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extract-Concentration profiles of naphthalene vapor were measured in the flow of air through packed 
aeds of naphthalene spheres dispersed in a matrix of inert beads of styrene divinylbenzene copolymer. 
lhese profiles permitted the establishment of average actual driving forces, (Ap),, used to obtain corre- 
rponding actual mass-transfer coefficients. Six different particle sizes ranging from 0.02480 to 0.2OOOcm 
In diameter were used in a single reactor, 6.59 cm (2.59 in) in diameter. 

A plot ofj,+-factor vs Reynolds number obtained from the data of this study was found to be linear 
an log-log coordinates which can be expressed in equation form as, j, = 1.33/Re0.40 in the range 
Investigated (0.1 < Re < 100). This relationship, which includes axial and radial dispersion ~ntributions, 
Hfers from that of earlier studies in which the log-mean driving force, (A&,. was assumed to apply. 
The information of this study has been applied to the tank-in-series model to produce the dependence 
of Peclet number of Reynolds number, needed for the establishment of the actual mixing factor, defined as 

F = (APM&& 

NO~ENCLA~RE v, volume of bed [cm3]; 
specific surface area [cm2/cm3]; Y, naphthalene composition in air 
concentration of transferable component [mole fraction]; 
[g-mol/cm3] ; Yo, naphthalene composition in air leaving 
average particle size [cm] ; [mole fraction]; 
gas di!Iusivity [cm’/s] ; YS? naphthalene composition in air at surface of 
pseudo-dis~rsion coefficient for axial and active particles [mole fraction]; 
radial mixing [en?,%]; 5 height of bed [cm]. 
axial dispersion coefficient [cm*/sJ; 
axial mixing factor, (Ap)J(Ap),,,, equation (5); Greek symbols 

superficial mass velocity [g/s cn-21; E, void fraction; 
mass-transfer factor, (k,pgf M,/G)(p/pDy)y3; p, absolute viscosity [g/cm s] ; 
actual m~s-tr~sfer coefficient 
[g-mol/s cm’ atm]; 
height of packed bed [cm]; 
mean molecular weight of flowing gas; 
number of perfect mixers, equations (8) and 

(9); 
partial pressure of transferable component 
[atm] ; 
Peclet number, D, U/EE ; 

partial pressure of nontransferable 
component [atm] ; 
partial pressure of transferable component 
at saturated conditions [a&n]; 
inlet driving force [mm Hg]; 
outlet driving force [mm Hg]; 
actual driving force [atm]; 
log-mean driving force [atm]; 
rate of mass transfer [g-mol/s]; 
driving force ratio, ApJApo, equation (8); 
Reynolds number, D,G/p; 
Schmidt group, p/pD,; 
time; 
surface temperature c”C]; 
absolute temperature [KJ; 
actual fluid velocity [cm/s]; 

% 
PY 
Pdr 

Ps, 

average system pressure; 
absolute density of gas [g/cm3]; 
absolute density of diluent [g/crn3]; 
absolute density of naphthalene particles 

M~31. 

DURING the last thirty years considerable experimental 
info~ation has been reported in the Iiterature to 
describe the mass-transfer behaviour between gases 
and solid particles in packed beds. In this connection, 
mass-transfer studies have been reported for a number 
of gas-solid systems over extended ranges of Reynolds 
number. In 1943, Gamson et al. [l] presented mass- 
transfer data for the evaporation of water from the 
surface of Celite spheres into an air stream flowing 
through the voids of packed beds of these particles. 
Their experimental results were correlated in terms of 
j,,, the mass-transfer factor, against Re, the particle 
Reynolds number. Since their pioneering work, addi- 
tional ~nfo~ation has appeared in the literature to 
include other systems. In 1953, Chu et al. [Z] presented 
mass-transfer data for the naphthalene-air system in 
both packed and fluidized beds. Further studies aimed 
to extend our knowledge in this field are reported in 
the literature r-3-71 for gas-solid systems. 
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All these experimental studies have used log-mean 
driving forces for the calculation of mass-transfer 
coefficients and have neglected the contributions due 
to axial and radial dispersions. At high Reynolds num- 
bers, their contribution is small, however, in the low 
Reynolds region these effects cannot be ignored. In 
1953, Danckwerts [8], using a material balance over a 
differential length of packed bed, dz, and assuming 
Fick’s law of diffusion to be valid over this distance, 
showed that the following relationship applies: 

where c = concentration of the transferable component, 
E, = axial dispersion coefficient, and u = fluid velocity 
through the interstices of the packed bed. 

Carberry and Bretton [9] and Epstein [lo] discuss 
the magnitude of the corrections necessary for axial 
dispersion in packed beds. For a number of practical 
cases, it was found that the axial-mixing effect was 
very small, however, for shallow beds this contribution 
could not be ignored. This mixing effect also becomes 
significant for flow conditions corresponding to low 
Reynolds numbers. The presence of axial dispersion has 
been rationalized in the past by considering a fixed 
bed to consist of a number of perfect mixers in series. 
According to this concept, Epstein [lo] introduces in 
the rate relationship, the axial mixing factor, F, as 
follows : 

r = ~~ff~~(A~)* 

where (An), is the log-mean driving force. 

(2) 

Mass transfer in packed beds is essentially a dif- 
fusional phenomenon through a stagnant film in the 
high Reynolds region where the contributions of axial 
and radial dispersion are relatively un~~rtant. With 
decreasing Reynolds numbers, both axial and radial 
dispersion contributions become significant and there- 
fore these effects no longer can be neglected. At very 
low Reynolds numbers, Re < 1.0, these dispersion 
effects become molecular in nature and consequently 
molecular diffusion dominates the mechanism of mass 
transfer. To account properly for them, it becomes 
necessary to design an experimental procedure which 
will permit the separation of the diffusional effects 
from the coexisting dispersion contributions. Infor- 
mation relevant to this subject can be obtained by 
measuring actual driving forces existing within a 
packed bed. The departure of the measured driving 
force from the corresponding log-mean value should 
produce information that reflects in a combined 
manner the contribution of axial and radial dispersion 
effects associated with the physical transport of mass 
across a stagnant film. 

Experimental ~QUIPME~ AND PROCEDURE 

Mass-transfer studies were conducted for the naph- 
thalene-air system. Essentially spherical particles of 
naphthalene were prepared by the method outlined 
by Kato et al. [.5]. Their method utilizes a column 
ofwater, the upper section of which is heated externally 

with heating tape while the lower section is kept cold 
with a water bath. Naphthalene powder, introduced in 
the heated zone melted at SOC, and upon stirring, was 
dispersed into small droplets that solidified upon 
settling through the cold region. These naphthalene 
particles were removed, air dried, and screened into 
size ranges of six groups. An optical microscope was 
used to establish the average particle size by examining 
a sample of 250-350 particles, selected randomly from 
each group. The average particle sizes associated with 
each ofthe six groups ranged from 0.02480 to 0.2OOOcm. 
Using a water displa~ment technique, the apparent 
density of these naphthalene particles was measured 
and was found to vary from 1.034 to 1.061 g/cm3. This 
density variation results from the inclusion of small 
air bubbles within the spheres in the course of their 
preparation. 

In order to void saturated exit conditions of naph- 
thalene vapors in the air flowing through the bed, it 
was found necessary to disperse the naphthalene 
particles within a matrix of inert spheres. Beads of 
styrene divinylbenzene copolymer were used as the 
inert diluent for these active spheres. These beads 
were subjected to an exhaustive series of tests to estab- 
lish their response to possible naphthalene adsorption. 
It was found that naphthalene vapors would not adsorb 
nor desorb from these nonporous polystyrene beads 
after an initial exposure to naphthalene vapors. TO 
further confirm the reliability of this polystyrene 
diluent, runs were conducted in which the same quan- 
tity of naphthalene was dispersed in different amounts 
of this diluent. For one of these series (BP = 0.04895 cm), 
the ratio of diluent to active naphthalene spheres was 
varied from 20 to 70, using the same air flow rate. For 
these runs, essentially constant values of k, resulted. 
The results of this series of runs appears in Tables 1 
and 2 as runs B4, B5, and B6. From these results, it 
was concluded that polystyrene beads were an appro- 
priate diluent and therefore were used throughout this 
study. In this context, it should be noted that Bar-Ilan 
and Resnick [3] also used polystyrene spheres as a 
diiuent in their mass-transfer studies with naphthalene. 
Each size of naphthalene particles of this study was 
properly accommodated with polystyrene beads of the 
same size with which they were mixed in order to 
prepare the packed beds for investigation. 

The experimental equipment used in this investi- 
gation is essentially of the same type employed by 
Wilkins and Thodos [ll] and by Yoon and Thodos 
[12]. This equipment included a reactor, constructed 
of Lucite tubing, id. = 6.59cm (2.59 in), 0.318cm 
(l/8 in) thick, and 38.2cm (15 in) in length. Figure 1 
presents a schematic diagram of this experimental 
facility. The calming section of the reactor was fabri- 
cated from brass and included a screen and a bed of 
brass sphere, 0.95 cm (3/8 in) in diameter. This arrange- 
ment permitted a uniform velocity profile of approach 
to the stainless steel porous plate (l/16 in thick) which 
supported the packed bed. 

The top of the closure was also fabricated of brass 
and accommodated two travelling thermocouple 



Table 1. Ex~rimental data for the naphth~en~air system in packed beds 
Reactor: i.d. = 6.59cm Diluent: Styrene divinyibenzene copolymer beads (pa = l.04g/cm3) 

RUn 

Naph- Bed Composition 
n thalene* Diluent height G x lo3 I X 107 (mole fraction) (AP), x 10s 

(mm) t,(“C) (g) (9) wm) s (g/scmz) [gmol/s] y0 x lo3 y, x 10” (atm) 

L), = 0.0248Ocm (p, = l.060g/cm3) 

AA-1 751.4 22.27 0.3021 
AA-2 753.5 21.25 0.3115 
AA-3 753.1 22.00 0.3251 
AA-4 752.4 21.59 0.3210 
AA-S 152.5 22.06 0.3280 
AA-6 751.5 22.99 0.2597 
AA-7 753.6 21.71 0.3531 
AA-8 752.4 22.40 0.3356 
AA-9 751.6 21.84 0.3342 
AA-IO 751.6 22.39 0.422s 
AA-l lt 747.7 23.20 0.7598 
AA-12t 747.8 23.37 0.7483 

D, = 0.03446 cm (p, = 1.057 g/cm3) 

A-l. 752.5 22.33 0.5579 
A-2 752.5 22.06 0.5591 
A-3 751.5 21.22 1.0174 
A-4 751.8 22.99 0.9756 
A-5 752.6 22.27 0.6wo 
A-6 755.9 21.05 0.5654 
A-7 756.1 21.23 0.5663 
A-8 752.5 22.00 0.5625 
A-9 752.3 22.35 0.5609 
A-10 752.5 22.22 0.5592 
A-11 752.5 22.31 0.5632 

D, = 0.~895cm (p. = 1.061 g+m3) 

B-1 745.0 23.12 1.3811 
B-2 744.6 23.45 1.1166 
B-3 744.6 23.21 It 1402 
B-4 744.6 23.63 1.1800 
B-5 744.6 22.51 1.1949 
B-6 739.4 22.18 1.0230 
B-7 756.0 20.01 1.0087 
B-8 756.1 20.36 1.0900 
B-9 752.6 20.55 1.0610 
B-10 152.6 22.64 1.0907 
B-11 133.6 23.55 1.1340 
B-12 752.5 22.50 0.8142 

D, = 0.0720 cm (p, = 1.054 g/cm3) 

C-l 744.9 22.92 1.3476 
C-2 744.9 22.55 1.1400 
c-3 739.4 21.79 1.0364 
c-4 739.4 22.13 1.3386 
c-5 739.4 22.25 1.3495 
C-6 752.3 23.20 1.5510 
c-7 152.4 22.80 1.5820 
C-8 152.4 22.92 1.58Oo 
c-9 137.5 19.39 1.5841 
c-10 745.0 20.69 1.3670 
C-11 745.0 21.30 1.4798 
c-12 745.0 22.25 1.4058 

D, = 0.1073cm (p, = 1.054g/cmJ) 

D-l 758.6 20.66 4.45 I5 
D-2 756.0 19.50 4.4615 
D-3 758.7 20.80 4.5383 
54 758.8 20.78 4.4515 
D-5 756.2 19.67 4.46 f 5 
D-6 759.0 20.29 8.0070 
D-7 759.0 20.99 5.0090 
D-8 759.1 20.80 4.5383 

D, = 0.2COOcm (p, = 1.034g/cm3) 

H-l 755.8 21.34 33.50 
n-2 755.9 21.41 28.50 
H-3 755.9 21.51 28.50 
H-4 752.3 22.60 20.10 
H-S 752.5 22.65 24.50 

28.00 
24.00 
24.00 
27.00 
33.50 
26.00 
27.50 
27.00 
28.00 
28.00 
40.00 
50.25 

34.00 
34.00 
37.00 
41.05 
34.00 
37.00 
37.00 
35.00 
35.00 
35.00 
35.00 

54.30 
43.40 
43.80 
83.35 
24.25 
44.90 
50.00 
50.00 
50.00 
37.00 
27.00 
44.70 

54.45 
54.95 
44.85 
74.80 
46.40 
45.00 
45.00 
45.00 
45.00 
26.40 
92.30 
54.95 

54.00 
54.00 
5550 
54.00 2.70 0.389 20.96 
54.00 2.80 0.410 20.96 
67.00 3.50 0.395 26.13 
55.50 2.95 0.42 1 31.44 
55.50 2.95 0.425 38.91 

1.25 0.360 0.880 
1.10 0.375 0.883 
1.10 0.375 1.216 
1.19 0.351 1.215 
1.48 0.354 1.215 
1.20 0.381 1.546 
1.25 0.370 1.552 
1.20 0.356 1.903 
1.25 0.360 2.231 
1.25 0.357 2.932 
0.90 0.369 1.691 
1.06 0.330 2.422 

1.50 0.349 2.236 
1.50 0.349 3.4 16 
f.75 0.386 3.632 
1.90 0.375 4.961 
1.50 0.348 4.970 
1.75 0.393 3,461 
1.75 0.393 6.331 
1.59 0.368 3.444 
1.59 0.368 2.920 
1.59 0.378 4.926 
1.70 0.409 7.916 

2.65 0,408 4.899 
2.06 0.390 3.420 
2.06 0.385 6.261 
4.00 0.403 9.325 
1.15 0.375 9.328 
2.06 0.371 9.310 
2.31 0.376 3.464 
2.3 1 0.376 6.337 
2.40 0.399 12.60 
1.75 0.385 12.53 
1.25 0.364 4.870 
2.07 0.378 3.614 

2.54 0.379 3.423 
2.54 0.376 14.09 
2.06 0.372 9.313 
3.49 0.384 9.310 
2.06 0.344 14.06 
2.00 0.342 3.441 
2.15 0.388 9.375 
2.15 0.395 7.911 
2.10 0.373 6.972 
1.23 0.362 12.45 
4.29 0.382 12.45 
2.54 0.373 4.926 

2.70 0.389 9.443 
2.85 0.42 1 12.61 
290 0.415 15.69 

1.50 0.365 29.6 1 27.90 8.037 8.037 1.503 
1.25 0.352 48.29 43.2 1 1.631 8.092 2.086 
I.30 0.376 61.8 1 58.16 7.313 8.171 3.121 
0.96 0.405 38.58 36.75 8.124 9.138 3.249 
1.10 0.367 58.34 57.29 8.375 9.183 3.182 

0.837 8.106 8.859 2.523 
0.762 7.360 7.991 2.028 
1.112 7.796 8.605 2.559 
1 .lQo 7.646 8.275 2.556 
1.136 7.973 8.666 2.505 
1.498 8.261 9.506 3.403 
1.342 7.380 8.367 2.980 
1.762 7.895 8.961 2.945 
1.985 7.557 8.491 2.838 
2.650 7.708 8.963 2.623 
3.749 9.323 9.752 2.571 
5.413 9.398 9.914 2.965 

2.030 7.743 8900 2.996 
3.081 7.270 8.665 3.466 
3.165 7.432 7.988 2.092 
4.890 8.393 9.420 2.609 
4.382 7.518 8.845 3.399 
2.744 6.763 7.809 3.048 
4.895 6.596 7.947 3.036 
2.951 7.303 8.522 3.426 
2.714 7.926 8.866 3.300 
4.916 7.334 8.804 3.661 
6.902 7.435 8.934 3.609 

5.384 9.370 10.30 3.464 
3.664 9.132 10.00 3.193 
6.224 8.480 9.815 3.586 
9.814 8.971 10.18 3.955 
8.532 7.799 9.154 3.325 
8.333 7.63 1 8.925 3.820 
2.568 6.323 7.04 1 2.477 
4.572 6.153 7.290 2.959 
8.728 5.905 7.428 3.902 

10.44 7.108 9.172 3.379 
4.891 8.650 10.29 3.872 
3.033 7.158 9.049 4.085 

3.258 8.115 9.525 4.126 
10.63 6.431 9.187 5.229 
5.627 5.153 8.588 5.300 
6.255 5.728 8.881 5.184 

10.43 6.326 8.986 4.756 
3.347 8.298 9.694 3.454 
7.415 6.741 9.319 4.296 
6.569 7.082 9.430 3.928 
4.786 5.855 6.910 2.860 
7.010 4.801 7.645 4.227 
7.411 5.076 8.122 4.662 
3.764 6.519 8.918 4.301 

7.368 6.656 7.487 2.451 
8.693 5.882 6.692 2.490 

12.01 6.527 7.590 2449 
15.79 6.422 7.573 3.025 
13.97 5.682 6.805 2.912 
20.15 6.578 7.223 2.233 
22.45 6.092 7.731 3.675 
26.02 5.704 7.585 3.706 

rt = Average system pressure; L = bed height; f, = surface temperature; yo = naphthalene composition of air leaving 
[mole fraction]; y, = naphthalene composition of air at surface of active particles [mole fraction]. 

*Initial weight of naphthalene [g]. 
tSize of reactor: i.d. = 9.37cm (3.69 in). 
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Table 2. Calculated mass-transfer values for the naphthalene-air system 

adV AP* 
Run lcm'l lmm) 

D, = 0.02480cm (I'% = LObOg cm') 

AA-i 69.0 0.06657 
AA-2 71 I 0.06021 
A.A-3 14.2 0.06483 
AA-4 72.3 0.06226 
AA-S 749 0.06521 
AA-6 59.3 0.07144 
AA.7 80.6 0.06305 
AA-8 76.6 0.06743 
AA.9 76.3 0.06382 
AA-IO 96.4 0.06736 
AA-II' 173.4 0.07292 
AA-I?' 170.8 0.07413 

Q, = 0.03446cm fp\ = 1.057g'cm") 

A-l 91.9 0.06697 
A-2 92.1 0.06521 
A.3 1676 0.06Oil3 
A-4 1607 0.0708 I 
A-5 Y9.4 0.06657 
A.6 93.2 0.05903 
A.7 93.3 0.06009 
A-X 927 0.06413 
A-Y 92.4 0.06670 
A.10 Y21 0.06625 
A-II 92.x 0.06723 

D, =O.O4895cmtp, = 1.061gkm"l 

R-i 159.6 0.07671 
B-2 129.0 0.07472 
B-3 1317 007342 
B-4 1363 0.07582 
8.5 138.0 0.06816 
B-6 118.2 a.06599 
B-7 116.5 0.05323 
B-Y 115.5 0.05512 
B-Y 122.6 005617 
R-10 126.0 0.06YO3 
B-11 131.0 0.07545 
B-12 94.1 0.04X09 

D, = 0.0726cm ly, = 1.054~;cm"l 

C-i 105.7 007095 
f-2 
6-i 

10X7 006843 
81.3 006350 

c-4 105.0 0.06566 
c-s 105.8 006644 
C-6 121.6 0.07292 
c-7 119.8 0.07012 
C-8 123.9 0.0709s 
C-9 124.2 0.05003 
C-IO 107.2 0.056% 
C-II 116.0 0.06050 
c-12 110.2 0.06644 

0,=0.1073cmIp,=1.054~ cm? 

D-i 2362 0.05679 
D-2 236.7 0.05059 
D-3 2408 0.05758 
D-4 236.2 0.05747 
D-S 236.7 0.05145 
D-6 424.8 0.05474 
D-7 265.7 00586X 
D-8 240.X 0.0575X 

D, = 0.2O0Ocm (p. = 1.034g~cm"l 

H-l 972.0 0.06074 
w-2 826.9 0061ii 
H-3 8269 0.06177 
H-4 583.0 0.06112 
H-5 710.8 0.06960 

APO &b 
R=--- lApI, x IO5 

lmmi Ap,, ,SltiTl, F h”X IO" ,‘, Lid RP n PC Fcalc'd 
- 

0.00566 Ii.76 3.251 0776 0.481 294 1.06 0.119 5.06 
0.00482 I250 2X84 0.703 0.528 3.22 121 0.120 3.78 
0.00609 10.64 3.268 0.783 0.586 2.60 0.975 0.165 5.02 
a.00473 13.16 2.983 0870 0.590 2.61 0.916 0.165 Y.JX 
0.00522 l2SO 3.123 0.820 0.605 2.68 0.949 0.165 5.91 
0.00936 7.63 4.018 0.847 0.742 2.58 0.984 0.209 6.27 
0.00744 8.48 3.425 0.870 0.559 1.94 0.71R 0.211 7x7 
0.00802 x.40 3.672 0.802 0.781 2.21 0.787 0.25X 5.00 
O.M)702 909 3.387 0.838 0.917 2.20 0.793 0.304 6.43 
0.0o943 X.33 3.679 0.713 1086 1.99 0.710 0.39x 3.30 
0.00321 22.73 2.935 0.876 0.841 2.66 0.982 0.229 12.02 
0.00385 iv.23 3.12X 0948 1.069 2.36 0.779 0327 27.97 

0.201 0.78h 
0.170 0754 
0.226 0.785 
0.395 07x4 
0 I98 0.827 
0.259 0.835 
0.312 0834 
0.221 0.834 
0.255 0.834 
0131 0.856 
0.662 0657 
I.31 0760 

0.00871 7.59 3.759 0.797 0737 1.78 0.621 0.421 4.67 
0.010s0 6.21 3.943 0x79 0.965 144 0.503 0.68t 7.24 
ooo420 14.29 2.764 0.757 0.903 I.34 0.516 0.681 4.99 
0.00772 Y.17 3.743 0697 I I66 I.26 0.473 0.935 3.24 
a.00999 6.67 3.925 0.866 1.297 1.41 0.491 0.939 6.75 
0.00791 7.46 3.346 0.911 0.966 1.51 0.593 0.654 10‘91 
0.01022 S.R8 3.702 0.820 1.728 I.48 0.582 I I96 4.60 
0.00917 6.99 3.720 0.921 0.929 1.45 0.534 0.650 12.04 
0.0o707 9.43 3.496 0.944 0.890 1.64 0.6O4 0.550 1963 
0.01106 5.99 4.059 0.902 1.264 1.38 0522 0.929 8.86 
0.01116 5.95 4.125 0.875 2061 140 0.573 I.492 6.81 

0.214 0.841 
0333 0.866 
0 197 0.841 
0.117 0.883 
0.310 0.874 
0.430 0.88i 
0.181 0904 
0.522 0.873 
0.X51 0845 
0.384 0.887 
0.276 0.905 

0.00690 1111 3.815 0.908 0.974 1.06 0.432 I.31 12.69 
0.00650 Il.41 3,674 0.869 0.890 1.39 0.542 0.913 X.87 
a.00999 7.35 4.184 O.R57 I.318 I.12 0.431 I.67 6.63 
0.00902 X.40 4.128 0.958 1.821 1.04 0.419 2.49 24.84 
0.01OoY 6.76 4.001 0.832 I.859 1.06 0.398 2.50 5.33 
0.00957 6.90 3.843 0.994 1.845 1.05 0.390 2.49 153.9 
0.00543 9.80 2.755 0.899 0.890 1.39 0.523 0.932 to.89 
a.00860 6.41 3.295 0.898 133X 1.14 0.429 1.70 X.80 
0.01151 4.38 3.914 0.997 1.824 0.916 0.365 3.39 239.5 
001553 5.88 4.250 0.795 2.452 I.05 0.404 3.35 4.00 
0.012OQ 6.29 4.539 0.853 0.949 I.02 0.371 1.23 5.92 
0.01423 479 4.529 0.902 0.789 l.IX 0.446 0.967 7.75 

0.469 0.881 
0.421 0.835 
0.315 0.879 
0.608 0.938 
0.454 0.814 
7.30 0.892 
0.462 0.861 
0.373 0.899 
9.17 0.933 
0.224 0.891 
0.464 0.809 
0.367 0893 

0.01050 6.76 4.163 0.991 0.731 I I40 0.432 1.36 107.2 
0.02053 3.33 5.475 0.955 2.044 0.708 0.266 5.59 13.05 
O.02540 2.50 5.470 0.969 1.305 0.742 0.276 3.70 14.54 
0.02331 2.82 5.383 0.963 1.149 0.653 0.251 3.70 13.97 
0.01967 3.38 5054 0.941 2073 0.780 0.268 5.58 10.06 
o.OtOM 6.94 4.23X 0.815 0.797 1.250 0.428 I.36 4.89 
0.01935 3.62 5.188 0.828 I.441 0.828 0.321 3.72 3.51 
0.01767 4.02 5.042 0.779 1.350 0.919 0.363 3.14 290 
o.ooaw 6.25 3.017 0.948 1.347 0.993 0.370 2.19 17.21 
0.02119 2.69 4760 0.888 1.547 0.663 0.240 4.96 4.25 
0.02269 2.68 5.073 0.919 1.371 0.587 0.224 4.95 5.89 
0.01787 3.72 4865 0.884 0.794 0.860 0.321 196 5.42 

6.15 0.855 
0.746 0.931 
1.02 0.929 
0.581 0.952 
0.708 0.915 
0.355 0.817 
0.237 0.906 
0.196 0.895 
1.190 0.857 
0.501 0.902 
0.199 0.971 
0.310 0.909 

0.00630 9.01 3.022 0.811 1.273 0.732 0.285 556 5.42 0.431 0.832 
0.00621 8.26 2.770 0.899 1.475 0.633 0.266 744 10.05 0.757 0.852 
0.00806 7.14 3.314 0.739 2.036 0.705 0.293 9.24 3.41 0.252 0.872 
0.00874 6.SX 3.403 0.889 2210 0.573 0.223 12.4 8.13 0.646 0.877 
000849 6.06 3 I25 0.924 2.050 0529 0.217 12.4 II.48 0.880 0.886 
O.o0482 It.36 2.707 0.825 2.127 0.442 0.175 154 6.52 0.400 08X3 
0.01244 4.72 3.922 0.937 2.299 0397 0.167 185 12.05 0.X76 0.925 
0.01428 4.03 4.082 0.907 2.916 0.407 0.173 229 7.26 OS28 0.931 

0 
0.00349 
0.00649 
0.00678 
0.00612 

17.54 
9.52 
9.01 
11.36 

_ 

2.651 
3.228 
3.251 
3.140 

0.787 
0.967 
0.999 
0.933 

1.910 0.349 0.127 32.5 
2.505 0.281 0.0989 52.9 
2.253 0.180 0.0677 743 
1.940 0.271 0.108 42.2 
2.364 0.218 0.0800 63.8 

622 
33.76 

1065 
17.65 

.~. 
1.99 
1039 

443.X 
6.42 

0.535 
0.652 
0.659 
0.564 

h, = g-mni:~ cm’ am. 
*Size olrcactor: I.d.= 9.37cm(3,691nl 

probes and a sample probe that could be moved up 
and down for the withdrawal of air samples from dif- 
ferent bed heights. This sampling probe was provided, 
at the tip inlet, with two crossed layers of NO-mesh 
stainless steel screen to prevent any solid carry-over. 
Each thermocouple probe carried a single copper-con- 
stantan the~ocouple. One the~ocouple measured 
the temperature of the air above the bed while the 

other was surrounded with a solid bead of naphthalene. 
This bead was prepared by melting naphthalene on the 
thermocouple junction which was offset to be near the 
surface of this bead. The temperature measured with 
this thermocouple was assumed to be the surface tem- 
perature ofthe naphthalene particles in the packed bed. 

Packed beds of naphthaiene particles and poly- 
styrene beads were prepared by thoroughly mixing 
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L 
- Air 

FIG. 1. Schematic diagram of experimental unit. 

them together in the appropriate proportions. The 
dilution ratio, grams of polystyrene/gram of naph- 
thalene was varied from zero to 100. In the course of 
a run, a gas sample was continuously withdrawn from 
the sampling probe. The position of the sampling probe 
in the course of a run was varied to traverse the entire 
height of the bed. The withdrawn sample was first 
passed through a solenoid sampling valve and was 
then introduced into a hydrocarbon analyzer of the 
flame ionization type (Beckman, Model 109A) using 
nitrogen as the carrier gas. This instrument was first 
calibrated by obtaining the response of air samples 
saturated with naphthalene vapors. These samples were 
prepared by passing air slowly through a bed of 
naphthalene particles (height = 22cm). In order to 
ascertain saturated conditions, the flow rate of air 
through the naphthalene particles was slowly decreased 
until the instrument response became constant. For 
these conditions, the naphthalene content of the air 

was also checked with a material balance obtained by 
the weight loss of naphthalene. The instrument re- 
sponse corresponding to the saturation concentration 
of naphthalene in the air samples at the temperature 
of the system permitted the calibration of the hydro- 
carbon analyzer. 

To avoid adsorption of naphthalene vapors on the 
walls of the sampling lines, all sampling lines leading 
to the analyzer were heated with electric-tape. The 
signal from the analyzer was transmitted to a recorder 
and the resulting response curve was integrated to 
obtain the naphthalene content of the air samples. This 
approach permitted the establishment of the concen- 
tration profile of naphthalene in air for each run. 
Altogether, 60 runs were completed using the six groups 
of particle sizes in a single reactor (i.d. = 6.59 cm). The 
experimental data resulting from this study are sum- 
marized in Table 1. 

ANALYSIS OF EXPERIMENTAL DATA 

The concentration of naphthalene vapor at the 
surface of the particles must be in equilibrium at the 
temperature of the solid. For solid naphthalene, the 
vapor pressure relationship of Gil’denblat et al. [13], 

loglopS = 11.424-T”K 3722’5 (16°C < t < 50°C) (3) 

was used. Equation (3) produces values that are in 
close agreement to the vapor pressure values resulting 
from the relationship, log,, pS(mm) = 11.450 - 3729.3/ 
T”K presented in the International Critical Tables [ 141 
and used by Chu et al. [2]. A typical normalized partial 
pressure profile for naphthalene vapors is presented in 
Fig. 2 for run A5 which lasted 12min. The duration 
ofeach run was monitored to be approximately 15 min, 
in order to ensure that the change of the average 
particle size did not exceed a variation of more than 
5%. Relationships comparable to Fig. 2, were obtained 
for all the other runs. These relationships have been 
graphically integrated to establish the actual driving 
force, (Ap),, needed for the calculation of actual mass- 
transfer coefficients. 

0.8 1,=2227% p,=O.O6657 mm Hg 

0.6 Dilution Ratio = 56.2 

(Ap&=O.O2583 mm Hg 

‘0 0.2 04 0.6 OB 

FIG. 2. Typical normalized partial pressure profile of 
naphthalene. 
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FIG. 3. Relationship between jd and Re for packed beds established from driving forces involving actual concentration 
profiles. 

Actual partial pressure profiles for naphthalene of 
the type presented in Fig. 2 should produce a log-mean 
partial pressure difference, if only plug flow conditions 
prevail within the packed bed. Deviations from this 
log-mean value signify the presence of axial and radial 
dispersion ~ntributions. For run A5, the actual aver- 
age driving force, (A& = 0.02583mm (3.399 x lo-’ 
atm) while the corresponding log-mean value obtained 
from the end conditions is found to be (Ap), = 
0.02983mm (3,925 x 10m5 atm). The establishment of 
the actual measurement of (A&, allows the calculation 
of the true mass-transfer coefficient associated with the 
rate relationship, 

the 60 runs of this study can be expressed in equation 
form as, 

r = k,al/(Ap),. (4) 

When equation (4) is compared with equation (2), it 
follows that the actual mixing factor becomes, 

Values of F for the runs of this study are included in 
Tables 1 and 2 along with corresponding values (Ap), 
and (Ap), used to establish the values of the axial mixing 
factor, F, for all the 60 runs of this study. 

Actual mass-transfer coefficients, k,, calculated with 
equation (4), are presented in Table 2. These values 
were then used to calculate the corresponding mass- 
transfer factors, j,, which are also presented in this 
table. For these calculations a Schmidt group value of 
SC = 2.57 was used. This value is essentially constant 
over the temperature variation encountered for all runs 
and ranged from 19-24°C. This same value is reported 
by Chu et al. [2], Bar-Ilan and Resnick [3], Bradshaw 
and Bennett [lS], and Kato et al. [S]. Values ofjd have 
been plotted vs Reynolds number to produce the linear 
relationship of Fig. 3. This relationship, resulting from 

1.33 
j, = - 

&0.40 
(0.1 < Rr < 1001. 

In order to establish a more generalized treatment 
[6] for these runs, the product ~j, has been related to 
the corresponding Reynolds number as shown in Fig. 4. 
The dependence of .sjd on Re can be best presented 
visually in an equation form as, 

0.480 
&jd = -__ 

&0.3” (0.1 < Re < 100). (7) 

In this figure are included values of &j, resulting from 
the data of Gamson et al. [l], DeAcetis and Thodos 
[4], Petrovic and Thodos [ 161 and Wilkins and Thodos 
[l 11. Their values were corrected for axial dispersion 
using the approach outlined by Epstein [lo] and a 
value of Pe = 2, suggested by Wilhelm [17]. The line 
resulting from these adjusted data lies slightly lower 
than that represented by equation (7). The deviation 
between these two correlations is undoubtedly due to 
insufficient correction necessary to account for the 
contribution of radial dispersion which is inherently 
present in equation (7). Equations (6) and 17) produce 
mass-transfer coefficients that take into account the 
coexisting axial and radial dispersion contributions in 
accordance with equation (4). For these relationships 
to be complete, it becomes necessary to establish F so 
that (Apa can be properly accounted for from the cor- 
responding log-mean value, (Aplnt, which is more 
directly discernible from the inlet and exhaust con- 
ditions of a packed bed. 

Correlation of actual mixing factor, F 
Values of the actual mixing factor. F, obtained from 

equation (5) include the contribution of both axial and 
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FIG. 4. Comparison of packed bed relationships between ej, and Re resulting from actual driving forces and log-mean 
driving forces corrected for axial mixing. 

radial dispersion under the flow conditions of the 
system. The analysis of these coexisting dispersion 
effects is not convenient to undertake in their com- 
bined form. In this connection, McHenry and Wilhelm 
[18] point out that in a packed bed, axial dispersion 
is approximately six times larger than the correspond- 
ing radial contribution. Largely, because of the domi- 
nant nature of the axial dispersion, it is reasonable to 
assume a pseudo-axial dispersion model that treats the 
smaller radial contribution in a manner similar to that 
outlined for axial dispersion. Using a mode1 based on 
the number of perfect mixers in series for packed beds, 
Epstein [lo] develops the axial mixing factor to be, 

1nR 
F= 

n(R”” - 1) (8) 

where R = ratio of inlet to outlet driving potentials, 
and n = number of perfect mixing cells in series. 

McHenry and Wilhelm [18] show that the number 
of perfect mixers in a fixed bed can be expressed as, 

L Pe 

“=m- 
(9) 

where L = height of packed bed, D, = average particle 
diameter and Pe = Peclet number, D,u/cE. 

Wilhelm [ 171 summarizes experimental work avail- 
able in the literature for both axial and radial dispersion 
in packed beds. Using a frequency response technique, 
McHenry and Wilhelm [18] obtained axial dispersion 
data for the gaseous systems hydrogen-nitrogen and 
ethylene-nitrogen and derived from these data, the 
dependence of the Peclet number on Reynolds number. 
Using the data of twenty-one runs for Reynolds num- 
bers between 100 to 400, they conclude that the axial 
Peclet number is 1.88 + 0.15. Aris and Amundson [ 193, 
using theoretical arguments, show that this axial Peclet 
number approaches, Pe = 2, as a limiting value, at high 
Reynolds numbers. In his review presentation, Wilhelm 

[17] indicates that for gaseous systems, molecular 
diffusion becomes increasingly significant with decreas- 
ing Reynolds numbers for Re < 10. 

The combined axial-radial mixing factor, F, resulting 
from the measurements of the present investigation and 
the ratio of inlet to outlet driving potentials, R, per- 
mitted the evaluation of the number of mixing cells, n, 

using a trial-and-error procedure on equation (8). The 
values of n resulting from this treatment, enabled the 
calculation ofthe Peclet number, Pe = D&&E through 
the involvement of equation (9). The resulting values 
of both n and Pe are also presented in Table 2. It 
should be pointed out that the calculated value of E 
associated with this Peclet number represents a pseudo- 
axial dispersion coefficient which includes, not only the 
axial, but also the simultaneous radial dispersion con- 
tribution. These calculated Peclet numbers which in- 
clude both contributions have been related to their 
corresponding Reynolds numbers in Fig. 5. The high 
degree of sensitivity of n on F and R, as depicted by 
equation (8), reflects on the data of this figure which 
show a scatter, but indicate a dependence of Peclet 
number on Reynolds number that can be approximated 
through the relationship, 

Pe = 0.34Re0.” (0.1 < Re < 100). (10) 

This relationship has been used to produce Peclet 
numbers corresponding to the runs of this study and 
with equations (8) and (9), values of F were back- 
calculated. These calculated values are presented in 
Table 2 and can be compared with the corresponding 
values of F resulting from the actual driving force 
measurements. This comparison indicates that gener- 
ally good agreement exists between values of F calcu- 
lated using equations (lo), (9), and (8) and the corre- 
sponding values obtained from the actual concen- 
tration profiles. The overall average deviation for all 
the runs was found to be 8.16%. Consequently, the 
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Re=y 

FIG. 5. Relationship between Peclet number and Reynolds number that includes the simultaneous axial 
and radial contributions present in the data of this study (naphthalene-air system, SC = 2.57). 

use of equation (10) justifies the calculation of a Peclet 
number which includes the combined axial and radial 
contribution inherently present in this mass-transfer 
operation. 

STATISTICAL ANALYSIS OF DATA 

The most ~portant inde~ndent variables of this 
study are represented by the particle size and mass 
velocity. From the experimental results, the effect of 
active particle dilution and bed height have been shown 
to be insignificant. The experimental runs conducted 
in this study were essentially carried out in a random 
manner and therefore this approach introduces hardly 
any bias to the results. For each run, a new batch of 
naphthalene with the necessary inert particles was 
charged to minimize the effect of size shrinking and 
therefore the compromised particle size of the active 
particles is representative of the state prevalent under 
the specified flow conditions. 

The results of the data presented in Fig. 3 exhibit a 
definite dependence between j, and Re and in Fig. 4 
between ej, and Re. The relationships of these figures 
were visually established to produce the expressions 
represented by equations (6) and (7). However, a 
statistical approach using the original data becomes 
more convincing since the visual approach gives rise 
to expressions that are nearly the same as those 
resulting from the statistical arguments. When a linear 
regression analysis is applied to lnj, and In Re, the 
following relationship resuIts for Fig. 3 : 

jd = $& (0.70 < Re < 100). (11) 

Equation (11) is identical to equation (6) and is associ- 
ated with a correlation coefficient of 0.984. For Fig. 4, 
the following functionality was found using the same 
approach : 

, -0.499 (O.l<Re<lOO) ‘Jd - &a.382 (12) 

with a correlation coefficient of 0.978. Figure 5 exhibits 
a scatter between the calculated values of the Peclet 
number, Pe, and Re, the particle Reynolds number. 
The visually established relationship of this figure is 

given by equation (10). However, the regression analysis 
approach involving 1nPe and In Re, produced the 
following dependence: 

Pe = 0.379Re0.” (0.1 < Re < 100). (13) 

As expected, equation (13) has a smaller correlation 
coefficient of 0.42. Equation (i0) produces values for 
the Peclet number which are consistently lower than 
those resulting from equation (13), since the only differ- 
ence between them exids in the coefficient terms 0.34 
and 0.379. 

The difference between equations (7) and (12) can 
best be represented by the variations at the boundaries 
of the Reynolds number range of interest as follows: 

Equation (7) 
Equation (12) 

Deviation, % 

&jd 

Re = 0.1 Re=lOO 

1.18 0.0797 
1.20 0.0859 

1.7 7.2 

as can be seen, the maximum deviation between these 
two equations is less than 7.2%. 

CONCLUSiONS 

Actual concentration profiles of naphthalene vapor, 
sublimed into air flowing through a packed bed of 
naphthalene spheres, were used to establish the pre- 
vailing actual mass-transfer coefficients, k,, and the 
~~es~nding mass-transfer factors, j+ For the sixty 
runs of this study which included the involvement of 
six different particle sizes, the Reynolds number was 
varied from 0.119 to 74.3. The functionality between 
actual mass transfer factor and particle Reynolds 
number was found to be jd = 1.33/Re0.40. 

Graphical integration ofthese concentration profiles, 
yielded average driving forces which differed progress- 
ively from the corresponding log-mean values with 
decreasing Reynolds number. This difference results 
from the axial and radial dispersion effects which 
cannot be ignored with decreasing flow conditions. 
Both of these contributions have been accounted for 
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by the introduction of the axial mixing factor, F, needed 9. J. J. Carberry and R. H. Bretton, Axial dispersion of 

for the establishment of the proper mass-transfer rate. mass in flow through fixed beds, A.I.Ch.E. JI 4, 367 
(1958). 
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FACTEURS DE TRANSFERT MASSIQUE POUR L’ECOULEMENT DE GAZ 
A TRAVERS DES LITS FIXES (0,l < Re < 100) 

R&rm&--On a mesure des profils de concentration de vapeur de naphtaltne dans fair qui traverse des 
hts fixes de spheres de naphtal~ne disperstes dans une matrice inerte de copolymere de divinyl/benzene. 
Ces profils ont permis de degager le parametre (A&, utilise pour obtenir les coefiicients de transfert 
massique. Six tailles de particule entre 40248 et 0,200Ocm de diametre sont utilisees dans un mime 
reacteur de 659 cm de diametre. 

Un graphe de variation du facteur j_, en fonction du nombre de Reynolds est lineaire dans des 
coordonnees log-log, et il peut etre exprime par j, = 1,33/Re ‘,” dans le domaine ttudie (41 < Re < 100). 
Cette relation qui inclut les ~ntributions des dispersions axiales et radiates, differe de celie don&e dans 
des etudes anterieures dans laquelle est supposed intervenir la force motrice. moyenne logarithmique (A&. 
L’information don&e par cette etude a BtC appliqute au mod&e des reservoirs en serie pour obtenir la 
dependance entre nombre de P&let et nombre de Reynolds, necessaire pour etablir le factor de melange 

dtfini par F = (Ap)./(Ap),,,. 

ERMI’ITLUNG DER STOFFUBERGANGSFAKTQREN AUS DEN 
TATSACHLICHEN, TREIBENDEN KRbiFTEN F#R DIE STR~MUNG 

VON GASEN DURCH FESTBETTEN (0,l c Re < 100) 

Zusammenfassung-Es wurden die Konzentrationsprofile von Naphthalin-Dampf in einer Luftstromung 
durch Festbetten ausgemessen. Die Festbetten bestanden aus Naphthalinkugeln, welche in eine Matrix 
aus inerten Styroi-Divinylbenzol-Ko~lymer-P~len eingebettet waren. Diese Profile erlaubten die 
Bestimmung der tatsachhchen, treibenden K&e (A&., aus welchen die entsprechenden tatsiichlichen 
Stoffubergangskoeffizienten ermittelt wurden. Der Festbettreaktor besaD einen Durchmesser von 6,59 cm, 
die Partikeldurchmesser variiertenvonO,02480 cm bisO,2O@Ocm. In der doppeltlogarithmischen Darstellung 
des jd-Faktors tiber der Reynolds-Zahl ergab sich eine Gerade, welche im untersuchten Bereich 
(0,l < Re < 100) durch die Gleichung j, = 1,33/Reos4 wiedergegeben werden kann. Diese Berechnung, 
welche sowohl axiale wie radiale Beitrage erfa& unterscheidet sich von denen frtiherer Untersuchungen, 
in weichen die mittlere log~~mische treibende Kraft (Ap),,, Verwendung fand. Das Ergebnis dieser 
Untersuchung wurde auf das Model1 der Reihenschaltung van Apparaten angewandt und es wurde die 
Abhiingigkeit der Peciet-Zahl von der Reynolds-Zahl ermittelt, weiche zur Aufstelhmg des tatsiichlichen 

Mischungsfaktors F = (Ap)~(Ap~* erforderiich ist. 
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OlTPEjJEJIEHWE K03‘DWiI@iEHTOB TElWIOOPMEHA l-IO 
ABHXWM CMJIAM AJUI l-IOTOKA 1-A30B, l-IPOTEKAIOIUEl-0 =IEPE3 

I-IJ-IOTHbIE CJ-IOki (OJ < Pe < 100) 

AlmOlwm - B noToKe Bo3nyxa, xxpoTeKaIoaeM uepe3 rmonme cno~ H&T~TIHAOB~IX c+ep, mc- 

neprqmammx B Maqmue miepmmx mapmoB conomihfepa nmmudemona, H3Mepmcb rfpo&fn8 

~onw.mpaum napor Ha~wrmia. 3ni npofjmmi r103~0~wn5 ~&km cpeAxue acT5iAHbIe Awixynwe 

cEJIbI (Ap). AJ’M OnpeAenermR coo~se~c~y~Owi~ EwrwHbIx Ko~EIIEeHToB TeMOO6MeRa. B 

peaKTope, AHaMeTpOM 6,59 CM, WCnOnb30RanHCb vacTIiI&Ld AHaMeTpoM OT 0,02480 ~0 0,200o’c~. 
rpil&fK 3BBECHMOCTE jd - K03~&iIUieETa OT ‘iHJ-ICa PetiHOJIbACa, llOJIy¶eHHbIlf II0 AaHHbIM AaCTO- 

XIIIerO SiCCAeAOBaHHJl, JIBJISeTCff JIHHe&bIM B JIOTapEi@WK?CKHX KOOpAEHaTaX, ‘IT0 AJIX HCCJIeAO- 

BBAHOrO AHBDa3OHa MOXHO BbIpa3HTb B BHAe ypaBHeHHSl jd= 1,33/Pe”*40. 310 COOTHOIIIeHUe, 

BKJ’UO’WO~et OC%?BylO H paAHUIbHyH, AHClIepCHIO, OTJ’IH’IWTCII OT paWe. H3BeCIHOfi JIOrapE@MH- 

nec~oii ocpememott ammryxueil w-n.1 (Ap),,,. Ha OCHOBSLHHH IIOJIy’feHHbIX pe3yJIbTaTOB 6bIna 

IIJWUIO~eEa MOAeJtb, IIpeACTalUISIh2IIWI co6oP UeIlO’iK)’ IIOCJleAOBaTeJIbHO COeAHHeHEbIX pesep- 

ByapOB, Heo6xorprMar z&m onpeL@nem tmmitioro Ko3t$@i~ema meme= f= (Ap),/(Ap), . 


