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Mass transfer studies were conducted for the flow of air through fluidized beds. These studies 
were concerned with the sublimation of p-dichlorobenzene spherical particles, approximately 
0.04 to 0.08 in. in diameter, and with the evaporation of nitrobenzene and water from alumina 
spheres. 0.1 168 in. in diameter. 

Void volumes for these fluidized beds were calculated from pressure-drop measurements. The 
results of this investigation were used to establish mass transfer factors which were in agreement 
with values obtained for fixed beds for corresponding modified Reynolds numbers, D,G/p(l-e). 

Mass transfer studies of fixed beds 
have been extended to fluidized sys- 
tems and are reported by a number 
of investigators. Gamson (6) corre- 
lated the results for both types of beds 
to produce a single relationship. Stud- 
ies on fluidized beds conducted by 
Chu, Kalil, and Wetteroth ( 2 )  and 
by McCune and Wilhelm (la) were 
found to be in agreement with most 
of the previous work reported for fixed 
beds (5 ,  7, 9, 11, 1 5 ) .  

For both fixed and fluidized beds 
the mass transfer factor is related to 
the modified Reynolds number D,G/ 
p( 1 - E )  . For fluidized beds the void 
fraction is ordinarily established by 
direct observation and is thus difficult 
to determine accurately. Therefore it 
would be desirable to determine these 
values with properties of the system 
which can be dependably measured. 
In the present investigation an attempt 
has been made to determine void frac- 
tions in fluidized beds through pres- 
sure-drop measurements. 

EXPERIMENTAL EQUIPMENT 
AND PROCEDURE 

Preparation of Particles 

After a careful review of substances 
which exist in the solid state at room 
temperature and which are also con- 
siderably volatile, p-dichlorobenzene 
was selected for study. For the prepa- 
ration of spherical particles suitable 
for mass transfer studies of fluidized 
systems, crystalline p-dichlorobenzene 
was melted in an enclosure which was 
provided with a spray nozzle at the 
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bottom and which was connected at 
the top to a. pressurized nitrogen sup- 
ply. The spray nozzle was constructed 
by drilling a hole 0.028 in. in diameter 
through a solid stainless steel plug. 
Resistance wire, wrapped around the 
unit, provided the necessary heat to 
melt the contents. Nitrogen at a pres- 
sure of 2 to 5 Ib./sq. in. gauge was 
applied to the surface of the molten 
p-dichlorobenzene to produce a spray 
which was then solidified by liquid 
nitrogen. After the evaporation of the 
liquid nitrogen the solid particles were 
sized with standard screens. 

Alumina spheres, 0.1168 in. in di- 
ameter, were soaked with nitrobenzene 
or water before these substances were 
subjected to mass transfer studies. 

Equipment 

A schematic diagram of the equip- 
ment is presented in Figure 1. The 
unit was constructed from transparent 
acrylic plastic and consisted of a 
permanent fixed section into which 
fitted a removable cylindrical column 
provided with a screen at the bottom. 
When inserted in place this column 
rested on a circular ledge provided 
with a rubber washer to prevent by- 
passing of air. The inner cylinder was 
l-lh-in. I.D. and 12 in. long. Pressure 
taps were provided at the inlet and 
outlet of the reactor. A short hollow 
rod attached to a threaded brass cap 
which fitted over the discharge end of 
of the unit properly sealed the rubber 
gaSket by pressing against the inner 
cylinder. 

Air was furnished from the building 
I 

supply. FIow measurements were 
made with two flowmeters capable of 
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delivering 6 and 27 cu. ft. of air/min., 
respectively. A vertical U-tube man- 
ometer was provided for measuring 
pressure drops. Liquids of 0.827, 1,000, 
and 2.95 specific gravities were used. 
The lower end of the inside cylinder 
was graduated to measure the height 
of the fluidized bed. Temperatures of 
the air were measured before and 
after the fluidized bed with thermom- 
eters, while the temperature of the 
fluidized bed was obtained with an 
iron-constantan thermocouple. 

Procedure 

A typical run was conducted by 
operating without any material in the 
unit until steady state conditions were 
established, A weighted sample of the 
particles was then placed inside the 
reactor. Periodic weighings of the bed 
contents were made by stopping the 
flow of air and removing and weighing 
the particles. At higher flow rates it 
became necessary to replenish the 
quantity of material lost in order to 
keep the bed at essentially the same 
volume. 

For a typical run the following ex- 
perimental data were taken: the air 
flow rate, air temperatures at the in- 
let and outlet of the reactor, the aver- 
age temperature of the fluidized bed, 
pressure drop, and average height of 
the fluidized bed. Because of the 
brevity of the constant rate period for 
the nitrobenzene and water runs dura- 
tions as short as 0.3 min. were fre- 
quently encountered. 

INTERPRETATION OF EXPERIMENTAL 
DATA 

The experimental data of this study 
have been interpreted with an ap- 
proach similar to that used by Chu, 
Kalil, and Wetteroth ( 2 )  and Gamson 
(6) to establish k,. In this approach 
rates of mass transfer were deter- 
mined from the periodic weighings of 
the bed particles, and the transfer area 
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Fig. 1. Schematic diagram of experimental unit. 

was obtained from the average parti- 
cle diameter and the number of parti- 
cles present in the bed. The partial 
pressure of the transferable component 
in the effluent stream was calculated 
from the air flow rate and the loss of 
weight of the bed particles. The dif- 
ferences at the inlet and outlet of the 
bed between the partial pressure of 
the transferable component and its 
vapor pressure on the surface of the 
spheres gave the log-mean driving 
force ( Ap) ,,,. For p-dichlorobenzene 
the following vapor pressure was used 
( 1 2 )  : 

3,771.9 
T, O K .  

log P,,,~ = 12.480 - -. (1)  

0 p-dichlorobenzene-alr 

00 

Fig. 2. Mass transfer factors and modified Reynolds numbers 
for fluidized beds. 

2,064 log p, ,  = 7.545 - 
t, "C. + 230 

(2) 
From all this information k, was cal- 
culated directly. To determine the 
Schmidt number far the air-p-dichloro- 
benzene system the diffusion coefficient 
was calculated from the Chapman- 
Enskog equation, modified by Hirsch- 
felder, Curtiss, and Bird ( 8 ) ,  which 
can be expressed as 

DAB = 0.002628 

v'Ta(Mn + MB)/2MXB 
( 3 )  

For p-dichlorobenzene the Lennard- 
Jones force constants u and E / K  were 
calculated from the following approxi- 
mate relationships suggested by Lee 
and Wilke (13): 

The equation proposed by Lynch and 
Wilke ( 1 4 )  was used for nitrobenzene: 

u = 0.833 t7,1Ia 
and 

E 

K 
_ -  - 1.21 T ,  

The method of Lydersen, Greenkorn, 
and Hougen (10)  permitted the esti- 
mation of a critical volume. For p-di- 
chlorobenzene the following values 
were obtained: u = 5.914A. and E/K 
= 541.1"K. These constants were 
combined with the corresponding val- 
ues for air to produce uAB = 4.765A. 
and f A B / ~  = 229°K. for the air-p-di- 
chlorobenzene mixture. When these 
constants were substituted into Equa- 
tion (3) ,  a diffusion coefficient of 
0.276 sq. ft./hr. resulted. This diffu- 
sion coefficient produced a Schmidt 
number NRc = 2.24 for the air--p-di- 
chlorobenzene system. 

The experimental value of the 
Schmidt number N,,  = 1.79, reported 
by Lynch and Wilke (15),  was used 
for the nitrobenzene-air system, while 
that for water was accepted to be Ns. 
= 0.602. This information permitted 
the calculation of the mass-transfer 

TABLE 1, EXPERIMENTAL AND CALCULATED RESULTS 

Fluidized bed G, k,, DPG 
Run Duration, Temp., Height, AP,  in. lb./hr. r x lo8, Pp, uV, 1b.-moles/hr. 

min. "C. in. ofwater E D,, in. sq. ft. 1b.-mole/hr. mm. Hg sq. ft. sq. ft. atm. i d  a( 1--E) 

.Air-p-dichlorobenzene ( Nsc = 2.2.2) 
2 11.0 27 1.20 0.745 0.750 0.0721 2,036 0.638 0.820 0.249 3.26 0.0781 925 

12 10.0 30 0.60 0.58 0.580 0.0363 1,067 0.516 0.879 0.338 2.86 0.129 170 
19 10.0 24 0.90 0.75 0.573 0.0515 1,469 0.455 0.561 0.285 4.04 0.132 331 
28 2.8 28 1.50 0.92 0.765 0.0548 2,373 0.952 0.716 0.490 3.42 0.0700 1,274 
32 3.6 27 2.30 2.18 0.782 0.0768 3,797 0.956 0.452 0.294 3.78 0.0477 2,482 
33 3.6 27 2.60 2.30 0.811 0.0766 4,103 1.004 0.442 0.294 3.95 0.0461 3,085 

3 10.0 27 1.00 0.94 0.666 0.0499 1,831 0.637 0.628 0.304 3.68 0.0958 508 

Air-water ( N s . =  0.60) 
1 0.6 16.1 0.55 0.59 0.686 0.1168 3,340 16.72 8.85 0.189 7.86 0.0470 2,338 
2 0.6 15.6 0.60 0.74 0.699 0.1168 3,818 18.11 8.43 0.189 8.78 0.0460 2,779 

Air-nitrobenzene ( Nso = 1.79) 
1 0.76 29 0.40 0.65 0.623 0.1168 3,025 0.295 0.162 0.204 3.86 0.0538 1,733 
3 0.27 29 0.50 0.88 0.670 0.1168 4,148 0.316 0.134 0.204 3.86 0.0392 2,714 
4 0.30 29 0.60 1.18 0.726 0.1168 5,279 0.380 0.128 0.204 4.60 0.0367 4,161 
5 0.32 29 0.65 1.33 0.740 0.1168 5,672 0.400 0.125 0.204 4.80 0.0357 4,711 
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factor proposed by Chilton and Col- 
burn ( 1 )  : 

A modified Reynolds number D,G/ 
p(  1 - E )  was used to correlate the id- 
values resulting from the three differ- 
ent systems of this investigation. For 
the alumina spheres the diameter was 
a constant value, as 0.1168 in. How- 
ever for p-dichlorobenzene it became 
necessary to use the average particle 
diameter for each run. 

The void volume of the fluidized 
bed was calculated from the pressure- 
drop measurements, the average bed 
height, and the air flow rate with the 
equation developed by Ergun ( 4 )  : 

GU 1 - e  

D, ea 
+ 1.75- - ( 5 )  

Because of the involved nature of this 
equation a trial-and-error procedure 
was necessary to determine the aver- 
age void volume. 

The mass transfer factors resulting 
for the three systems and the corre- 
sponding Reynolds numbers are pre- 
sented graphically in Figure 2. The 
basic data of typical runs for each 
system are presented in Table 1. 

RESULTS AND CONCLUSIONS 

The mass transfer factors presented 
in Figure 2 for the three systems of 
this study are consistent with each 
other, despite the fact that their 
Schmidt numbers range from 0.602 to 
2.24, their particle diameters from 
0.0413 to 0.1168 in., and their mass 
velocities from 1,212 to 5,672 Ib./hr. 
sq. ft. These factors are sufficient to 
establish a relationship with the modi- 
fied Reynolds number; however such a 
relationship was not established until 

a comparison was made with other 
existing data. These jd-values are again 
presented in Figure 3, along with 
representative data from the works of 
Gamson, Thodos, and Hougen ( 7 ) ,  
Lynch and Wilke (IS), and De Acetis 
and Thodos (3) for fixed beds, and of 
Chu, Kalil, and Wetteroth ( 2 )  for 
fluidized beds. The results obtained 
from this study for the systems p- 
dichlorobenzene-, nitrobenzene, and 
water-air are consistent with the values 
reported by other investigators ( 2 ,  3, 7, 
15) .  A curve representing the com- 
bined results of these studies was 
established and can be expressed ana- 
lytically as 

1 

for modified Reynolds numbers rang- 
ing from 100 to 6,000. This relation- 
ship applies to both fixed and fluidized 
beds, provided that the fractional void 
volume is available. The consistency 
of the results of this investigation with 
the work previously reported indicates 
that void fractions can be dependably 
evaluated from pressure-drop meas- 
urements by Equation ( 5 ) .  

NOTATION 

DAB = binary diffusion coefficient, 

D, = average particle diameter, ft. 
g, = gravitational conversion con- 

stant, 32.17 1b.-mass ft./lb.- 
force sec.* 

= superficial mass velocity, Ib.- 
mass/hr. sq. ft. 

= mass transfer coefficient, 1b.- 
moles/hr. sq. ft. atm. 

= mass transfer factor, dimen- 
sionless 

L = length, ft. 
M = molecular weight 
p,, 

pmm 

sq. ft./hr. 

G 

k, 

i d  

= partial pressure of nontrans- 
ferable component, atm. 

= vapor pressure, mm. of mer- 
C U T  
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N == 
Re’ p(1-E) 

Fig. 3. Comparison of j n  factors and modified Reynolds numbers for both 
fixed and fluidized beds. 

AP = pressure drop, 1b.-force/sq. 
tt. 

N R e ,  = modified Reynolds number, 
D,G/p( 1 - E )  

N , ,  = Schmidt number, p / p D ,  
?’ = absolute temperature, O K .  

T ,  
T ,  = normalized temperature, T /  

t = temperature, “C. 
U = superficial velocity, ft./sec. 

VC = critical volume, cc./g.-mole 

Greek Letters 

f = fractional void volume, di- 
mensionless 

E = maximum energy of attrac- 
tion between a pair of mole- 
cules, erg./molecule 

x erg./”K. molecule 
P = viscosity, 1b.-mass/ft. sec. 
?r = tot.11 presume, atm. 
P = density, cu. ft. 
r = collision diameter, A. 
Q” “[T,]  = collision integral for 

= normal boiling point, O K .  

€ / K  

or ft./hr. 

ir = Boltzmann constant, 1.3805 

Equation (3) 
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