Revised 11/00

CHEMICAL ENGINEERING LABORATORY 3, CE 427
PACKED AND FLUIDIZED BED EXPERIMENT

INTRODUCTION

Packed and fluidized beds play a mgor role in many chemical engineering processes. Packed-
bed stuations include such diverse processes as filtration, wastewater trestment, and the flow of crude
oil in a petroleum reservoir. In these cases, the interest centers on the pressure drop through the bed as
afunction the volumetric flow rate or superficid velocity.

If the particlesin the bed are loose and there is sufficient volume in the device containing the
particles, the particles may fluidize a high flow rates. Fluidized beds are used extensvely in the
chemicd process indudtries, particularly for the cracking of high-molecular-weight petroleum fractions.
Such beds inherently possess excellent heet transfer and mixing characterigtics. In the study of the fluid-
mechanica behavior of these beds, the focus here is on the incipient fluidization velocity and the
dependence of bed expanson on the superficia velocity.

THEORY

The theory for this experiment is covered in Chapter 7 of McCabe, Smith, and Harriott
(M,S&H). Thefollowing materid is a condensation of that chapter asit relates to the experiment at
hand. Asan ad to you, some specific equationsin M,S,&H arereferred to. There are three areas of
interesttous (1) Reationship between the pressure drop and the flow rate; (2) Minimum fluidization
velocity, and; (3) Behavior of the expanded bed.

(1) Réationship between pressuredrop and flow rate

The flow of afluid, either liquid or gas, through a static packed bed can be described in a
quantitative manner by defining a bed friction factor, f,, and a particle Reynolds number, Ngep, 8S
follows

, PPadf <Dy e’
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rvo L(l- e)
Note that this equation cannot be derived directly by extrapolating the case of flow through acircular

conduit since friction factor defined in both cases is different (see McCabe and Smith 4™ edition, pg.
137)

f Similar to 7.19in M & H. (1)
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where

pressure drop across the bed

bed depth or length

converson condant (= unity if S units are used)
particle diameter

fluid density

bed porogity or void fraction

superficid fluid velocity

fluid viscosity

phericity
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Thefriction factor and the Reynolds number are dimensonless. Sometypica sphericity factorsare
given in McCabe, Smith and Harriott (p. 928, Table 28.1).

For laminar flow, where only viscous drag forces come into play, (N Rep <20), experimenta
data may be correlated by means of the Kozeny-Carman equation:

150 (1-€)
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Similarto 7.17MS & H 3

Note: According to Y ates ("Fundamentas of Fluidized-bed Chemical Processes,” by J. G. Yates,
Published by Butterworths, 1983, p. 7-8) the factor of 150 was origindly given by Carman as 180 for
the case of laminar flow. Ergun later suggested a better value was 150 when the particles are greater
than about 150 nm in diameter.

For highly turbulent flow where inertid forces predominéte, (N >1000), experimentd results

may instead be correlated in terms of the Blake-Plummer equation:

Re,p

f,=1.75 Similar to 7.20MS & H 4

While both equations (3) and (4) have a sound theoretica bass, Ergun empiricadly found thet
the friction factor could be described for al values of the Reynolds number by smply adding the right-
hand sides of equations (3) and (4). Thus:
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(2) Minimum fluidization velocity




At asufficiently high flow rate, the tota drag force on the solid particles condtituting the bed
becomes equa to the net gravitational force and the bed becomes fluidized. For this Stuation aforce
baanceyieds

(' Dp)A:LA(l- eMer' r)g/gc:MQp'rb/(gcrp) (6)

where
ey = void fraction & the minimum fluidization velocity
A = cross-sectiond area of the bed
r, = particle dengty
g = gravitationa congtant
M = total mass of packing.

ThisisEq. 7.48, 7.49 MS&H . The superficid fluid velocity a which the fluidization of the bed
commencesis caled the incipient or minimum fluidization velocity, V om . The incipient fluidization
veocity may be determined by combining equations (1), (3), and (6) with the following result [Eq.
(7.52) MS&H] for the case of small particles and consequent, Nge<1:
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This equation isthe basis for some empirica equations found in the literature. The terms can be
grouped asfollows.
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The firgt factor contains the sphericity of the particles and the bed porosity at the point of incipient
fluidization. Neither of these factorsis usualy known with a high degree of accuracy. If spheresare
assumed (f . =1) and areasonable value of voidage, say €,, =0.4 , then the first factor is0.00071. The

factor is quite sendtiveto €,,. For example, if €,, =0.413, then the factor is 0.0008.

One invedtigator, [D. Geldhart, "Types of Fluidization,” Powder Technology, 7 (1973), 285-
292; Geldhart and Abrahamsen, Powder Technology, 19 (1978), 133-136] smply determined the first
factor from his data and actually found 0.0008 to be the best value; that is, he reported the following
correlation:
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Behavior of the expanded bed




The expansion of fluidized bedsis discussed in the text on Pages 170-173. The treatment to be
used hereis dightly different. For fluid velodities exceeding the incipient fluidization velocity, the bed
expands. The porosity, e, of an expanded bed may be rdated to the superficid fluid velocity, Vo, by
means of an empirica relation suggested by Richardson and Zaki (1,2):

(10)

where u isthe termind velocity of a sphericd particle in afluidizing medium (3). The exponent, n,
depends on the flow conditions -- that is, on the Reynolds number. Thus:

Ngep, <02 n=4.65 (11)
02<N. <10 n=435N_ " (12
1<N,,,<500 n=445N;%! (13)
Np,>500 n=239 (14)

Because the termind velocity, u, is a congant for a given particle, it can be seen that Equation
(10) aboveis essentidly the same as the empirical equation in the text; namely Eq. (7.59) MS& H.

The void fraction of the expanded bed, e, isrdated to that a incipient fluidization by the
following equation:

L=L,——u (7-58 MS&H)

where Ly and ey are the bed height and void fraction at incipient fluidization, and L is the measured
height of the expanded bed. Therefore, since Ly and ey are known, e can be calculated from the
measured height, L, of the expanded bed.

In Equations (11)-(14) the Reynolds number is based on the particle diameter, D, and the termindl
velocity, u. Thereforeit is necessary to know the terminal velocity. By means of aforce baance it be
shown that the termind velocity for sphericd partidesis:
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where Cp denotes the drag coefficient. A graph of Cp versus Ngep is shown in the text (Figure 7.6, p.
158). Tofind Cp, you need to know u S0 that Ngep Can be caculated. There are two ways of doing
this 1) One could do this by trid-and-error. Thus, you could guess u, caculate Ngep,, 100k up Cp 0n
the graph, and put the resulting vaue in Eq. (15). If the calculated vaue of u did not match the guess (it
surely wouldn't on the firgt try!), you would guess again. i) We can also do this without trid-and-error.
For this square both sides of Eq. (15) and utilize the definition of Nre,, (EQ. (2)) to obtain:

3
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All parameters on the right are known. This suggeststhat aplot of C N7, , versus N, canbe
constructed and used to avoid the trid-and-error procedure.

Theplot is prepared in the following way. Pick a series of point coordinates off the plot shown
above. Some examplesfor spheres are:

N Rep CD CD N 2Re,p
.001 22,000 22
01 2,200 22
A 220 22
1,000 0.48 480

Pick off adozen similar pairs. Thenplot C N = asthe ordinate againgt corresponding N .. | asthe
abscissa. For each bed, calculate C,N ZRe,p from Eq. (16). From your plot read the corresponding
N Then use Eq. (2) to caculate u.

Rep”



EQUIPMENT AND PROCEDURE

In this experiment the friction factor will be measured as a function of Reynolds number for the
flow of ar through abed of solid particles. Experimenta results will be compared with theoretica
predictions for the appropriate flow regimes. A flowsheet of the experimenta set-up is depicted
schematicdly in Figure 1 below. The equipment includes two transparent beds, rotameters,
manometers, a source of low pressure air, and gppropriate valves and fittings.

¢ = Flow Control Velves
B -~ Three=Hay Valve for Prossure Hagsureeent
Hl.lz = Hotacabers
1‘1.?! = [Pracked Beds
2‘!1 . Hl = Hanomrterd
51'52 = Mppsuring Scales -PI Pz
----- placonmectable Jointe

Mr

Fi=. 1. Flow Sheet for Packed Dad Experizenta

Mesasure the bed height after tapping the bed gently until no further change is observed. Close
VavesB and C. OpenVaveA. Control the flow of ar through the syssem by manipulating Vave B or
C depending on the rotameter used. Open Vave D for pressure drop measurements.

Increase the flow rate of ar in smal steps noting the rotameter and manometer readings until the
bed is fluidized and the pressure drop does not change appreciably. Also, record the corresponding
bed height at each flow rate. Continue the measurements until the bed is appreciably fluidized and
obtain at least fifteen readings in the packed-bed region and ten readings in the fluidized-bed region.
Decrease the flow rate noting the flow rate and pressure drop vaues.



The region where fluidization just begins -- namdy, a the "minimum fluidization velocity” -- is of
gpecid interest. In Fgure 2, it occurs at Point B. [This plot is based upon onein "Design for
Fuidization, Part 1," by J. F. Frantz, Chemica Engineering, September 17, 1962, pp. 161-178.] At
this point, where the pressure drop through the fixed bed becomes equa to the weight of the bed per
unit area, a dight rearrangement of particles occurs and the particles shift position so asto present
maximum flow areato the gas. Quoting from the article above, "This causes adight decreasein
pressure drop, and channeling occurs. Only at a higher gas velocity does the entire bed become fully
supported by the gas stream. Leva, Shira and Wen redized this phenomenon took place, and thusthe
defined minimum fluidization velocity as a gas velocity 10% gregter than the point a which, with
increasing velocity, the pressure drop through the fixed bed first equas the weight of the bed per unit
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Inview of this, repeat the run to check for reproducibility, making sure that you get sufficient
datain the somewhat ill-defined region between Points B and D.

The theory of this experiment is built around the assumption that at "steady State," the particles
are uniformly disgtributed in the bed. Asyou increase the flow rate of air, take some notes concerning
what the bed looks like a various stages. This may help to explain some discrepancies between
messured and theoretica vaues.

Repest the measurements on the other bed by reconnecting the appropriate lines.



Repeat the experiment at least twice (preferably thrice) with each bed to ensure that you are

aufficiently sure about the quantity of the data.

In a separate experiment, the porosity of a container of solid particles was measured using the

method of water digplacement. Thisinvolves firs weighting a measured volume of dry particles. Water
is then dowly added to the particles until the upper surfaceiswet. The weight of the water added can
then be used to calculate the porosity of the bed. This porosity corresponds to the vaue, €,,, in
Equation (6). These vaues of bed porosity and particle spherocity are provided with the experimenta

sysem.

Calculations

1

For each bed, plot the measured pressure drop (in cm of H,O) versus the volumetric flow rate
in litersmin. Note that the manometer isat an angle of 19° and therefore, to get pressure drop,
the difference in manometer levels must be multiplied by Sn(19°). Therewill likdy bea
"hygteresis effect,” in that the pressure drop curve for increasing flow rate will differ from that for
decreasing flow rate. Therefore, use different symbols for increasing and decreasing flow rates.
Explain the likely cause of this effect.

For each bed, caculate the friction factor and corresponding Reynolds number for each data
point usng Equations (1) and (2). Then prepare asingle plot of f, versus Nge, Which combines
the results for the two beds. Use adifferent symbol for each bed and show symbols only (no
lines). Onthisplot, aso show the predicted vaues from Equations (3), (4), and (5). Show
these as solid or dashed lines, and do not show the points used for determining these plots.

From your plotsin Part 1 above, determine the pressure drop at the point where fluidization
beginsin cm HO. Using Equation (6), calculate the predicted vaue of the pressure drop at this
point incm H,O. Note that you haveto know ey. Leva[Max Leva, "Chemicd Engineering,
November, 1957, pp. 266-270] gives a correation that can be used. Alternatively, you could
asume €,, @& as provided to you by the TA for the packed bed before fluidization
commences. Comment on your findings.

As noted earlier, the minimum fluidization velocity, V ow, is of considerable interest. From your
resultsin Part 1, calculate experimenta V,,, in mysand ft/sfor each of your runs and beds.

Using the theoretical Equation (7), to also predict theoretical Voy in m/sand ft/s. Compare and
contrast the results.

Severa empirica equations are available in literature based on experimenta data. Three of
these will be used here for comparison with your experimenta results.

(@ Levaetal.
Levagives the following eguation for the mass velocity at the point & which fluidization begins



94
|r r -r |
G, =688D}* ( ‘;no,sg)

where: D, = particle diameter, inches
r = fluid density, lbm/ft®
r s = particle density, Ibm/fm®
m= fluid viscosity, centipoises
G, =r Vou = massveodity, Ibm/ft?, hr

The vaue of 688 was chosen by Levaasbest based on 223 experimenta points. Frantz noted
that the standard deviation was 33% and the average deviation was 22%. The equation isvalid
for Reynolds numbers, G, Dy/m lessthan 5. Above 5, the value of Gy, must be multiplied by
the correction factor, Fy, given in the following plot (?7?).

(b) Perry's Chemical Engineering Handbook, 6th Edition, p. 20-59.

Bagyens and Geldhart ["Huidization and Its Applications” Proc. Int. Symp. Toulouse, 253
(1973)] gives "one of the better corrdations.”

\7 0.0009(!’ T )0.934 g0.934 D]F.).S
oM =
m0.87r 0.066

where V ou = minimum fluicization velocity, mvs
r« = particledensty, kg/n?
r = fluid densty, kg/nT
g =981m¢<
Dr = paticlediameter, m
m = viscosty, kg/m,s

(c) Equation of Gaeldhart in " Powder Technology."

Using Equation (9).

For each bed, calculate V ov from the equations of Leva, Perry's and Geldhart in m/s and ft/s.
Compare the results with your experimenta vaues.

Findly investigate the behavior of your beds when they are expanded. At each data point in the
expanded regime, you can caculate e from Equation (7-58). For ey, assumethat it hasthe
vaue given to you by the TA for the packed bed. Then tabulate corresponding vaues of Vo on
the abscissa. Note that taking the logarithm of both sides of Equation (7) gives:
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logVo=logu, +nloge

Hence the dope of each log-log plot will give n and the "intercept” should be u. What values of
W do you find by this method?

Now prepare alog-log plot of C_ N fze]p versus N, . From this plot, Equation (16), and
Equation (2), determine .. Compareits vaue with that from the log-log plot of Vo versuse.

6. Discuss your results critically.
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