The order of magnitude of the dis-
persed phase mixing rate is ten vol-
umes interacting per volume of dis-
persed phase per minute at power in-
puts of the order 10 hp./1,000 gal.
The theoretical analysis in Part I leads
to the conclusions that these values of
the mixing rates can have significant
effects on chemical reactions in stirred
vessels, and that such rates are not
closely equivalent to either of the two
limiting conditions, zero or complete
dispersed phase mixing. The value of
these results is that some estimate of
dispersed phase mixing, and its effect
on chemical reactions can now be
made in reactor designs, a possiblity
that has not existed heretofore.

NOTATION

=
It

interfacial area per unit vol-

ume

= dye concentration in a drop

= mean of p(c)

= average concentration in light
path

= impeller diameter

= drop diameter

Qefe

& T

g. = conversion factor

h = length of light path

I(I,) = light transmission (zero drop
absorptivity)

I = average light transmission

1, = initial average light transmis-
sion before dye added

1. = final average light transmis-
sion after dye dispersed

K = power coefficient of an impel-
ler

N = impeller rotational speed

n = number of drops

P = probability density distribu-
tion or frequency function

p(h,C) = joint probability density
distribution of path length h
and C

p(CJh) = conditional probability den-
sity distribution of C when h
is specified

P/V = power input per unit volume

q = number of light paths

r = number of drops in the beam

Greek Letters
o = light absorptivity of dispersed

phase prior to dye injection

B = extinction coefficient of the
dye

Yoryr == constants

9 = normalized light transmission

po = central variance of p(c)

v = kinematic viscosity

p = liquid density

[ == volume fraction of dispersed
phase

@, = dispersed phase mixing, vol./

vol.,, of dispersed phase/min.
W, = residence frequency
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Drying of Air by Fixed Bed Adsorption

with Molecular

Fixed bed air drying is representa-
tive of many operations including ion
exchange and the more general opera-
tion of adsorption. All these processes
are characterized by the breakthrough
phenomenon in which the stream leav-
ing the bed remains at a low concen-
tration for a considerable period and
then rises to the value of the stream
entering the bed. This rise when
plotted against time or cumulative
material passed through the bed re-
sults in an S-shaped curve and rela-
tively defines the mass transfer zone
(MTZ). The mass transfer zone has
been precisely defined (14) as that
part of the bed or breakthrough curve
in which the water concentration
change from C; to Cy is occurring, (Cy
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and Cy are arbitrarily chosen as 0.05
C. and 0.95 C, respectively). A typical
breakthrough curve is shown in Figure
1.

Adsorption has been studied exten-
sively, but the manufacture of new
adsorbents and recognition of new ap-
plications have greatly increased the
necessity of finding simple and depend-
able design procedures. Typical of the
new adsorbents are the molecular
sieves which are unique in their sepa-
rating properties. The selectivity of
these adsorbents and their high affin-
ity for water make them ideal for re-
moving moisture from air.

One simple design procedure for
fixed bed adsorbers is the mass transfer
zone (MTZ) method described by

A.1.Ch.E. Journal

Treybal (14) in which an adsorption
zone of constant length and shape in-
dependent of fixed bed height is used.
It was the purpose of this work to ob-
tain MTZ data for molecular sieves
and to further develop the MTZ design
method by investigating the effect of
inlet air moisture content on the mass
transfer zone.

EXPERIMENTAL

All runs were made with a 0.628 in.
LD. fixed bed drier (adsorber). The ranges
for the independent variables investigated
were as follows: air stream flow rate, 468
to 1L131 Ib. dry air/(hr.)(sq. ft); bed
temperature, 65° to 90°F; inlet air water
concentration, 0.00571 to 0.01870 Ih.
water/lb. dry air; adsorbent particle size,
0.065 to 0.093 in.; fixed bed height, 1.156
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to 2.158 ft.; initial water content of molec-
ular sieves, zero; and regeneration time
and temperature, 24 hr. at 600°F. with a
continuous dry air purge.

No attempt was made to control bed
pressure; hence pressure was exerted suffi-
cient to overcome bed friction and line
and instrument pressure drops. The aver-
age bed pressure drop at the optimum flow
rate of 914 lb. dry air/(hr.) (sq. ft.) and
the maximum fixed bed height was 65
mm. Hg.

Figure 2 represents a flow sheet of the
experimental apparatus. Compressed air
entered a purifying filter of silica gel,
activated carbon, and glass wool, and then
passed through two water saturators. These
saturators, 28 in. high, were half full of
water and loosely packed throughout with
stainless-steel wool to cause bubble dis-
persal within and de-entrainment above
the liquid. The degree of saturation was
controlled by varying the pressure in the
saturators. The air then passed through a
final entrainment separator to a needle
valve which was used to control the flow
rate.

The moist air passed through a heating
coil before entering the top of the vertical

0
095 ). — ”

LT

Ratio of  os /

water content
of exit to
inlet oir,

o4

CYC,
0.2 | W /

0.08

o
L2 14 16 18 20 22 24 26 28 30

Cumulative dry oir weight,W, ibs

Run conditions:
Malecular sieves— 0.078" to 0093" peads
Bed height — 19.875"
Intet concentration — 0.01542 ib of N0/ Ib air
Bed temperature— §9.9°F.
Flow rate — 0.0328 Ib dry oir / min.

Fig. 1. Representative breakthrough curve for
air-water-molecular sieves (type 4A) system.

fixed bed drier. The fixed bed was made of
Ye-in. brass pipe 12, 18, or 24 in. in
height as required for the run. The
adsorbent was supported on a wire screen
at the bottom of the pipe. Thermocouple
and pressure taps were provided above and
below the bed. Constant temperature con-
ditions were maintained by submerging
the saturators, heating coil, and fixed bed
in a large constant temperature bath.

The water content of the inlet and exit
air streams was measured with a dew-point
potentiometer. Its construction and opera-
tion has been described by Stack (13),
Frank (5), and Eagleton (3). Eagleton
(3) gives details on the accuracy of re-
sults obtained with this instrument. Wet
and dry bulb thermometers were installed
in the dew-point instrument exit air line
to give a continuous check on the dew-
point readings.

At the beginning of a test run the moist
air bypassed the drier until the flow rate
and humidity were constant for 10 min.
The air was then passed downward through
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the fixed bed, and at frequent intervals
the effluent dew-point, bed exit air tem-

perature, and the wet and dry bulb tem-

perature of the air leaving the dew-point
instrument were recorded.

Additional data recorded during a run
were saturator pressure, air stream flow
rate, bed pressure drop, flowmeter or room
temperature, bath temperature, and baro-
metric pressure. When the effluent dew
point reached and remained at the inlet
value for a short period, the breakthrough
part of the run was completed. The run
was continued for an hour to insure that
equilibrium conditions were reached.

The molecular sieve adsorbent type 4A
was screened to obtain the —8+9 and
—9+410 Tyler mesh fractions. Runs
through no. 31 were made with the —84-9
fraction, nos. 32 to 35 with mixtures of
equal weights of the above two fractions,
and runs above no. 35 with the —9410
fraction. The adsorbent was regenerated
and weighed immediately before use.

DESIGN EQUATIONS

Much of the previous work with ad-
sorption has dealt with breakthrough
curves. The point of breakthrough de-
pends upon three factors: initial con-
ditions, the equilibrium curve, and
adsorption rate. The shape of the
breakthrough curve is a characteristic
of the adsorbent and sometimes de-

pends on the height of the fixed bed.

A given bed of adsorbent has a fixed
capacity for the adsorbate (water)
which is a function of the concentration
in the inlet air stream. The capacity of
the adsorbent at other adsorbate con-
centrations determines the shape of
the equilibrium curve (isotherm).

Most methods proposed for inter-
preting fixed bed data have been too
cumbersome for design purposes. A re-
cent simplified solution results from
elimination of the variable time. This
was accomplished by assuming that
the zone in which almost all the ad-
sorption is taking place remains con-
stant in length (We — W3) and is
independent of fixed bed height.

deVault (15) first showed that de-
velopment of the MTZ as it moves
down the bed depends on the shape
of the isotherm involved. This was
discussed and verified by Glueckauf
{8) and Barrow et al. (2). If gas and
solid equilibrium is assumed at all
points, and if the equilibrium isotherm
is concave to the gas concentration
axis, Glueckauf (6) showed that there
existed a self-sharpening tendency;
that is the MTZ length tended to be-
come shorter and shorter as it moved
down the bed. Conversely for an iso-
therm convex to the same axis he
showed that the MTZ length tended to
become longer and longer as the MTZ
moves down the bed; that is a self-
diffusing tendency existed.
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The effect of nonequilibrium condi-
tions, caused by diffusional resistances,
was found to also increase the MTZ
length as it moved down the bed. The
assumption developed from these prin-
ciples was that with a self-sharpening
type of isotherm the tendency of the
isotherm to shorten the MTZ length
is counterbalanced by the tendencies
of the diffusional resistances to increase
the MTZ length. This steady state con-
dition is assumed to be reached a short
distance from the entrance to the bed
and to continue unchanged, making
the MTZ length constant from that

oint on.

Treybal (14), using the ion exchange
development of Michaels (10) and
the fixed bed adsorption data of Eagle-
ton (3), developed a simplified MTZ
approach to fixed bed adsorber design.
The MTZ height equations developed
for a given fixed bed condition are

Al
supply

F

iBulh iquid level

Vent

Constant temperoture bath

Fig. 2. Flow sheet of experimental apparatus.
A—standard air filter, B—pressure regulator,
C—packed bed air filter, D—water saturator,
E—entrainment separator, F—needle valve, G—
heating coil, H—fixed bed drier, |—variable
area flowmeter, J—dew-point potentiometer,
K—wet and dry bulb psychrometric unit.

Zyre =12 [tE — (16;)?@— ts) ]

(1)
We— W, ]

Wy —(1—f) (Wy — W)
(2)

or

Zyry =7 [

When one uses material balances
around the MTZ and the entire fixed
bed, the percent of equilibrium satu-
ration at the breakthrough point for
the entire fixed bed is obtained and is
given by

Average 9 saturation in bed = 100%

[z— (fZ>(Zmz),] 3)

The limitations listed by Michaels
(10) on the use of this method are
that the adsorption be from dilute feed
mixtures, the isotherm be self-sharpen-
ing, the MTZ lengths be constant and
independent of bed height, and the
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height of the adsorbent bed be large
relative to the height of the MTZ.
Implied in the above are the following
assumptions: constant inlet air mois-
ture content; constant inlet air flow
rate; initially zero water content for
the adsorbent; isothermal fixed bed
operation; no concentration, pressure,
or temperature gradients across the
fixed bed; and no longitudinal diffu-
sion in the air stream.

The mechanism for water adsorptlon
on molecular sieves is important in de-
veloping a method for checking the
applicability of the above assumptions
and for determining the cumulative
dry air weight values of W, and W,.
A combined external and internal dif-
fusion model developed by Eagleton
and Bliss (4) interprets fixed bed data
in terms of mass transfer coefficients
by using a gas film and solid shell
resistance concept. The linear not
through the origin equilibrium rela-
tionship used in their work closely. ap-
proximates the isotherm for molecular
sieves as Figure 3 shows.

040

030
Wotsr content
l olid,

Linear approximation
/ (intercept =@}

X* Ibs H.O 020 ==

b sond r

olo

Molecular sieves
type 4A

]
o] 0005 coI0 [ole ] 0020
Inlet air water content, C*

Fig. 3. Equilibrium isotherm for water adsorp-
tion on type 4A molecular sieves at 90°F.

The equations developed by Eagle-
ton and Bliss (4) for both gas film and
solid shell resistances contributing are
for C<Cp

C,/C, [C,, kga]
In =— w
c/C, X*G +
k,aW, C
—— —— (4
G +2 Co (4)
for C>C,

In (l—-C,,/C) [ Cr/C, ]
1--C/C, 1-Cy/C,

[(C.,k,a)w_k,aw,_z_'_(_]:]
X" G G C»o

(5)

For the case of solid shell resistance
controlling the equation is

(-8 - [ v
C, X* G
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aK,aW,

c.C +1 (6)

The linear equilibrium approximation
for molecular sieves at 90°F. is given

by (9)

X* =a+ (X"“_“)c“ (7)
143 Cp

The breakthrough curves calculated
with these combined external and in-
ternal diffusion models are shown in
Figure 4. The applicable mass transfer
coefficients are given in the next sec-
tion.

A modification of Acrivos and Ver-
meulen’s empirical pore diffusion model
(1) was also found to be applicable
and is shown in Figure 4. The equa-
tion used is

C kl air Co
=~ — 463 x 103[ (ﬂ——) W —
C,, G Xa#Pb

k.a p..
R LA TN 10-4]

k. p.i. Co
5.45 x 10° [ (—af—c—) W —
G X"ﬂ Po

k! ailr 2
Gour® 115 % 10-4] (8)

The combined external and internal
diffusion models of Eagelton and Bliss
(4) reflect the nonconstant character
of the separation factor (r) for mo-
lecular sieves. Acrivos and Vermeulen’s
(1) pore diffusion model was devel-
oped for an irreversible equilibrium
(r = 0). The molecular sieves separa-
tion factor (r) for the 90°F. equilib-
rium isotherm shown in Figure 3 varies
from 0.12 to zero, when calculated
trom the following equation (16):

X%’t
e (1)
c/c o

Most of the mechanism models, such
as Michaels (10) for gas film resistance
or Glueckauf and Coates (7) for solid
shell resistance, were developed for a
constant separation factor and do not
rigorously apply to this molecular
sieve adsorption.

If one knows or can calculate the
value of Zyrs, the height of the mass
transfer zone, for a given set of oper-
ating conditions and f, the fractional
ability of the adsorbent in the MTZ to
still adsorb water, it is possible to pre-
dict the average percent saturation of
a given adsorbent bed at the break-
through point by using Equation (3).
In design calculations it then becomes
possible for example to determine the
pounds of air a given bed can dry be-
fore moisture will appear in the exit
air stream, or if one knows the amount
of air to be dried, to calculate the bed
height (Z) required.

DESIGN VALUES FOR MOLECULAR
SIEVES

In this work MTZ lengths and shapes
were obtained for various values of the
independent variables. Primary em-
phasis was placed on the effect of inlet
air moisture content on the MTZ.
These runs and data are detailed in the
research of Nutter (11).

Table 1 summarizes the important
run conditions and calculated values.
MTZ heights were calculated by Equa-
tion (2). The shape of the break-
through curve is characterized by the
value of f which was found to be con-
stant at 0.592 = 0.025 for type 4A
molecular sieves. It is calculated by
dividing the integrated area under the
breakthrough curve between W; and
W, by the total area between W, and
W5, and between C/C, values from 0

r= (9)
(1—C*/C.,) to 1.0.
1.0
) t - T T T
Ll d Con:bmed external and :a‘ = B
. . 00" |-
—1Pore diffusion model | internal diffusion model P = —
o8 I &
Ratio of os 7% -
water content J A
of exit to Vs -
inlet air, V4 / | |
c 04
Co / f |
I I | — Pore diffusion controlling | &+ — Solid tilm controlling
° oo Experimental run no. 26 g —~ Solid and gas films contributing
0.2 L4 (corrected to 100% moteriol | j oo Experimental run no. 26
?" balance) Z" {corrected to 100% moteriol
ba! )
L4 ) ‘
0 ° o/ 1
16 2.0 2.4 28 3.2 1.6 2.0 24 28 32

Cumulative dry air weight, W, |bs.

Run conditions:

Moleculor sieves — 0.078" 10 0.093" beods
Intet concentration — 0.01542 Ib. of H,0/1b. air

Bed height - 19.875"
Bed temperoture - 89.9 °F

Fiow rote - 0.0328" Ib. dry cir/min.

Fig. 4. Adsorption mechanism models for an air-water-molecular sieves (type 4A) system.
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TaBLE 1. PrRiNncIPAL RuN CoNDITIONS AND CALCULATED VALUES

Equilibrium
Inlet solid

concentra- concentra- MTZ
Bed Flow rate, tion C,, tion X,*%, height,
Bed temper-  lb. dry air/ lb. H:O/ Ib. H:O/ Zyrz
Run weight, g. ature, °F.  hr./sq. ft. Ib. air Ib. adsorbent (in.)
2 50.4926 67.5 1,096 001101 0.2395 11.62
3 50.6472 71.1 1,118 0.01137 0.2167 11,18
4 50.7439 65.8 1,131 0.00988 0.2100 10.72
5 49.3793 67.3 1,131 0.01042 0.2255 12.62
6 71.1840 65.9 1,097 0.00988 0.2250 10.05
7 92.6092 68.8 1,107 0.01065 0.2273 11.29
8 90.6634 65.3 469 0.00988 0.2353 5.11
9 70.8088 66.8 469 0.01065 0.2273 5.24
10 50.3872 66.4 471 0.01119 0.2260 5.83
11 50.5833 80.9 1,139 0.01750 0.2288 11.67
12 70.1531 80.3 914 0.01244 0.2235 7.67
13 71.0289 80.6 913 0.01811 0.2540 11.26
14 49.6284 79.9 912 0.01841 0.2662 9.92
15 49.1948 80.4 912 0.01222 0.2395 8.14
17 91.6680 79.7 915 0.01870 0.2692 11.17
19 91.5228 80.0 914 0.01291 0.2268 9.40
20 91.9565 80.0 913 0.00784 0.2080 8.29
21 70.5793 80.2 913 0.00799 0.2228 7.77
22 49.7957 79.6 900 0.00772 0.2200 8.40
23 49.1825 90.0 913 0.01870 0.2197 9.41
24 48.2662 90.9 913 0.01542 0.2320 9.52
25 70.4699 90.4 914 0.01634 0.2259 11.66
26 70.9017 89.9 915 0.01542 0.2250 10.91
27 90.2971 90.0 914 0.01572 0.2285 10.65
28 49,2386 90.0 914 0.01083 0.2183 9.50
29 91.2397 90.0 912 0.01750 0.2198 10.46
30 89.8467 90.1 912 0.01083 0.2155 9.89
31 69.8996 90.0 909 0.01119 0.2215 877
33 70.8209 70.5 915 0.00988 0.2370 8.11
34 70.7236 70.4 915 0.00571 0.2225 7.25
35 69.4490 70.3 915 0.01222 0.2319 8.77
36 70.9255 70.6 913 0.00860 0.2292 7.74
38 70.3577 70.4 915 0.00860 0.2279 7.76

Run no. 26 was selected to demon-
strate the type of analysis that can be
carried out with these data. The over-
all solid phase mass transfer coefficient
K,a was found to be 3.695 hr.”", when
evaluated from the slope of a plot of
In(1—C/C,) vs. W. From the graphi-
cal procedures of Eagleton (3) the
solid phase mass transfer coefficient
k.a averaged 4.0 hr.". A gas phase

tions (4) and (5) by using the aver-
age k,a value and an experimental
C/C, value close to zero. Breakthrough
curves were then calculated from the
above mass transfer coefficients as con-
stants. These are shown in Figure 4.

Solid diffusivities can be calculated
from the shell resistance mass transfer
coefficients by the following equation
of Glueckauf and Coates (8):

coefficient of 486 Ib. air/ (hr.) (lb. ad- kg 29Ds (10)
8
sorbent) was calculated from Equa- a;
RN SIS SO S
Air flow rate: 914 ibs/hr ft
Iz_Adsorben! particle size: 0.065-0.093 inches @
> o
2]
10 T'9°'F»__,:——¢/
A
MTZ o . | — a
height, I T=T0°F
znu- 8
inches /
6 oVo 13.875" bed ht. —— VVV TO°F bed T.
o¥a 19.875" bed ht. 00® BO°F bed T.
o¥a 25875" bed ht. age 90°F bed T.
4 |
4 [ 8 10 12 14 16 18 20

Inlet air water content, G,, (Ib H0 /Ib dry air}x 0°

Fig. 5. MTZ height vs. inlet air water content for type 4A molecular
sieves.
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The calculated particle diffusivity (D,)
is 3.382 X 107 sq. ft./hr. This can be
compared with a Knudsen diffusion
diffusivity (D,) of 3.09 X 10™ sq. ft./
hr. for type 4A molecular seives at
90°F. The equation given in Smith
(12) was used to obtain the Knudsen
diffusivity.

The empirical pore diffusion model
[Equation (8)] was developed by as-
suming a pore diffusivity equal to the
reaction kinetic particle  diffusivity
(D;oe. = D, = 3.382 X 10°). The
numerical constants were evaluated
from the experimental values C/C, =
0.70 and C/C, = 0.80. Equation (8)
was then used to calculate the remain-
ing portions of the breakthrough curve.
The result is shown for comparison in
Figure 4.

Figure 5 shows the MTZ heights vs.
inlet air water contents for the bed

22 T T T T T
C, 9 Average iniet concentration,
1. HeO/1b. air
18
MTZ length, I
W~ Wy, a O £2001095
ibs. dryoir | 4 } 1[
Al kx001552
o | |
0 ° ° gr007s0
06
[+] 40 80 120 160

Adsorbent bed weight , dry grms

Fig. 6. Effect of bed height (weight) on MTZ
length at a flow rate of 914 Ib. dry air/hr. sq.
ft. and a bed temperature of 90°F.

temperatures used in this research,
namely 70°, 80°, and 90°F. The data
for each of these curves were statisti-
cally evaluated. Almost all of the varia-
tion shown is attributed to the inability
to reproduce precisely experimental
conditions rather than to errors in
measurement. For example it was dif-
ficult to maintain a given humidity at
the high inlet air concentrations.

Expressions relating the height of
the mass transfer zone Zyr, to inlet
concentration are developed by com-
bining the mechanism model equations
with the Zyrz equation [Equation
(2)1.

Using Equation (6) the overall
solid film resistance model of Eagleton
and Bliss (4), for calculating W, and
an empirical expression obtained from
run no. 26 data for W;, one finds

2.148 C,GZ

Tz = 11
Zure = G579 C. G + W Ka )
where .
X, W, X,
W, = +12 (12)
o o K.4
Page 205



This represents the relative effect of
C. on Zyy, as shown in Figure 5. It
appears that the slope of Zys, vs. C,
line reflects the nonconstant character
of the separation factor (r). Similarly
one can develop other expressions us-
ing the different mechanism models.

Equilibrium data for each run are
shown in columns 5 and 6 of Table 1.
The equilibrium isotherm for water
adsorption of type 4A molecular sieves
at 90°F. is given in Figure 3. Complete
equilibrium data for molecular sieves
are available from the Linde Company
9).

The constant MTZ length independ-
ent of fixed bed height is shown in
Figures 6 and 7. The stated limitation,
requiring that the MTZ length be in-
dependent of bed height for the ap-

22 ’ I IulﬁlL u‘ T
Flow rule‘—(mﬁ-ﬂ!—
. 2
18
MTZ tength,
W W,
ibs.dry air
L4 ’
L 469 1bs. dry air
Flow rate Ched (112)
1.0 o —
1] 1
o] 40 80 120 80

Adsorbent bed weight,dry grms

Fig. 7. Effect of bed height (weight) on MTZ

length at a bed temperature of 66.5°F. and an

average inlet concentration of 0.01045 Ib.
H20/|b. air,

plication of the method of Michaels
(10), closely fits the experimental data.
Deviations within each group of differ-
ent bed heights are random and are at-
tributed to the inability of exactly
duplicating run conditions. The limita-
tion stating that dilute feed streams be
used was met, as is apparent in Table
1 from the listed inlet air water con-
centrations. The equilibrium data (Fig-
ure 3) for molecular sieves show ex-
treme self-sharpening tendencies.

SUMMARY

A constant MTZ length independent
of fixed bed height was found for all
values of the independent variables
studied. The shape of the breakthrough
curve and the fraction of the MTZ still
able to adsorb water were also found
constant. A combined external and in-
ternal diffusion or pore diffusion model
can be used to interpret molecular
sieve breakthrough data and to calcu-
late MTZ lengths (W, — W,). It is
proposed that commercial fixed bed
units can be designed with MTZ
heights which are calculated or known

Page 206

as functions of the usual design vari-
ables such as flow rate, temperature,
particle size, and inlet air water con-
centration. The variations of MTZ
heights with inlet air water contents
were obtained in this work as one step
toward this end.

NOTATION

a = surface area of particles, sq.
ft./lb. adsorbent

C = air stream water concentration
at time ¢, Ib, H,O/lb. dry air

C* = air stream water content in
equilibrium with X*, Ib. H.O/
Ib. dry air

C, = inlet air water concentration,
Ib. H.O/lb. dry air

Cp = concentration in air at point
of discontinuity, Ib. H.O/lb.
dry air

d, = particle diameter, ft.

D, = Knudsen diffusion diffusivity,
sq. ft./hr.

D, = particle phase diffusivity, sq.
ft./hr.

vore = fluid phase pore diffusivity, sq.

ft./hr,

f = fractional ability of adsorbent
in MTZ to still adsorb water

G = mass flow rate of air, Ib. dry
air/hr,

k, = gas film mass transfer coeffi-
) Ib. H,O adsorbed
cient,

(hr.) (sq. ft.) (C units)
k. = solid phase mass transfer coef-

Ib. H,O adsorbed

(hr.) (sq. ft.) (X units)
K, = overall mass transfer coeffici-
ent based on solid phase,

Ib. H.O adsorbed

(hr.) (sq.ft.) (X-units)

ficient,

T = equilibrium  parameter or
separation factor

ts = time of appearance of break-
through point, hr.

tr = time required for MTZ to es-

tablish itself and move out of
the fixed bed, and the time of
appearance of bed saturation
point, hr.

turz = time required for MTZ to
move its own length down the
column, hr. (for example
turz = tg — tB)

v = fixed bed volume, cu. ft.

W = total dry air accumulated up
to time ¢, lb. dry air

W, = total dry air accumulated up
to breakthrough point, Ib.
dry air

W, = total dry air accumulated up
to bed saturation point, Ib. dry
air

Wiz = total dry air accumulated dur-
ing breakthrough curve period,
Ib. dry air (for example Wy,
= WE - WB)

A.1.Ch.E. Journal

W. = weight of adsorbent in fixed
bed, 1b.

X* = water content of adsorbent in
equilibrium with C*, 1b. H:O/
Ib. adsorbent

X,* = water content of adsorbent in
equilibrium with C*, 1b. H.O/
Ib. adsorbent

VA = height of fixed bed, ft.
Zyrz = that part of bed in which the
water concentration change

from C, to Cr is occurring, it.
(Cs and Cy are arbitrarily
chosen as 0.05 C, and 0.95 C,

respectively)

@ = intercept value of X* for linear
isotherm approximation, 1b.
H.O/Ib. adsorbent

par = density of air, Ib./cu. ft.

p = bulk packed density of dry

adsorbent, 1b./cu. ft.

LITERATURE CITED

1. Acrivos, Andreas, and Theodore
Vermeulen, Cited in “Advances in
Chemical Engineering,” Hoopes, ]. W,
Jr., and T. B. Drew, ed., Vol. 2, pp.

147-208, Academic Press, New York
(1958).
2. Barrow, R. F,, C. ]. Danby, J. G.

Davoud, C. N Hmshelwood and
L. A. K. Stavely, J. Chem. Soc. (Lon-
don), 149, 401 (1947).

3. Eagleton, L. C., Ph.D. thesis, Yale
Univ., New Haven, Connecticut (1951).

, and Harding Bliss, Chem.
Eng. Progr., 49, 543 (1953).

5. Frank, H. K., Gen. Elec. Rev., 41,
435 (1938).

6. Glueckauf, E., J. Chem. Soc. (London),
149, 1302 (1947).

, and J. Coates, J. Chem. Soc.
(London), 149, 1315 (1947).

8. —————— Cited in “Advances in
Chemical Engineering,” Hoopes, J. W.,
Jr., and T. B. Drew, ed., Vol. 2, pp.
147-208, Academic Press, New York
(1958).

9. Linde Company, Division of Union
Carbide Corporation, New York,
“Molecular Sieve Data Sheets 4A-1
and 4A-2” (March 1, 1961).

10. Michaels, A. S., Ind. Eng. Chem., 44,
1922 (1952).

11. Nutter, J. L, M.S. thesis, Iowa State
Univ., Ames, Iowa (1961).

12, Smith, J. M., “Chemical Engineering
Kinetics,” McGraw-Hill, New York
(1956).

13. Stack, S. S., Gen. Elec. Rev., 41, 106
(1938).

14. Treybal, R. E,,

“Mass Transfer Op-

erations,” McGraw-Hill, New York
(1955).

15. de Vault, D., J. Am. Chem. Soc., 65,
532 (1943).

16. Vermeulen, Theodore, In “Advances in
Chemical Engineering,” Hoopes, J. W.,
Jr., and T. B. Drew, ed., Vol. 2, pp.
147-208, Academic Press, New York
(1958).

Manuscrlpt received January 30, 1962; revision
n;cewed July 30, 1962; paper accepted August 1,
1

March, 1963



