reynolds (1991). 

In studies that involve the CFD analysis of turbulent fluid flow, the k-e model 
is most frequently used because it offers the best compromise between width of 
application and computational economy (Launder, 199 1). Despite its widespread 
popularity the k-e model, if used to generate an isotropic turbulent viscosity, is in- 
appropriate for simulation of turbulent swirling flows as encountered in process 
equipment such as cyclones and hydrocyclones (Hargreaves and Silvester, 1990) 
and more advanced turbulence models such as the ASM or the RSM should be 
considered. Because these models are computationally much more demanding 
and involve an increased number of empirical parameters compared to the k-e 
model, other strategies have been worked out (Boysan et al., 1982; Hargreaves 
and Silvester, 1990) to avoid the isotropic nature of the classical k-E model. 

Due to advances in computer technology and numerical solution techniques 
both DNS and LES have become feasible. Although DNS is still limited to rela- 
tively low Reynolds numbers, it is a very powerful tool for understanding turbu- 
lent flow structure and a tool to generate databases of turbulent flows which can 
be used, for example, to validate conventional turbulence models such as k-E or 
Reynolds stress models. A good example in this respect is the study conducted by 
Hrenya et al. (1995) who tested 10 turbulence models against DNS results and 
experimental data. Hrenya et al. found that the model proposed by Myong and 
Kasagi ( 1990) showed the best overall performance in predicting fully developed, 
turbulent pipe flow. Eggels (1994) performed both DNS and LES simulations of 
turbulent pipe flow and also made a detailed comparison with experimental data 
obtained with a digital particle image velocimetry (DPIV) technique developed 
by Westerweel (1 993). 

The extension of this approach to higher Reynolds numbers and more complex 
geometries is very important and deserves further attention in the future but de- 
pends critically on the future advances in computer hardware and numerical solu- 
tion methods. As far as LES or partially resolved simulations are concerned, sim- 
ilar limitations exist although these type of simulations can be carried to (much) 
higher Reynolds numbers. DNS can also be used to obtain insight in turbulence 
producing mechanisms as shown in the study of Lyons et al. (1989). 

A flow configuration of particular interest to the chemical engineer is the (baf- 
fled) stirred vessel and very significant efforts have been documented in the liter- 
ature (Ranade and Joshi, 1990a,b), Kresta and Wood, 1991) to compute the flow 
patterns inside the vessel using CFD models. Here models with a varying degree 
of sophistication both from a physical and numerical point of view have been 
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used. In most studies the k-c model was used with standard values for the turbu- 
lence parameters to compute the turbulent flow patterns despite the fact that these 
parameter values were obtained for (much) simpler geometries. Another principal 
difficulty in modeling turbulent flows in stirred vessels is the accurate description 
of the impeller geometry, whereas the resolution of the vortical structures behind 
the baffles is also problematic due to the coarse grids which are commonly em- 
ployed in the simulations. A possible approach to describe the impeller geometry 
in more detail is the application of so-called sliding meshes where two meshes are 
applied: one mesh for the central impeller region, which rotates with the speed of 
the impeller, and another one for the exterior region, which is fixed in space. An 
alternative approach is the use of a single moving deforming mesh as reported by 
Perng and Murthy (1992). Here the grid is attached to the impeller and moves 
with it and as a consequence mesh deformation occurs. 

CFD has also been applied to analyze the flow patterns in a special counter- 
current solvent extraction column (Angelov et al., 1990). They used a single- 
phase flow representation and a k-€ turbulence model to compute the flow pat- 
terns in a periodic structure of the column. Validation of the computational results 
was achieved by applying LDA to obtain experimental data on the velocity pro- 
files. CFD is a very useful tool here because the optimization of the performance 
of the extraction column from a geometrical point of view can be achieved with 
relative ease in comparison with a pure empirical strategy. 

In the last decade very significant progress has been made in modeling turbu- 
lent fluid flow. There remain, however, very significant problems of which, in ad- 
dition to the problems mentioned in the previous section, we would like to men- 
tion the following problem areas: (1) availability of accurate turbulence models 
which can be used with confidence in complex geometries while at the same time 
the computational cost should be acceptable and (2) availability of DNS- 
generated databases to validate semiempirical turbulence models. 

3. Complex Rheology 

In several industrial processes the engineer has to deal with non-Newtonian 
fluids of which food processing and production processes involving glues, colors, 
polymer solutions, and pure polymers are well-known examples. 

The simulation of non-Newtonian fluid flow is significantly more complex in 
comparison with the simulation of Newtonian fluid flow due to the possible oc- 
currence of sharp stress gradients which necessitates the use of (local) mesh re- 
finement techniques. Also the coupling between momentum and constitutive 
equations makes the problem extremely stiff and often time-dependent calcula- 
tions have to be performed due to memory effects and also due to the possible oc- 
currence of bifurcations. These requirements explain the existence of specialized 
(often FEM-based) CFD packages for non-Newtonian flow such as POLYFLOW. 
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Both FVM and FEM based packages have been applied successfully to study 
non-Newtonian fluid flow. 

The progress and challenges in computational rheology have been recently re- 
viewed by Keunings (1990). In literature viscoelastic liquids have received par- 
ticular attention (Crochet, 1987; Boger, 1987; Keunings, 1990; Yo0 and Na, 
1991; Van Kemenade and Deville, 1994; Mompean and Deville, 1996) due to the 
fact that many industrially relevant non-Newtonian materials such as polymer so- 
lutions and polymers exhibit viscoelastic behavior. In addition the strong inter- 
play between modeling and mathematical and numerical considerations makes 
this particular field fascinating but also very complex, which requires good coop- 
eration among rheologists, mathematicians, and CFD experts. 

Boger (1987) has reviewed viscoelastic flows through contractions and has 
pointed out that three-dimensional and time-dependence characteristics have to 
be taken into account for flows at high Weissenberg number We defined by: 

XV 
We = -, 

L 

where X is the relaxation time of the fluid and WV the characteristic inertial time 
of the flow based on a reference length L and reference velocity V. 

Examples of CFD applications involving non-Newtonian flow can be found, 
for example, in papers by Keunings and Crochet (1984), Van Kemenade and Dev- 
ille (1994), and Mompean and Deville (1996). Van Kemenade and Deville used a 
spectral FEM and experienced severe numerical problems at high values of the 
Weissenberg number. In a later study Mompean and Deville (1996) could sur- 
mount these numerical difficulties by using a semi-implicit finite volume method. 

Similar to the role that DNS and discrete particle models (see Section IV,B,3) 
might play in the development of improved turbulence models, which can be used 
in engineering applications, and closure laws for gas-solid continuum models, 
Brownian dynamics (BD) should be mentioned as a powerful tool to develop clo- 
sure models for non-Newtonian fluids (Brady and Bossis, 1988). 

The CFD-analysis of non-Newtonian flow has made progress in the last 
decade but the extension of the calculations to other types of non-Newtonian fluid 
flow and more complex geometries is highly desirable from the perspective of the 
chemical engineer. 

4. Mixing and Chemically Reactive Flows 

By the very nature of the profession, the chemical engineer has to deal very 
frequently with chemically reactive flows in various types of single-phase and 
multiphase reactors. Before the advent of CFD he or she typically had to use 
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highly idealized and approximate solution strategies supplemented with empirical 
information to obtain solutions for practical problems. A very well-known ap- 
proach in this connection is the combined use of macromixing and micromixing 
models to predict the performance (i.e., conversion andor selectivity) of a chem- 
ical reactor. Here, with the aid of stimulus-response experimental techniques, in- 
formation on the residence time distribution (RTD) is obtained that is subse- 
quently used to devise a macromixing model whereas a postulated micromixing 
model is invoked to account for the finite rate with which segregated fluid parcels 
eventually achieve mixing at the molecular level (i.e., segregation decay) to per- 
mit the occurrence of a chemical transformation. During the last 30 years a host 
of micromixing models has been proposed in the literature of which the coales- 
cence dispersion (CD) model (Curl, 1963; Spielman and Levenspiel, 1965), 
the interaction by exchange with the mean model (EM) (Villermaux and 
Devillon, 1972), and the general micromixing model (GMM) (Villermaux and 
Falk, 1994) should be mentioned as typical examples. For further references 
in this area, the interested reader is referred to the reviews by Ottino (1994), 
Villermaux and Falk (1996), and Fox (1996). It should also be mentioned here 
that very important contributions toward a better understanding and description 
of chemically reactive flows in general and related CFD work in particular have 
been made by the mechanical engineering community with combustion research 
as an important driver. For a review from this perspective we refer to Correa and 
Shyy (1987). 

Until 10 to 15 years ago the combined approach of macromixing and mi- 
cromixing models was very widely used in the field of CRE but gradually CFD- 
based strategies have replaced the first mentioned strategy. In this respect it 
should be noted that this change also introduced big conceptual differences be- 
cause the traditional CRE approach is usually formulated in the “age” space of 
fluid parcels whereas in CFD approaches a Eulerian framework is often adopted. 
Subsequently a brief overview of CFD-based approaches for reacting flows is 
presented and the current limitations are also indicated. 

a. Direct Numerical Simulation. Direct numerical simulation (DNS) has also 
been applied to chemically reactive flows (Givi and McMurtry, 1988; Leonard 
and Hill, 1988; McMurtry and Givi, 1989) but due to current limitations in com- 
puter capacity it is very difficult to apply DNS at high Reynolds and Schmidt 
numbers. Since such situations are frequently encountered in chemical process 
engineering where in addition the geometry is often (very) complex, DNS is not 
considered a practical tool for the simulation of industrial reactors. However, it is 
a very interesting research tool to study chemistry-turbulence interactions and to 
generate databases which can be used for the verification of mixing closure laws 
used in process engineering models. 
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b. Large Eddy Simulation. Although LES can be applied at (much) higher 
Reynolds numbers and has the potential to predict accurately time-dependent 
macromixing patterns in process equipment with complex geometries (i.e., stirred 
tanks), its principal weakness lies in the fact that turbulencechemistry interaction at 
the subgrid scale (SGS) (i.e., the scale smaller than the smallest resolved scale) has to 
be modeled. These SGS models themselves are computationally demanding, which 
hampers the combined use with LES, which is also computationally intensive. 

c. Moment Methods. Turbulent reacting flows are frequently encountered in the 
chemical process industry and very often (i.e., in most commercial CFD codes) 
the theoretical description of these flows is based on the Reynolds averaged 
Navier-Stokes (RANS) equations (Brodkey and Lawelle, 1985; Launder, 1991). 
The consequence of this approach is the necessity to specify closure laws for the 
Reynolds stresses and fluxes of scalar quantities (i.e., mass or molar fluxes) and 
most importantly the average reaction rate. This last term is the most difficult 
term due to its nonlinearity, and its treatment depends on the magnitude of the 
Damkohler number Da (Fox, 1996). For chemically reactive flows a distinction 
should be made between three important classes, which can be classified in terms 
of the Damkohler number Da = tm/tr where fm and t,, respectively, represent a 
characteristic time scale for turbulent micromixing and a characteristic time scale 
for chemical transformation: 

Da << 1: flows where the time scale for chemical conversion tr is relatively 

Da >> I: flows where the time scale for chemical conversion t, is relatively 

Da = I :  flows where the time scale for chemical conversion tr is comparable 

large compared to the time scale for turbulent micromixing tm 

small compared to the time scale for turbulent micromixing t ,  

in magnitude to the time scale for turbulent micromixing f,. 

For the first two cases Da << 1 (slow reactions) and Da >> 1 (very fast reac- 
tions) adequate closure models are available in many commercial CFD codes. For 
the third case, where the time scale for chemical conversion approximately equals 
the time scale for turbulent micromixing, moment methods are inappropriate and 
other methods should be used. In this situation the reactor performance may be 
significantly affected by mixing efficiency. Here the engineer is faced with the 
difficult problem of predicting the overall conversion and/or selectivity of the 
chemical process. In the last three decades this problem has received considerable 
attention in three scientific areas, namely, chemical reaction engineering, fluid 
mechanics and combustion, and various approaches have been followed. 

d. Micromixing Models. Micromixing models offer the advantage that the chem- 
ical reaction rate expression is treated in an exact manner but they suffer from the 
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fact that highly idealized descriptions of the fluid dynamics (backed up by empir- 
ical information) are used. This latter point certainly constitutes a major weakness 
of micromixing models, however, by incorporating micromixing models in 
RANS models this disadvantage can be partly overcome. For complex inhomo- 
geneous flows this approach again introduces significant difficulties and recourse 
should be made to methods that treat the chemistry and turbulence and their mu- 
tual interaction on a more fundamental basis. 

e. Probability Density Function Methods. Probability density function (PDF) 
methods combine the strong points of exact treatment of the chemical reaction 
term and second-order turbulence closure (Fox, 1996). PDF methods make use of 
a probability density distribution function f which can take the form of a pre- 
sumed function or a transport equation which has to be solved simultaneously 
with the fluid flow equations. Once the function f is known, the expected value 
<c> of an arbitrary function c (including, for example, the chemical reaction 
rate) can be computed as follows: 

<c> = \cfdZ, 

where the integration has to be performed over all possible values of all elements 
constituting the vector X. This vector usually consists of the three velocity com- 
ponents and all concentrations (or mass fractions, etc.) of the species involved in 
the chemical transformation, where all quantities are evaluated at a fixed point. 
Full PDF methods have proven very successful in the description of complex tur- 
bulent reacting flow but, unfortunately, due to limitations in computer hardware, 
at present full PDF methods are limited to the analysis of turbulent reacting flows 
involving three spatial variables and for five to six chemical species with arbitrary 
chemical kinetics. This limitation is due to the fact that full PDF methods typi- 
cally make use of a so-called “chemical look-up table” which contains informa- 
tion of precomputed composition changes due to chemical conversion. For fur- 
ther details on full PDF methods the interested reader is referred to Pope (1994) 
and the excellent review paper by Fox (1996). These classes of chemically reac- 
tive flows are briefly discussed together with some illustrative applications. 

5 Slow Chemical Reactions Da << 1. De Saegher et al. (1996) developed a 
comprehensive 3D reactor model for thermal cracking of hydrocarbons in inter- 
nally finned tube reactors where both tubes with longitudinal and helicoidal fins 
were studied. Their model combines detailed descriptions of the 3D turbulent 
fluid flow in tubes with a complex internal geometry, endothermic multispecies 
chemical conversion, and heat transfer. Despite the fact that thermal cracking 
processes of hydrocarbons typically involve high temperatures, they could show 
that the ratio of t ,  and tm was sufficiently small to justify the neglect of 
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turbulence-chemistry interactions. Although the gas temperatures did not differ 
much between tubes with longitudinal fins and tubes with helicoidal fins, the 
nonuniformity of the process gas over the tube cross section was much more pro- 
nounced for tubes with longitudinal fins. Traditional reactor models, which as- 
sume plug flow, are inadequate to predict the performance of cracking furnaces 
employing such new internal configurations of the tubes. Moreover these simple 
reactor models are not able to predict the circumferential nonuniform coke depo- 
sition in the tubes. 

g .  Very Fast Chemical Reactions Da >> 1. Very fast reactions are encountered, 
for example, in the domain of acid-base chemistry. Pipino and Fox (1994), for ex- 
ample, studied acid-base (i.e., HCl-NaOH) neutralization in a laboratory tubular 
reactor and used two different PDF approaches to describe quantitatively the effect 
of turbulent mixing on the chemical conversion. Their first description was based 
on the Lagrangian joint PDF of velocity and composition, whereas the second de- 
scription was based on the Eulerian composition PDF. Pipino and Fox used the 
CFD package FLUENT to obtain the mean velocity field and the turbulence quanti- 
ties and proposed a new model for molecular mixing that explicitly accounts for re- 
laxation of the concentration spectrum. They used a spectroscopic method to deter- 
mine the absorbance of the reacting mixture, containing phenol red as pH indicator, 
along the reactor axis. In their paper they reported good agreement between simu- 
lation results and experimental data, provided that their new molecular mixing 
model was invoked in the simulations. The study of Pipino and Fox clearly demon- 
strates that PDF simulations are a powerful tool for simulating mixing-sensitive 
chemical transformations in a turbulent flow field. The extension to (significantly) 
more complex reaction schemes and geometries is considered highly desirable. 

h. Fast Chemical Reactions Da = 1. A very difficult and challenging (both from 
a theoretical and a computational point of view) problem arises when the time 
scale for the chemical reaction is comparable to the time scale for (turbulent) mix- 
ing of the fluid. A well-known example of this class is encountered in the diazo- 
coupling of 1-naphtol (A) and diazotized sulfanilic acid (B) in an alkaline- 
buffered solution: 

kl 

k2 

A + B - R  + 

R + B - S  + 
In this case kl >> k2 = l/t, and consequently full PDF methods are required to 
describe accurately the turbulence-chemistry interactions. Tsai and Fox (1 994) 
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have reported full PDF simulations for the above-mentioned chemical system and 
have compared their simulation results with experimental data reported by Li and 
Toor (1986). 

i. Concluding Remarks. With respect to chemically reactive flows it can be 
stated that significant progress has been made toward a fundamental CFD-based 
description of these systems. Particularly promising are the so-called full PDF 
models (Pope, 1994; Fox, 1996). However, the industrial demands are in the area 
of (much) more complex reaction schemes involving a large number of species 
and reactions, very viscous fluids, non-Newtonian flow, and last but not least 
multiphase flows. In these areas much (CFD) work remains to be done. Keep in 
mind, however, that in many processes encountered in chemical engineering de- 
tailed information on the intrinsic chemical kinetics is lacking and therefore a 
good balance should be maintained between (very) detailed modeling of turbu- 
lence and turbulence+hemistry interactions and available information on the rate 
of the chemical transformations. In addition the availability of nonintrusive 
experimental techniques to obtain whole field concentration distributions is 
critical for the future development of this important class of CRE problems (see 
Section V). 

B. MULTIPHASE SYSTEMS 

In many processes encountered in industrial practice, multiphase flows are 
encountered and in general it can be stated that, due to the inherent complexity 
of such flows, general applicable models and related CFD codes are nonexistent. 
The reason for this relatively unsatisfactory state of the art is due to the following 
causes: 

Many types of multiphase flow exist (i.e., gas-liquid, gas-solid, liquid- 
liquid, gas-liquid-solid) where within one type of flow several possible flow 
regimes exist. In Fig. 10 (Ishii, 1975) a classification is given for two-phase 
flow. 
The detailed physical laws and correct mathematical representation of phe- 
nomena taking place in the vicinity of interfaces (coalescence, breakup, ac- 
cumulation of impurities) are still largely undeveloped. 

Very often multiphase flow systems show inherent oscillatory behavior that 
necessitates the use of transient solution algorithms. Examples of such flows are 
encountered in bubbling gas-fluidized beds, circulating gas-fluidized beds, and 
bubble columns where, respectively, bubbles, clusters, or strands and bubble 
plumes are present that continuously change the flow pattern. 
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Typical Geometry 
regimes 

Annularflow I 11 [ 
Jetflow A 

Slug (plug) flow x 
3ubbly annular 
low 

i ff E Droplet annular 
low 

Bubbly droplet 
innular flow 

Configuration Examples 

film boiling 

liquid film in gas 

gas film in liquid 

liquid core and gas film 

gas core and liquid film 

film boiling 

condensers 

liquid jet in gas atomization 

gas jet in liquid jet condenser 

sodium boiling in forced 
convection (liquid metal 
fast breeder reactor) 

gas pocket in liquid 

gas bubbles in liquid 
film with gas core nucleation 

evaporators with wall 

and liquid film 

I and liquid film with 
gas core with droplets 

gas bubbles 
reactor channel I 

~ 

I gas bubbles in liquid bubble columns I 
~ 

I liquid droplets in gas spray towers I 
FIG. 10. Flow regime classification for two-phase flow (Adapted from Ishii (1975)). 

Prior to the discussion of the progress in the CFD analysis of multiphase flows, 
first some general requirements for modeling multiphase systems are mentioned: 

Regime characterization and flow regime transition 
Spatial distribution of the phases 
Sensitivity of system behavior for physicochemical parameters 
Prediction of effect of internals 
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1.  Gas-Liquid (G-L) Systems 

Gas-liquid systems are encountered very frequently in a variety of industrial 
applications. For example, the production of crude oil and natural gas involves 
the transportation of a gas and a liquid phase in pipes. Although very significant 
efforts have been made to arrive at a fundamental description and subsequent 
CFD modeling of these type of flows, unfortunately the progress is still very lim- 
ited and the engineer, faced with the solution of practical problems, very often has 
to resort to semiempirical methods. This state of the art is mainly due to the fact 
that numerous flow regimes, with their specific hydrodynamic characteristics, can 
prevail. 

Gas-liquid systems of particular interest to the chemical engineer are encoun- 
tered in bubble columns, spray columns, air lift, falling film, and stirred tank re- 
actors. Usually the form of these reactors corresponds to that of vessels or 
columns. From the perspective of the chemical engineer, who is concerned with 
the conversion and selectivity of chemical transformations, it is of utmost impor- 
tance that an intensive contact between a gas and a liquid be achieved and there- 
fore very often one phase is continuous whereas the other is disperse. Therefore, 
the interfacial area and the size of the disperse phase elements constitute very im- 
portant aspects of CFD modeling of these types of systems. 

As mentioned earlier many two-phase gas-liquid flows are highly dynamic 
and this property requires the use of dynamic simulation methods. A well-known 
example of such a type of flow is encountered in bubble columns where recircu- 
lating flow structures are present which are not stationary but which continuously 
change their size and location in the column. Due to their frequent application in 
chemical reaction engineering and their relatively simple geometry, CFD analy- 
ses of bubble columns have received significant attention and are discussed in 
more detail here. 

a. Bubble Columns. Both two-fluid Eulerian models (Gasche et al., 1990; Torvik 
and Svendsen, 1990; Svendsen et al., 1992; Hjertager and Morud, 1993; 
Sokolichin and Eigenberger, 1994) and mixed Eulerian-Lagrangian models 
(Trapp and Mortensen, 1993; Lapin and Lubbert, 1994; Devanathan et al., 1995; 
Delnoij et al., 1997a) have been used to study gas-liquid two-phase flow. The 
general advantages of mixed Eulerian-Lagrangian models in comparison with 
completely Eulerian models are as follows: (1) Phenomena such as bubble 
breakup and coalescence can be implemented in a more direct way, and (2) the 
computational smearing or numerical diffusion can be significantly reduced (see, 
for example, Lapin and Lubbert, 1994). However, by applying higher order nu- 
merical schemes for the evaluation of the convective fluxes instead of the often 
used first-order UPWIND numerical scheme, the computational smearing of the 
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Eulerian approach can be reduced significantly (Sokolichin et al., 1997). Espe- 
cially for dispersed flows with a high volume fraction of the dispersed phase, the 
increased computational requirements of mixed Eulerian-Lagrangian approaches 
should be mentioned as a disadvantage. 

Figure 11 shows as an example some typical computational results obtained by 
Lapin and Lubbert with a mixed Eulerian-Lagrangian approach. This figure shows 
the combined results for the liquid phase velocity pattern (left) and the bubble posi- 
tions (right) in a wafer column (diameter, 1.0 m; height, 1.5 m) where the bubbles 
are generated uniformly over its entire bottom. The simulation was started at T = 0 
(s) with a bubble-free liquid. Initially the bubble clusters were found to rise in the 
liquid in the shape of a plane front but after approximately 2 s the front becomes 
unstable and attains a wavy shape. After 5 s a considerable instability has devel- 
oped near the wall, which eventually leads to macroscopic flow instability (i.e., 
very irregular flow structure with large density differences). However, about 70 s 
after startup fairly regular flow patterns are established where several circulation 
cells can be recognized which were found to change their size and location contin- 
uously during the rest of the simulation. The flow in the bubble column is thus in- 
herently instationary and a true steady-state flow pattern does not exist. Lapin and 
Liibbert stress in their paper the use of a sufficiently refined computational mesh in 
order to avoid excessive computational smearing of the resolved flow structures. 
With respect to the model presented by Lapin and Lubbert it should be mentioned 
here that their approach is essentially a pseudo-Lagrangian one due to the fact that 
they track bubble clusters instead of individual bubbles. Moreover, their model 
does not account for bubble-bubble interactions and momentum exchange be- 
tween the bubbles and the liquid. The induced flow in the liquid phase is thus in fact 
assumed to be due to buoyancy effects only, which is probably a reasonable as- 
sumption in this type of flow. A more refined model in this respect has been devel- 
oped by Delnoij et al. (1997a) and is discussed in more detail in Section VI. 

Kumar et al. (1995) used the CFDLIB code developed at Los Alamos Scien- 
tific Laboratory to simulate the gas-liquid flow in bubble columns. Their model, 
which is based on the Eulerian approach, could successfully predict the experi- 
mentally observed von Karman vortices (Chen et al., 1989) in a 2D bubble col- 
umn with large aspect ratio (i.e., ratio of column height and column diameter). 

Besides the modeling of bubble columns with either Eulerian or mixed 
Eulerian-Lagrangian models the dynamics of individual bubbles has also been 
studied extensively in literature using various CFD approaches (Ryskin and Leal, 
1984a,b,c; Tomiyama et al., 1993; and Hoffman and van den Bogaard, 1995). 
Ryskin and Leal solved the Navier-Stokes equations for the liquid flowing 
around a deformable bubble where the orthogonal curvilinear coordinate system 
was constructed in accordance with the shape which the bubble attained during its 
rise through the liquid, whereas Tomiyama et al. and Hoffman et al., respectively, 
used the VOF method (Hirt and Nichols, 1981) and the finite element based 



FIG. 11. Typical computational results obtained by Lapin and Liibbert (1994) with a mixed 
Eulerian-Lagrangian approach. Liquid phase velocity pattern (left) and the bubble positions (right) 
in a wafer column (diameter, 1.0 m; height, 1.5 m) where the bubbles are generated uniformly over 
its entire bottom. (Reprinted from Chemical Engineering Science, Volume 49, Lapin, A. and 
Liibbert, A., Numerical simulations of the dynamics of two-phase gas-liquid flows in bubble 
columns, p. 3661, copyright 1994 with permission from Elsevier Science.) 
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SEPRAN package (Cuvelier et al., 1986). Recently Delnoij et al. (1997b) applied 
the VOF method to study the dynamics of single gas bubbles rising in a quiescent 
Newtonian liquid. They were able to demonstrate that the predicted bubble shape 
and the induced flow patterns in the liquid phase could be predicted very well as 
a function of the key physical properties of the liquid phase such as density, vis- 
cosity, and surface tension (see Section V1.D). The results reported by Tomiyama 
et al. are discussed in more detail below. 

Tomiyama et al. (1993) applied the VOF method to analyze the motion of a 
single gas bubble rising in a liquid. They were able to show that the shape and ter- 
minal velocities of the gas bubbles could be predicted satisfactorily well over a 
wide range of Eotvos and Morton numbers. Figure 12a shows some typical re- 
sults reported by Tomiyama et al. (1993) on the effect of the Morton number M 
on the shape and dynamics of a single bubble rising in a Newtonian liquid. For the 
purpose of reference in Fig. 12b the graphical correlation presented by Grace 
(1973) and Grace et al. (1976) is included, which takes into account the effect of 
fluid properties and equivalent bubble diameter db on the bubble shape and the 
terminal velocity V, using three dimensionless quantities: the Reynolds number 
Re, the Morton number M, and the Eotvos number Eo defined by: 

where p, Ap, p, and u represent, respectively, the liquid density, the density dif- 
ference between the liquid and gas, the dynamic shear viscosity of the liquid, and 
the surface tension of the liquid. From inspection of Figs. 12a and b it can be con- 
cluded that the predicted effect of the Morton number at least qualitatively agrees, 
with those obtained from the graphical correlation presented by Grace (1973) and 
Grace et al. (1976). 

Recently Lin et al. (1996) applied the VOF method to study the time- 
dependent behavior of bubbly flows and compared their computational results 
with experimental data obtained with a particle image velocimetry (PIV) tech- 
nique. In their study the VOF technique was applied to track several bubbles em- 
anating from a small number of orifices. Lin et al. reported satisfactory agreement 
between theory and experiment. 

b. Gas-Liquid Stirred Tank Reactors. CFD has also been applied to study the 
flow phenomena in gas-liquid stirred tank reactors. In many studies one-way cou- 



FIG. 12. Typical results reported by Tomiyama ef al. (1993) on the effect of the Morton number M (at Eotvos number Eo = 10) on the shape and dynamics of 
a single bubble rising in (a) a Newtonian liquid, and (b) graphical correlation due to Grace (1973) and Grace ef al. (1976). [Part (a) reprinted from Nuclear 
Engineering and Design. Volume 141, Tomiyama, A., Zun, I., Sou, A., and Sakaguchi, T., Numerical analysis of bubble motion with the VOF method, pp. 69-82, 
Copyright 1993, with permission from Elsevier Science. Part (b) reprinted from Grace, R., Clift, R., and Weber, M.E., “Bubbles, Drops, and Particles.” Academic 
Press, Orlando, 1976. Reprinted by permission of Academic Press.) 
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pling (Bakker and van den Akker, 1994) was assumed in the simulations al- 
though, in view of the reported values of the gas phase volume fraction (5-lo%), 
it would have been more appropriate to account for two-way coupling. This is to 
some extent due to the possibilities offered in (early versions) of commercial 
CFD packages. Another problem is the turbulence modeling, where due to the ab- 
sence of more detailed knowledge often the standard single-phase k-6 model is 
used. Finally difficulties in accurately representing the impeller geometry are also 
encountered in this type of flow (also see Sections IV,A,l and 2). 

c. Other Gas-Liquid Reactors. In literature a variety of other CFD applications 
involving gas-liquid reactors have been reported such as hydrocyclones (Harg- 
reaves and Silvester, 1990; Hsieh and Rajamani, 1991) and loop reactors 
(Sokolichin and Eigenberger, 1994). 

d. Concluding Remarks. The studies reported in this section clearly show that 
for gas-liquid two-phase flow very promising results have been obtained in re- 
cent years. The results obtained with the mixed Eulerian-Lagrangian method and 
the VOF method in particular are very promising despite the fact that due to CPU 
constraints the analysis is limited respectively to moderate (typically lo5) and a 
relatively small (typically 10) number of bubbles. 

Despite this significant progress, complicated problems still remain such as the 
prediction of the rate of bubble formation at gas distributors and the coalescence 
and breakup of bubbles in the gas-liquid dispersion. More general it is still im- 
possible to predict flow regime transition in various types of gas-liquid two- 
phase flow. Also the coupling to chemical transformation remains extremely dif- 
ficult due to the fact that often an extremely fine spatial and temporal resolution 
has to be obtained especially in cases where chemically enhanced mass transfer 
takes place (Versteeg et a!., 1989, 1990; Frank et al., 1995a,b). Nevertheless the 
coupling of mass transfer models described by Versteeg et al. and Frank et al. 
with mixed Eulerian-Lagrangian models as developed by Delnoij et al. (1997a) 
offers a potential to arrive at fundamental reactor models for bubble columns in 
the foreseeable future. 

However, with respect to the mixed Eulerian-Lagrangian approach it should 
be mentioned that disagreement still exists on rather fundamental issues such as 
the correct description of the forces acting on a single bubble and the effect of 
other bubbles on these forces. In this area much fundamental work remains to be 
done. Moreover the extension of the mixed Eulerian-Lagrangian approach to the 
churn-turbulent or heterogeneous bubbly regime is of crucial importance due to 
the fact that this flow regime is frequently encountered in industrial applications 
involving bubble columns. In this respect a modeling approach is required that 
can simultaneously deal with “large” bubbles and “small” bubbles. In this respect 
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a model that combines the features of the VOF method and the mixed 
Eulerian-Lagrangian method deserves attention. Last but not least the incorpora- 
tion of turbulence effects is still problematic and should receive more attention in 
the future. 

2. Liquid-Liquid (L-L) Systems 

Liquid-liquid systems are encountered in many practical applications involv- 
ing physical separations of which extraction processes performed in both sieve- 
tray and packed columns are well-known examples. In principle, all three meth- 
ods discussed in Section III,B,2 can be used to model liquid-liquid two-phase 
flow problems. The added complexity in this case is the possible deformation of 
the interface and the occurrence of flow inside the droplet. 

Of particular interest in this connection is the work of Ohta et al. (1995) who 
used a two-material VOF method to study the formation of a single droplet at an 
orifice in a pulsed sieve-plate column. They also compared the theoretically com- 
puted droplet sizes with those obtained from experiments using a high-speed 
video camera and reported good agreement between theory and experiment. In 
Fig. 13 the observed (a) and computed (b) droplet formation reported by Ohta et 
al. (1995) is shown. Note that the agreement between theory and experiment is 
reasonable although subtle differences between the computed and observed 
droplet shape can be clearly recognized. One of the great advantages of the two- 
material VOF method is its possibility to provide detailed information on the fluid 
flow both inside and outside the droplet. The VOF method is a very powerful nu- 
merical tool for analyzing complex free surface flows and its possible ability to 
study systems involving for example droplet interaction should be further ex- 
plored. In this respect the required computational time may become problematic. 

3. Fluid-Solid (G-S and L-S) Systems 

Fluid-solid systems, especially in situations where the fluid is a gas, are very 
frequently encountered in various important industrial processes such as packed- 
bed reactors, moving-bed reactors, fluidized-bed reactors, and entrained reactors. 

a. Packed-Bed Reactors. Although flows in packed-bed reactors can also be 
classified as a chemically reactive single-phase flow in a complex geometry, the 
authors think that it is more appropriate to treat this type of flow as a special type 
of two-phase flow. The analysis of heat transfer processes and coupled chemical 
conversion in packed-bed reactors has traditionally received considerable atten- 
tion from chemical engineers. In most of these studies rather simple representa- 
tions of the prevailing flow patterns (i.e., plug flow) were used despite the fact 
that flow inhomogeneities are known to exist due to (local) porosity disturbances. 



FIG. 13. (a) Observed and (b) computed formation of a droplet at an orifice in a pulsed sieve- 
plate extraction column. (Reprinted from Chemical Engineering Science, Volume 50, Ohta M., et d., 
Numerical analysis of a single drop formation process under pressure pulse condition, pp. 
2923-2931, copyright 1995, with permission from Elsevier Science.) 
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A very important form of such disturbances is caused by the presence of the wall 
of the tube containing the packed bed. Vortmeyer and Schuster (1983) have used 
a variational approach to evaluate the steady two-dimensional velocity profiles 
for isothermal incompressible flow in rectangular and circular packed beds. They 
used the continuity equation, Brinkman’s equation (1947), and a semiempirical 
expression for the radial porosity profile in the packed bed to compute these pro- 
files. They were able to show that significant preferential wall flow occurs when 
the ratio of the channel diameter to the particle diameter becomes sufficiently 
small. Although their study was done for an idealized situation it has laid the 
foundation for more detailed studies. Here CFD has definitely contributed to the 
improvements of theoretical prediction of reactor performance. 

Another possibility for modeling packed-bed reactors involves the use of a so- 
called unit cell approach where a suitable periodic structure in the packing is 
identified and subsequently used to define the boundaries of the computational 
domain. Due to the geometrical complexity the fluid flow (and other relevant 
equations have to be formulated and solved in curvilinear coordinates. In fact this 
approach has been followed for example, by Guj and De Matteis (1986) who used 
a MAC-like scheme (Welch et al., 1965) to solve the Navier-Stokes equations. 
For random packings the unit cell approach becomes much more difficult due to 
the fact that a suitable periodic structure is difficult to define. 

6. Fluidized Bed Reactors. Another type of chemical reactor where the CFD ap- 
proach has proven fruitful is the gas fluidized-bed reactor. These reactors find a 
widespread application in the petroleum, chemical, metallurgical, and energy in- 
dustries (Kunii and Levenspiel, 1991) and significant research efforts have been 
made in both academic and industrial research laboratories to develop detailed 
micobalance models of gas-fluidized beds. 

A very lucid review on fluidized-bed modeling and analysis of existing hydro- 
dynamic models in terms of Occam’s razor (a philosophical maxim based on the 
following principle: “It is futile to do with more what can be done with fewer”) 
has been given by Clift (1993). Jackson (1994) has recently prepared a review on 
the state of the art of our understanding of the mechanics of fluidized beds and 
emphasizes that despite the fact that the goal of deriving exactly correct equations 
on the basis of the local instant formulation may be unattainable in the future, for 
many practical purposes it is acceptable to use a set of equations that is good 
enough (i.e., with acceptable engineering accuracy) to describe the behavior of a 
range of situations relevant to the chemical engineer. 

Pritchett et al. (1978) were the first to report numerical solutions of the nonlin- 
ear equations of change for fluidized suspensions. With their computer code, for 
the first time, bubbles issuing from a jet with continuous gas through-flow, could 
be calculated theoretically. Figure 14 shows as an illustration the computed mo- 
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FIG. 14. Computed motion of a collection of pseudo-Lagrangian particles due to the evolution 
and propagation of gas bubbles in a section of a hypothetical two-dimensional gas fluidized bed 
[From Pritchett, J.W., Blake, T.R., and Garg, S.K. A numerical model of gas fluidized beds. AIChE 
Symp. Set 176, 74, 134 (1978). Reproduced with permission of the American Institute of Chemical 
Engineers. Copyright 0 1978 AIChE. All rights reserved.] 

tion of a collection of pseduo-Lagrangian particles due to the evolution and prop- 
agation of bubbles in a section of a hypothetical two-dimensional gas fluidized 
bed. Schneyer et al. (1981) extended this hydrodynamic model to a complete re- 
actor model for a fluidized-bed coal gasifier. Their model incorporates the kinet- 
ics of the heterogeneous and homogeneous chemistry of combustion and gasifica- 
tion and probably represents the most ambitious and comprehensive fluidization 
modeling effort to date. A more or less parallel development has been made by the 
Jaycor group (Henline et al., 1981; Scharff et al., 1982) who also made an attempt 
to model a fluidized bed coal gasifier from first principles. 

In the literature a relatively large number of publications exist which deal with 
the CFD analysis of gas-fluidized beds using two-fluid models (Gidaspow and Et- 
tehadieh, 1983; Ettehadieh et al., 1984; Syamlal and Gidaspow, 1985; Gidaspow, 
1986; Bouillard et al., 1989; Kuipers 1990; Kuipers et al., 1991, 1992a,b,c, 1993; 
Nieuwland et al., 1996a). These studies have clearly revealed that many important 
key properties of bubbling fluidized beds, that is, gas bubble behavior, spatial 
voidage distributions, and wall-to-bed heat transfer processes can be predicted sat- 
isfactorily from two-fluid simulations (see Section V1,A). However, the agreement 
between theory and experiments is not perfect and has been attributed among other 
factors to the simple solids rheology (i.e., Newtonian behaviour) incorporated in 
the two-fluid models. Further theoretical developments have led to the application 
of the kinetic theory of granular flow (KTGF) to gas-fluidized beds (Ding and Gi- 
daspow, 1990; Manger, 1996) of which its ability to provide a priori information 
on the viscosities of the particulate phase can be mentioned as an important advan- 
tage over the constant-solids-viscosity two-fluid models. It has however not yet 
been demonstrated that the KTGF based model predicts more realistic gas bubble 
behavior in comparison with the constant-solids-viscosity two-fluid models. 

CFD has also been applied to predict the flow patterns in the circulating flu- 
idized bed (CFB) riser (Tsuo and Gidaspow, 1990). Despite their widespread in- 
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dustrial application in, for example, petrochemical and energy production 
processes, our understanding of the hydrodynamics of these systems is, unfortu- 
nately, still very limited. For reliable design of large-scale CFE3 risers the de- 
signer requires accurate information regarding the spatial solids distribution, 
which is generally inhomogeneous in both axial and radial direction. The inho- 
mogeneous solids distribution determines the gas-solid phase flow patterns to a 
large extent and thereby significantly influences riser reactor performance. Un- 
derstanding and a priori prediction of this and related hydrodynamic aspects of 
riser flow are of crucial importance for design purposes. In literature lateral solids 
segregation has been attributed to interaction between gas phase eddies and dis- 
persed particles and additionally to direct collisional interaction between parti- 
cles. In most studies the direct particle-particle collisions have been described 
using KTGF, which is basically an extension of the Chapman-Enskog theory of 
dense gases. The KTGF was first applied by Sinclair and Jackson (1989) to pre- 
dict successfully lateral segregation in CFB risers. Pita and Sundaresan (1991, 
1993) further developed this model and found strong parametric sensitivity of 
their model predictions with respect to the value of the restitution coefficient e for 
particle-particle collisions. In cases where realistic e values were used, no lateral 
segregation could be predicted. In none of these models was turbulence ac- 
counted for, and very limited comparison with experimental data was reported in 
these studies. 

Theologos and Markatos (1992) used the PHOENICS program to model the 
flow and heat transfer in fluidized catalytic cracking (FCC) riser-type reactors. 
They did not account for collisional particle-particle and particle-wall interac- 
tions and therefore it seems unlikely that this type of simulation will produce the 
correct flow structure in the riser reactor. Nevertheless it is one of the first at- 
tempts to integrate multiphase hydrodynamics and heat transfer. 

A more recent and very promising development in the modeling of (dense) 
gas-particle flows, as encountered in bubbling fluidized beds and circulating 
fluidized beds, is the discrete particle approach (Tsuji et al., 1993; Kawaguchi et 
al., 1995; Tanaka et al., 1996; Hoomans et al., 1996) where the motion of indi- 
vidual spherical particles is directly calculated from the forces acting on them, ac- 
counting for the particle-particle and particle-wall interactions and drag between 
the particles and the interstitial gas phase. Tsuji et al. used the distinct element 
model (DEM), originally developed by Cundall and Strack (1979), to represent 
the interaction forces resulting from particle-particle and particle-wall encoun- 
ters. The model developed by Tsuji et al. in fact represents a so-called “soft 
sphere” model because the particles are thought to undergo deformation during 
their contact where the interaction forces in both the normal and tangential direc- 
tion are calculated from simple mechanical representations involving a spring, a 
dashpot, and a slider. Usually this model type requires the spring constant, the 
damping coefficient of the dashpot, and the friction coefficient of the slider as in- 
put parameters. 
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The model developed by Hoomans ef al. (1997) represents a so-called “hard 
sphere” model because in their model quasi-rigid spheres are implied which un- 
dergo a quasi-instantaneous collision where point contact prevails. Their model re- 
quires specification of two phenomenological parameters, namely, the coefficient 
of restitution and the friction coefficient. Some illustrative results that have been 
obtained from this type of modeling of gas fluidized beds are presented in Section 
VI,B. Hoomans et al. (1998) have compared the predictions obtained from hard 
sphere models with those of soft sphere models and found that the macroscopic 
system behavior predicted by both types of models is very similar provided that the 
spring constant used in the DEM model is given a sufficiently large value. 

In the discrete particle models discussed so far the hydrodynamic interaction be- 
tween particles was neglected. For gas-solid systems this assumption will be valid but 
for liquid-solid systems this type of interaction will become important and has to be 
accounted for. Stokesian dynamics (Brady and Bossis, 1988) constitutes a very pow- 
erful tool and offers significant possibilities for understanding of suspension dynamics 
on a more fundamental basis. For example, Ichiki and Hayakawa (1995) presented a 
Stokesian dynamics based model in which hydrodynamically interacting granular 
particles were considered. They neglected the inertial terms in the Navier-Stokes 
equations describing the interstitial fluid flow and therefore their model is only valid 
for relatively small particle Reynolds numbers (i.e., Re, < 1). These computations are 
very CPU intensive and at present only simulations with a relatively low number of 
particles are possible. Despite these (serious) limitations this type of work is very im- 
portant because it can lead to improved constitutive equations for fluid-particle inter- 
actions, which can be used subsequently in both discrete particle models which do not 
treat the flow of the continuous phase at the scale of a single particle. 

Koelman and Hoogerbrugge (1993) have developed a particle-based method 
that combines features from molecular dynamics (MD) and lattice-gas automata 
(LGA) to simulate the dynamics of hard sphere suspensions. A similar approach 
has been followed by Ge and Li (1996) who used a pseudo-particle approach to 
study the hydrodynamics of gas-solid two-phase flow. In both studies, instead of 
the Navier-Stokes equations, fictitious gas particles were used to represent and 
model the flow behavior of the interstial fluid while collisional particle-particle 
interactions were also accounted for. The power of these approaches is given by 
the fact that both particle-particle interactions (i.e., collisions) and hydrodynamic 
interactions in the particle assembly are taken into account. Moreover, these mod- 
eling approaches do not require the specification of closure laws for the inter- 
phase momentum transfer between the particles and the interstitial fluid. Al- 
though these types of models cannot yet be applied to macroscopic systems of 
interest to the chemical engineer they can provide detailed information which can 
subsequently be used in (continuum) models which are suited for simulation of 
macroscopic systems. In this context improved rheological models and boundary 
condition descriptions can be mentioned as examples. 
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c. Concluding Remarks. On the basis of the aforementioned results it is clear 
that significant progress has been made in modeling gas-particle flows and to a 
lesser extent liquid-particle flows. There remain however very significant chal- 
lenges of which we would like to mention the following: 

Detailed modeling of the (mutual) interaction between turbulent flowing flu- 
ids and suspended particles 
Accurate description of particle-particle and particle-wall interactions includ- 
ing effects due to surface roughness and deviations from spherical particle shape 
Development of improved closure laws for the rheological description of 
fluidized suspensions on basis of discrete particle models 
Prediction of regime transition in gas-particle flows 
Incorporation of chemical conversion models in multiphase flow simulation 

4. Gas-Liquid-Solid Systems 

In many commercial processes efficient transfer of soluble substances or heat 
between a gas and a (reactive) liquid is achieved by contacting the phases in the 
presence of a packing where the function of the packing is the creation of sufficient 
contact area between the gas and liquid phase. In addition the packing can also act 
as a catalyst to enhance desired chemical transformations. Although the flow of the 
gas-liquid mixture through the packing can be classified as a two-phase flow in a 
complex geometry the authors think that it is more appropriate to treat this type of 
flow as a special type of three-phase flow. Such three-phase flows are encountered 
for example in trickle-bed reactors. In addition to these reactors other three-phase 
reactors find frequent application in commercial processes such as slurry reactors 
and three-phase fluidized-bed reactors. Contrary to the situation for trickle-bed re- 
actors, in this case the solid phase (usually a catalyst) is suspended in the (continu- 
ous) liquid phase and can move freely in the reactor. The state of the art of CFD 
analysis of these three-phase reactors is briefly discussed. 

a. Trickle-Bed Reactors. Unfortunately, very little progress has been made up to 
now on the CFD analysis of trickle-bed reactors. The reason for this state of the art 
is due to (1) the great geometrical complexity of the packing (often a catalyst), (2) 
the fact that we have to deal with a complex free surface flow with a very complex 
interfacial structure (i-e., partially wetted packing) where in certain flow regimes 
the liquid film interacts with the gas phase, and (3) the prevailing flow regime in a 
trickle-bed reactor can depend on the flow history experienced by the packing. Due 
to the aforementioned difficulties it will be very difficult to obtain significant 
progress in CFD modeling of trickle-bed reactors in the near future, and as a first 
step toward a more fundamental understanding of these complex systems ap- 
proaches as followed by Melli and Scriven (199 1) will probably be more fruitful. 
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b. Slurry Reactors. As far as the computation of macroscopic flow patterns is 
concerned, the CFD analysis of slurry reactors shows some progress but unfortu- 
nately very little work has been done yet in this area, and in the few existing studies 
no comparison with experimental data is reported. For example, very recently 
Hamill et al. (1995) applied the CFDS-FLOW3D package to study the three-phase 
flow of solids, liquid, and a gas in a mixing vessel agitated by five impellers. They 
used the standard k-E turbulence model and an explicit model for the modeling of 
the fluid flow around the impellers. Although their computational results appear 
reasonable, no comparison with experimental data was made in this case. Torvik 
and Svendsen (1990) used a multifluid formulation to model slurry reactors. 

Despite the fact that there is some progress in modeling the macroscopic flow 
structure of slurry reactors, a number of microscopic phenomena are very difficult to 
capture in macroscopic flow simulation models such as the possible accumulation 
of solid particles near the gas-liquid interface, which significantly affects the mass 
transfer characteristics of the slurry system (Beenackers and van Swaaij, 1993). 

c. Three-Phase Fluidized Beds. Similar to the situation for slurry reactors very 
little progress is seen in this area, which seems understandable in view of the re- 
maining difficulties in modeling gas-liquid and liquid-solid two-phase flow. 

c. STATE OF THE ART OF CFD IN CHEMICAL REACTION ENGINEERING 

As is evident from the examples mentioned in the preceding sections it has 
hopefully become apparent that in various areas of single-phase and multiphase 
flows significant progress has been made in CFD-based system descriptions. In 

TABLE I1 
PRESENT SITUATION AND PROSPECTS FOR CFD IN CRE INVOLVING SINGLE-PHASE FLOW 

Flow Category Progress Future Trends and Areas of Interest 

Laminar flows Significant More complex geometries + interaction with mixing 

Turbulent flows Reasonable Development of accurate and reliable turbulence mod- 
and chemical transformation processes 

els for enginering applications + use of LES and 
DNS for generation of databases for turbulence 
quantities 

Non-Newtonian flows Reasonable More complex materials and more complex geometries 
+ improved numerical solution procedures + exten- 
sion to multiphase flow 

more complex geometries + extension to multiphase 
flow 

Chemically reactive flows Reasonable Application to more complex reaction schemes and 
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Tables I1 and 111, respectively, the progress and the future trends and remaining 
difficulties in systems involving single-phase flows and multiphase flows are 
briefly summarized. 

TABLE 111 
PRESENT SITUATION AND PROSPECTS FOR CFD IN CRE INVOLVING MUL~PHASE FLOW 

Flow Category Progress Future Trends or Problem Areas 

Gas-liquid Reasonable Turbulence modeling + modeling of interfa- 
cial transport phenomena + prediction of 
flow regime transition + interaction of hy- 
drodynamics with chemical transformation 
processes 

Bubble columns Reasonable Modeling of chum-turbulent flow regime 
Loop reactors Reasonable Modeling of chum-turbulent flow regime 
Stirred tanks Reasonable Improved geometrical representation of im- 

Hydrocyclones Reasonable Improved geometrical representation of system 
peller and baffles 

Liquid-liquid Little Turbulence modeling + modeling of interfa- 
cial transport phenomena + interaction of 
hydrodynamics with chemical transforma- 
tion processes 

Fluid-solid Reasonable Turbulence modeling + refined models for 
particle-particle and particle-wall interac- 
tion + prediction of flow regime transition 
+ interaction of hydrodynamics with chemi- 
cal transformation processes 

Packed beds Some reasonable Unit cell approach 
Fluidized beds Extension to industrial fluidized beds with 

complex geometries 

Gas-liquid-solid Turbulence modeling + prediction of flow 
regime transition + interaction of hydrody- 
namics with chemical transformation 
processes 

Trickle bed reactors No Modeling on basis of unit cell approach + de- 
velopment of correspondence rules for 
macroscopic system behavior 

Modeling of the effect of the solids phase on 
interfacial transport phenomena 

Modeling of the effect of the solids phase on 
interfacial transport phenomena + develop- 
ment of refined models for particle-particle 
and particle-wall interaction 

Slurry reactors Little 

Three-phase fluidized beds Little 
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V. Experimental Validation 

Experimental validation of CFD results is considered a prerequisite to paving 
the road for widespread acceptance of CFD in the chemical engineering commu- 
nity, especially in connection with multiphase flow applications. The authors do 
not intend to give here a complete review on available measuring techniques for 
single-phase and multiphase flows; only the more advanced techniques are briefly 
discussed. For an overview of the latest advances realized in noninvasive mea- 
surement of multiphase systems the interested reader is referred to Chaouki et d. 
(1 997). The available experimental techniques can be classified according to the 
following aspects: 

Type of quantity measured 
Local or whole field measuring method 
Instantaneous or time-averaged quantities measured 
Intrusive or nonintrusive method 

For the measurement of pressure, temperature, phase concentration, composition, 
and velocities in single-phase and multiphase systems a variety of experimental 
methods are available ranging from simple probe techniques to sophisticated 
whole field measuring methods. Thermal anemometry, electrical sensing tech- 
niques, light scattering and optical methods, electromagnetic wave techniques, 
and ultrasonic techniques have all been used to study complex fluid flows. For an 
overview of these techniques the interested reader is referred to Cheremisinoff 
(1986a). 

Especially for multiphase systems flow visualization (Wen-Jei Yang, 1989; 
Merzkirch, 1987) can provide valuable initial information on the prevailing flow 
patterns and should at least always be considered as a first step. Of course, in ap- 
plications that involve extreme conditions such as high temperature and/or pres- 
sure it is very difficult if not impossible to apply flow visualization and other tech- 
niques should be considered. Here the use of cold flow models which permit 
visual observation might be considered as an alternative as an important first step 
to obtain (qualitative) information on the flow regime and associated flow pattern. 
Of course, multiphase flows exist such as dense gas-solid flows that do not permit 
visual observation and in such cases the application of idealized flow geometries 
should be considered. A well-known example in this respect is the application of 
so-called 2D gas fluidized beds to study gas bubble behavior (Rowe, 1971). 

Due to the fact that the CFD approach usually leads to very detailed informa- 
tion on the temporal and spatial distribution of key variables it has also led to the 
development of very advanced experimental techniques to obtain the relevant ex- 
perimental data. Some of these techniques, which reflect the recent progress in 
experimental fluid dynamics are discussed in more detail. Point-measuring tech- 
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niques such as hot-wire anemometry (HWA) and laser Doppler anemometry 
(LDA) cannot give information on the instantaneous spatial structure of the flow. 
Especially in situations where one is interested in the dynamics of coherent struc- 
tures, as encountered in, for example, turbulent single phase flows and dispersed 
gas-liquid two-phase flow, point-measuring techniques are inadequate and more 
advanced techniques are required. 

a. Laser Doppler Anernometry. With LDA the velocities of flowing (small) par- 
ticles can be determined from the frequency information contained in light scat- 
tered by the particles as they pass through a fringe or interference pattern. In 
single-phase flows these particles, which have to be sufficiently small to prevent 
separation effects, are deliberately added to the fluid (seeding of the flow). Since 
the intensity of the scattered light also contains information on the particle size 
LDA has also found application in atomized and dispersed flows to obtain parti- 
cle size information (Farmer, 1972, 1974). 

b. Particle Image Velocimetry. A very powerful class of velocity measuring 
techniques, termed pulsed light velocimetry, has become available in experimen- 
tal fluid dynamics. In these techniques typically the motion of small, marked re- 
gions of a fluid is measured by observing the locations of the images of the mark- 
ers at two or more times. The velocity is obtained from the ratio of the observed 
displacement AX and the time interval A t  separating the subsequent observations 
of the marker images: 

- AX 
A t '  

u = -  

The marker fluid parcels can consist of small particles, bubbles, or droplets but 
can also be generated in situ by activating molecules constituting the fluid with 
laser beams, causing them to fluoresce (Gharib et al., 1985). 

A very powerful method that belongs to the class of PLV techniques to obtain 
quantitative information on the instantaneous structure of the flow is particle im- 
age velocimetry (PIV) and its digital counterpart (DPIV). In these techniques a 
suitably chosen number of neutrally buoyant tracer particles are suspended in the 
fluid (usually a liquid) and subsequently a section of the flow is illuminated with 
the aid of a laser whereby the tracer particles become visible. By making high- 
resolution video recordings of the illuminated section of the flow and subsequent 
processing of the digitized images using advanced statistical techniques (Wester- 
weel, 1993) the instantaneous flow field of the fluid in the test section can be ob- 
tained. Due to this ability DPIV can provide detailed information on the dynam- 
ics of coherent flow structures, which is typically also the type of information that 
can be obtained from (advanced) CFD approaches. A critical aspect of PIV is the 
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so-called seeding of the fluid with marker particles. For further details the inter- 
ested reader is referred to the review paper of Adrian (1991) and Westerweel 
(1993) and the references cited therein. 

PIV has also been applied to gas-liquid systems (Reese and Fan, 1994; Lin et al., 
1996) to study the flow structure in bubble columns. A specific complication here is 
caused by the presence of the gas bubbles. On the basis of a prior knowledge of the 
size distribution of the tracer particles and the gas bubbles it is possible to discrimi- 
nate bubbles from particles and thus phase-specific postprocessing of the images 
can be undertaken whereby both the flow pattern of the bubbles and the liquid in 
principle can be obtained. Particle image velocimetry has also been applied (Chen 
and Fan, 1992) to study the flow structure in 3D gas-liquid-solid fluidized beds. 

c. Nuclear Magnetic Resonance Imaging. Although LDA and HWA are power- 
ful methods for studying spatial and temporal variations of fluid velocities under 
a wide range of conditions, unfortunately these methods cannot be applied in op- 
tically opaque fluids (dense slurries, pastes, etc.) and flows which are inaccessible 
due to geometric constraints (i.e., porous media). In these situations magnetic res- 
onance imaging (MRI) offers a convenient means to obtain detailed information 
on the flow (see, for example, Derbyshire et al., 1994). 

MRI techniques can be broadly divided into magnitude and phase-based meth- 
ods which respectively employ the magnitude and orientation of the local nuclear 
magnetization vector M as tags which can be monitored in space and time. After 
creation and evolution of the tags the local magnetization state can be imaged. By 
creating subsequent images the displacement of fluid parcels over distances rang- 
ing from micrometers to centimeters occurring on a time scale varying from mil- 
liseconds to seconds can be registered. Especially for multiphase flows this type 
of measuring method possesses great potential. An example of the application of 
MRI to determine concentration and velocity profiles in solid suspensions in ro- 
tating geometries can be found in the paper of Corbett et al. (1995). 

d. Laser-Induced Fluorescence. Another technique that is particularly powerful 
in studies involving (turbulent) mixing processes, possibly in the presence of fast 
chemical transformations, involves fluorescent tracers together with laser- 
induced fluorescence (LIF) techniques (Gaskey et al., 1990; Andre et al., 1992). 
Through the application of laser sheet techniques it is possible to make measure- 
ments in a very thin cross section of the mixing zone, which is of crucial impor- 
tance to validate closure models for turbulent reactive flow involving fast chemi- 
cal reactions. A very recent development in this connection is the work by Dahm 
et al. (1995) where a very high temporal and spatial resolution was achieved. Re- 
cently Lemoine et al. 1996 used LIF and LDA to measure simultaneously species 
concentration and velocity in turbulent flows. 
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e. Particle Tracking Methods. In particle tracking methods typically the motion 
of a particle is tracked in time using a set of detectors with a suitable geometrical 
arrangement where the behavior of the particle is (considered) representative for 
the phase under consideration. In literature several particle tracking techniques 
have been successfully employed to study multiphase flow systems such as bub- 
ble columns [Devanathan et al., 1990, using computer-aided radioactive particle 
tracking (CARPT)], fluidized beds [Larachi et al., 1995, 1996 using radioactive 
particle tracking (RPT)], and rotary mixers [Bridgwater et al., 1993, using 
positron emission particle tracking (PEPT)]. 

Devanathan et al. (1990) employed their CARPT technique to obtain informa- 
tion on the 3D path of a particle which from a hydrodynamic point of view can be 
considered as representative for the liquid phase in a bubble column. This tech- 
nique thus offers the possibility to obtain important quantitative information on a 
key quantity of the Lagrangian representation of the flow. CARPT is essentially a 
particle tracking technique, in which the position of an essentially neutrally buoy- 
ant tiny particle, suspended in a two-phase gas-liquid flow, is registered as a func- 
tion of time with a set of detectors with a proper geometrical arrangement around 
the bubble column. In principle, this technique can also be applied to other multi- 
phase reactors such as gas fluidized or liquid fluidized beds and three-phase flu- 
idized beds. Figure 15 shows the time-averaged streamlines and velocity vectors 
of the liquid phase obtained with the CARPT technique (Denavathan et al., 1990) 
in a 12-in.-diameter bubble column operated at a superficial gas velocity of 0.105 
m/s. From this figure the existence of a single circulation cell can be clearly in- 
ferred, which is contrary to the hypothesis of the existence of multiple circulation 
cells with cell height equal to the column diameter (Joshi and Sharma, 1979). 

Larachi et al. (1996) applied their radioactive particle tracking technique to 
determine the time-averaged solids velocity in a three-phase fluidized bed. Tech- 
niques which are similar to CARPT, such as positron emission particle tracking 
and radioactive particle tracking, have been applied successfully to systems in- 
volving particulate solids. 

Tomographic Techniques. Tomography refers to the cross-sectional imaging 
of an object from data collected by illuminating this object from many directions. 
This class of techniques is particularly powerful to obtain information on the spa- 
tial distribution of phases in a multiphase system in a nonintrusive manner. Thus 
tomographic techniques usually provide information on the flow morphology 
only and not on the motion of the flowing phases. X-ray tomography, y-ray to- 
mography, and electrical capacitance tomography constitute some of the better 
known tomography methods. Toye et al. (1993, for example, applied X-ray to- 
mography to study liquid flow distribution in a trickle-bed reactor. Such measure- 
ments are considered very important in connection with the future development 
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FIG. 15. Time-averaged streamlines and velocity vectors obtained by Devanathan et al. (1990) 

using the C A W  technique. (From Chemical Engineering Science, Volume 45, Devanathan, N., 
Moslemian, D., and Dudukovicz, M.P., Flow mapping in bubble columns using CARPT, pp. 
2285-2291, copyright 1990, with permission from Elsevier Science.) 

of fundamental hydrodynamic models for trickle-bed reactors. Martin et al. 
( 1992) applied y-ray tomography to determine the spatial distribution of cracking 
catalyst in a riser tube (0.19 m diameter) of a cold-flow circulating fluidized bed 
and could assess the existence of the so-called core-annulus structure of the flow 
with a relative dense region near the wall of the riser tube. 

g .  y-Ray Densitometry. Apowerful method used to obtain information on the spa- 
tial solids distribution is y-ray densitometry, which has been successfully applied in 
bubbling fluidized beds (Gidaspow et al., 1983) and circulating fluidized beds. 

h. Miscellaneous Methods. For the measurement of key parameters, such as the 
solids volume fraction and solids velocity, in systems involving (dense) gas-solid 
two-phase flow a number of (specific) experimental techniques are available 
(Cheremisinoff, 1986b). Unfortunately, a number of powerful techniques such as 
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LDA and PIV, which are applicable in single-phase systems, cannot be applied in 
dense gas-solid systems due to the fact that they are not optically transparent. Due 
to this fact a large number of specific techniques have been developed for these 
industrially important flows. Very often probe techniques have been used to mea- 
sure locally the particle concentration and/or the particle velocity (see Nieuwland 
et al., 1996d, for a brief review). Due to the fact that probe techniques are usually 
intrusive, they may cause significant disturbances of the local flow behavior, 
which is especially disturbing in connection with validation of CFD models. Lim 
et al. (1995) have recently reviewed the hydrodynamics of gas-solid fluidization 
with particular emphasis on experimental findings and phenomenological model- 
ing of bubbling and circulating fluidized beds. For gas-liquid systems a relatively 
large number of experimental techniques are available to obtain information on 
the gas holdup distribution. Also specific methods such as the “chemical method’ 
should be mentioned here to determine the intefacial area by measuring the ab- 
sorption rate of a gas in a suitably chosen absorption regime. 

i. Concluding Remarks. Significant progress has been made in recent years with 
respect to the development of experimental techniques for both single-phase and 
multiphase flow applications. In Table IV a brief overview and classification of 
available experimental methods is presented. Clearly CFD has partly generated the 
driving force that has led to the development of some of these advanced experimen- 
tal techniques and will continue to do so in the future. For multiphase flow there still 
exists a strong demand for nonintrusive experimental techniques which permit mea- 
surement of both time-averaged and fluctuating components of key quantities such 
as the local velocity and concentration of the phases present in the mixture. 

VI. Selected Applications of CFD Work 
Conducted at Twente University 

In this section some selected results are reported on CFD work that has been 
carried out within the context of several Ph.D. programs completed at Wente 
University. Most of this work has been done on hydrodynamic modeling of mul- 
tiphase systems. 

A. TWO-FLUID SIMULATION OF GAS FLUIDIZED BEDS 

Our previous studies have clearly shown that two-fluid models are able to cap- 
ture much of the complex system behavior featured by gas fluidized beds. For ex- 
ample, Kuipers et al. (1991) and Nieuwland et al. (1996a) studied bubble forma- 
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TABLE IV 
OVERVIEW AND CLASSIFICATION OF EXPERIMENTAL METHODS 

Measuring Quantity PointlWhole Instantaneous/ Intrusive/ Type of Flow 
Technique Measured Field Technique Time- Averaged Nonintrusive Application 

HWA 

LDA 

LDA 

PDA 

PDA 

PIV 

MRI 

LIF 

C A M  
RPT 

Velocity Point 

Velocity Point 

Particle size Point 

Velocity Point 

Particle size Point 

Velocity Whole field 

Velocity Whole field 

Concentration Point 

Velocity Whole field 
Velocity Whole field 

Instantaneous 

Instantaneous 

Instantaneous 

Instantaneous 

Instantaneous 

Instantaneous 

Instantaneous 

Instantaneous 

Time-averaged 
Time-averaged 

Intrusive 

Nonintrusive 

Nonintrusive 

Nonintrusive 

Nonintrusive 

Nonintrusive 

Nonintmsive 

Nonintrusive 

Nonintrusive 
Nonintrusive 

Single phase 
G + L  

Single phase 
G + L  

Multiphase 
GL + dilute GS 

Single phase 
G + L  
multiphase 
dilute GS 

Single phase 
G + L  

Multiphase 
GL + dilute GS 

Single phase 
G + L  

Multiphase 
dilute GS 

Single phase 
G + L  

Multiphase 
GL + GLS 

Single phase 
G + L  

Single phase 
G + L  

Multiphase GL 
Multiphase 

GS + GLS 

tion at a single orifice in gas fluidized beds and have reported good agreement be- 
tween experimentally observed bubble sizes and those obtained from two-fluid 
simulations. They have also shown that the two-fluid model, compared to existing 
approximate bubble formation models, in general, produced superior results. Fig- 
ure 16 shows, as an example, the theoretically calculated growth, rise, and eruption 
of a single air bubble injected into a 2D air fluidized bed operated at minimum flu- 
idization conditions, whereas Fig. 17 shows the experimentally observed and theo- 
retically calculated bubble growth at a single orifice in a 2D air fluidized bed. From 
Fig. 17 it can be seen that the agreement between theory and experiment is satisfac- 
tory especially when one realizes that none of the parameter values required in the 
numerical simulation was derived from experimental data. Both theory and experi- 
ment indicate that especially during the initial stage of bubble formation a very sig- 
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FIG. 16. Computer-generated solidity distribution showing the formation, rise, and eruption of a 
single bubble in a 2D gas fluidized bed. Physical properties of the particles: diameter, 500 pm; 
density, 2660 kg/m3. Bed dimensions: width, 0.58 m; height, 1 .O m. 

nificant gas leakage from the bubble to the emulsion phase occurs. A quantitative 
description of this phenomenon is of considerable importance to gain insight in 
grid conversion phenomena in fluidized-bed reactors. 

Nieuwland et al. (1995) studied bubble formation at a single orifice in a 2D gas 
fluidized bed operated at elevated pressure and found very good agreement be- 
tween theory (two-fluid simulations) and experiment. Similar results were ob- 



FIG. 17. Photographically observed and theoretically calculated bubble growth at a single orifice 
in a 2D gas fluidized bed. Physical properties of the particles: diameter, 500 pm; density, 2660 
kg/m3. Bed dimensions: width, 0.58 m; height, 1.0 m. Injection velocity through orifice 10.0 d s .  
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tained by Huttenhuis et al. (1996) who studied the effect of gas phase density on 
bubble formation by injecting He, air, or SF, into an incipiently air-fluidized bed. 
Huttenhuis et al. (1996) also reported results of 3D simulations and found a clear 
effect of the front and back wall of their pseudo 2D bed. Their results stress the 
importance of 3D hydrodynamic modeling. 

lbo-fluid simulations have also been performed to predict void profiles 
(Kuipers et al., 1992b) and local wall-to-bed heat transfer coefficients in gas flu- 
idized beds (Kuipers et al., 1992~). In Fig. 18 a comparison is shown between ex- 
perimental (a) and theoretical (b) time-averaged porosity distributions obtained 
for a 2D air fluidized bed with a central jet (air injection velocity through the ori- 
fice: 10.0 m/s which corresponds to 4 0 ~ ~ ) .  The experimental porosity distribu- 
tions were obtained with the aid of a nonintrusive light transmission technique 
where the principles of liquid-solid fluidization and vibrofluidization were em- 
ployed to perform the necessary calibration. The principal differences between 
theory and experiment can be attributed to the simplified solids rheology assumed 
in the hydrodynamic model and to asymmetries present in the experiment. 

Figure 19 shows, as an example, the evolution and propagation of bubbles in a 
2D gas-fluidized bed with a heated wall. The bubbles originate from an orifice near 
the heated right wall (air injection velocity through the orifice’s 5.25 d s ,  which 
corresponds to 2 1 ~ ~ ) .  The instantaneous axial profile of the wall-to-bed heat 
transfer coefficient is included in Fig. 19. From this figure the role of the develop- 
ing bubble wake and the associated bed material refreshment along the heated wall, 
and its consequences for the local instantaneous heat transfer coefficient, can be 
clearly seen. In this study it became clear that CFD based models can be used as a 
tool (i.e., a learning model) to gain insight into complex system behavior. 

B. DISCRETE PARTICLE SIMULATION OF GAS FLUIDIZED BEDS 

Hoomans et al. (1996) developed a discrete particle model of gas fluidized 
beds where the 2D motion of individual, spherical particles was directly calcu- 
lated from the forces acting on them, accounting for particle-particle and 
particle-wall interaction and interaction with the interstitial gas phase. Their col- 
lision model is based on the conservation laws for linear and angular momentum 
and requires, apart from geometrical parameters, a restitution coefficient and a 
friction coefficient. Techniques which are well known within the field of molecu- 
lar dynamics were used to process a sequence of collisions. In fact, the model de- 
veloped by Hoomans et al. can be seen as a combination of a so-called granular 
dynamics approach for the colliding particles and a CFD approach for the gas 
phase percolating through the particles. Discrete particle models offer certain dis- 
tinct advantages over two-fluid models since they require no specific assumptions 
concerning the solids rheology. Furthermore, the incorporation of a particle size 
distribution can be accommodated with relative ease. 
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FIG. 18. (a) Experimental and (b) theoretical time-averaged porosity distributions for a 2D air fluidized 
bed with a central jet. Physical properties of the particles: diameter, 500 pm; density, 2660 kg/m3. Bed 
dimensions: width, 0.57 m; height, 1.0 m. Injection velocity through central orifice: 10.0 m/s. 



FIG. 19. Evolution and propagation of bubbles in a 2D air fluidized bed with a heated wall. The 
bubbles originate from an orifice near the heated right wall. Physical properties of the particles: 
diameter, 500 pm; density, 2660 kg/rn3. Bed dimensions: width, 0.285 m; height, 1.0 m. Injection 
velocity through orifice 5.25 d s .  
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FIG. 20. Snapshots of particle configurations for the simulation of slug formation with 
homogeneous inflow conditions in a 2D gas fluidized bed. Top: Nonideal particles (e  = e, = 0.9 and 
p = p, = 0.3); bottom: ideal particles (e  = e ,  = 1.0 and p = p, = 0.0). 



FIG. 20. Continued. 
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Figure 20 shows a sequence of particle configurations obtained from a discrete 
particle simulation of a two-dimensional gas fluidized bed where homogeneous in- 
flow conditions were set at the bottom of the bed. The number of particles was 2400 
whereas the diameter and the density of the particles were, respectively, 
4 mm and 2700 kg/m3. The particle configurations shown in Fig. 20 (top) represent 
the predicted bed behavior in case realistic values were used for the restitution and 
friction coefficient (e = 0.9 and p = 0.3), whereas the particle configurations 
shown in Fig. 20 (bottom) refer to ideal particles (e = 1 and p = 0). From this fig- 
ure it can clearly be seen that the global system behavior, that is, the occurrence of 
bubbles and slugs and the associated mixing rate, differs significantly between the 
two cases. These results clearly indicate that dissipative processes on a microscale 
have a decisive effect on the global system dynamics. 

C. CIRCULATING FLUIDIZED BEDS 

Nieuwland et al. (1996b,c) applied the kinetic theory of granular flow (KTGF) to 
study the hydrodynamics in a CFB riser tube. Their hydrodynamic model is based on 
the concept of two fully interpenetrating continua and consists of the two-fluid mass 
and momentum conservation equations describing the mean motion of the gas-solid 
dispersion and the granular temperature equation describing the fluctuating motion 
in the solid phase (Nieuwland, 1995). They used a modified Prandtl mixing length 
model to account for turbulent momentum transport in the gas phase. Nieuwland et 
al. assumed ideal (i.e., elastic) particle-particle collisions and nonideal particle-wall 
collisions because preliminary computations in which inelastic mutual particle colli- 
sions were assumed failed to produce the experimentally observed lateral solids seg- 
regation (Nieuwland et al., 1996b). This phenomenon is most likely due to the fact 
that the interaction between the fluctuating motions in the gas phase and solids phase 
is not accounted for in the model used by Nieuwland et al. 

Figure 21a shows a comparison between computed and measured radial pro- 
files of solids concentration for three superficial gas velocities [U = 7.5 d s ,  U = 
10.0 m/s, and U = 15.0 m/s) at a constant solids mass flux G, of 300 kg/(m2 - s)]. 
The corresponding radial profiles of the axial solids velocity are shown in Figure 
21b. The radial profiles of solids volume fraction and axial solids velocity were 
obtained with the aid of an optical probe developed by Nieuwland et al. (1996d) 
and similar in concept to the probe developed by Hartge et al. (1986). From 
Fig. 21a it can be seen that the radial solids segregation significantly increases 
with decreasing superficial gas velocity, which is in accordance with expecta- 
tions. In general, their hydrodynamic model seems to underpredict the experi- 
mentally observed lateral solids segregation especially at the lowest superficial 
gas velocity of 7.5 d s .  However, it should be mentioned that in this case the aver- 
age solids mass flux obtained from the experimental data showed a considerable 
positive (48%) deviation form the imposed solids mass flux of 300 kg/(m2 - s). In 
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FIG. 21. Computed and measured radial profiles of (a) solids concentration and (b) axial solids 

velocity in a CFB riser for three superficial gas velocities ((I = 7.5 d s ,  (I = 10.0 m / s ,  and (I = 15.0 
m / s )  at a constant mass flux G, of 300 kg/(m2 . s). Riser diameter D = 0.0536 m, physical properties 
of the particles: diameter, 126 pm; density, 2540 kg/m3. 
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general, the agreement between theory and experiment is quite reasonable espe- 
cially when it is borne in mind that their model contains no adjustable parameters. 
From Figure 21b it can be seen that the model predicts, in accordance with the ex- 
perimental data, no solids downflow near the tube wall. 

In addition Nieuwland et al. (1996b,c) compared their computational results 
with the experimental data reported by Bader et al. (1988). They performed ex- 
periments in a cold-flow CFB unit (riser tube: D = 0.304 m, L = 10.0 m) with 
FCC (d, = 76 pm, p, = 17 14 kg/m3) as bed material and air as fluidizing agent. 
Preliminary calculations without using the KTGF failed to produce the experi- 
mentally observed lateral solids segregation, which demonstrates the importance 
of accounting for the collisional interaction between particles. Figure 22a shows 
a comparison between computed and measured radial profiles of solids concen- 
tration for a superficial gas velocity U of 3.7 m/s and a solids mass flux G, of 
98 kg/(m2 * s). The corresponding radial profiles of the axial solids velocity are 
shown in Fig. 22b. Note that in this case the model predicts, in accordance with 
experiments, solids downtlow near the tube wall. 

In both figures the results of two additional computations are shown. In one of 
these calculations the constitutive equations derived by Ding and Gidaspow (1990) 
were used, which neglect the kinetic contributions in, respectively, the expressions 
for the solid phase shear viscosity and the solid phase pseudoconductivity. For the 
intermediate diameter riser (D = 0.304 m) used by Bader et al. (1988) the total (i.e., 
for both gas and solid phase) momentum transport in the radial direction is domi- 
nated by the turbulent contribution in the gas phase, which explains the small effect 
of neglecting the aforementioned kinetic contributions in the solid phase. In the 
other additional calculation shown in Figs 22a and b the turbulent contribution in the 
expression for the gas phase shear viscosity was neglected. In this case the solids 
downflow near the tube wall is significantly overpredicted, which demonstrates the 
importance of accounting for macroscopic turbulent transport in the gas phase. 

The resuIts presented so far in this section correspond to the regime of fully de- 
veloped nser flow. Kuipers and van Swaaij (1996) applied the KTGF-based model 
developed by Nieuwland et al. (1996b,c) to study the effect of riser inlet configura- 
tion on the (developing) flow in CFB riser tubes and found that the differences in 
computed radial profiles of hydrodynamic key variables (i.e., gas and solids phase 
mass fluxes) rapidly disappear with increasing elevation in the riser tube. 

D. BUBBLE COLUMNS 

Bubble columns find frequent application in the process industries due to their 
relatively simple construction and advantageous properties such as excellent heat 
transfer characteristics to immersed surfaces. Despite their frequent use in a vari- 
ety of industrial processes, many important fluid dynamical aspects of the pre- 
vailing gas-liquid two-phase flow in bubble columns are unfortunately poorly un- 



(a) 

- This work 
0.250 

Experimental data 
- - - *  This work, laminar case I ES [-I 

0.200 - -  

0.150 

COMPUTATIONAL FLUID DYNAMICS 299 

0.000 0.025 0.050 0.075 0.100 0.125 0.150 

(b) 15 

12 

v, [m.s-'] 
9 

6 

3 

0 

-3 

- _  - -  
- _ _ _ _ .  Ding and Gidaspow rn I- This work 

- .. . - . . . . .. - . - _  . 

- _ _ _ _ .  Ding and Gidaspow rn 
I This work ----_ m----. I- I rn Experimental data 

This work, laminar case 

. ._ 

t 

0.000 0.025 0.050 0.075 0.100 0.125 0.150 

r [ml 
FIG. 22. Computed and measured (Bader et a!., 1988) radial profiles of (a) solids concentration 

and (b) axial solids velocity in a CFB riser for a superficial gas velocity U of 3.7 m/s and a mass flux 
G, of 98 kg/(m2 . s). Riser diameter D = 0.304 m, physical properties of the particles: diameter, 76 
pm; density, 1714 kg/m3. 



300 J. A. M. KUIPERS AND W. P. M. VAN SWAAIJ 

derstood. This relative unsatisfactory state of the art has led to an increased inter- 
est in recent years in development of advanced experimental tools (Devanathan et 
al., 1990; Lin et al., 1996) and detailed modeling of bubble columns on the basis 
of the hydrodynamic equations of change (see Sect. IV, B,l). 

Depending on the magnitude of the superficial gas velocity, three flow regimes 
(Fan, 1989) can be distinguished, namely, (1) dispersed bubble regime, (2) 
vortical-spiral flow regime, and (3) turbulent flow regime. In the dispersed bubble 
or homogeneous regime, relatively small nearly spherical gas bubbles are present 
with a more or less uniform size, whereas in the vortical-spiral and turbulent flow 
regimes besides the small gas bubbles relatively (very) large gas bubbles are seen 
with a size-dependent characteristic shape. In the next two subsections two different 
models will be discussed which apply to a situation where only many small (spher- 
ical) gas bubbles are present and a situation where a few large (nonspherical) gas 
bubbles are present. 

1. Discrete Bubble Model 

Delnoij et al. (1997a) developed a detailed hydrodynamic model for dispersed 
gas-liquid two-phase flow based on a mixed Eulerian-Lagrangian approach. Their 
model describes the time-dependent motion of small, spherical gas bubbles in a 
bubble column operating in the homogeneous regime where all relevant forces act- 
ing on the bubble (drag, virtual mass, lift, and gravity forces) were accounted for. 
Direct bubble-bubble interactions were accounted for via an interaction model, 
which resembles the collision approach followed by Hoomans et al. (1996) to 
model gas fluidized beds. Delnoij et al. (1997a) simulated two experiments reported 
by Becker et al. (1994), one for a large superficial gas velocity and another one for a 
small superficial gas velocity. The geometry used by Becker et al. comprises a 
pseudo two-dimensional bubble column equipped with a gas distributor section 
containing five, individually controllable porous plates. Becker et al. fed air to the 
column through only one of the five porous plates during their experiments. 

a. Results for a Large Supelficial Gas Velocify. Figure 23 shows a sequence of 
plots showing both the instantaneous configuration of the bubbles and the associ- 
ated flow field in the liquid phase. In accordance with visual observations re- 
ported by Becker et al. the model correctly predicts a powerful liquid circulation, 
which pushes the bubble swarm firmly toward the left wall of the column. This 
strong liquid circulation is induced by the large number of bubbles that rise 
through the column. 

b. Results for a Small Supelficial Gas Velocio. At lower superficial gas veloci- 
ties Becker et al. (1994) observed a remarkable transition in the liquid phase flow 
pattern in their bubble column. Contrary to the experiment with a large superficial 
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gas velocity, in this case the bubble swarm was found to move upward in a mean- 
dering manner. Several liquid circulation cells were reported that changed their 
location and size continuously. The flow was observed to be highly dynamic with 
a period of oscillation of the plume of approximately 41 s. Figure 24 shows a se- 
quence of plots showing both the instantaneous configuration of the bubbles and 
the associated flow field in the liquid phase. The meandering behavior and main 
liquid phase flow characteristics reported by Becker et al. could clearly be repro- 
duced by the model developed by Delnoij et al. However, the period of oscillation 
calculated by their model was approximately 30 s and was felt to be due to the 
two-dimensional nature of the model. 

c. Effect of Column Aspect Ratio on Flow Structure. Delnoij et al. also investi- 
gated the effect of the bubble column aspect ratio on the prevailing flow structure 
and compared their computational results with experimental data reported by 
Chen ef  al. (1989). A transition in the gas-liquid flow pattern was predicted in 
case the aspect ratio of the column changed from two to four. For an aspect ratio 
of two the Gulfstream type of liquid circulation was predicted, whereas for an as- 
pect ratio of four a highly dynamic liquid flow pattern with multiple vortices was 
computed. From computer animations it could be seen that these vortices were 
generated at the free surface. Furthermore, these vortices were found to be posi- 
tioned staggered with respect to each other in the column. In part these computa- 
tional results were supported by Chen’s findings. The only major difference with 
the experimental observations of Chen et al. was the fact that the aforementioned 
transition already occurred at an aspect ratio of one. Again this discrepancy is 
most likely due to the two-dimensional nature of the model developed by Delnoij 
et al. Finally as an illustration in Figure 25 a few plots of instantaneous bubble 
configurations are shown for bubble columns with aspect ratios ranging from 4.8 
to 1 1 .O. From these figures it can be clearly seen that the flow structure is signifi- 
cantly affected by the column aspect ratio. In Figure 25 for one case (WD = 7.7) 
the time-averaged liquid velocity is also shown. The existence of the characteris- 
tic large-scale circulation with liquid upflow in the center of the column and 
down-flow near the walls can be recognized clearly. 

2. Volume of Fluid (VOF) Model 

Delnoij et al. (1997b) developed a computer code based on the volume of fluid 
(VOF) method (Hirt and Nichols, 1981; Nichols et al., 1980) to describe the dy- 
namics of single gas bubbles rising in a quiescent Newtonian liquid. They were 
able to show that the predicted bubble shape and associated flow patterns induced 
in the liquid phase could be predicted very well with the VOF method over a wide 
range of Eotvos (Eo) and Morton (M) numbers (see Sec. IV,B,l for the definitions 
of Eo and M). In Fig. 26 the formation and rise of single gas bubbles emanating 
from a central orifice is shown for various values of the Eotvos and Morton num- 



FIG. 23. Computed instantaneous configurations of bubbles corresponding to the experimental system studied by Becker et al. (1994) for a large 
superficial gas velocity. 
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FIG. 24. Computed instantaneous configurations of bubbles corresponding to the experimental system studied by Becker et al. (1994) for a small 

Continued 
superficial gas velocity. 
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ber. For the purpose of reference in this figure the diagram presented by Grace 
(1973) and Grace et al. (1976) is included, which shows the effect of fluid proper- 
ties and equivalent bubble diameter on the bubble characteristics (i.e., shape and 
terminal velocity). The relevant parameter values corresponding to the simulation 
results presented in Fig. 26 are listed in Table V. From Fig. 26 it can be seen that the 
bubble corresponding to case d (the wobbling regime) exhibits an oscillatory mo- 
tion during its rise through the liquid. From computer animations it could be clearly 
seen that this phenomenon is caused by vortices that are shed in an alternating 
mode at the left and right rear part of the bubble, similar to vortices that are shed be- 
hind a (stationary) circular cylinder subjected to cross-flow (Schlichting, 1975). As 
evident from inspection of Fig. 26 the computed bubble shapes show very close re- 
semblance with those expected on the basis of the aforementioned diagram. It 
should be mentioned here that the diagram presented by Grace (1973) and Grace et 
al. (1976) is valid for three-dimensional gas bubbles rising in an unbounded New- 
tonian liquid, whereas the model is based on a two-dimensional approach where 
the bubbles rise in a system with finite lateral dimensions. These two differences 
were felt to be responsible for the fact that the bubble rise velocities inferred from 
this diagram systematically exceeded the computed bubble rise velocity found by 
Delnoij et al. Therefore they also studied the effect of the column width on the 
magnitude of bubble rise velocity and found an increasing bubble rise velocity 
with increasing column width at fixed (equivalent) bubble diameter. This is ex- 
pected behavior because in a system with relatively small lateral dimension there is 
less space for the downward-moving liquid induced by the rising gas bubble. 

In addition Delnoij et al. used the VOF method to compute the coalescence of 
two coaxial gas bubbles of identical size generated at the same orifice. Figure 27a 
shows the temporal evolution of the positions of the two gas bubbles. From the 
sequence of bubble positions it can be seen that the trailing bubble moves faster 
than the leading bubble and eventually at t = 0.42 s coalescence of the two gas 
bubbles commences. From computer animations it could clearly be seen that just 
after completion of the coalescence process (at t = 0.45 s) a “splashing” liquid 

TABLE V 
VALUES OF THE EOTvbS (EO) AND MORTON (M) NUMBERS USED 

IN THE SIMULATIONS DEPICTED IN FIG. 6.11 

D“ L“ 
Case Regime Eo M (m) (m) 

a Spherical 1 1.4.10-4 0.01 0.02 
b Ellipsoidal 10 0.137 0.05 0.10 
C Spherical cap 100 2.5.10-” 0.10 0.20 
d Wobbling 2 2.5.10-” 0.02 0.06 

“D and L, respectively, represent the lateral and vertical dimensions of the 
computational domain. 
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FIG. 26. Computed formation and rise of single gas bubbles emanating from a central orifice for 
(top) various values of the Eotvos (Eo) and Morton (M) number and (bottom) graphical correlation 
due to Grace (1973) and Grace er al. (1976). 
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(4 
t = 0.3WO [s] t = 0.3300 [s] t = 0.3600 [s] 

t = 0.3900 [S] t = 0.4200 IS] t = 0.4500 [s] 

FIG. 27. (a) Experimentally observed and (b) theoretically predicted coalescence between two 
coaxial bubbles generated at an orifice (Eo = 16, M = 2.0.10-4, lateral (D) and vertical (L)  
dimensions of the computational domain: D = 0.05 m, L = 0.10 m). 
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FIG. 27. b, Continued 

pocket forms at the bubble base. Due to the fact that the trailing bubble rises in the 
wake region of the leading bubble, a difference in bubble shape develops. In Fig- 
ure 27b the results of the corresponding experiment, reported by Brereton and 
Korotney (1991), are shown. From a comparison of the theoretical and experi- 
mental results one can conclude that a reasonable agreement is obtained, espe- 
cially in view of the complexity of the coalescence process. Moreover, one should 
keep in mind that no adjustable parameters were used in the VOF model. Finally 
Fig. 28 shows the positions of the two coaxial gas bubbles at t = 0.33 s together 
with the distribution of the relative velocity field of the liquid phase. In this figure 
the instantaneous velocity of the leading gas bubble was subtracted from the in- 
stantaneous liquid phase velocity distribution. From Fig. 28 it can be seen that at 
t = 0.33 s the trailing bubble rises in the wake region of the leading bubble with 
upward (instead of downward) flowing liquid near its nose. As a consequence of 
this phenomenon, the trailing bubble attains a higher rise velocity than the leading 
bubble with bubble coalescence as the final result. 

E. MODELING OF A LAMINAR ENTRAINED FLOW REACTOR 

Within the context of a study aimed at the determination of the pyrolysis ki- 
netics of polymers using a laminar entrained flow reactor (LEFR), Westerhout et 
al. (1996) developed a comprehensive model that couples a single-particle con- 
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t = 0.3300 [S] 

FIG. 28. Positions of two coaxial gas bubbles generated subsequently at the same orifice together with the 
distribution of the relative (Le., with respect to the velocity of the leading gas bubble) liquid phase velocity. 

version model with a CFD model describing the prevailing velocity and tempera- 
ture distributions inside the reactor. The main characteristics of the reactor model 
developed by Westerhout et al. are as follows: 

The conversion of the polymer particles obeys first-order kinetics. 
The finite rate of heat penetration in the spherical polymer particles is ac- 
counted for. 
Due to the very low particle loading one-way coupling between the solid 
phase (i.e., the polymer particles) and the gas phase (nitrogen) prevails. 
The residence time of the polymer particles in the reactor and the temperature 
history experienced by these particles during their journey through the reac- 
tor is governed by the compressible nonisothennal Navier-Stokes equations. 
The gas phase flowing through the reactor is transparent with respect to ther- 
mal radiation. 

In Fig. 29 a schematic drawing of the LEFR used by Westerhout el al. is shown. 
The polymer particles are fed to the reactor through a central cooled pipe (“cold 
finger”) with the aid of a small nitrogen stream and subsequently they are heated 
by the annular nitrogen stream supplied through the flow distributor. Due to the 
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+ quench gas 

c o k t l o n  polymer 

FIG. 29. Schematic drawing of the LEFR used by Westerhout ef al. (1996). 

velocity and temperature differences that exist between the central nitrogen 
stream (containing the polymer particles) and the annular nitrogen stream, the 
polymer particles experience a nonuniform (axial) velocity and temperature his- 
tory which possibly influences their chemical conversion. 

In Fig. 30a the radial profiles of the axial component of the gas velocity are shown 
at various axial locations, whereas the corresponding temperature profiles are shown 
in Fig. 30b. From these figures it can be seen that significant radial and axial velocity 
and temperature differences exist in the LEFR. The consequences of these phenom- 
ena for the chemical conversion of the polymer particles are depicted in Fig. 3 1. In 
this figure the computed conversion of the polymer particles is shown as a function of 
the axial coordinate for a case where the aforementioned velocity and temperature 
gradients are neglected and another case where they are taken into account. As evi- 
dent from inspection of Fig. 3 l, significant differences exist between these two cases. 
By using the information on the velocity and temperature profiles prevailing in the 
LEFR it is possible to correct for these nonuniformities. This application demon- 
strates that CFD can also be used as a tool to interpret experimental data correctly. 

VII. Conclusion 

a. Future Role of CFD in Chemical Reaction Engineering. From the review pre- 
sented in this paper it should have become apparent that CFD offers great potential 
for the chemical engineer and that this rapidly emerging new hybrid science of 
mathematics and mechanics at present already has a profound impact on chemical 
reaction engineering. It is expected that the role of CFD in the future design of 
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FIG. 30. (a) Computed radial profiles of the axial component of the gas velocity at various axial 
locations and (b) corresponding temperature profiles for LEFR studied by Westerhout et al. (1996). 

chemical reactors will increase substantially and that CFD will reduce the experi- 
mental effort required to develop industrial (multiphase) reactors. Due to the antic- 
ipated future role of CFD in chemical reaction engineering the authors believe that 
the incorporation of CFD courses in chemical engineering curricula is of crucial 
importance. These courses should provide the chemical engineer at least with up- 
to-date knowledge on the foundations, possibilities, and limitations of CFD in the 
context of chemical reaction engineering. 

b. Directions for Future Research. The variety and degree of complexity of sys- 
tems encountered in industrial practice demands an integrated modeling approach 
where models with an increasing degree of sophistication should be used to feed 
models that invoke submodels with a strong empirical base. As far as turbulent 
flows are concerned, in this respect both LES and DNS offer the possibility to gener- 
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FIG. 31. Computed conversion of the polymer particle as a function of the axial coordinate for 

cases with and without accounting for existing velocity and temperature gradients in the LEFR. 

ate databases to test and develop phenomenological turbulence models, whereas for 
dispersed multiphase flows mixed Eulerian-Lagrangian models offer the possibility 
to develop closure laws that can be used in a multifluid framework suited for the 
simulation of macroscopic systems of interest. In this coonectiomStokesian dynam- 
ics should also be mentioned because it offers great potential for simulation of con- 
centrated suspensions in which hydrodynamic interaction has to be accounted for. 

Non-Newtonian flows need much more attention since in many industrial appli- 
cations the chemical engineer has to deal with materials that exhibit a complex rhe- 
ological behavior that cannot (even approximately) be described with Newtonian 
closure models. 

As is evident from inspection of Table I11 turbulence modeling of multiphase 
flow systems requires major attention in the near future. Also the development of 
closure laws for phenomena taking place in the vicinity of interfaces such as co- 
alescence, breakup, and accumulation of impurities should be considered in more 
detail. Once these requirements have been met, in principle, it would be possible 
to predict a.0. flow regime transition and the spatial distribution of the phases 
with confidence, which is of utmost importance to the chemical engineer dealing 
with the design of (novel) multiphase reactors. 

c. Experimental Validation. As mentioned earlier, at the present state of theoretical 
development careful experimental validation of all CFD predictions involving tur- 
bulent (multiphase) flows in complex geometries is of crucial importance. Due to 
this necessity there exists, especially for multiphase flow systems, a strong demand 
for the further development of nonintrusive experimental techniques that permit 
measurement of both the time-average and the fluctuating component of key quanti- 
ties such as phase volume fractions, phase velocities, and species concentration. The 
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requirement for the measurement of fluctuating components of key quantities is due 
to the fact that multiphase flows very often exhibit oscillatory behavior. 

d. Commercial CFD Packages. At present a large number of commercial 
CFD packages are available, each with their own specific areas of application. 
In the near future the role of these packages in both academic and industrial 
research applications will most likely expand. At the same time it appears that 
the most significant efforts of the vendors of commercial CFD packages are 
directed toward the development of more advanced preprocessing and postprocess- 
ing facilities including a.0. grid generation and visualization of the computational 
data and not toward the development of new and more detailed physical models, an 
activity which is apparently left to the users of these packages. As far as this last activ- 
ity is concerned, it is of crucial importance that the CFD package provide for an open 
programming environment where the user has full access to all relevant parts of the 
code so he or she can successfully implement and validate submodels. 

Nomenclature 

Acceleration, m/s2 
Empirical constant 
diameter, m 
Damkohler number 
Fickian diffusion coefficient of species i, m2/s 
Restitution coefficient 
Internal energy per unit mass, J/kg 
Internal energy per unit mass for phase, k, J/kg 
Differential residence time distribution function, s- 
Energy transfer rate between phase k and 1 per unit volume, W/m3 
Eotvos number 
Cumulative residence time distribution function 
Fractional amount of fluid 
Force acting on ith particle, kg m/s2 
Gravitational force per unit mass, m/s2 
Solids mass flux, kg/(m2 * s) 
Wall-to-bed heat transfer coefficient, W/(m2 * K) 
Identity tensor 
Mass flux vector of species i due to molecular transport, kg/(m* - s) 
Mass flux vector of species i in phase k due to molecular transport, 
kg/(m2 * s) 
Turbulent kinetic energy, m2/s2 
Thermal conductivity, W/(m K) 
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Length, m 
Mass of ith particle, kg 
Morton number 
Momentum source term due to interaction between phase k and phase I, 
kg/(m2 s2) 
Required number of grid points in DNS simulation 
Pressure, Pa 
Heat flux vector due to molecular transport, W/m2 
Heat flux vector due to molecular transport in phase k, W/m2 
r coordinate, m 
Radius, m 
Mass source term, kg/(m3 s) 
Reynolds number 
Reynolds number for channel flow 
Heat production rate per unit volume, W/m3 
Heat production rate in phase k per unit volume, W/m3 
Momentum source term due to phase changes and external forces other 
than gravity in phase k, kg/(m2 * s2) 
Net production rate of species i per unit volume, kg/(m3 - s) 
Net production rate of species i in phase k per unit volume, kg/(m3 * s) 
Time, s 
Characteristic time scale for turbulent mixing, s 
Characteristic time scale for chemical transformation, s 
Time, s 
Temperature, K 
Velocity, m / s  
Superficial gas velocity, m/s 
Time-average velocity component, m/s  
Centreline velocity in channel flow, m / s  
Velocity of ith particle, m/s 
Bubble rise velocity, m/s 
Reference velocity, m/s  
Weissenberg number 
x coordinate, m 
y coordinate, m 
z coordinate, m 

Greek Letters 

6 Channel half-width, m 
E Volume fraction 

Viscous dissipation rate, m2/s3 
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Bulk viscosity, kg/(m * s) 
Relaxation time in viscoelastic flow, s 
Linear dimension of smallest eddies in turbulent flow, m 
Shear viscosity, kg/(m s) 
Dynamic friction coefficient 
Kinematic viscosity, m2/s 
Mass fraction of species i 
Mass fraction of species i in phase k 
Density, kg/m3 
Surface tension, Pa - m 
Stress tensor, Pa 
Particle response time, s 
Kolmogorov time scale, s 
Chemical conversion 

Subscripts 

b 

C 

h 
i 

k 
K 
m 
P 
r 
S 

t 
W 

Z 

Bed 
Bubble 
Centerline 
Heat 
Particle index number 
Species index 
kth phase in multiphase system 
Kolmogorov 
Turbulent mixing 
Particle 
Chemical transformation 
Solids 
Terminal 
Wall 
Axial direction 

Superscripts 

t Turbulent 
T Transpose 

Vector quantity 
' Fluctuating component 
- Time average 

- 
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Operator 

V Gradient 
V. Divergence 
<> Average 
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