
there is a strong correlation existing between the flow regime map 
and the solids mixing map for the binary mixtures considered. 
Evidently, the complete mixing state occurs largely in the coalesced 
bubble regime and the slugging regime and slightly in the transition 
regime. The partial intermixing state occurs largely in the dispersed 
bubble regime and the transition regime and slightly in the co- 
alesced bubble regime. The complete segregation states occur solely 
in the dispersed bubble regime. 
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Figure 4. Flow regime map for binary mixtures In fluidlzed states with particle 
dlameter ratios of 1.33 and 2.0. 

NOTATION 

bubble regime for the particle diameter ratio of 1.33 is higher than 
that for the particle diameter ratio of 2. Likewise, for a given liquid 
velocity, the gas velocity required to reach the boundary between 
the coalesced bubble regime and slugging regime for the particle 
diameter ratio of 1.33 is higher than that for the particle diameter 
ratio of 2. 

Comparing Figure 4 with Figure 3, it is important to note that 

W1 = weight of particle 1, kg 
Wz = weight of particle 2, kg 
Ulo = superficial liquid velocity, m/s 
Ugo = superficial gas velocity, m/s 
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Effect of Distributor to Bed Resistance Ratio on Uniformity of Fluidization 
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The effect of the distributor-to-bed resistance ratio on the uni- 
formity of fluidization is analyzed. A new model for the cause of 
channeling through a fluidized bed is proposed, and a criterion for 
uniform fluidization, giving rise to the condition of full fluidization, 
is established. 

The performance of a fluidized bed depends largely on the 
satisfactory design of its distributor. Apart from supporting the 
weight of the bed during downtime and preventing the back flow 
of particles into the plenum section, the major function of the 
distributor is to distribute the fluidizing medium across the base 
of the bed so that the fluidized condition is maintained over the 
entire cross section. It has been known that to maintain a stable 

Y. Shi is on leave from Chengdu University of Science and Technology, Chengdu, China. 
Correspondence with regard to this paper should be addressed to L. T. Fan. 

operation of the bed, the pressure drop of a certain magnitude 
needs to be established through the distributor. 

Numerous papers have been published on the determination of 
the required distributor pressure drop or on its relation to the bed 
pressure drop (Hiby, 1964; Siegel, 1976;;Mori and Moriyama, 1978; 
Sathiyamoorthy and Rao, 1979 Qureshi and Creasy, 1979). Among 
approaches presented in these papers, that based on Siegel’s model 
is considered to be the simplest for deriving a stability criterion for 
a fluidized bed (Qureshi and Creasy, 1979); it has been used to 
calculate the relative pressure drop through a porous or perforated 
distributor for stable fluidization (Qureshi and Creasy, 1979; Sir- 
otkin, 1979). The objectives of this work are to propose a new or 
improved model for the cause of channeling in a fluidized bed 
through critical analysis of Siegel’s model and to establish a new 
criterion for uniform fluidization, giving rise to the condition of 
full fluidization. 
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Figure 1. Local expansion of the bed on the porous distrbutor. 

The pressure drop through an expanded or fully fluidized bed is 
defined as 

(5) 
The local bed expansion would not be expected to affect appre- 
ciably the overall bed height; hence, the bed height is assumed to 
stay constant. At minimum fluidization, 

(6) 

APb = Hp,(l - E )  

Apb,mf = ffps(1 - emf) 

From Eqs. 5 and 6, we obtain 

(7) 

The bed expansion can be obtained from an available correlation 
as (Richardson and Zaki, 1954) 

CHANNELING THROUGH A FLUIDIZED BED 

When a perturbation causes a local increase in the velocity of 
fluidizing medium through an originally uniform bed of nonsticky 
particles at minimum fluidization, this velocity will exceed the 
minimum fluidization velocity locally, Figure 1. This, in turn, will 
cause the bed to expand locally, thereby altering the pressure drop 
through the portion of the bed; this will also change the local 
pressure drop through the distributor plate. Siegel (1976) has 
considered that channeling tends to occur if the overall local 
pressure drop decreases with an increase in the velocity of the 
fluidizing medium. Mathematically, it can be expressed as: 

(1) du 
Siegel (1976) has used this model in connection with a porous dis- 
tributor to show that channeling will occur through a gas-fluidized 
bed of small particles (Ret < 0.2) provided that R < 0.14; here, R 
is the ratio of the distributor pressure drop to the bed pressure drop 
at minimum fluidization. This value of R ,  0.14, is regarded by 
Siegel to be a stability criterion or fluidization. Qureshi and Creasy 
(1979) have used Siegel's model for a perforated distributor to show 
that channeling will take place if R < 0.072. However, by means 
of a global analysis, it will be shown that this is not the case. 

The pressure drop through a porous distributor can be calculated 
as 

&d = Ul'd (2) 

where rd is the resistance of the distributor. At minimum fluid- 
ization, it yields 

d ( A P d  i- Mb) < 

M d , m f  = Umf d = R APb,mf 

and, therefore, the resistance of distributor, rd, is defined as 

From Eqs. 2 and 3, we obtain 

(3) 

(4) 

U _ -  - E" 
ut 

For small particles (Ret < 0.2), we have 

Ut = 78 and n = 4.65 
umf 

From Eqs. 4 and 7, the relative overall local pressure drop is ob- 
tained as 

By assuming that R = 0.1 < 0.14 for illustration, the relative 
pressure drop through the distributor, that through the bed and 
the relative overall local pressure drop have been calculated from 
Eqs. 4,7 and 9, respectively. The results are shown in Table 1 and 
Figures 2 and 3. For a constant 69b ,mf ,  it can be seen that at first 
the overall local pressure drop, ePt, decreases with an increase in 
the velocity as shown in Figure 3, because the decrease in the 
pressure drop through the bed, h P b ,  due to its expansion is greater 
than the increase in the pressure drop through the distributor, APd, 
due to the velocity increase, Table 1 and Figure 2. Furthermore, 
the overall local pressure drop, A p t ,  will be smaller than APt,mf, 
and thus, the local velocity u, will increase. The decrease in Apt 
will eventually cease at a certain velocity u,, and AP, will attain 
its minimum, Figure 3. Beyond this velocity, the decrease in the 
pressure drop through the bed, &b, will become smaller than the 
increase in the pressure drop through the distributor, A P d ,  as il- 
lustrated in Figure 2. Thus the overall local pressure drop, APt , will 
increase with an increase in the velocity, and therefore (Figure 
3) 

> 0 for u > uc du 
However, the overall local pressure drop, APt, will still be smaller 
than APt,mf until the velocity reaches uf,  as indicated in Figure 
3; therefore, the local velocity, u, will continue to increase. This 
is contrary to Siegel's model, because it stipulates that only under 
the condition of 

TABLE 1. RELATIVE DISTRIBUTOR, BED AND OVERALL LOCAL PRESSURE DROE FOR THE BED WITH A POROUS DISTRIBUTOR 

U - 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 
umf 

0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20 0.21 0.22 0.23 0.24 0.25 
Apbpf 

- 1.0 0.9867 0.9742 0.9626 0.9517 0.9413 0.9315 0.9221 0.9132 0.9046 0.8964 0.8885 0.8809 0.8736 0.8665 0.8597 
@b,mf 

1.1 1.0967 1.0942 1.0926 1.0917 1.0913 1.0915 1.0921 1.0932 1.0946 1.0964 1.0985 1.1009 1.1036 1.1065 1.1097 
APb,mf 
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Flgure 2. Relatlve pressure drops through the bed and the porous 
distrlbutor. 

will the local velocity increase. 
At the velocity, uf,  the overall local pressure drop, Apt ,  will be 

equal to AP,,,f; thereafter, it will exceed AP,,,f, thus preventing 
the local velocity to increase further, and consequently, the 
channeling will not occur. This is also contrary to Siegel's model, 
because it stipulates that channeling will occur in the bed at R = 
0.1 < 0.14. In practice, we also see that, in spite of Siegel's model, 
some beds can operate successfully with the values of R as low as 
or lower than 0.1 without channeling. The velocity, uf ,  corresponds 
to the full fluidization velocity, because after this velocity no por- 
tion of the bed can remain in the fixed state. 

The analysis given in the preceding paragraphs indicates that 
even when inequality (Eq. 1) is valid at minimum fluidization, the 
local velocity of the fluidizing medium cannot continue to increase 
without bound to form a channel. The condition for channeling 
through a fluidized bed of nonsticky particles should be defined 
in the range of velocity umf < u I ut; within this range, the fol- 
lowing condition should be satisfied for a channel to form in the 
bed of nonsticky particles. 

In this case, if the local velocity, u,  through a uniform bed at 
minimum fluidization is perturbed upward, it will continue to 
increase until ut is reached. Before the local velocity reaches ut 
overall local pressure drop, Apt ,  is smaller than APt,mf estimated 
by Eq. 10, and when it is equal to or exceeds ut,  a channel will be 
established. 

According to the present model as expressed by inequality (Eq. 
lo), the criterion for the formation of a channel in the bed with a 
porous distributor, for which rd is essentially constant in the laminar 
flow region and consequently Td,mf = Td, is 

H p s ( 6  - Emf) 

u - umf 
rd,mf < 

Because 

Hps(1 - Emf) = umfrb ,  

inequality (Eq. 11) can be rewritten as 

r d m f  : umf  - emf 
U - Umf 1 - Emf r b  

Substituting Eq. 8 into Eq. 12 and rearranging, we obtain 

. ,,#u t 
I I 

U - " mf 

Figure 3. Relative overall pressure drop, Including those through the distributor 
and the bed. 

Obviously, 

($ - 1 

decreases with an increase in u, and, therefore, the minimum value 
of rd,,,,f/rb in the range umf < u 5 ut is at ut.  Thus, if 

a channel may be formed in the bed. For small particles (Ret < 
0.21, 

- 78, ut 
umf 

_ N  

as mentioned earlier and therefore, 

%!!if < 0.013 
rb 

This value is one-tenth of that given by Siegel's approach. 

independent of u; it is well known that (Bird et al., 1960) 
For the perforated distributor, rd, cannot be considered to be 

or 

We can resort to this velocity dependence of the resistance through 
the perforated distributor to develop a criterion for channeling for 
the bed with a perforated distributor, which is slightly different 
in form from inequality (Eq. 13a) derived for the bed with a porous 
distributor. From Eq. 15, the resistance through the perforated 
distributor at the minimum fluidization velocity, Td,mf, is 

(16) 

Then, the resistance at any velocity U , r d ,  can be expressed as 

(1 7) 

From inequality (Eq. 10) and Eqs. 17 and 8, we obtain for the 
perforated distributor 

U 
rd = rd,mf - 

umf 

or 
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TABLE 2. DISTRIBUTOR-TO-BED RESISTANCE AND PRESSURE DROP RATIO FOR UNIFORM FLUIDIZATION 

Porous Distributor 

U 
1.5 - 

amf  

0.1174 rdmf 
rb 
- 

Perforated Distributor 
U 

1.5 - 
umf 

The ratio 

2 3 

0.1036 0.0859 

0.2071 0.2576 

2 3 

0.0345 0.0215 

0.1381 0.1932 

4 

0.0746 

0.2984 

4 

0.0149 

0.2387 

5 

0.0666 

0.3330 

5 

0.0111 

0.2776 

(-y - 1 

(CY - I 
also decreases with an increase in u ,  and the minimum value of 

r M  

in the range of umf < u 5 ut is at ut. Therefore, channeling will 
occur in the bed of small particles (Ret < 0.2, ut/umf = 78 and n 
= 4.65) with a perforated distributor, if 

rb 

rd,mf < 1.644 X 
rb 

This value is much smaller than that obtained by the approach 
based on Siegel’s model which is 0.072 (Quershi and Creasy, 1979). 
Note that the rquired presure drop through the distributor is very 
small for preventing channeling in the bed. 

CRITERION FOR UNIFORM FLUIDIZATION 

From the analysis given in the preceding section, it is clear that 
the distributor-to-bed pressure drop ratio for preventing channeling 
in the bed cannot be used as a criterion for designing a distributor. 
For example, when R = 0.1 > 0.013, channeling will not occur in 
the bed with a porous plate, but if the operating velocity is smaller 
than 2.16umf, we see from Table 1 and Figure 3 that the overall 
local pressure drop of the fluidized part is smaller than APt,mf, and, 
thus, partial, but not full, fluidization may occur in the bed. Only 
after the full fluidization velocity, u j ,  is attained, will the overall 
local pressure drop of a fluidized portion of the bed be greater than 
APt,mf, causing the whole bed to fluidize. Therefore, to guarantee 
the full fluidization of the bed at a given operating velocity of u,  
it is necessary that 

Urd + H(1 - c)Ps 2 umfrd,mj + H ( 1  - Emf)& (19) 

This expression gives rise to the following criterion for uniform 
fluidization of the bed with a porous distributor. 

Similarly, for the bed with a perforated distributor, we have the 
following criterion for uniform fluidization. 

6 7 8 9 

0.0606 0.0558 0.0519 0.0486 

0.3634 0.3906 0.4152 0.4378 

6 7 8 9 

0.0087 0.0070 0.0058 0.0049 

0.3116 0.3418 0.3691 0.3941 

10 

0.0459 

0.4587 

10 

0.0042 

0.4171 

(21) 

The results calculated from Eqs. 20 and 21 are given in Table 2. 
The distributor-to-bed pressure drop ratios for the porous and 
perforated distributors at various operating velocities are also shown 
in Table 2, which have been calculated respectively from the fol- 
lowing expressions; 

(22) -_ - 
APb,mf -(uy?) 

for the porous distributor, and 

(23) APd u 2rd,mf 

for the perforated distributor. Since these results are within the 
range used in practice (Qureshi and Creasy, 1979), the present 
approach or model for determining the criterion for uniform flu- 
idization may be reasonable. 

From Eq. 20 the criteria of channeling, partial fluidization and 
full fluidization can be determined for the fluidized bed with a 
porous distributor. For example, when u = ut,  we obtain 

( rb 

1 -  1 - 

For small particles (Ret < 0.2), for which ut/umf N 78 and n = 
4.65, we have 

At this value channeling will occur in the bed because the overall 
local pressure drop through the fluidized portion of the bed, hpt, 
before the local velocity reaches ut is smaller than A P t , m f ,  thus 
causing the local velocity to continue to increase; when it reaches 
ut, a channel will be established. When u = umf ,  we cannot directly 
calculate (rd,mf/Tb) from Eq. 20; however, by defining 

Umf 

U 1 = x ,  -- 
we can write 
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Flgure 4. Regions of the channeling, partial fluidization and full fluidlraiion 
lor the bed with a porous dlstrlbuior. 

Furthermore, we see that 

x- -0  

when 

u + umf 

Since 

(1 + x y n  - 1 - 1 -- lim 
x-0 X n 

we obtain 

= - [  1 1 ] 
4.65 (78)’/4.65 - 1 

N 0.14 

When the value of (rd,mf/Tb)  is 0.14 or greater, the overall local 
pressure drop through the fluidized portion of the bed, Apt, will 
be greater than APt,,f, and thus the local velocity can not increase 
beyond the minimum fluidizing velocity, umf; this will not lead 
to the partial fluidization and the full fluidization will persist in 
the bed. The value of (rd,mf/Tb) in the range from 0.013 to 0.14 w d  
cause partial fluidization, if the value of (u/umj) is smaller than 
that calculated by Eq. 20. Similarly, for the perforated distributor, 
weobtain Id,mf/rb = 1.46 X when u = ut,  and rd,mf/rb = 0.07 
when u = umf. 

Figure 4 plots Eq. 20 indicating the regions of the channeling 
partial fluidization and full fluidization for the porous distributor. 
Similarly, Figure 5 plots Eq. 21 indicating the regions of the 
channeling, partial fluidization and full fluidization for the per- 
forated distributor. 

Full fluidization 

Partial fluidizorion 

10’ 

Figure 5. Regions of the channeilng, partial fluidizatlon and full fluidization 
for the bed with a perforated distributor. 

C 0 N C L U S I0 N 

1. The results of the present global analysis appear to indicate 
that Siegel’s model for the onset of fluidized bed channeling is not 
valid. 

2. The condition under which channeling will occur in the bed 
has been established. It is: 

w<- 1 

rb U t  -- 
Umf 

for the bed with a porous distributor, and 
rd,mf<-.-- 1 

rb U t  - - 
umf 

for the bed with a perforated distributor. 
The value of the distributor-to-bed resistance ratio for the oc- 

currence of channeling based on the present approach, as given 
above, is much smaller than that based on Siegel’s model. 

3. The nonoccurrence of channeling cannot assure the uniform 
fluidization. The criterion for it should be based on the condition 
of full fluidization in the bed. Based on the present approach, the 
criterion is 

rb (&) - 1 ($)l’” - 1 

for the porous distributor, and 

for the perforated distributor. 
The calculated values of the distributor-to-bed pressure drop 

ratio, (APd/&d,mf) ,  based on the present approach are reasonably 
consistent with the available data. 
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Formation of Inclusions in Terephthalic Acid Crystals 

INTRODUCTION 

In recent years improved processes for the manufacture of ter- 
ephthalic acid (TPA) have led to the development of processes for 
the direct esterification of TPA with ethylene glycol. This route 
to the formation of polyethylene terephthalate (PET) has signifi- 
cant economic advantages (Hizikata (1977)) when compared with 
the route employing dimethyl terephthalate (DMT). A require- 
ment of the direct esterification route is a pure grade of TPA vir- 
tually free of impurities which cause unwanted coloring of the 
product PET. The impurities in TPA manufactured by the oxi- 
dation of paraxylene are typically intermediate and byproducts 
of the oxidation such as 4-carboxybenzaldehyde (6CBA), o- and 
m-phthalic acid, p-toluic acid and p-acetylbenzoic acid. 4-CBA 
is probably the most difficult of these impurities to remove and its 
concentration in TPA serves as a practical criterion of TPA pu- 
rity. 

Purification of TPA has been the subject of intensive research 
of the years and a multitude of techniques have been proposed. A 
summary of these techniques appears as Table 1. A large number 
of the TPA purification techniques employ crystallization (from 
the vapor or from the liquid) as a purification step (Maclean, 1960 
Kurtz, 1965; Olsen, 1970). It has been reported (Fujita et al., 1968) 
that recrystallization alone does not normally reduce 4-CBA con- 
centrations in TPA crystals to the desired level. In a recent paper 
Myerson and Gaines (1982) reported that TPA crystals underwent 
an irreversible change of habit (known as crystal aging) when 
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immersed in their own saturated solution. The rate of this change 
of shape was reported to be a strong function of temperature and 
resulted in an increase in crystal purity. It is the purpose of this 
study to present several observations which may explain the limi- 
tations of crystallization or aging as a purification method. 

TPA RECRYSTALLIZATION AND AGING 

Recrystallization and aging experiments were conducted in a 
batch suspension crystallizer shown in Figure 1. It consists of a 

a 

Flgure 1. Batch suspension crystallizer: (a) 6.4 X 
1.016 X 10-I m diameter by 6.4 X 
gasket; Id) 5.08 X lo-* m diameter by 6.4 X 
glass; (e) 3.81 X 

m connecting rod; (b) 
m ihlck steel frame plate; (c) tetlon 

m thick tempered sight 
m nominal diameter schedule 80 stainless steel pipe; 

(1) 3.81 X 10-2 m OD tempered sight glass. 
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