
[ ____ ~_a_r_tt_·_c_le_ S_c_i_·e_n_c_e_a_n_ d_ ~_e_c_h __ no_l_o-=g:..=.y ______________________ ) 

CFD 
CASE STUDIES 

IN FLUID-PARTICLE FLOW 

J ENNIFER L. SINCLAIR 

Purdue University • West Lafayette, IN 47907-1283 

Given the time constraints in _most u~der~adua~e fluid­
mechanics courses, any mstructrnn m flmd flow 
involving particles is typically limited to the most 

basic concepts, such as determining the pressure drop in a 
packed bed or calculating the minimum fluidization veloc­
ity. A similar situation exists with instruction in single-phase 
turbulent flows when students are introduced to the mixing­
length concept applied to pipe flow. But when these same 
students graduate and enter industry, they are confronted 
with a host of complex flow processes , both single phase and 
multiphase, for which modeling could a.id in scale-up, de­
sign, and optimization. Hence, students should be made 
aware of the computational fluid-dynamics tools available to 
approach these processes. 111 

This paper discusses a way in which computational fluid 
dynamics software can be easily incorporated into an under­
graduate transport course and how, through the use of soft­
ware via case studies, students can be exposed to more 
concepts and practical examples of fluid-particle flow. 

WHAT IS CFO? 

The acronym CFD stands for computational fluid dynam­
ics. CFD codes numerically solve the mass-continuity equa­
tion and the differential momentum balance for fluid-flow 
situations over a specific domain set by the user. The do­
main can range from a simple mixing tank to an intricate 
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mold or a complex pipeline network. The flow can be 
laminar or turbulent. 

In the case of turbulent flow, several turbulence closure 
models are typical ly available from which the user can choose. 
Numerical solution of the energy balance and species conti­
nuity equation(s) can be coupled to the flow equations to 
describe heat transfer and chemical reactions in flow situa­
tions. In addition, several CFD codes have multiphase capa­
bi lities and can be used to simulate a dispersed phase (par­
ticles or droplets) in a continuous phase, again with the 
possibility of coupling with heat transfer and chemical 
reaction. The simulation results can be given in numeri­
cal output or displayed graphically or pictorially in sev­
era l different formats . 

WHY USE CFD SOFTWARE 
IN UNDERGRADUATE TRANSPORT COURSES? 

There are several excellent reasons to incorporate CFD 
into transport courses. 

() Students aren't left with the notion that the em­
pirical approach is the only method to tackle most 
real-life processes involving fluid flow. 

If students are exposed only to "idealized" fluid-flow cases 
in the curriculum, for which application of theoretical con­
cepts results in the so lution of a one-dimensional ordinary 
differential equation or an algebraic equation, it is very easy 
for them to come away with the notion that theory is useless 
for most real-life flow situations. Empiricism seems the only 
way to approach flow processes that don't fit directly into 
the molds that they have studied. Through exposure to CFD, 
students can gain an appreciation for the fluid-flow tools 
available (still based on the theories they have learned) that 
can be applied to real-life processes. 

() Students can visualize the flow behavior. 

Once a fluid-flow situation is analyzed theoretically or the 
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governing principles are di scussed, that same situa­
tion can be visualized using the computer. This 
visualization of the flow phenomena can signifi­
cantly facilitate and enhance the learning process, 
especially for the visual learner. CFD software makes 
flow visualization easy. Students can simulate flow 
processes in a transient or steady-state mode. Flow 
patterns can be di splayed via velocity contours, ve­
locity vector plots, or graphs of velocity profiles. A 
color scale indicates the magnitude of the velocity 
for each phase or the solids volume fraction. 

The graphics are very flexible and user-friendly 
and are much better than any professor could draw 
on the chalkboard or overhead projector using dif­
ferent colored pens! Once a fluid-flow situation is 
analyzed theoretically or the governing principles 
are di scussed, that same situation can be visualized 
on the computer. 

() Students can explore the effect of changes 
in system geometry, system properties, or op­
erating conditions. 

A key element in flow visualization exerci ses is 
exploring the effect of different parameters. Using 
CFD, students can quickly change the size of the 
pipe, viscosity of the fluid , size of the particles, 
velocity of the feed, etc., and see the resulting 
changes in the flow behavior. Thi s type of para­
metric analysis also ties in nicely with a di scus­
sion of dimensionless groups and geometric and 
dynamic similarity. 

() Students can compare the simulation 
results using CFD with the analytical results 
obtained in the classroom or in their home­
work. 

A comparison between simulation results and ana­
lytical results gives students confidence in both their 
hand calculations and the CFD code. These com­
parisons can be a basis for the treatment of numeri­
cal methods applied to fluid -flow problems. They 
can also be a starting point for increasing the com­
plexity of the problem for which only a numerical 
solution is possible. 

() CFD is used in many companies, such as 
Dow, DuPont, Alcoa, P&G, Shell, Exxon, 
Chevron, etc., and in many different indus­
tries such as chemical, oil, automotive, phar­
maceutical, etc. 

If our students have experience with tools that 
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they will use in industry, they will be productive 
more quickly. 

() Students like it! 

Students like the user-friendliness of the CFD codes, 
the colorful graphics, and most of all, they like 
envisioning new designs for flow processes and 
trying them out. 

CHOOSING A CFD CODE 

A number of CFD codes are commercially avail­
able, but the choice can be nan·owed somewhat as 
certain codes are written to target specific applica­
tions , such as non-Newtonian flows. 

For fluid-particl e flow, CFX* and Fluent** cur­
rently have the majority of the industrial multiphase 
market. CFDLIB is another multiphase flow re­
search code available, developed by Los Alamos 
National Laboratories.**• For the academic user, 
the licensing fee for the object code of Fluent and 
CFX is cut substantially from the industrial rate 
and is typically around $2000-$3000 per year. In 
developing the case studies shown in this paper, we 
have used the Fluent code. It has the benefit of a 
built-in generation package for quick and easy setup 
of simpler flow geometries by the students, it has 
extremely user-friendly input and output formats, 
and it can be used successfully by undergraduate 
students with little training. Tutorials that go step­
by-step through the simulation of various single 
phase and multiphase flow examples are avail­
able with the user guides. 

Ms. Ann Pertuit, who prepared the Fluent graphs 
shown in thi s paper, taught herself the Fluent code 
when she was a sophomore chemical engineering 
student by go ing through these helpful tutorials. I 
know of several schools, including Carnegie-Mellon 
University , that have successfully integrated the 
Fluent code into their transport courses with very 
positive response from the students. 

CFD MODELS FOR FLUID-PARTICLE FLOW 

Multiphase flow involving particles can be mod­
eled using the Lagrangian approach or the Eulerian 
approach. ln the Lagrangian approach, a separate 
equation of motion is integrated for each particle, 

• AEA Technology, 2000 Oxford Dr., Suite 610, Bethel 
Park PA 15102: 412-833-4820 
•• Fluent Inc., 10 Cavendish Court, Lebanon, NH 
03766-1442: 800-445-4454 
•--w eb address: http: I I gnarly.lanl.gov 
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and the motion of individual particles is traced subject to 
forces on the particles as specified by the user. This ap­
proach is typically used for very dilute phase flows (solid 
volume fractions less than 10-3) due to computer-storage 
limitations and the assumptions made in developing the mod­
eling equations. It is a convenient approach when different 
properties/conditions need to be specified for individual par­
ticles. Coupling between the continuous phase and the dis­
persed phase occurs through the drag force . 

In the Fluent code, a description for modulation of fluid­
phase turbulence by the presence of particles can be speci­
fied by the user. For example, if the k-E turbulence-closure 
model is used to describe the turbulent stresses in the con­
tinuous phase, the source term in the transport equation for 
the turbulent kinetic energy can be specified by the user. In 
the current version of Fluent (version 4.4), particle-wall 
collisions (but not particle-particle collisions) are included 
in the Lagrangian formulation. 

In the Eulerian approach (or "two-fluid" approach), the 
dispersed phase is described as a continuum, so it is well 
0.11ited for dense-phase flows. In this approach, however, 

sures must be specified for various terms generated from 
e averaging procedure used to formulate the two-fluid 

,overning equations. For example, the particle-phase stresses 
must be specified. The user can set a constant solids viscos­
ity, describe these stresses with a user-defined algebraic 
closure that can depend on any of the flow variables, or, 
for larger particles in which hydrodynamic interactions 
are negligible, employ a kinetic-theory model that is avail­
able in the Fluent code. 

In the kinetic theory model , particle-phase stresses are 
generated from particle-particle collisions and are described 
in an analogous fashion to molecular collisions in a gas 
accounting for the fact that particle-particle collisions are 
inelastic. Since the solids viscosity is dependent on the mag­
nitude of the particle velocity fluctuations associated with 
the particle collisions, the continuity and momentum bal­
ances are supplemented with a balance of kinetic energy for 
these particle-velocity fl uctuations. In the kinetic-theory 
model, the user specifies the collisional behavior of the 
particles in terms of a coefficient of restitution (equal to one 
for a perfectly elastic particle-particle collision). 

In the current (4.4) version of Fluent, a boundary condi­
tion of zero flux of particle fluctuation energy is given for 
the particles. In the next release of Fluent (scheduled for 
spring 1998), kinetic energy transfer with the wall during 
particle-wall impacts is accounted for. Version 4.4 includes 
particle-phase stresses that are due to fluctuations associated 
with individual particles; Version 4.5 wi ll include particle 
fluctuations associated with clusters of particles, or particle­
phase turbulence, as well as friction between particles. 
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INTEGRATION OF CFD 

The CFD code can be introduced in one lecture. Typically, 
a graduate student who has most recently taken the full 
training course for the CFD code at the company site intro­
duces the students to the code. The key steps that must be 
followed for any simulation shou ld be outlined. They in­
clude allocating memory, defining the domain , setting the 
cells, choosing the physical model and boundary conditions, 
defining the physical constants, saving the case file , running 
the program, and saving the data. Detailing these steps in a 
supplementary handout is helpful (a sample of such a hand­
out will be sent on request by contacting me at 
jlds@ecn.purdue.edu). For homework, students should work 
through the tutorial on laminar flow in a pipe. They should 
practice generating and modifying the grid and viewing the 
results in the different formats . 

Figure I shows the developing velocity profiles for lami­
nar flow in a pipe. The results can also be displayed using 
velocity vectors or velocity contours. This figure was gener­
ated with a 250x 10 grid. Students can compare their results 
for fully developed flow to the analytical solutions they have 
obtained in class. After they are comfortable with the pipe­
flow example, other geometries can be explored. Good home­
work problems include analyzing the two-dimensional lami­
nar flow pattern in a given geometry, expanding on the 
analogous one-dimensional, fully developed flow solution 
that was derived in class. In a heat transfer course, students 
can couple the flow equations with the energy balances to 
determine wall heat flux in a convection situation. 

Treatment of turbulent flows at the undergraduate level 
can be enhanced through the use of CFD. I spend one lecture 
introducing the students to the various types of closure mod­
els commonly available in CFD software packages, focusing 
on the k-E model , which is the most widely used. I discuss 
both the high Reynolds number k-E model and the use of 
wall functions, as well as the low Reynolds number k-E 

models . For homework, students should go through the tuto­
rial on turbulent pipe flow. This tutorial is basically the same 
as the laminar pipe-flow tutorial, with changes in the physi­
cal model and one parameter (pipe diameter or fluid veloc­
ity) to increase the Reynolds number. Figure 2 shows the 
turbulent kinetic energy contours with Re=32,000. Other 
flow geometries can be explored for homework problems. 
Students should be cautioned in the lecture, however, about 
the shortcomings of the k-E model and inappropriate appli­
cation of this model for certain types of flows . 

FLUID-PARTICLE CASE STUDIES 

Once the concept of drag is introduced to the students, it is 
a simple extension to discuss the dynamic equations for a 
particle in dilute phase transport. Figure 3 presents a 
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Figure 1. Laminar flow. 
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Figure 5. Fluidized bed. 
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Figure 2. Turbulent flow. 
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available : 

Hardware 

Lagrangian simulation of 1 IO µm sand 
particles fed into side inlets along a pipe 
length and shows the velocities and tra­
jectories of the particles as they move 
down the pipe and impact the pipe wall. 

Another excellent case study (not shown 
here) is one in which a comparison is 
made between the velocity magnitudes 
and trajectories of particles with different 
physical properties. Students also enjoy 
trying different geometries and perform­
ing parametric studies. 

... visualization of the 
flow phenomena can 
significantly facilitate 

• CPU: Pentium famil y of processors, DEC, 
Sun , SGI, IBM, HP, Cray 
• Video graphic s device with minimum 
1024x768 resolution and 256 colors 

and enhance the • CD-ROM 

learning process, 
especially for the visual 
learner. CFD software 

makesflow 

• 3-button mouse is recommended 

• X-windows systems for UNIX operating sys­

tems 

Operating System 

For dense-phase flow, students must be 
introduced to the two-fluid concept. At 
the undergraduate level, this need not be 

visualization easy. • Microsoft Windows NT 3.51 or higher 
• UNIX-platform and operating system 
sion specific 

done in a rigorous fashion with a lengthy 
discussion of local averaging the point equation of motion of 
a single particle. Rather, the governing equations and the 
continuum concept applied to the particle phase can be dis­
cussed in a more general way by analogy to a si ngle-phase 
fluid. For larger particles that engage in particle-particle 
collisions, the kinetic theory concepts for describing par­
ticle-phase stress can be introduced in the same manner. 
Figure 4 shows solid-volume fraction contours in a case 
study involving gas-solid flow in a vertical pipe with a 
uniform inlet solid-volume fraction of 10%. In this figure, 
the bnetic theory model was used to describe the solid­
phase stresses, and the coefficient of restitution for the par­
ticles was 0.9. 

Another example involves simulating a fluidized bed when 
the topic of fluidized beds is discussed in the traditional 
lecture. Figure 5 presents a plot of the sand-volume fraction 
contours in a fluidized bed with a center gas jet at 0.117s of 
real time. As time progresses, students can watch the evolu­
tion of the gas bubble in the bed. In this simulation, the 
bnetic theory was again used to describe the particle-phase 
stress. 

Once students gain confidence in using CFD software, the 
range of viable case studies is endless. Multiphase flow with 
chemical reactions is possible. Figure 6, which was gener­
ated by followi ng one of Fluent's tutorials, shows the con­
centration of CO2 in a coal burner. Students can specify the 
type of chemical reaction, the chemkal species involved, 
and the bnetic rate constants, in addition to all of the flow 
parameters, in order to observe the evolution of reactant and 
product concentrations in the flow field. 

COMPUTER REQUIREMENTS 

The CFD codes can typically operate on any platform 
(high-end PC, workstations, supercomputers) . For the Flu­
ent code, the following system requirements must be 
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ver-

• Microsoft Windows 95 
• Alpha Windows NT 

Memory Requirements 
The memory requirements vary with the problem size/grid size. 
Fluent requires a minimum of 64 MB RAM. Three-dimensional 
simulations require at least 128 MB RAM. 

Disk-Space Requirements 
• 20 MB - Intel Windows 

• I 00 MB - UNIX systems 

When the CFD code is being used by an entire class, it 
is best to have it installed on one or two workstations that 
can be accessed within the network by other machines so 
all the students do not have to be physically sitting at 
those one or two workstations. Students can then use the 
keyboard and display of another machine to input their 
data and see the results. A handout detailing how to 
access the CFD code remotely in your local university 
computing network is helpful. 

A FINAL NOTE 

This paper has pointed out the benefits associated with 
integration of CFD into undergraduate transport courses and 
how CFD software is a convenient vehicle for opening the 
door to the treatment of complex flows, such as fluid-par­
ticle flows, at the undergraduate level. Hopefully, the reader 
has been persuaded to give it a try. 
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