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O NE OF THE MOST frequent activities of practic-
ing chemical engineers is design—in one form
or another. Yet the laboratory rarely, if ever, pro-
vides experience in this area. Many good reasons
exist for this, but these will not be discussed here.
Rather, one experiment will be discussed in the
hopes of stimulating similar experiences for
chemical engineering students in laboratory.

The laboratory experiment in sequential de-
sign was organized around a central problem—to
separate a mixture of essentially two kinds of
particles by fluidization principles. Fluidization
had only been touched upon briefly in a previous
course, so the subject matter was new but not com-
pletely unfamiliar. The problem was defined as
follows: in certain processes solid particles are
treated to expand their structure or create large
internal pore volume. Not every particle is sue-
cessfully treated, and the need exists for separat-
ing the untreated or poorly-treated particles from
those that meet the product requirements. The
particles differ in density and size, so that some
fluidization or elutriation technique can be used
for the separation. The overall objective of this
semester-long exercise was to design, build, and
operate an apparatus to solve the problem.
Fluidization laboratory exercises have been de-
scribed previously [1] but not in the sense of a
design problem with the goal of building a fune-
tioning unit.

The particles differ in density and

size, so that some fluidization or elutriation
technique can be used for the separation. The overall
objective of this semester-long exercise was

to design, build, and operate an apparatus

to solve the problem.
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Each lab group worked on a separate step of
the design in a sequence selected by the instructor
in a manner similar to the way a design team
might function. All lab groups were required to
read and understand basic fluidization principles
as described in standard textbooks such as Foust,
et al. [2], McCabe and Smith [3], etc. Each group,
when its time came for the lab, was given an as-
signment and shown why that particular job
needed to be done.

Students working in the early stages needed
to characterize the particles with respect to size
(equivalent diameter) and true density, in order
to calculate terminal speeds and fluidization veloci-
ties. The particles were highly irregular, which
made the job somewhat challenging. Particles of a
given kind were not all the same size, so some
statistics [4] were used to quantify expected vari-
ations. Other lab groups tested these results by
finding terminal speeds experimentally. Fluidiza-
tion theory was then used by subsequent groups
to select an appropriate fluid velocity that would
carry the light particles out with the fluid and
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leave the others behind. Design of the column and
selection of the prime mover from materials avail-
able in the lab (a design constraint) were then
carried out. Several groups then participated in
constructing and testing the unit. Finally, opera-
tion of the equipment to achieve the desired ob-
jective was undertaken—with all groups watching
the final test runs.

THEORY

Fluidization theory and drag force phenomena
on particles are well-known and well-documented
[6]. Irregularity of the particle shape, however,
creates some interesting problems for the students.
What is the diameter of an irregularly shaped par-
ticle? Would a shape factor be appropriate? Neces-
sary? How does one measure true density when
the geometry cannot be characterized clearly ? Most
of these questions were answered by application
of fluidization principles and problem solving
skills.

Calculation of terminal speed also involves un-
knowns. Air was selected as the fluid due to the
nature of the particles. The terminal speeds of the
particles in air could be calculated after the regime
of fall was known. The trial-and-error method of
Foust et al [2] or the K-factor approach of McCabe
and Smith [3] could be used here. Then the ap-
propriate terminal speed equation could be select-
ed. For example, if the fall of the particle through
air were in the Newton’s Law region where the
Reynolds numbers are relatively high, e.g. greater
than about 500 but less than about 200,000, the
terminal speed can be calculated by

v = 1.75/g D, (p,;—p) /p (1)
where vi = terminal speed
g = acceleration of gravity
D, = (equivalent) diameter of particle
pp = density of particle
p = density of fluid.

The minimum fluidization velocity is the gas
velocity at which fluidization begins. Prior to this
condition air would pass through a bed of particles
without disturbing them (packed bed). Once the
minimum fluidization velocity is exceeded, the bed
expands and is said to be fluidized, up until the
terminal speed is reached. At this point the par-
ticles are carried along with the fluid, and a stable
bed of particles no longer exists. The Ergun equa-
tion [2, 3, 5] can be used with a substitution for
the pressure drop term to give an equation from
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The overall design concept was

that of a vertical column of a certain height
and diameter connected to an air blower
with the appropriate pressure drop—
throughput characteristics.
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which the minimum fluidization velocity can be
calculated [3]

1.75 D,? p? v,? 150 D, p (1-€y) Vo

¢ ex’ p’ ¢ en’ p
where ¢ = shape factor
en = packed bed porosity
v, = superficial (average) velocity.

In this case the shape factor was set equal to
1.0, because the geometry of the particles could
not be quantified by well-known methods. The bed
porosity was measured experimentally.

Once the terminal speed and minimum fluidiza-
tion velocity have been determined, a porosity dia-
gram (shown in the next section) can be con-
structed for both kinds of particles. From this dia-
gram an appropriate air velocity can be selected.
In addition, this diagram shows what will be
happening to the other kinds of particles at the
selected operational air velocity.

Design of the column reduces to selecting an
appropriate column diameter considering the
particle diameters and the fact of fluidization.
Blower sizing can then be done on the basis of
volume throughput and pressure drop. The pres-
sure drop through the fluidized bed can be esti-
mated by equating the force exerted on the solids
to the force of gravity minus the buoyant force
of the displaced fluid [3]

AP = g hM(l = GM) (pp_ P) (3)

where AP pressure drop
hy height of packed bed of solids

This pressure drop is essentially constant for
batch fluidization (prior to entrainment). When a
mixture of particle types is present, and one type
is being entrained while the other is not, it becomes
difficult to calculate the bed pressure drop ac-
curately and some estimate must be used.

I

SEQUENTIAL ASSIGNMENTS AND RESULTS

Twelve lab groups participated in this experi-
ment. The first six groups worked on preliminary
design calculations, and the last six worked on the
design, construction, operation, and checking of
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calculations.

The first lab group determined an average
diameter and density for the relatively dense and
non-porous particles. This was accomplished by
weighing sets of particles and dropping them into
a graduated cylinder partly filled with oil, so that
the volume change could be observed. The fluid
used in the cylinder was oil, which would slow
down or prevent absorption of the liquid by the
particles. The average density was found to be
1.23 g/cc. The total volume of a known number
of particles was then used to calculate a volume-
average diameter based on spherical geometry.
This diameter was 0.574 cm. The methods of
achieving the assigned objectives were left to the

more porous particles. These particles were very
porous and much more irregular than the others.
Volume displacement techniques were much more
difficult to perform. These particles were also
more fragile than the dense ones. One group de-
cided to take ruler measurements of the longest
and shortest diameter they could measure and
average the results. This gave an arithmetic aver-
age diameter of 1.47 em with a standard deviation
of 0.34 for a sample size of 50. The second group
decided to measure diameter by terminal speed
experiments. This gave 1.19 ¢cm for the diameter
with a standard deviation of 0.21 for a sample
size of about 20. One group calculated a density
based on weight of the particle, the arithmetic
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The separation was successfully effected by the last group, and a

good time was had by all at the demonstration. What material was used for

the particles? Popped and unpopped popcorn kernels. Needless to say,

the students consumed the data with enthusiasm.

group members with little input from the instruc-
tor.

The second lab group also worked on the dense,
nonporous particles. They used a similar technique
for density measurement but with water as the
working fluid. Their density was 1.31 g/cc, slight-
ly higher than the previous group’s value. This
could be explained in part by water absorption re-
ducing the displaced volume, and in part by vari-
ation in samples taken from the broad particle
population. An overall average density of 1.27 was
used. To find the equivalent diameter this group
decided to try a terminal speed experiment. They
first dropped spheres of known diameter and
weight into a heavy mineral oil to determine its
viscosity (Reynolds numbers were in the Stokes’
Law region [2, 3]), then dropped particles into the
same oil, measured the terminal speed, and used
the Stokes’ Law terminal speed equation to calcu-
late a diameter (Reynolds numbers for this case
were just less than 1.0 and Stokes’ Law could be
used). This projected diameter was found to be
0.476 cm, which is less than the previous estimate.
The particles were not spherical and apparently
slightly elongated, so that the smaller cross-
section would be perpendicular to the flow di-
rection in free-fall experiments. This group also
calculated the packed bed porosity by volume dis-
placement (of oil this time) and the minimum
fluidization velocity from Eq. 3. Packed bed
porosity, ey, was 0.36, and the minimum fluidiza-
tion velocity in air at 23°C was 1.13 m/s.

The next two groups worked on the less dense,
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average diameter and spherical geometry. The
average density was 0.042 g/cc with a standard
deviation of .022, quite a large spread. The aver-
age terminal speed of these particles in air was
measured to be about 3.5 m/s with a standard
deviation of 0.31. Distance of fall was about 4 m,
so true terminal speeds were probably a bit high-
er.

The following two groups completed the pre-
liminary calculations by determining the terminal
speed in air of both dense and light particles, find-
ing minimum fluidization velocity and packed bed
porosity of the light particles and evaluating the
distance vs. speed relationship in free fall to es-
tablish the reliability of terminal speed experi-
ments. One of these groups calculated density and
porosity by pouring oil into a beaker filled with
particles. A screen was used to keep the particles
submerged. Weights and volumes were recorded.
They reported a density of 0.08 g/cc and a porosity,
ey, of 0.68. This density was considered to be too
high because of absorption of oil and compaction
and breakage of the particles, so an average of the
two density estimates was used. The calculated
minimum fluidization velocity for the Ilight
particles was 1.04 m/s in air at 23°C.

The terminal speed of the more dense particles
falling through air was also measured experi-
mentally. In the early measurements, however, the
particles fell so rapidly through 4 meter distance
that accurate timing could not be done. Thus, an-
other group needed to establish what distance was
needed to reach terminal speed, and what distance
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was required to get an accurate measure for
terminal speed. This can be carried out by a
graphical integration of the force-balance equation
as discussed by McCabe and Smith [3] when
distance is set equal to the integral of vdt. The re-
sults showed that the light particles needed about
2.75 m to reach 959, of terminal speed, while the
more dense particles needed about 22 m to reach
95% of their terminal speeds. Terminal speed
experiments for the light particles were then re-
peated, subtracting out the distance required to
reach terminal speed and timing the fall from this
point on. The results were not significantly differ-
ent than before. For the more dense particles a
place greater than 22 m tall and still safe for
students to be running an experiment could not
be found on campus, so the students decided to
settle for the stairwell of a building five stories
high and time the fall for the last two stories. The
average terminal speed was calculated from 45
runs to be 16.2 m/s with a standard deviation of
3.1.

The results for preliminary calculations are
summarized in Table 1. This information can be
used to construet a bed porosity chart as shown in
Fig. 1. The data points on the figure are from ex-
perimental tests discussed subsequently.

FINAL APPARATUS AND PERFORMANCE

During the remainder of the semester six
other groups worked on the design of the separa-
tor using the information provided by the first six
groups. The overall design concept was that of a
vertical column of a certain height and diameter
connected to an air blower with the appropriate
pressure drop—throughput characteristics. Two
groups rummaged about the lab looking for suit-
able equipment. Eventually a plastic column .203 m
(8-inches) nominal diameter and about 1.2 m long
was found and deemed suitable. Squirrel cage blow-

TABLE 1
Summary of Results of Preliminary
Design Calculations

DENSE LIGHT

QUANTITY PARTICLES PARTICLES
Estimated diameter, cm 0.574 1.47
Terminal speed diameter, cm 0.476 1.19
Average density, g/cc 1.27 0.06
Packed bed porosity, €, 0.36 0.68
Min. fluidization

velocity, m/s 1.13 1.04
Terminal speed in air, m/s 16.2 3.5
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FIGURE 1. Porosity diagram for light and dense particles
with experimental results.

ers were considered and discarded on the basis of
insufficient throughput and probably not enough
pressure drop. Finally a 0.75 kW (1 hp) centri-
fugal blower was decided upon. Estimations were
made rather roughly in this stage. A safe design
velocity was chosen to be about 4.5 m/s, at which
point over 909, of the light particles would be en-
trained, and the dense particles would be in a
fluidized state. The bed height could only be guessed
at, since the amount of dense particles in the feed
was not precisely known. The percentage of dense
particles (by number) in the feed was estimated
to be 10% =+ 5.

The third group constructed the apparatus.
Some modifications were, of course, necessary. A
screen was placed at the bottom of the column to
prevent material from entering the blower. It was
decided to operate batchwise given the constraints,
and an adaptor had to be fabricated to connect the
.203 m (8-inch) diameter column to the .127 m (5-
inch) diameter blower outlet pipe. Of course no
specifications were available for the blower, so the
students had to determine the throughput experi-
mentally. The inlet side of the blower contained a
throttle plate and an orifice-manometer setup to
do just that. A schematic of the apparatus is shown
in Fig. 2. It soon became obvious that a means for
collecting the entrained particles was required. A
fourth group designed a collector, but after con-
sidering the effort required to build it, decided to
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FIGURE 2. Apparatus

make do with a large plastic trash bag with holes
punched in it.

The estimated pressure drop was about 5 c¢cm
(2 inches) of water; the required throughput was
0.13 m?/s (280 c¢fm) of air at 23°C, and the input
power required was about 0.1 k€W (.125 hp). With
a blower of .76 kW (1 hp) rating, the (installed)
maximum throughput was found to be 0.2 m®/s
(425 c¢fm), which was plenty adequate, if not a
bit oversized.

The last two groups operated the column. One
group checked the predicted porosity diagram, and
the other group operated the column for separa-
tion. From the data points shown in Fig. 1, the
predicted porosity curve was closely approximated
in the case of the light particles. In the case of
the dense particles, the experimental results were
nowhere near the predicted curve. One could
easily see the reason for this during the operation
of the unit when the dense particles alone were
present. Air from the blower was not uniformly
distributed across the column cross-section. In
fact it appeared that circulation currents were
present, such that half the bed was not even
fluidized, while the other half was shooting about
inside the column. Only a crude estimate of the
bed height could be made. This situation was
clearly different from textbook expectations and
gave the students a real insight into the difficulties
of maintaining fluidized beds. The light particles
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were larger, less dense and required a lower veloci-
ty for fluidization, such that the above phenomena,
though still present, was much reduced in intensi-
ty. Designing an air distributor could have been
undertaken at this point to overcome the problem
—but wasn’t because of lack of time. This would
have brought the experimental data for the dense
particles more in line with expectations from
theory.

The separation was successfully effected by the
last group, and a good time was had by all at the
demonstration. What material was used for the
particles ? Popped and unpopped popcorn kernels.
Needless to say, the students consumed the data
with enthusiasm.

CONCLUSIONS

The foregoing has presented the details of an
unconventional laboratory exercise which brings
design experience to the students in a laboratory
setting. In addition the exercise has proved power-
fully supportive of the following teaching values:

@ How to deal with the unexpected.

e How to deal with constraints.

e How to make engineering decisions where precise
measurement is impossible or when good informa-
tion is not available.

e How to size and modify equipment.

e How to accomplish an overall objective by breaking
down the larger job into smaller parts and working
to solve one part at a time.

e The value of checking back and evaluating past work.

e Gives students satisfaction at seeing the job done
successfully and understanding where their part fit
into the whole effort.

e Challenges the students with a real-world problem
that has an achievable solution reasonably within
their grasp.

e It was fun, something students could relate to easily.

e Stimulated students to think beyond the immediate
solution, for example several students recognized that
the apparatus would not do for home application! []
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