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direction of flow

a - surface area per unit volume‘of particles

a - surface area per particle
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B! - constant 1n the Langmulir adsorption isotherm

b - 8 factor in the kinetic relaticnship for moisture
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C' - constant in the eguation relating effective surface
area to molsture content

c - constant in the equation relating X to Re
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- diameter of a sphere having the same surface area as a
p given particle
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X
. H-H
B - dimensionless ratio EE”T"E%
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diffusion coeffleclent and average molsture content of
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K - constant in the equation relating effective surface
area to molsture content

K' = constant in the equation relating effective surface
area to molsture content

K.a - overall mass transfer ccefficlent, based on driving
force through the fluid film, expressed as difference
in absolute humidity, and a unit volume of particles

kG - mass transfer coefficlent, based on absolute humidities
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m - constant in equaticn relating X to Re

n - consbant in equation relating kG/G to Re

R - radius of particles
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S - a variable of integration

T - a dimensionless parameter, proporticnal to time, = bt
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- index of summation

W - average molsture content of particles, mass of water
per unit mass of dry solids

X - 8 dimensionless parameter, proportional to distance
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Y = equal to{f -jﬁ; using positive rocts only
Yy - egual toJ@ -/3, a variable of integration
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Greek Letters
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fl - viscosity of gas stream

/DB - bulk density of bed, mass of dry solid per unit

volume of contalner

/DG - density of fluid stream

Subscripts

1 - refers to actual values of humidity and moisture con=-
tent, as opposed to values given by the Schumann-
" Purnas solution
b - refers to conditlons at the break time of the bhed
ki - refers to average values in the fluid film
i - refers to values at zero time

0 - refers to values at the bed entrance or at zero
molsture content

8 - refers to values at the surface of the particle

Superscript

X = refers to values of humidity or moisture content at
equilibrium conditions, determined by the adsorption
isotherm '

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENT

The author wishes to express his appreciation
to Professor William Liecht for his generous assistance
in the capacity of thesls supervisor, and to the
Research Corporation for its financial gssistance in

the form of & grant during a portion of this work.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1%



ABSTRACT

Previous contributions to the theory of the ad-
scrption wave in granular desslcant beds have been criti-
cally reviewed and several errors pointed out which have
not been recognized.

A new theory of unsteady state mass transfer in
such cases 1s presented, based on the assumption that the
effective surface area of the particles decreases as the
surface becomes covered with water molecules. A theoretli-
cal relationship between effective surface area and mols-
ture content is derived from knowledge of the adsorption
igsotherm. Two new kinetic eqQuations are presented for the
cases where mass transfer and internal diffusion, respec=
tively, are the ccontrolling resistances. The kinetle
equation for internal diffusion 1s based on the assumption
that the internal diffusion coefficlent is a function of"
the molsture content of the solid. A method is given for
Getermining this function empirically.

Approximate solutions to the differential equa-
tions resulting from these new kinetic equations are ob-
tained. A convenlent method is given for testing experl-
mental data to determine which, 1f any, of these kinetlc
relationships is applicable. A method is outlined for the
calculation of quantities which are directly proportional

to the mass transfer coefficient kG and the effective sur-
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face area, a, permitting separste correlation of each of
these quantities against the Reynolds number.

An experimental procedure was devised and used
for testing the new theories presented here. Data are
presented for the system air-water-silica gel, showing the
effect of varying initial molsture content of the solid,
and flow rate of alr through the bed. Tests performed on
these deta show that mass transfer is>the rate controlling
resistance under the conditions for which this system was
studied. These tests also confirm the theoretical rela-
tionship between effective area and moisture content.

The experimental results of this investigation

can be expressed by the followling equation

k.&
G - pa-0.31 _ 188,000 Wy
—— = Re [400 I+ 470 W,

with an average deviation of ¥ 9.4 per cent.
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Inbroduction

The_operation of separating the components of a
mixture of two or more fluids by passing the mixture through
a granular solid, which will preferentially adsorb one of
the components and allow the others to pass through unchanged,
1s one which has attracted much attention in recent years.

Whether the fluids are vapors, as in the drying
of humid air, or liquids, as in ion exchange or chromsto-
graphy, the underlying principles of the operation are very
similar. This general class of separation processes has
come to be known as percolation operations. These operations
have found such varied applications as in the decolorlzing
of ecrude sugar, the drying of oxygen for high altitude fly-
ing, the drying of alr for use in various chemical and metal-
lurgical reactions, the separation of hydrocarbons in the
petroleum industry, and the removal of toxic gases from the
air by a bed of charcoal, as in a gas mask cannister. Al-
though some of these operations have been used for many
years, it is only comparatively recently that any extensive
theoretical investigations have been undertaken.

Although the results of the present investigation

are of general applicability, all subsequent discussions

will deal with the application to the drying of humid sair,
for the sake of simplicity and because the experimental
portion of this research was done on such a system.

Consider a fixed bed of a granular dessicant,
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through which air of constant inlet humidlty is passed at

a fixed rate. If the solid is initially moisture free,

or nearly so, 1t will adsorb water vapor from the humid

alr passing over it. Thus the alr leaving the bed will
have a8 humidity very much lower than that of the feed air,
and concentration gradients will be set up in ghe direction
of flow in both the fluid stream and the soclid. At the
beginning of the operation most of the adsorption will oec-
cur in a portion of the bed close to the entrance, and so
the sharpest concentration gradients will exist in this
area. As the dessicant near the bed entrance becomes
saturated, the zone in which most of the adsorption occurs,
and hence the coneentration gradients, bsegin to move toward
the exit of the bed. As soon as these gradients reach the
exlt of the bed, the humidlty of the alr leaving begins to
rise and, as the latter portion of the bed approaches
saturation, becomes equal to that of feed air. It is the
movement of these concentration gradlents along the length
vof the bed that is known as the adsorption wave.

The object of any research on this type of opers-
tion 18 to be able to predict theoretically the exact form
of the adsorption wave under any given set of conditions.
In order to do thlis some knowledge of the mechanlsm by
which water vapor 1s transferred from the fluid stream to
the interior of the solid is necessary, sc as to provide a

sound basis for correlating the effects of changes in cer-
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tain operating variables. It is the investigation of
geveral of these mechanisms that constitutes the main

purpose of this researche.
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Review of Previous Contributions

There have been in the past three different ap-

proaches used to obtain a complete mathematical solution

of the adsorptioh wave., FEach of these wlll be presented 1in
some detail In this section and the assumptions involved in
each carefully reviewed.

All mathematical expressions for the adsorption
wave represent the solution of a differentisl equation,
which 1s based on a materlial balance over the entire bed
or some portion of it, and an edquation for the instantane-
ous rate of change of adsorbate concentration of the solid
at any point in the beds In order to write this latter
equation, some knowledge of the mechanism by which adsorbate
molecules are transferred from the fluild stream to the in-
terior of the solid is necessary. The steps involved in
this transfer have been discussed in detall by Klotz (20)
and Licht (23) and are as follows.

1. Diffusion, or mass transfer, from the main body
of the fluid stream to the surface of the solid
particle, through the film surrcunding the
particle.

2. Physlcal adsorption, or chemical reaction, at

the surface of the solid.

3} Diffusion from the surface to the interior of
the so0lid through the pore structure of the

particle.
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For the purposes of this thesis it will be ag=
sumed that the resistance to step (2) is negligible and so
it will not be considered in subsequent discussions. This
step has been treated in detall by Klotz (20) and Amundsen
(2).

The Schumann-Furnas solution

This treatment was originally presented by An-
zelius (2) for the solution of the problem of unsteady
state heat transfer from a bed of granular sollds to a
fluid stream. It was first presented as the solution of
the'analagousymass transfer problem by Hougen and Marshall
(12).

If we consider an element of bed length dz, we
may wrlte the following material balance over this element

for a period of time dt.

‘ oH oW oH
GAHAt G& [H + 57 dz] at + /DB 3t Adzdt + IDGAG. 3t dtdsz (1)

The first term represents the molsture in the fluld stream
entering the section, the second the moisture leaving, the
third the moisture pilcked up by the solid, and the last

the change in concentration of water vapor in the fluld
trapped in the vold spaces of the bed. In writing equation
1 it was assumed that gas density changes due to pressure
drop and changes in compositlon are negligible, diffusion

in the fluld stream in the direction of flow are negligible,
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and there are no concentration gradients perpendicular to
the direction of flow, and no inter-particle diffusion.

On simplification equation 1 becomes

a
aw

3¢ == =0 (2)

5L

3H
az ot

G

G

In order to solve this equation another relation-
ship between H and W is needed so that one of these quan=-
titles may be eliminated. This second relationship 1s the
equation for the rate at which adsorbate is picked up by
the solid.,

For the rate of mass transfer through the fluld
film, Hougen and Marshall (12) have presented the followlng
equation

AW _ -
,aB -é—E—kGa(H Hs) (3)

where Hs 18 the humidity of the fluld stream at the surface
of the particle. In order to make any further use of this
equation HS must be related to the average molsture con=-
tent of the solld. Actually Hy is related to the surface
moilsture content of the solid by the rate of surface adsorp-
tion, and this in turn is related to the average moisture
content of the so0lid by the rate of internal diffusion.
Because of the mathematical diffliculties involved in at-
tempting to consider all three resistances, it is necessary
to assume that one of them 1s so large compared with the

others that 1t alone controls the overall rate of transfer.
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Thus if the reslstance to mass transfer is very
large, compared with the other resistances, surface adsorp=-
tion will occur as rapldly as water can be supplied to the
surface, which means that HS is related to Ws by the adsorp-
tion isotherm of the system. I1f also the resistance to in-
ternal diffusion is very small, water will diffuse to the
interior of the solld es raplidly as 1t is adsorbed at the sur-
face so there will be virtually no concentration gradient
through the solid and WS will be very nearly equal to W.
Thus 1f mass transfer is the controlling resistance, and if
the system exhiblts a linear adsorption isotherm, l.e.

W = BH, equation & becomes

oW W
5% = kg2 (E - 3) (4)

Upon making the following substitutions in equations 2 and

4,
k.a k & a a
X= —%~ z; T = B;B (t - —fé z) = b(t - J;E z) (5)

differentiating with respect to T, and eliminating W from

the resulting equations, the differential equation becomes

62H SH | oH _
ot Tax taw T O ‘ (6)

In terms of W the dlfferentlial equation becomes

S W W0 )

The case of internal diffusion controlling has been
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treated by Wicke (27)(28) and Jury (17). They expressed

the rate of internal dififusion in differential form, based
on Fick's law of diffusion for a spherical particle. Sol~
ving this equation subject to the boundary condition that
the surface of the pasrticle was 1in equliibrium with the con-
stantly changing humidity of the surrounding air, and in-
tegrating the result over the radius of the particle, they

obtained for the total moisture content at any time

| g  vu®Dp ‘
W=pE_-2 § 1 je— et - 8D By (8)
s ﬂ,a = VE / : §§

where DI 1s the lnternal diffusion coefficlent, depending
on the size and structure of both the adsorbent and adsor-
bate, temperature and in some cases on concentration, and S

is a variable of integration. In the derivation of equation

8, DI was assumed to be independent of concentration.
Differentiating equation 8 the rate equation be-
comes
t VQTFEBI
I S fe- Rt -gg-aHs as (9)

Combining this equation with the material balance ylelds a
very complex differential equation which has not been solved.
Instead a simplifled rate equation was obtained by using on=-

ly the first term of the series in equations 8 and 9 and com=
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bining the two equatlons to glve

- 72D
L RﬁI (W, = W) (10)

If we now assume that the resistance to internal
diffusion is very large compared to the other two resistances
80 that equilibrium exists at the surface and there is vir-
tually no concentration gradient in the fluid film sur-

rounding the particle, equation 10 becomes

= .
ow _ W DB W
at = re (B - g (11)

again using a linear lsotherm.
Combining equations 2 and 11 and meking the follow=-

ing substitutions

w*B n* a a
X=“§;)IEEEZ; T=--R:-I-(t--§§z)=b(t--§9z) (12)

we again obtaln equations 6 and 7. Thus both cases are re-
presented by a single pair of generalized differential equa-
tions, differing only in the definition of the dimenslionless
parameters X and T. For the case where the resistances to
mass transfer and internal diffusion are of the same order
of magnitude, Jury (15) has shown that since the rates of
all three steps must be equal at any time, equations 3 and
10 may be combined to yleld the following equation, in terms
of the gas film driving force and en overall gas film coef-

ficient, KG'
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10

oW _ -
/DB 3t - Keo (H B (13)
where

1 R®

Koo k,8 * Pn*D1B (122)
In this case, X and T would be defined by equa-

tion 5, using KGg in place of kGa, and equations 6 and 7

would still apply.
Solutions to equations 6 and 7 have been presented

by Hougen and Marshall (12) as follows, subject to the bound-

ary conditions that

H= Hy when X =0
W = Wy when T =20
*
X
e W X 1, (2/%F
E;—:ﬁﬁz - e e  I,(2JXT)daX (14)
0
T
W-Ww - -
._.i____-é. = J = e X e T Io(gm)dT (15)
0

Where I,(x) 1s a Bessel function of the first order and
imaginary argument. It 1s of interest to note in passing
that equations 14 and 15 apply also to the case of a first
order reverseible reaction controlling, differing only in
the definition of the parsmeters X and T. In addition to
the assumptions already mentioned these solutions are based

on the assumption that the operatlion is isothermal.
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For gases, the last term in the material balance,
equation 2, is generally negligible. 1t has been shown by
Licht (23) that neglecting this term is the same as neglect=-

a v
ing the term —ag z 1in the definition of T, eqqgﬁions 5 and

12. If we neglect both these terms, equations”i4 and 15
st11l apply. J
These solutions are difficult to uéea especially

since extenslve tables of values of I,(x) are npt avallable,

but they have been presented in graphical form, known as

the Schumann~Furnas charts. These charts are in thévform

of a famlly of curves giving F and J as a function of T with

X as a paramecter, and ere available in several places in the

literature (14) (9). The ranges of F and J generally cover-

ed are from 0.01 to 0.9. Since for many applications still
~ lower values are of interest, these charts have been extend-

ed by Drew, Spooner and Douglass (7) to include much lower

values. By using the series expansion of I,(x) and perform-

ing the indicsted integration term by term, they used equa-

tion 14 in the following form.

6.9] v ‘ 2 v :
Fo= e T 2, %7(1 + X + %T + ee. + %7- (16)
v=0 °

Egquation 16 1s most useful for low values of X and T. The
nurber of terms required for convergence increases with in-
creasing values of X and T, about ten terms being required

for X equal to nine, with T equal to thres.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12

Equations 14 and 16 are both very inconvenlent
for use in testing experimental data when values of X and
b are unknown, since a tedlous trial and error procedure
must be used. In order tc avoild such a procedure Jury (15)
has developed a simplifled approximate solutlon as follows.
The Bessel function I, in equation 14 1s replaced by the

asymptotlic expansion

a3 X -—p®

and it is assumed that (T/X)l/4 = 1 in the integral which
results. Upon simplification this ylelds ¥

where ¢(Y) =J_%r-_ e-yzdy

F=gf1+ qu)] 0

and Y=JT - ‘/—X-
Based on this approximate equation ILicht (23) has devised
a convenient method testing experimental data. From ex-
perimental data, generasally in the form of a plot of H vs ¢,
a plot of F vs t 18 constructed. 4 convenlent series of
values of F i1s then chosen and the corresponding values of
t read from this plot. Values of ¢(Y) are then calculated
from equation 17 and the corresponding values of Y read
from s table of probability functions. For this purpose
Licht has prepsred a table of values of Y and ¢(Y) for a

series of rounded values of F. If we now plot values of Y

vs the corresponding values of‘/z. we should obtain a
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stralight line of slope J75 and ordinate intercept —./E:
Licht has compared the values of F glven by this approxi-
mate solution with those given by equation 14. He found
excellent agreement for values of X about 20 or greater.
If values of X obtained from the plot of Y vs /Trare less
than this, the data should be checked directly against the
Schumann~Furnas charts. |
Klinkenberg (19) has found empirically that the
accuracy of equation 17 may be improved by changing the
upper limit of integrstion. He suggested the following

definition of Y be used in equation 17

Y= JT + JX + (18)

§T= 8f—
He presented a nomograph based on this equation, for which
he claimed a devistion from equation 14 of * 0.006 for X = 2,
+ 0,002 for X = 4 and ¥ 0.001 for X = 8, the deviation ap-
proaching zero with increasing values of X. While this
equation 1s more accurate than equation 17, it 1s not as
easlly adapted to the testing of experimental data.

If experimental data conforms to equation 14,
it is theoretically possible to determine which, 1f any,
of the kinetic relationships listed above applies in any
given system. This can be done by studying the effect of
several operating variaebles, such as flow rate, particle
size and bed length, on the values of X and b, The theo=~

retical dependence of these parameters on various operating
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conditions 1s shown in the table below.

Table 1

Effect of Operating Variables on X and b

Variable Mass Transfer Internal Diffusion
Xod ™1 xXxX1/¢
Flow Rate ‘ 1-n
bod b -« constant
Particle Size XodR™1"D X /;-2-
R-l-n . o 1
bxd K —
Px R®
Red Length Xorz X2
bex constant bot constant
&
. d( D )5
Temperature X@K..f&tfftﬁ. XMBDI
p o

bud((oGDm%%/B/,(% o peD;

Note that the main effect of varying temperature would be

in the value of the slope of the adsorption isotherm, which
appears in either X or b, but never in both. If both X and

b were both found to vary with temperature, it probably
means that the resistance to surface reaction 1s appreciable.
If surface reaction were the controlling resistance, b should
be independent of flow rate and particle size, and X should
vary inversely with flow rate and be independent of particle
silze.

The effects 1llsted in Table I for the case of mass
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transfer controlling are based on the following relationship

presented by Gamson, Thodos, Willke and Hougen (10) (29).

k a DG _

S A N~ S (19)
where d and n are constants to be determined experimentally
and the subscript f refers to average values 1In the film,

Dp 1s teken as the diameter of a sphere having the same sur-

face area as the actual particle used. For example, for a

sphere

o
Dp = r

They obtained the following values of d and n, from experi-
mental dats on the constant rate drylng of regular shaped

particles of various solids.

a n
DG
£ 5350 0.99  +0.41
M
D_G
-,5— & 350 1.82 0.51

Whether the same values of these constants would apply to
irregular shaped particles has not yet been determined, al=-
though it was assumed in Table I that they do.

It should also be noted that their values of kG
were calculated from experimenteal values of kGa by assuming
that a 1s the total geometric surface area of the particles

per unit volume of bed. It has been suggested more recently
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by Kayser (18) that a is not the true geometric surface ares,
but is itself a function of the Reynolds number. At véry
low values of the Reynolds number there are relatively large
areas 1n the bed surrounded by pockets of alr which are al=-
most statlionary, and hence relatively ineffective for mass
transfer. As the Reynolds number is increased the number of
such areas decreases and 1t is only in fully developed turbu-
lent flow that the entire geometric surface ares becomes ef-
fective. Unfortunately, no method has been developed for
the calculation of this quantity, so the correlation of
Gamson, et al, must be accepted for the present. 4 further
difficulty involved in the use of the above correlation for
irregular shaped particles is the fact that it is extremely
difficult to calculate even the true geometrlc surface ares
of such particles. Thus the calculation of kG and the Rey~-
nolds number as defined above would be very difficult.

If experimental data conforms with equation 14,
but the variation in X and b do not conform exactly to any
of’the cases listed in Table I, it probably meané that more
than one resistance is of importance, but the overall re=~
sistance remains constant during a run. In this case, the
calculated value of X would be proportional to an overall
coefficlient, and the relative magnitudes of the two resis~

tences may be estimated from equation 13a. By plotting

1 1 n _
KEE vs (ﬁgaz;) » Where n 1s defined on p. 15, we should

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

obtain a straight line, the ordinate intercept of which
would be a measure of the resistance to lnternal diffuslion.
It should be recognized, however, that such a procedure ls
only an approximation, since there is some doubt as to the
proper value of n to be used for irregular shaped particles.
Varying the value of n to obtain the best stralght line
would have little significance since 1t could not be as-
certained whether any curvature was due to the use of an
incorrect value of n, or to the many approximations made
in the derivation of equation 13.

If experimental data does not conform to equation
14 it means that neither of the kinetic relationships pre=-
sented l1ls applicable. Thls can mean either that some sure-
face reaction other than a first order reversible is con=-
trolling, or that the resistance to mass transfer or internal
diffusion, or both, is varying during the course of a run.

Some of the results obtained in testing experi-
mental data ageainst the Schumann-Furnas solution are of
particular interest. Licht (23) tested his data and some
of Jury's (17), all on the system air-water-drierite, and
found that during the early part of a run the dsta conformed
to the Schumann-Furnas solution. After a short time, how-
ever, the data began to deviate from this solution, always
in such a direction as to indicate that the overall resis-
tance was increasing with time. He attributed this to the

fact that as the interior of the solid beceme filled with
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water molecules, the resistance to internsl diffusion in-
creaseds. Thus, whlile mass transfer was the controlling
resistance at the beginning of & run, the resistance to
internal diffusion increased sufficlently as the bed ap-
proached séturation tc cause an appreciable increase in
the overall resistance. He also found that values of the
mass transfer coefficlent apparently increased with 1ln-
creasing bed length. This would séem to indicate that the
Schumann~Furnas solution is not applicable toc the system
in question and in fact defeats the maln purpose of such

a theoretical treatment, since it prohibits the design of
a large scale adsorber from laboratory data. Licht offer-
ed as a possible explanation the fact that the dessicant
used in Jury's work was not regenerated under uniform con-
ditions. Two runs are clted which are dupllcates in every
respect except that the dessicant used In one was regener-
ated for a longer period of time and at a higher tempera-
ture. The values of X and b calculated from thlis run were
considerably higher than those from the other one. This
variatlion i1s in ltself unexpected and 1is difficult to ex-~
plain on the basls of any exlsting theory of mass transfer.
If internal diffusion were the controlling resistance such
behavior might be due to variation of the internsl dif-
fusion coefficient with concentration, but Licht has con-
cluded on the basis of the varistion of X and b with flow

rate that mass transfer is the controlling resistance at
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the beginning of a run.

Eagleton (8) also attempted to use the Schumann-
Furnas solution to correlate the results of an extensive
experimental investigatlion of three alr-water-desslcant
systems. The dessicants used were activated alumina, sili-
ca gel, and florite. He observed the same manner of varia-
tion of resistance with time and bed length, using the
Schumann~Farnas solution. His explanation ¢f these varia-
tions will be discussed later in this section. It is of
interest to note that each of the dessicants used in his
work was regenerated at the same time, mixed thoroughly,
and allowed to stand at constant temperature a sufficient
length of time to eliminate all concentration gradients,
prior to use in a test run. It appears therefore, that
the explanation offered by Licht for the variation of re-
sistance with bed length 1s insurfficient. Hougen and
Marshall (12) used the Schumann-Furnas solution to test
the data of Ahlberg (1) on the system air-watef-silica gel.
They found that the experimentally determined resistances
were about 5.57 times the values calculated for mass trans-
fer through the fluld film, using equation 19. Thils was
attributed to the presence of a large additional resis-
tance to internal diffusion. They did not mentlon any

variation of resistance with either time or bed length.
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Method of Klotz

 Klotz (20) has reviewed an emplrical treatment
of the adsorption wave orlginelly due to Mecklenburg (24)
(25) and extended by several authors. These latter re=-
ferences are classifled governmment documents and hence not
available.

Before presenting the details of thls method,
several new terms must be defined. The bresk time of bed

" is arbitrarily defined as the time required for the ef-
fluent concentration to reasch any specified value known
a8 the break concentration. The life thickness curve 1ls a
plot of break time vs. bed length, all other conditions
being held constant. The critical bed length is that
length of bed whose break time is zero, given by the absclssa
intercept of the life thickness curve.

In deriving his relationshlp, Mecklenburg assumed
that up until the break time all of the adsorbate gas in
the feed has been plcked up by the solid. He also arbi-
trarily assumed that up until the break time all adsorption
hes taken place 1n a portion of the bed near the entrance,
and that this porti@n has become saturated while the re-

mainder of the bed, known as the dead layer, is still com-

pletely adsorbate free. Based on these assumptions, he

wrote the following material balance

E
GAHot, = WO}DB A(Z - h) (20)
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where h 1is the length of the dead layern and tb 1s the
break time. If the 1life thickness curve k’is linear, the
dead layer must be equal tc the critical Eed length, and
equation 20 becomes

X
W
LY. gP Z,) (21)

b GHQ

where ZC 1s the critical bed length. As pointed cut by
Klotz, the most serious restriction on thisg equation is
that the life thickness curve must be linear, which not
only limits its applicability but requires that a consider-
able amount of experimentsl data be avallable to determine
whether or not it is applicable.

In order for equatiocn 21 to be useful, it is
necessary to be able to predlict the effect of various
operating conditions on the critical bed length.e It has
been shown that the critlical bed length is actually the
sum of several terms, each representing one of the resis-
tances in the overall transfer. Where mass transfer 1is
the contreolling reslstance Klotz has presented the follow-

ing equation for the c¢ritical bed length

_ 2.303 (Pp%\0.41 M \o.67 4
2, = — - log =2 (22)
PPaml ¢ By,

Although no derivation was given for thils equation,

the author was able to derive this relationship only by

starting with equation 14, which at zero time reduces to
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Since the effluent concentration begins to rise at zero
time for a bed of the critical length, equatlon 23 may be

written as follows

X
H -~ H k.a Z
in .}.L........g‘_- :-..Q.........g (24)
H(, - Hi G’

If Hb is suffleiently small, the effluent concentration
wlll reach that value close to zero time, and the error
involved in fhe use of sgquation 23 will be small. By
neglecting H, and using equation 19 for kG/G we obtain
equatlion 22, This may then be substltuted in equation 21
to obtaln a general expression for the break time where
mass transfer controls.

If equation 22 was asctually derived in the man-
ner just described, there are twc duestionaeble points in
the derivation which have not previocusly been pointed out.
Equation 14 is based on a rigorous differential material
balance, while equation 21 is an approximate material
balance based on assumptions previously discussed. It
appears that the use of both of them in deriving an equa=~
tion for the break time 1s somewhat inconslistent. The
second point is that since Hb rmust be very small in order
to use equation 24, this concentration will not differ

X

x
greatly from Hi s and so the error in neglecting Hi in

this equation may be very great. Apparently most of the
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data which has been tested with equation 22 were obtained
X
using freshly prepared adsorbents, so the values of Hi

were actually zero. Under any other conditions, however,
this quantity would certainly have to be taken into ac-
count.

The fact that the critical bed length 1s the sum
of several terms 1s the baslis of a method of eStimating the
relative magnitudes of each of the resistances involved in
any particular case. The critical bed length due to mass
transfer alone can theoretically be calculated from équa-
tion 22 while the actualbcritical bed length can be deter-
mined experimentally from the intercept of the life thick-
ness curve. The difference between these two critical bed
lengths 1s then a measure of the resistances due to surface
adsorption and internal diffusion. Theoretical egquations
for the latter two critical bed lengths may be developed
in a manmner similar to the derivation of equation 22.

This method 1s actually very similar to the use of an
overall coefficient with the Schumann-Furnas solution

but requires considerably more experimental data and thus
appears to have no distinct advantage. Also this method
can only be used for estimation of the break time of a
bed, whereas the Schumann-Furnas solution permits calcula-
tion of the entire adsorption wave.

It should be noted that for systems which ex-

hibit non-linear adsorption isotherms, thls method may be
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the only one available for the correlation of experimental
data. TFor most types of non-linear lsotherms, a rigorous
treatment of the problem leads to very complex non-linear
partial differential equations, which have not been solved.
Most of the data which has been subjected to
analysls by this method appeared in the classifled govern-
ment documents previocusly referred to and hence are not
avallable. Klotz, however, has ﬁresented the results of
tests on fwb systems. For the system air-chloroplcrin-
charcoal he presented a plot of critical bed length against
flow rate, showing values calculated from equation 22, as
well as the experimentally determlined values. BSince the
agreement between the two sets of values was good, it was
concluded that mass transfer was the controlling resistance
in that system. As a further check on the validity of
equation 22, it would be deslrable to establish mass trans=-
fer as the rate controlling step by some other independent
test, but épparently such a test has not been performed.
The results of tests on the system alr-water-charcoal have
also been presented, in the form of a plot of the height
of a transfer unit (HTU) against flow rate. The HTU is

defined as the critical bed length divided by the logarithm
of Ho/Hb. The experimentally determined values of HTU for

this system were of the order of several hundred per cent

larger than the calculated values, indicating that mass
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transfer contributes only a small fraction of the total
resistance, the remainder probably being due largely to
internal diffusion. It 1s interesting to note the opinion
expressed by Klotz, that in the syster air-water-silica
gel mass transfer is probably the rate controlling resis-
tance. This is just the opposite of the previously clted

conclusions of Hougen and Marshall (12).

Method of Eagletcn

Bagleton (8) has presented a method which is
similar in many fespects to the one just described.
Wilson (30) and DeVeult (5), in their studles on chroma-
tography, have shown that essentially all the adsorption
at any given time occurs over a short length at some loca-
tion in the bed. This length they called the adsorption
band. At first this band is at the bed entrance and then
it begins to move downstream toward the effluent end as
the initial portion of the bed becomes saturated. During
this movement down the length of the bed, the length of
the adsorption band may vary. DeVault has shown that when
the fluld stream and the solid are in continual equilibrium,

the length of the adsorption band as it moves down the bed

depends on the shape of the adsorption isotherm. For an

After this ssction was written, some of the mater-
ial presented here appeared in the following article in the
literatures Fagleton, L.C. and Bliss, H. Chem. Eng. Prog.
49 543-49 (1953).
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lsotherm whose slope decreases with inereasing concentra-
tion, such as the Langmuir isotherm, the length of the
adsorptlon band decreases as it moves down the bed, the
opposite being true for an isotherm curving in the other
direction. Non=equilibrium conditions, due to diffusional
resistances, cause an incresse in the length oflthe adsorp=-
tion band as it moves down the bed. Gleuckhauf (26), based
on these facts, assumed that when diffusional resistances
are present in a system which has an isotherm curving down-
ward, the two opposing effects'will balance each other
after a short time and the'length of the adsorption band
will remain constant thereafter, It should be noted that
for a system having a linear isotherm, with diffusional
resistances present, the length of the adsorption band
increases as it moves down the bed, so this method is not
applicable to such a system.

Eagleton's treatment of the problem was based
on the assumption of constant length of the adsorption
band as it moves down the bed, In order to simplify the
mathematical treatment he replaced the actual system with
an equivalent hypotheticsl system as follows., In the
actual system the adsorption band moves down the length
of the bed thus replacing saturated sollid at the upstream
end with fresh solid at the downatfeam end, the total
length of the band elways remaining eonstant. In his hy-

pothetical system, en adsorption band, of the same length
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as the actual one, remains stationary while a continuous
supply of fresh solld moves countercurrently to the fluld
stream, at a rate equal to the rate of movement of the
adsorption band 1n the actual system. This hypothetlical
system is 1llustrated in the diagram below, in which
Section 1 represents the adsorption band. He took materlial

balances around both the sections indicated in the figure

-z
4—E—W=o

[
|//=o E
|

*——W:“/.

o e oy o -

b 17—

and combined them with a kinetic edquation which is a com=-
bination of equations 3 and 10. UHe further assumed that
the lsotherms for the systems he used could be represented
by a straight line but not passing through the origin.
Actually he assumed that the isotherm was sufficlently
curved to justify the assumption of constant length of the
adsorption band, but that it cculd be represented by a
straight line for purposes of calculating driving forces.
He then integrated the differential equation based on these
aggumptions, obtaining two solutions, one for each portion
of the lsotherm, and an equation to determine the range of
applicability of each solution. Based on these solutions

he was able toc calculate mass transfer coefficients from
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data obtained during the initial part of each run, and
internal diffusion coefficients from data obtained during
the latter portlcn of a run. Mass transfer coefficients
calculated in this manner showed no variation with bed
length and gave a falrly good correlation with flow rate.
Values of internal diffusion coefficients showed an ex-
tremely large amount of scatter, but Eagleton concluded
that they showed no variation with either flowlrate or
bed length.

Bagleton concluded that his résults proved the
fact that the length of the adsorption band is constant
during the course of a run, and attributed the failure of
the Schumann-Furnas solution to the fact that 1t failed to
take this into account. This explanaticn is not sascceptable
sihce it was not even necessary to introduce the concept
of an "adsorption band" in developing the Schumann-Furnas
solution. Actually eqQuation 2 is an exact material bal-
ance and completely general, while the material balances
he used are at begt approximations, so it is difficult
to see why his equation should be superior to the Schumann-
Furnas solution.

There 1s one further error 1n his ﬁethod which
has not been polinted out. HNote that the material balance
equations are based on the assumption that there is a con-
tinuous supply of adsorbate free solid, and that the fluid

stream leaving the adsorption band is also adsorbate free.
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Obviously these conditlions can only be met up until the
time the bed breaks. Therefore the use of the resulting
equatlions 1s meaningless unless they are appllied to data
obtained very shortly after the bed breads. In that case
this method reduces exactly to that of Klotz, described
in the previous section. This also explains the wlde
variation Bagleton observed in the values of internsal
diffusion ecocefficients, since these were calculated from
data on the latter pgﬁtion of each run, when the material

balance equations were no longer valld.
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New Theoretical Contributions

In view of the inadedquacy or limitations of each
of the approaches reviewed in the previous section, a care=-
ful review of the assumptions involved in each of those
equations was undertaken. Thls review and the new theories
which resulted from 1t are presented in this section.

Comparlson of the three solutions presented in
the preceding section shows that they sre all based on the
seme kinetic equations, differing only in the material
balance equation. Actually equation 2, the material bal-
ance used 1in deriving the Schumann-Furnas solution, 1s
rigorous and completely general, and 1t is difficult to
see how the use of any approximate material balance in 1ts
place can be expected to yield a more nearly correct edua-
tion. If this is the case, it seems obvious that the
fallure of the Schumann-Furnas solution must be due to the
use of an incorrect kinetic equation. We shall consider
the equations for mass transfer and internal diffusion in
turn and show why each 1s incorrect and how 1t must be

modified.,.

Magss Trangfer

Equation 3 for the instantaneocus rate of mass
transfer is an empirical relationship, apparently based

only on analogy with steady state mass transfer, where
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such an equation is known to apply. The variables which

Ga in that equation

are the same as those considered in steady state mass

have been considered in evaluating k

transfer.

There 1s, however, a fundamental difference be=
tween steady and unsteady state mass transfer which has
not previously been consldered. Note that the term a 1s
defined as the effective surface area for mass transfer
per unlt volume of packed bed. In the case of steady
state mass transfer, as in heterogenous catalysis, when
a molecule is adsorbed on the catalyst surface, it reacts
and the reaction products are desorbed, leaving that slte
available for adsorption of another reactant molecule.

In other words, the areas avallable for adsorption is al=-
ways constant except when we have catalyst poisoning.

In that case the presence of strongly adsorbed foreign
molecules renders the area they cover ineffective, cut-
ting down the rates of mass transfer and adsorption. In
the case of unsteady state mass transfer, such as the
dryilng of alr in a fixed desslcant bed, there is a net
rate of mass transfer in one direction only. A molecule
of water, once adsorbed, elther remains on the surface

or diffuses toward the interior of the dessicant particle.
Obviously, until the particle becomes ssturated, the con=-
centration of water molecules on the surface must be

greater than or equal to that at any point in the interlor
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of the particle. 3ince the average concentration of water
is continually increasing, the number of water molecules on
the surface must be increasing as the bed approaches satura-
tion. Unless every water molecule on the surface can it-
self adsorb another molecule and so on to form an infinite
number of layers above the surface, that portion of the
surface already covered by water molecules is ineffective
for further mass transfer. Thus the term a in equatlon 3
is not constant as previously assumed but decreases with
increasing molsture content of the solid. This means that
the resistance to mass transfer will be a function of dis-
tance along the bed as well as time durling the course of a
run, and explains the fallure of the Schumann-Furnas
solutlion.

Before we can write a new kinetic ecuation based
on this concept of varying area, we must first determine
what portion of the total moisture content of ﬁhe solid
has rendered the area 1t covers‘ineffective. In order to
do this we must consider the physical structure of the
solid and the manner in which 1t holds adsorbate molecules,
The surface area of a porous s8olid is composed of the ex-
ternal surface plus a vefy large additlional surface on the
walls of intsrconnecting pores of varying size running all
through the interior of the solid. Movement from the sur-
face of the solid to the interior probably occurs by a

combination of diffusion through the gas filling these
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pores and & process of hopping from one active site to
another further in the interior of the solid. This move-
ment is what we have called internal diffuslion and will be
considered separately later. In considéring mass transfer
through the fluld film we are concerned only with the ex-~
ternal surface area.'

If we have only mono-layer adsorption on the
surface, the ineffective area should be directly propor-
tional to the surface moisture content of the solid. Thus,
for the total effective area at any time, we would have

a = a, - KWS (23)
where 8o 1s the total surface area that would be avallable
if the solid were completely moisture free, and K 1s a
constant which is a function of the dimensions of the ad-
sorbate molecule and the mamner in which 1t aligns itself
on the surface.

On the other hand, if we had unlimited multl-
layer adsorption over the entgre external surface, the ef-
fective area would remain unchanged, since each molecule
on the surface would present an area for further adsorption
exactly equal to that part of the area of the original sur-
face which it covered.

For the most general case, the portion of the
original area which has become ineffective at any time

wlll be determined not only by the surface molsture content
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but also by the number of molecules already on the surface
which can support additional layers. This may be determined
approximately from consideration of the adsorption isotherm
of the system. For a system in which only mono-layer ad-

sorption can occur, the Langmuir isotherm (21)(22) should

apply.

.. B'H
W= TTow | (24)

Many systems, however, including the sir-water-gilica gel
system, exhiblt what has been called a sigmoid type 1so-
therm. Both these isotherms are represented in the flgure

belowe.

H

Fig. I -« Langmuir and Sigmoid Isotherms

Obviously in a system having a sigmoid isotherm, the equi-
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1librium molisture content ls greater than that predicted

by equation 24 for the same humidity, and in fact appears
to be increasing indefinitely as the partial pressure of
the adsorbate in the gas approaches its vapor pressure.
The theory which has had the greatest success in accounting
for the sigmold type isotherm 1s that of Brunauer, Emmet,
and Teller (4). According to this theory, the difference
between the Langmulr and sigmoid isotherms is due entirely
to multi-lsyer adsorption. It assumes that as the vapor
pressure of the adsorbate gas 1s approached an infinlte
number of layers may be built.up on a free surface. By

a free surface 1ls meant one on which the bulld up of an
infinite number of layers would be unhindered by irregular
geometric configurations. The surface of a commercially
prepared adsorbent is highly irregular and probably repre-
sents a situation where an infinite number of layers may
be built up over part of the surface, and a varying finilte
number over the remalining portion. 1t is important to
note that multi-layer adsorption may occur on some parts
of the surface even before there 1s a single layer over
the entire surface.

Baged on the above discussion, we will assume
that regardless of the actual isotherm of the system, the
molsture content in a single surface layer is related to
the humidity of the air at the surface by equation 24.

The difference between this value and the actual surface
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moisture content 1s due to additional layers on some parts
of the surface. A rigorous treatment of the problem from
this point on would reduire knowledge of exactly how many
layers each site 1is capable of supporting. In order to
simplify the situation somewhat, we will imagine a surface
which can adsorb only & single layer over part of 1ts sur-
face and an infinlte number over the rest, the division
belng made in such a mammer that the total surface moisture
content of the hypothetical surface will always be the same
as that of the actusl surface 1t represents. Call the
fraction which can adsorb only a single layer p. We will
further assume that the total amount of molsture in a
single layer on the surface at any’time is distributed

over these two areas in a ratio equal to the ratio of the
areas themselves. Multiplying equation 24 by § will then
give us an expression for the surface moisture content which
has rendered the area 1t covers ineffective. Thus we may

write for the effective area at any time

KB B'HS
.7 % - T H, (28)
8
Using this relationship, the new kinetic equatlion for mass
transfer becomes
oW _ .. _ Kp B'Hg
B3t~ ‘o (a" T 7 CH8>(H - Hs) (26)

In order to make further use of this equation,
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we must next relate Hs to the average moisture content

of the solid. In order td do this we assume edquilibrium
at the surface and neglligible concentration gradlent
through the solld, as was done in deriving the Schumann-
Furnas solution. Although we are dealing with a system
exhiblting a sigmold type lsotherm we shall assﬁme that
over a small range, for the purpose of evaluating driving
forces, we may approximate the isotherm by the linear re-
lationshlp, W = BH. Substituting this in equation 26,
with the above assumptions, we obtaln after combining

constants

an S T
o 5 = k(2 1+C"€€)(H-B) (27)

With these assumptions, eduatlion 25 becomes

K'W

" TE O (28)

a = ag

It should be noted here that nb assumptions
were made in this derlivationas to the actual exlstence
of more than a single adsorbed layer. In fact it is
probably true that the fraction of the surface covered
by more than one layer 1s extremely small except at high
moisture contents, when the interior of the solld approaches
saturation. To illustrate the point, consider a molecule
adsorbed on the surface of the solid. Another molecule
diffusing through the gas fllm, striking the one already

adsorbed, 1s likely to be held there, even though other
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portions of the surface may be bare. If, however, resis-
tance to internal diffusion is very low, the molscule
originally at the surface may move toward the interior of
the particle almost immediately, sStill leaving only a
single layer on the surface. The important point 1s that
the molecule originall§ on the surface was capable of ad-
sorbing another molecule. If it had not, the total ef-
fective mass btransfer area would have been less by the
surface area which this molecule covered.

Bauation 27 together with the material balance,
equation 2 constitute the new set of differentisl equa-
tions. It will be convenient to rearrange equation 27
somewhat before attempting to solve these edquations. If
we let a, be the effective areca at the beglnning of a

run we have
K'Wy
T 8o T T¥CW, o (29)

Solving for a, and substituting in equation 27 yields

W _ L o(Ew KW g
B 3t - %g [ai (1 +-c'w"1+c'wi)

]

L=

(30)
P S L. LN
If we now let
x = eF e p -t t, (31)
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neglecting the last term in the material balance, our

differential equations become finally

OH l oW
-é-—-'-' 0

X 3T
(32)
Lav [ m v )][ 1]
B oT ai + C'W T 1+ C'W

Note that when T = O, W = Wi’ and these equations reduce

to equations 6 and Y.

Internal Diffusion

A complete theoretical treatment of the internal
diffusion process would be extremely complex and is con=-
sidered beyond the scope of this thesis. As previously
mentioned, movement of the adsorbate molecule within the
‘solid probably occurs by a combination of more than one
mechanism, and thesse mechanisms have not been clearly de-
fined. Therefore, the use of Ficks law in deriving equa=~
tion 10 is in itself an approximation. PFurthermore, the
effect of certain varlables on the internal diffusion co-
efficient 18 not clearly known. Jury (17) has suggested
that this coefficient is a function not only of the éx-

ternal dimensions of the particle but of the pore size

distribution within the particle as well. Estimation of
this distribution would be extremely difficult, if possi-
ble at all. For these reasons, it is probably best to

regard D.in equation 10 not as a true diffusion coeffl-
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cient but merely as a proportionality factor between a
rate and driving force, defined by equation 10. In any
event, it seems likely, as suggested by Licht (23), that
resistance to movement within the solid would increase
as the pores became filled with adsorbate molecules. If
this is the case, D in equation 10 would not really be a
constant, but some function of the molisture content of
the solid. We wlll assume empirically that we can re=-

present this function as follows

DI. = DIO - £(W) (33)

where DI is the value of the~proportionality constant
[+

in equation 10 when the solid is completely molsture

free and £(W) is some function of the moisture content

of the solid, to be determined experimentally.
Substituting this in equation 11 the new kinetic

equatlion becomes

, 2 '
SR [DIO - f(w’][ﬁ - -‘é’;—] (24)

Defining D, as the value of this constant at the begin-

Iy

ning of & run we have

D. =D

Iy - £(W,) (35)

Io

Solving for DI and substituting in equation 34 we get
0

2 £(w) - £(wy)
N N A A
i
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If we now let

12D
- _r*B P B® _ I
X = 'ﬁ'ﬁ" DIi "'"“"""G and T = ——Fi t,

our differential equatlons become

-a—Ii-i-.J_‘.é.‘ﬁ.z
oX B oT

Q)

-
Q)

(W) (W) r (37)
W l W) - £(Wy l‘ i
—_= |1 - H - —
T DIi B

When T = 0, W= Wi, and these equations also reduce to
equations 6 and 7, assuming internal diffusion to be the
rate controlling resistance. RNote that these equations
are of the same form as equations 32, differing only in

the nature of the function f(W).

Solution of Differential Equations

Unfortunstely neither of these differential
equations, 32 and 37, could be solved rigorously. However,
an appréximate solution was obtained by a method similar
to that used by Douglass (6) on another non-linear partial
differential equation. The method will be illustrated
with the solution of equations 32, although it is equally

adaptable to the solution of equations 37.

We begin by rewriting equations 32 as follows

3H, . 1 oW
et el =
S tE e =0

W W (38)
o) - _ &K' i - i W
3T~ [1 8 T+ 0w~ 170 (:Hl - ‘B"]

o=
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the subscripts denoting that the quantities H,;, W, differ
from the values of H and W given by the Schumann-Furnas
solution. In integrating this equation, 1t proved de-
sirable to use two different sets of limits, for reasons
which will be discussed on P.83., Using the first set

of limits we get

| W
[osar ff-Birtim ][ - Hoos

or
Wy
(FoHa) =[1+a_; 1"‘0"”].?“{" PRy o 1+c gt ek, (39)

In order to evaluate the integrals on the right
hand side of eQuation 39 we now assume that the values of
H; and W; will not differ greatly from those given by the
Schumann-Furnas solution. Therefore the subscripts on

"the right hand side of equation 39 may be dropped giving

as an approximaetion

X
w .
hy = _K_'. e i '-ﬂ - ..g.. W W_ 7
(Ho=Ha )y [;+ai mm;] (H - §) %y o7 frmw(ﬂ-s’axze (40)
0 0
From the Schumann-Furnas solution, ecuations 2, 4 and 5
or 2, 10 and 12, we have

oH il
- 3% = H - B (41)
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Integrating this we obtain

X
Wy 2y
no -u =[5 - Do, (42)
0
Substituting in eguation 40 and rearranging we obtain
(Hy - H)p= - = h o (Ho - H) m(H-yE)a' ‘ (43)
i T a, 1+C'Wi i B XT

In a similar manner we may obtain the following solution

for Wl

T

W

K' 1) W

(Wa-Wix =g, [m"(w W)y - B fm(H'B)aTX] (44)
0

Integrating equations 38 between the second set of limits

we get

H,y .
_ f K'(_ W 1 ol (a
]H: (3Ha)y [ 1+c Wa 1+c'wi)][H1 B] (0X)
1

(45)
X
e Kt W W, W
= - = L S - b :
f‘a“”’l)x B f[l L 1T O, 1+c'wi)][ﬁl B](BT)X
Wa
Following the same procedure as before we obtain the fol-
lowing set of equations
1y -m0p= Bt @ m,)y - [ s - B (46)
1T R ai 1+CTW, 1 i T 1+C'W B T
X

e s W29 (em) (47)
(Wl"W)x”'a‘; TFOTW, Wo = Wiy TFCOTW "B X
T
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The integrals on the right hand side of all these equa-
tions may be evaluated graphically, using values of H
and W from the Schumann-Furnas charts.v For this purpose,
it is convenlent to rewrite equations 43 and 46 in terms
of the quantities read directly from these charts, as
follows

O < [ | (48
Fi = Flp = - a; TjTETWz(l-F)T" T oWl F - 6) (3X)q )
o

(Fy - F), = K -—-’-Yif-‘-——- F, - — (P - G)(3X) (49)
1 T a |TFCTW, T 1+ 0'W T
X

Equations 44 and 47 may easlly be written In a similar
Manner. ‘ |

In deciding which eqQuation to use, the following
empirical procedure is recommended. For any given value
of X there is a value of T for which the two eguations
will yield the seame value of F,. Determine thls value
from the intersection of the curves calculated using equa-
tions 48 and 49, and for values of T lower than this,
use equation 48. For higher values of T, use equation 49.

Note that equations 48 and 49 represent a first
approximation of H, and W,. By substituting these values
back in equaticns 43 and 44 and performing the indicated
integrations, a second approximation for H, may be ob-

tained. A second approximation for W, may be calculated
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in a similar manner. Successlve approximations can thus
be made until the calculated value of H, 18 equal to the
value used in performing the integrations. While such a
procedure should yleld an exact solution to egquations 38
it would involve so many graphical integrations for the
calculation of a single point, that it would generally

be impractical.

Testing of Experimental Data

Testing of experimental data against the theories
just outlined is based on the fact thét at zero time, equa-
tions 38 reduce to the Schumann-Furnas solution. Aﬁ zZero
time the molisture content of the bed is uniform at Wi and
80 kGa is independent of bed length. After a short period
of time the moisture content has increased appreciably and
there is a considerable concentration gradient along the

length of the bed, so k.& is varying with both time and

G
distance and the Schumann-Furnas solution is no longer
valid,

In order to test experimental data, it is there-
fore necessary to choose a comblnation of variables such
that the bed length is close to the critical, i.e., the
exit humidity begins to rise very close to zero time.
Under these conditions, 1f we plot ¥ vs'J;-as described‘
on p. 12, we should get a line which is straight for a

short time and then begins to curve upward. From the
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slope and intercept of the straight portion of this line
we may calculate wvalues of X and b, which should then be
checked agalnst the Schumann-Furnas charts 1f necessary.
These values should be proportional to the resistance at
the constant initial moisture content of the bed, since
the molsture content of most of the bed will not be ap-
preciably above this value before the data begins to de-
viate from the Sclumann-Furnas solution. It should be
emphasized that such a procedure is not valid for beds
whose break time is much greater than zero. A plot of Y
vs|J;.under these conditions will be curving upward by
the time a rise in the exit humidlty can be measured and
any attempt to draw a straight line through these‘points
will yield values of X and b which are too high. This
explains the apparent variation of mass transfer coeffi-
éient with bed length previously observed.

Thus the procedure for determining the rate
controlling reslstance will be almost the same as that
outlined on p. 1l4. The only difference 1n the procedure
here is that the initial molsture content will have to
be maintained constant throughout such a series of runs,
in order to be sure that the observed variations in X
and b are due solely to variation in flow rate or parti-
cle size. It may also be necessary to vary bed length
during the course of such a series of runs in order to

have the break time always close to zero.
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Using this procedure for the calculation of X
and b, we may also verify the assumption that the resis-
tance 1s a function of moisture content, and determine
the exact nature of this function. This can be done by
making a series of runs 1n which all conditions are held
constant except the initial moisture content. This is
the only way in which we can vary the molsture content
in such a manner that 1t will not vary with bed length,
so that the resistance may still be calculated from the
Schumann~Furnas solution. The values of X and b calcu~
lated from such a set of runs should vary in some regular
manner with initial moisture content.

If mass transfer 1s the rate controlling step
we may verlfy equation 28 as follows. If we multiply
equation 28 by Eﬁ we get

G
X k. K! W
S X Fe 1
=% T e TEOW, (50)

4

On rearrangement this becomes

zW '
1 _ @ GGc!
N -X kX YEExT W (51)

The value of X, can be obtalned by plotting X vs Wi and

extrapolating to zero molisture content. A plot of
zwi

P should then give a straight line of slope
o -~

vs Wi

EEQ; and intercept Ei%T o If the extrapolation to zero
G G :
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moisture content is doubtful, the data may be fitted di-
rectly to equation 50, treated as a three constant equa-
tion, by a method such as the method of averages, to ob-

X._-Q. G 1 3
tain values of 7 TG and C'. Such a £it would pro=-

vide verification of equation 50 and yield values of the
constants for the particulsr system used. The values of

X1

s which will be needed later, can be calculated for any
i .
k K!

value of Wi by dividing (é by %/z for the moilsture
content in question. 1In this manner it is theoretically

possible to calculate values of kK' and ai/K', and cor-

relate each separately agsinst the Reynoclds number. This
has not previously been possible.

If the internal diffuslon 1s the rate controlling
step, we cannot predict the manner in which the resistance
will vary with moisture content, but must rectify the re-
sulting curve empirically. The resulting function can
then be substituted in equation 37 in»crder to solve that
equation.

In the case where both resistances are important,
the procedure would be more complicated. It would be ne-
cessary to assume that the values of X are proportional to
an overall coefficient, simllar to equation l3a. We would
then have to make several sets of runs at varylng Reynolds

numbers, holding the initial moisture content constant dur-
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ing each set. From a Wilson type plot, described on p. 16 ,
the resistances to mass transfer and internal diffusion
could then be calculated. Each of these resistances
could then be correlated against initisl moisture content
as before, provided that the resistances to mass transfer
are calculated at a constant value of the Reynolds number.
A1l of the tests just outlined can only be made
on data obtained at the beginning of a run. In order to
determine whether the differential equation is valid during
the entire course of a ran it will be necessary to utilize
equations 48 and 49 in the following manner. Using the
values of X and b calculated from the initial portion of
a run, the quantities in the brackets on the right hand
slde of equations 48 and 49 may be calculated for a number
of different times, the integrals being evaluated graphi=
cally. The corresponding quantities of the left side of
these edquations may be obtained directly from the experi-
mental data and from the Schumann-Furnas charts. 4 plot
of the quantity within the brackets vs. F, ~ F at a serles
of different times should be a straight line through the

1 H
origin of slope = g— e This value of %- may then be
i i

compared with the value calculated from the plot of X/z
VS, Wi' A similar test may be made, using the appropriate
congstants if internsl diffusion is the controlling resis-

tance. Unfortunately, the results of such a test cannot
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be regarded as positive proof of the validity of the dif-

!
ferential equation. If the walues of %— do not check
i

it would be difficult to determine whether this was due
to mathematical approximations made in deriving equations
48 and 49, or to an error in the theory upon which the
differential equstion is based. If, however, the values

of gw do check, 1t 1s lilkely that both theory and the
i

approximate solution are correct, since the probability
of both being in error by the same asmount in opposite
directions is &mall.

In order to test the effect of varying bed length,
holding all other conditions constant, we again have to use
equations 48 and 49. Since increasing bed length increases
the break time, values of X and b cannot be calculated from
the Schumann-Furnas solutlion for longer beds. It 1s there-
fore necessary to cslculate the adsorption wave for longer
beds and compare it with the experimentally determined ad-
sorption wave. Assuming that equations 48 and 49 are cor-
rect, this calculation may be performed as follows. From
data previously obtained on beds of shorter length, values
of X/z and b may be estimated for the known conditions of
flow rate, partiecle size, initisl moisture content for the
run in question. From this and the known length of the bed,
a value of X may be calculated, and values of F, at various

times estimated from eduations 48 and 49. If these calcu~
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lated values check the experimental ones, the assumption

that X 1s directly proportionsl to bed length is verified.
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Bxperimental Work

The purpose of the experimental portion of thils
work was to test the theory presented in the preceding
section and to study the kinetics of adsorption in the
air-water~silica gel system. This system was chosen be=-
cause of the simplicity of obtaining a feed of constant
composition and the availability of a continuous ﬁethod
of analysis. Also it exhiblts a linear adsorption iso=-
therm over the entire range of humliditiles used. The
isotherm for this system at 80°F is shown in Fig. // in
the Appendix.

The experimental procedure consisted essentially
of passing feed air of constant humidity at a messured
rate through a fixed bed of silica gel of known particle
slze and measuring the humidity of the effluent stream as

a function of time until the bed was nearly saturated.

Experimental Apparatus

The feed air was compressed room alr taken from
the storage tank of a compressor in which the pressure
varied from about 100 to 150 psig. It was passed through
two reducing valves in series, the first of which reduced
the pressure to about 100 pslg and the second ironed out
any remaining fluctuations and further reduced the pres-

sure to the desired operating value. The air was then
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passed through a long coil of copper tubing immersed in

an ice bath, which was contained in a heavily iInsulated
chest. The humidity of the air leaving this dehumidifier
could be controlled within limits by varying the pressure
of the alr in the coils. A trap and blow-off were provided
for perlodic removal of condensate from the ice chest.

The air lesving the dehumidifier was passed
through a needle valve which was used to regulate the flow
rate and then through a calibrated rotameter, just prior
to entering the test bed assembly. The rotameter was cali-
brated by the Fischer and Porter Company, the scale reading
directly in standard cublc feet per hour of air metered at
70°F and 14.7 psia, with a precision of £ 0.1 cubic feet
per hour. For converslon of these readings to mass flow
rate, variations in room temperature and barometric pres-
sure were tsken into account using the formulae given in
Fischer and Porter Catalogue Section 98-A.

The test bed assembly consisted of two beds in
parallel, with provision for passing alr through either
bed or both simultaneously. There was also a line to by~
pass both beds in order to measure the humidity of the
feed air. The beds themselves were merely one-inch brass
nipples of various lengths with caps provided with fittings
for the attachment of one-quarter-inch copper tubing. The
dessicant was supported by wire screens on each end, held

in place by small springs in the caps.
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The entire asgssembly was immersed in an insulated
metal container which was filled with oil during the re-
generation process. Also immersed in this container was
a copper coll through which the alr passed before entering
the bed. This coll served as a preheater for the alr
blown through the bed during regeneration. The oil bath
was provided with an electric heater connected to a tem-
perature controller which was used only during regenera-
tion. An egir driven stirrer was also provided to minimize
the rather large temperature gradients which would other-
wise exist in the bath.

The effluent air from the test bed was then led
to the frost point hygrometer, which was used for the
measurement of humidity. Jury (16) hes presented a de=-
tailed description of the design and construction of this
instrument. It consisted essentially of a highly polished
gold surface on the head of a long hollow copper bolt.
Thls bolt was immersed in an insulated brass tank which
was filled with a mixture of dry ice in methanol, which
could maintain the surface temperature at about - S0°F.
Directly beneath the gold surface on the bolt was a spool
wound with a coll of fine nichfome wire, which was con-
nected to a rheostat. Soldered to the underneath side of
the gold surface was a fine chromel-alumel thermocouple
which was brought out through the bottom of the bolt and

connected to a Leeds and Northrup No. 8662 Portable Pre-
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cision Potentiometer with a precision of ¥ 0.001 milli-
volt. The calibration curve of the thermocouple was
taken from Leeds and Northrup Standard Conversion Tables.
On top of the gold surface was an optical head which con-
sisted of a small filament lamp, a photp-electric cell
and a hollow tube for visual observation of the gold
surface.

The light from the lamp was directed on to the
gold surface from which a portion of it was reflected to
the sensitive element of the photo-electric cell, which
was connected to an ammeter. Since the intensity of thils
reflected light depended on the thickness of the deposit
on the surface, the reading of the ammeter was an indi-
cation of whether the surface was above or below the
frost point of the test air. By varying the setting of
the heating coll rheostat, the temperature of the surface
was adjusted until a deposit of constant thickness was
maintalned, as indicated by a constant ammeter reading.
At this point equilibrium was assumed to exist between
the test alr and surface deposit, and the temperature of
the surface was determined by mesns of the thermocouple
and potentiometer. The absolute humidlty of the test
alr was obtalned from the measured frost or dew polnt

from tables prepared by Licht (23) for this purpose,

55

based on smoothed vapor pressure data from several SOurces.

Between - 40°F and 32°F a deposit of either ice or sub-
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cooled water could form, so that in this range it was
necessary to observe the deposit visually to determine
its nature. The potentiometer readings were recorded to
the nearest 0.0l millivolt, corresponding to a precision
of T 0.5°F. The resulting error in the absolute humidity
of the test alr varied slightly with the temperature and
the nature of the deposit, averaging % 3.0%. Greater
precision in surface tempefature measurement was not jus-
tified because of the error in recording the time of
measurement. When the input to the heating coil rheostat
was increased, the photo-electric cell current would be=-
gin to drop slowly, reach an equilibrium position about
which it oscillated for a short time, and finally begin
to rise. Because of the lag in the ammeter feading,to
changes in the thickness of the surface deposit, there
was an error of about f 0.5 minute in measurement of the

time at which equilibrium was reached.

Experimental Procedure

The silica gel used in this work was a commer=-
cial grade desslcant supplied by the Davison Chemlcal
Company. This material was carefully screened and a suf-
ficient quantity of 10-12 mesh (standard Tyler screen
sizes) particles was thoroughly mixed and stored for use
during the entire experimental worke. The test beds were

packed, tamping them at intervals in order to obtain as
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nearly a constant bulk density as possible. The test beds
were then put in place and regenerated prior to use.

The regeneration procedure was as follows. The
elr stream was turned on, passing through both beds simul-
taneously, and a pressure in the dehumidifier of 40 psig
and a flow rate of 30 cublc feet per hour was used for two
inch beds and this rate was incressed proportionally for
longer beds. The oil bath was then filled, the controller
set at the desired tempersture, snd the heater and stirrer
turned on. After the bath reached temperature, the pro=-
gress of regeneration was followed with the frost point
hygrometer. In order to cool the air from the bath before
passing it into the hygrometer, a copper coil was provided
et the effluent of the test bed assembly, just outslide the
oil bath. The process was sllowed to contlnue for one
hour after the humidity of the effluent alr reached that
of the inlet air. At that time the heater and air stream
were shut off, and all lines to the beds were closed, ex-
cept the breather bed which wasg opened. This was an
additional bed outside of the oil bath container, one end
of which was connected to the test beds, and the other

end remaining open to the atmosphere. The sole purpose of

this bed was to prevent humid room air from leaking into
the test beds while they were cocoling down after regenera-
tion. The oil bath was then drained and the beds allowed

to cocl. In order to be sure that equilibrium was attained
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between the alr ig\the void spaces in the bed and the
solid, all beds were allowed to stand at least 12 hours
prior to use. 1In order to check this point, several
sets of beds were regenerated and one of each set run
after 12 hours, and the other after 24 hours. These
beds were run at a very low flow rate so that the value
of H: could be measured. It was found that as long as
room temperabture remained constant any variations in
this humidity were within the 1limits of experimental
error., The effect of variations in room temperature
wlll be discussed in detall in the next sectlon.

The procedure for a test run was as follows.
The alr stream was turned on and directed flrst through
the by pass line. The pressure in the dehumidifier was
ad justed to forty psig with a flow rate of 9 cubic feet
per hour. After allowing some time for the dehumidifier
to reach equilibrium, the hygrometer was prepared for
use and the humidity of the feed air measured. The alr
stream at the same pressure and feed rate was then di-
rected through one of the test beds, the other remaining
open to the breather bed. The humidity of the effluent
from this bed was measured and it was assumed that this
value was the same for both beds. Thls was checked by
measuring H; from several pairs of beds running the two

beds in each palr one immediately after the other. 1In
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no case was there a measurable difference in the value
K
of H,.

i

The flow rate was then adjusted to the desired
value, holding the pressure constant at forty psig. Since
the temperature of the gold surface depended somewhat on
the rate of flow of air across it, the temperature was
checked again and the setting of the heater rheostat ad-
justed if necessary. The breather bed was then closed
and the feed stream directed through the second bed, all
lines to the first bed belng closed. At this point, time

measurement was begun. S8Since the gold surface was at the
%
i

depeosit on it, a rise in the humidity of the effluent

temperature corresponding to H, and had an equilibrium
from this bed could bte detected and measurements begun
almost immediately. Since 1t generally took about ten
minutes to build up an equilibrium deposit and adjust thé
temperature of the surface, this would not have been pos-
sible using a single bed. This, plus the fact that the
break time of the test beds was too short to allow a re-
liable measuremeht of Hz, was the reason for using two
beds. As soon as the deposlt began to build up, the
heater curfent was increased slightly. The deposit would
then begin to decrease momentarily, until the riéing hu-
midity caught up with the higher surface temperature.
When this occured the photo-electric cell current would

remain constant for a short time and the surface tempera-
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ture and time were read simultaneously. The deposlt would
then start to build up again and the cycle was repeated.
After the surface temperature reached - 40°F it was neces-
sary to clear the surface after each reading, and to look
at the depoéit each time the temperature was read in order
to determine whether the deposit was ice or water. This
procedure was continued until the exit humidity reached a
value almost equal to that of the feed air.

After disassembling a bed, the contents were
heated in a muffle furnace at 500°F for eight hours, and
welghed immediately. This, together with measurement of
the dimensions of the bed container, was needed for calcu-
lation of the bulk density of the bed. Thils data for each
bed is included with the data, in the Appendix, for the
last experimental run made on a glven bed prlor to disas-
sembly.

The apparatus and procedure described here are
very simllar to those used by Licht (23). W¥ore detailed
descripticons of some of the apparatus and the technlique
of using the frost point hygrometer may be found in his

thesis.
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BXPERIMENTAL RESULTS AND INTERPRETATION

Method of Calculation of X, b, and Wy

As discussed on page45, calculation of values
of X and b were based on the fact that equations 32 re-
duce to the Schumann-Furnas solution at zero time. The
first step in these calculations was to plot Y vs.VfE;
utilizing the approximate Schumamn-furnas solution as
described on p./2 . Absolute humidities were obtained
from the experimentally measured frost or dew points
from the tables prepared by Licht (23) for this purposes
In every case, the plots of ¥ vs.\t were straight for a
short time and then curved upward, as expected. A typl-
cal plot is included with the sample calculations in the
Appendix on‘p.IOO.

Unfortunately, the values of X calculated from
the stralght line portion of these plots were all below
20 so that a check against the rigorous solution was
necessary. In dolng this it was found thet the Schumann-
Furnas chartsg, as they are usually presented, could not
be used for two reasons. In the flrst place, the lower
limit of F generally gilven on these charts is 0.01, but
for these calculationsg 1t was found necessary to begin
at about 0.001, since deviations from the Schumann-furnas
solution sometimes became appreciable at values as low as

0.01l. Secondly, it is impossible to read these charts

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



62

with the degree of accuracy reduired for these calcula-
tions. As a check on the accuracy of these charts, it

was noted that if we multiply ecduation 15 by - 1 and then
add 1 to both sldes, the right hand side of equations 14
and 15 are of exactly the same form except that X and T
are interchanged everywhere they appear. Thus, if we use
that chart glving values of F, reading values of X on the
T co-ordinate and vice-versa we should obtain from the
ordinate, values of 1l=G. In a similar manner values of F
could be read from either plot. Values of F and G were
read in this manner over the entire range of both charts
and in most cases gave poor checks. The deviation between
the two sets of values varled considerably. Over the
range of values of X encountered in this work (up to about
20), the maximum deviation was about 20%. It was there=-
fore necessary to extend the range of these charts and ob-
tain more accurate values. The charts presented by Doug-
las (6), although extending to much lower values of F,
did not include sufficlently low values of X. Additlional
values were calculated using equation 16, which was found
to converge very rapidly for low values of X and T. Polnts
from the charts presented by Douglas as well as the addi-
tional point 8 calculated by the author are tabulated on
p. 195 in the Appendix. Comparison of these calculated
values wlth values read from the Schumann-Furnas charts

showed that the error In the charts generally is greatest
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at very low values of F. The error ranged from zero to
as high as 90 per cent in some cases.

From these values, a plot of X vs. T for a num-
ber of rounded values of F was prepared. Additional polints
at T = O were calculated from edquation 23 and smooth curves
drawn through each set of points. In testing an experi-
mental run, values of H/H, corresponding to each value of
F were calculated and the corresponding times read from
the plot of H/H, vs. time for that run. Values of X were
then assumed, using the value obtained from the approxi-
mate solution as & first approximation, and the values of
T corresponding to each value of H/H, were read from the
graph described above. These values of T were then plot-
ted against the corresponding times. This plot should be
a straight line through the origin having a slope equal
to b as long as the Schumann-Furnas solution holds, and
the value of X which gave the best such straight line was
accepted as the correct one. Values of b were obtained
from the slopes of these lines. Several typical plots are
shown in the Appendix on p./0/. The values of X calcu-
lated in thls manner were always higher than the values

obtained from the plot of Y against \It. As was expected,

the error due to the use of the approximste solution de-
creased with increasing values of X, the error in X rang-
ing from about 25% at X equal to five, to about 10% at
X equal to fifteen.
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In calculating the initial moisture content of
the beds, the following procedure was adopted. The value
of the humidity cbtained by running the first bed of each
set at a low flow rate was assumed to be the humidity of
air in equilibrium with the inlitial moisture content of
the bed. 1In order to calculate the initial moisture con=-
tent of the bed from this humidity, it was necessary to
know the slope of the adsorption isotherm. As previously
mentioned, this initisl humidity from beds regenerated
under the same conditions showed varistion with room tem-
perature. The only explanation that could be found for
such behaviour was the variation in the slope of the adw
gorption isotherm with temperature, which varied over a
range of almost 20°F during the course of the experimental
work. Although the regeneration process was carried on
until egquilibrium existed between the feed alr and the
solid at the regeneration temperature, this equilibrium
shifted as the bed cooled down, resulting in transfer of
water from the alr in the void spaces of the bed to the
gsolid. This transfer continued until a new eduilibrium
point was reached, and the new equilibrium concentrations
depended on how far tbe‘bed was cooleé AowWn,

Unfortunstely, only & small amount of data on
the variation of the isotherm with temperature for the
alr-water-silica gel system could be found. Hougen and

Watson (13) presented an equation for the isotherm for
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this sysﬁem, based on data presented by Hougen and Dodge
(11)s This equation, however, doss not represent the
data in the region of low concentrations used in the pre-
sent work. Purthermore, the data of Hougen and Dodge 1s
not in agreement with the more recent data of Eagleton
(8), except at extremely low concentrations, while the
point calculated by the suthor is in good agreement with
the data of Bagleton. This point represents the molsture
content in equilibrium with the inlet humidity used in
the present work, and 1s an average value obtained by
graphical integratiocn of the humidity vs. time curves for
two runs which were carried to saturation. Because the
properties of silica gel may vary somewhat from one batch
to another, it was felt that an independent check of the
slope of the isotherm would be desirable.

In order to avolid the necessity of making ex-
tensive measurements of the adsorption isotherm, the
following procedure was devised for obtaining the slope
of the isotherm directly from experimental measurement
of the adsorption wave. From the definitions of X and b,
regardless of which kinetic equation appliés, note that

x _ 28Ps
b G

Using this equation, values of B were calculated from the
calculated values of X and b, and the measured values of

bed length, flow rate, and bulk density for each run.
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These calculated values of B are shown in Fig. 2, plotted
on a logarithmic scale against the reciprocal of the .ab-
solute temperature. Although there ls considerable scat=-
ter, the trend 1s evident. In addition to the cumulative
experimental errors which affect the values of B, there
is an error in the values of room temperature. The error
in these readings 1s t 0.5°F, and the entire range of
temperatures covered was 18.5°F. The line in Fig. 2 was
drawn by eye. There is no reason why this type of plot
would have to be a straight line, and a better fit of
the data might be obtained with & curve. However, since
this data was not used in subsequent calculations, except
in the calculation of the adsorption wave for Run 23,
nelther more precise temperature messurement nor a more
elaborate curve filtting procedure was necessary. At 80°F,
the slope of the isotherm read from Fige 2 is 59.0, which
is in falr agreement with the value of 48.2, read from
the slope of the line in Fig./l « Over the range of inl-
tial molsture contents covered in this work, there is a
2.7 fold increase in the slope of the isotherm from 90°F
to 70°%, according to the data of Hbugen and Dodge. The
increase over this temperature range on Iig. 2 is 3.1
fold.

From the values of B calculated in this menner,
and the measured value of H;, the initial moisture content

of the bed was calculasted.
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BEffect of Initial Molsture Content

The purpose of the first set of experimental
runs was to test the theory previously presented as de-
scribed on p.4T . The original data for all these runs
may be found in Tables in the Appendix., Plots of sev-
eral typical runs are shown in Fig. 3. The results of
this series of runs are shown in Fig. 4, which 1s a plot
of X/z vs. W

« A plot of b vs. Wi was also constructed,

i
but it showed somewhat greater scatter than Flg. 4. Be-
cause of the variation of the slope of the adsorption
isotherm with room tempsrature, it was desirable to plot
that parsmeter which is independent of B. From equations
5 and 12, it is obvious that this depends upon which re=-
sistance 1is controlling. The fact that the plot of b vs.
Wi showed greater scatter was attributed to the fact

thaet mass transfer 1s controlling for this system. Since
the results of additional tests confirmed this fact, only
the plot of X/z vs. W, is presented here. Elghteen of
the runs in this set were made on two different two inch
beds, holding everything constent except the condltions
of regeneration, and the bulk dénsity, which varied only
slightly from one bed to another. In adjusting the flow

rate during this entire set of runs, room temperature and
barometric pressure were taken into account and the set-

ting of the rotameter varied accordingly so as to main-
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tain a constant mass flow rate. The repgeneration tempera-
ture used varied from 140 to 230°F. 1In order to Le sure
that the observed variation in the values of X was not due
té some purely mechanical effect caused by varying the re-
generation temperature rather than to variation in mols-
ture content, five of these eighteen runs were made on
beds regenerated at 170°F. Variation in initial moisture
content for these runs was produced by varying the pres-
sure 1in the dehumidlifier during regeneration from 10 to
80 pounds per square inch gage. Since the points on Fig.
4 representing these runs show no consistent deviation
from the curve defined by the rest of the points the shape
of the curve appears to be due solely tc the variation in
initiasl moisture content. Further evidence in support of
this statement l1s the fact that the order of varying ré-
generation temperatures for the runs made on any one bed
was purely random. It does not seem likely that any ef-
fect other than varying initial molisture content would
be reversible, so if such effects were present we would
not expect a smooth variation in values of X, unless runs
were made in the order of increasing regeneration tempera-
ture.

The conditions of flow rate, particle size and
bed length chosen for this set of runs was such that, at
the highest initlal moilsture content used, s two-inch bed

was considerably shorter than the critical bed length.
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This meant that as soon as a test run on these beds was
begun, there was a sudden sharp lncreases in the exit
humidity and 1t took some time before the temperature of
the gold surface could be readjusted and accurate humidity
readings obtained. In order to improve the accuracy of

« the data in the region of high initial moisture content,
it was therefore necessary to make several runs on longer
beds. The results of three such runs, made on beds three,
four, and five 1lnches long, are also included in Fig. 6.
In gddition, one run made on a three inch bed regenerated
at 170°F is included. It is significant that these points
lie along the same curve drawn through points representing
runs made on two inch beds. This is some indication that
values of X calculated in the manner described from the
initial portion of 2 run do not show variation with bed
length, as was previocusly observed with the Schumann-
furnas solution.

The curve drawh in PFig. 4 was calculated from

equation 50 using the following values of the constantss

k. K!

Xo = 107.6 —— = 47900 £t.7%

lbs. dry solid

Ct = 469 1b. water

These constants were obtalined by fitting all the points
shown on Fig. 4 to equation 50 using the method of aver-
ages. The average deviation of the points on Flg. 4 1s
t 7.0%. In attempting to rectify equation 50 it was

found that a considerable range of values of X, could be
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obtained by extrapolation of the data in Fig. 4. Therefore
the method of averages was used, treating edquation 50 as g
three constant equation.

In addition to the experimental errors previcusly
discussed there is another factor which may account for some
of the scatter in Fig. 4. If the reslstance to mass trensfer
accounts for an appreciable portion of the total resistance,
all the runs in Flg. 4 should have been made at a constant
Reynolds's number. HEven though adjustments were made to
keep G constant, there was & maximum variation of about 4
per cent in the Reynold's number due to the variation of the
viscosity of air with room temperature. Also the variation
in bulk density of the beds caused some variation in the
mass transfer coefficlient.

The main conclusion that can be drawn from the
results shown in Fig. 4 is that the overall resistance to
transfer 1s a function of the moisture content of the solld,
confirming the main assumption upon which equations 48 and
49 are based. HFurthermore, the variation in resistance
with molsture content may be expressed by equation 50,
within the limits glven above. We cannot, however, accept
this as confirmation of the other assumptions upon which
equation 50 18 based. The values of X 1ln Fige ¢ may re-
pressnt the resistance to internsl diffusion or some com-

bination of mass transfer and internsl diffusion.
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Bffect of Varying Reynold's Number

The second set of runs was designed to determine
the relative magnitudes of the various resistances involved
in the air-water-silica gel system. The results of this
set of runs are shown in Fig. 6, in which X/z is plotted
against the Reynold's number. The original data for these
runs may be found in Tables in the Appendix. Plots of
several typlcal runs are shown in Fig. 5., These runs were
all made on 10-12 mesh silica gel, at flow rates varying
from 272 to 1161 pounds per hour per square foot.

Since the calculation of values of X depended on
the fact that the bresk time of the bed was close to zero,
it was necessary to vary bed length along with flow rate
in order to meet that condition. Therefore, the results
shown on Fig. 6 include runs made on two, three, and four
inch bedg&e The fact that all these points fall on a
single straight line is further evidence that overall
mass transfer coefficients calculated in this manner are
independent of bed length.

As previously mentioned, in studying the effect
of varying Reynold's number, the lnitial molsture content

of all beds should be the same. For this set of runs, a
regeneration temperature of 170°F was arbitrarily adopted.
This gave inltial moisture contents which permitted ac-
curate, raplid measurement of H; and still allowed a suf-

ficlently wide range of exit humidities to work over.
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Even though the conditions of regeneration were held cone-
stant, there was some varistion in initial molsture con-
tent during tnis set of runs due to variation in room
temperature, which accounts for some of the scatter in Fig.
6. Variation in room temperature might have an additional
effect 1f more than one resistance were important. In thils
case the values of X”/z in HFiz. 6 would be proportional to
an overall mass transfer coefficient, which would be de~
pendent to some extent on the slope of the adsorption lso-
therm. This might also account for some of the scatter

in Fig. 6. "

In calculating Heynold's numbers, the average of
the mesh openings of 10 and 12 mesh Tyler screen sizes was
uéed for the diameter. Since Gamson et al (10)(29) used
the sguare rocot of the surface area per particle, the nu~
merical values of Reynold's numbers on Fig. 6 cannot be
compared with thelr values. It would be extremely diffl-
cult to measure the surface area of the irregular particles
used in thls work, and there 1s no real reason to believe that
this dimension would have any greater significance for ir-
regular shapes than the one used,

Theoretically, it is possible to correlate the
results of both Fig. 4 and & by the use of a single equa-

tion, by use of edquation 50 in the following form,
Wy

X - n m
Z C Re” - 4 Re T”i”ﬁTW;

(52)
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where

k K! .

= - = ¢ Re™ and ~%?~ = d Re™

If internal diffusion were controlling equation 52 would

apply if we let
2
X, - "2 PePr

—t L = ¢ Re®
2 R%c
and
w*B P_K!
..._.._é._.B...— = g Rem
R*G

In order to utilize this eguation for mass transfer con-
trolling it would be necessery to correlate values of X,/z
and kGK'/G geparately against the Reynolds number. This
was attempted by utilizing equations 48 and 49 for the
calculation of K'/a, for each run. With this quantity and

the known values of X and W,, X, and de'/G could be cal-

5?
culated. Unfortunately, reliable values of K'/ai could
not be calculated in this manner. In lieu of a more exact
solution to the differential equation, the most reliable

- method of obtaining such a correlation would be to make a
geries of runs similar to that shown in Fig. 4, at a number

of different flow rates. Values of Ko/z and kGK'/G could
then bs calculated in the manner alrecady described and
separately correlated against flow rate. Such & procedure,
while undoubtedly reliable, would require a very largs

amount of experimental data for each system.
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Since nelther of the above methods could be used
with the data available, an attempt was made to fit the
data shown in Fig. 6 to equation 52, evaluabting the con-
stants by a trial and srror procedure. However with four
constants and only thirteen experimental points, it was
found that the data could be represented using a consider-
able range of values of m and n, if the values of ¢ and d
were adjusted appropriately. It was then noted that, ac-
cording to equation 52, a logarithmic plot of X/z vs.
Reynolds number should noct be a stralght line if mass
transfer is controlling unless m is equal to n, and Wi is
constant. In view of the fact that the data on Fig. 6 do
fall very nearly on a straight line, it was considered a
reascnable simplification to assume that m 1s equal to n.
As can be seen from equation 52,\this is equivalent to
assuming that the effective surface area is independent
of the Reynolds number. Although we cannot tell definitely
from the present data whether or not this 1s actually the
case, the resulting equation fits the data falrly well.

If internal diffusion were controlling, obvicuslym = n = -1,

The constants in eguation 52, with m edqual to n,
were then evaluated by the method of averages. The re-

sulting edquation 1s

W
X — "0031 i
£ = Re 399 - 188,000 (53)
[ 1 + Z60W, 5

]
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This equation represents the data with an average devia-
tion of ¥ 9.4 per cent. The line on Fig. 6 is the best
straight line drawn through a series of points calculated
from equation 83, using the experimentally measured flow
rates and initial moisture contents.

According to Table 1, if internsl diffusion were
the rate controlling resistance the exponent in this equaw
tion should be =l. If mass transfer were controlling and
the work of Gamson et al were applicable, the exponent
should be either - 0.41 or - 0.51 depending on the range
of Reynold's nuwbers. 1f we had a combination of both
resistances, the exponent would probably be somewhere in
between these two extremes. Obviously internal diffusion
1s not the rate controlling resistance. It appears that
at least the major portion of the total resistance 1s due
to mass transfer. The exponent of - 0.31 does not compare
favorably with those reported by CGamson et al. This could
be due to the fact that mass transfer coefficlents for ir-
regular shaped particles show greater variatlon with Rey=-
nolds number than in the case of regulasr shaped particles.
However, since a consliderable range of values of m and n
in equation 52 represented the data equally well, no
special signirficance can be attached to the exponent = Q.51
For purposes of comparison with values reported for regular
shaped particles it would be necessary to correlate X, and

kGK'/G separately agaeinst the Reynolds number, in the manner
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described on p.78 .

One further test was attempted with this data
in an effort to confirm the conclusions just drawn. Thls
was the use of a Wilson type plot as discussed on p./6 .
Such a plot 18 shown in Fig. 7 on which 1/KGa is plotted

49
GQ.59 GQ 4

against 1/ and ageinst 1/ . It was necessary to
use two different exponents since the range of Reynold's
numbers obtalned could not be compared with the ranges
in which Gamson et al recommend the use of each of the
exponents used.

With an exponent of 0.59, the extrapolated curve
would very nearly pass through the origin. With an ex~
ponent of 0.49, the curve would give a negative intercept,
which would be meaningless. In any event, it does not
seem possible that either of the curves in Fig. 7, would
show a large positive ordinate intercept. Therefore,
assuming that the results, obtained by Gamson et al are
applicable to irregular shaped particles, we may conclude
that the resistance to internsl diffusion is negligible.

This fact, combined with the results shown in Fig. 4,

confirms the assumptions upon which eguation 80 is based.

Test of Approximate Solution

In order to test the validity of equations 48

and 49, seversl of the runs represented in Fig. 4 were
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tested by the method described on p.49 . At first only
eqﬁation 48 was used for this, and it was found thﬁt the
resulting plot of F, - F vs. the quantity within the
brackets was not a straight line, as had been expected.
The sloge of the resulting curves approached the value of
K'/ai calculated from Fig. 4 at high values of F, but the
error was very large at low values of F.

Careful study of equation 48 showed that at
least part of the error was due to the fact that 1t does
not satisfy the boundary condition that P = 0 at X = 0.
In order to meet this condition, the integral in equation
48, taken from zero to infinity must equal Wi/l + C'Wi.
Actually, because F and G were used in evaluating this
Integral instead of F, agd Gy, the value of the integral
was always too large. It was for this reason that equa-
tion 32 was integrated between two different sets of
limits. Equation 49, while satisfying the boundary con-
cdition at X equal to infinity, does not satisfy the bound-
ary condition that Fq, = 1 at X = 0. It was found that the
use of both equations 48 and 49, each in a region far re-
moved from the boundary condition it does hot satisfy gave
better results than the use of either equatlon alone. The
use of edquation 49 l1s recommended starting at F equal to
zero, until the two solutions intersect. Ffor values of B
higher than that corresponding to the point of intersection,

equation 48 gives better results. In using equation 49 the
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guantity within the brackets was always negative, yielding
negative values of ¥, - F. The reason for this is not ap-
parent, but the absolute values of this quantity was used
in all calculations, with good results. 1In integrating
from H, to Hy, the humidity is decreasing from X edqual to
zero to any glven value, and since the actual resistance
1s higher then was used in deriving the Schumann-Furnas
solution, the rate of decrease will be less and we would

expect the actual humidity to be higher. In integrating

x
i

infinity to any glven value, but the rate of increase 1s

from H, to H; the humidity is increasing from X equal to
less than that given by the Schumsnn-Ffurnas solution, so
we wouldbexpect the asctual humidity to be less. If, in
the latter case, we measure distance from infinity to zero
rather than in the other direction, the sign of g% would
change, and equation 49 would then yield positive values
of Fqy - F.

While the use of both these equations gave better
results, it was found that reliable values of K‘/ai st1ll
could not be calculated in this manner. These eguations
are, however, useful for design purposes. Note that an
error as large as one hundred per cent in the calculated
value of Iy = F can still glve results closer to the ex-
perimental values than the Schumann-Furnas solution, but

for purposes of correlating K’/ai against the Reynolds num-

ber, an error of this magnitude could not be tolerated.
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Using values of K'/a, calculated from the results
of Fig. 4, the adsorption waves for three typical runs were
calculated in this meanner &nd are shown in Fig. 8, 9, and 10.
Also shown on these figures are curves calculated from the
Schﬁmann-Furnas solution. As was expected, these latter
curves in every case lle below the experimental curves.

The points calculated from equations 48 and 49 are, in ale
most every case, closer to the experimental values than
those calculated from the Schumann-Furnas solution. It is,
however, difficult to tell from these results whether or
not the differentisl eguatiocns presented here are valid
during the entire course of a run.

These equations were also tested on several runs
made at varying flow rates. For these cazlculations, values
of K'/ai were also obtained from Fig. 4, assuming that this
quantity is independent of flow rate. The results of these
calculations are shown in ¥ig. 8 and 8. 1t appears that
equations 48 and 49 do not work as well in this case. This
may be due in part to the use of incorrect values of K'/ai.
Apparently K'/ra:.L is a function of flow rate, but, as dis-
cussed on p./6 the exact nature of this variation could not
be determined from the data avallable.

One further attempt was made to determine whether
'or not the theory upon which equations 48 and 49 are based
accounts for the beshaviour of a bed during its entire life.

By graphical integrstion of a plot of H, - H against time,
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the cumulative amount of molsture pilcked up by the bed at
any time may be determined. Knowiﬁg this and the initial
molsture content of the bed, the total average moistﬁre
content at any time can be calculated. By assuming that
the moisture content of the bed was uniform at this value,
values of kGa at various times were calculated from equa-
tion 29. Values of X and T were then calculated and the
corresponding values of F were read from the Schumann-
Purnas charts. Curves calculated in thls manner almost
always gave values of humlidity which were too high. This
was attributed to the fact that the moisture content of
part of the bed was actually less than the average value
calculated in thls manner, and that most of the adsorption
actually occurs in that portion of the bed having the low-
est moisture content. Thus the resistance calculated in
this manner is too high. Therefore the results of this

test are not conclusive.

Effect of Bed Length

A3 previously mentioned, the results shown on
Fig. 4 and 6 both include runs made on two, three, four,
end five inch beds. The fact that one smooth curve was
obtained in each case indicates that mass transfer coef-
ficients do not actually vary with bed length as was pre-

vicusly reportec. If thls were the case, we would expect
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to get four distinct curves on Fig. 4 and 6, one for each
bed length. Apparently the variation previously observed
was due solely to the use of the Schumann-Furnas solution
under conditions such that the moisture content of the bed,
and hence the resistance to mass transfer, was not uniform.
As discussed on p.46, this would give values of X and b
which are too high, with the error increasing with increas-
ing bed length.

Because the above tests were made under condi-
tions such that two variables were being changeé at once,
i.e., bed length and elther flow rate or initial moisture
content, one additional test on the effect of bed length
was attempted. A run was made on a four inch bed, choosing
conditions of initisl moisture content and flow rate such
that the break time was too large to test the data against
the Schumann~Purnas solution. A value of B at room tempera-
ture during that run was read from Flg. 2. From this and
the measgured value of Hx, the initisl moisture content of
the bed was calculated. Since the flow rate for this run
was the same as that used for the runs represented on Fig.
4, a value of X/z was read directly from this figure. From
this, the measured bed length and bulk density, values of
X and b were calculasted. The adsorption wave was then cal-
culated from equations 48 and 49, as described on p.%0.

These results are shown in ¥Flg. 10. As before, the points
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calculated from equations 48 and 49 lie between the ex-
perimental values and those calculated from the Schumann-
Furnas solution. Because of the approximate nature of
equations 48 and 49, no definlite conclusion can be drawn

from the results of this particular test.
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SUMMAEY AND CONCLUSIONS

1. Previous contributions to the theory of the adsorption
wave in granular desslcant beds have been reviewed and it
has been shown that none of the methods in use are entirely
satlisfactory for the case where the resistance to either
mags transfer or internal diffusion constitutes an appre-
ciable fraction of the total resistance.

2+ In the case of mass transfer controlling, the failure
of previous methocds 1s attributed to the fact that, for un-
steady state operation, thenmass transfer coefficient 1is
not constant, as it has always been assumed. As the sur-
face of the particle becomes covered with water molecules,
the portion of the surface which 1s covered may be inef-
fective for furtler mass transfer. Thus the resistance to
mass transfer is a function of moisture content, and hence
of time and distance along the length of the bed. It has
been shown how the effective area may be theoretically
evaluated as a function of moisture content from knowledge
of the adsorption isotherm of the system.

5. In the case of internal diffusion controlling, the fail-
ure of previous methods is due to the fact that, as the
interior of the particle becomes filled with waber molecules
the resistance to further movement within the particle is
increased, Thus, in this case also, the resistance is a

function of moisture content. It has been shown how this
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function may be determined empirically.

4. Based on conclusiocns 2 and 3, two new kinetic relation-
ships have been presented. These have been combined with
a material balance to give a new differential equation for
the adsorption wave. Two approximate solutions to this
differential equation have been obtained, each useful in a
different range. These solutions give results which iIn
most cases are a better approximation to experimentally
determined adsorption waves than any previous equations.
It has been shown that these eguations reduce to the
Schumann-Farnas solutions at zero time. DBased on this
fact, a convenient method is presented for testing experi-
mental data and determining which, if any, of the kinetic
relationships presented is applicable.

5. An experimental procedure was devised for testing the
theories outlined in coneclusions 2 and 3. Data was ob-
tained on the system alr-water-silica gel, in which the
initial moisture content of the beds was varied, holding
all other conditicns constant. Tests performed on this
data confirm the fact that the resistance to mass trans-
fer 1s a function of the moisture content of the solid,

6. Additional data on this system on the effect of vary-
ing flow rate showed that mass transfer is the rate con-
trolling resistance in this system, at least during the
initial portion of a run. Tests performed on this data

and that discussed in conclusion 5 econfirmed the theoreti-
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cal relationship between effective mass transfer area and
moisture content.

7. Using the theories presented here, 1t has been shown
how 1t is thecretically possible to calculate quantities
which are directly proporticnal to the mass transfer co-
efficlent kG and the effective surface area a. It is thus
possible to correlate each of these guantlities separately

against the Reynolds number.
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1.
2.

Se

4.

6.

Sample Calculations

(Run 3)
Plot experimental dats of H/Ho vs. time in minutes,

Select a series of rounded values of F and caleculate

the corresponding values of H/H.o as follows:

R, X
H/H = F(1 - Hy/H,) + Hy/H,

For each calculated value of H/H, read the correspond-
ing time from the plot prepared 1in step 1, and calcu-~
laste the square root of the time.

For each value of F selected in step 2, obtain the
correspondling value of Y from the tables prepared

by Lieht (23) for thls purpose. The results of steps
2 to 4 are presented in the tagble ofi page 98,

Plot ¥ vs.Jt as shown in Pigure 12. From the straight
line portion of this curve obtain the slope and inter-
cept:

slop02 = 0.145

slope = 0,381
intercept2 = 7.95

intercept =1-2.82 X
Using the value of X obtained from step 5 as a first
approximetion, resd the value of T corresponding to
each value of F in the table above. For thls purpose,
a plot was prepared of X vs T for a series of rounded
values of F. Plot thésevwalues of T against the cor-
responding time. A straight line through the origin

of slope b should result. Repeat this prodedure for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

97



- nm wn -—_—

0.001
0.002
0,003
0.005
0.0075
0.01
0.02
0.03
O.QS
0,07
0.1
0.2
0.3
0.4

0.5

0.0485
0.0504
0.0528
0.0551
0.0647
0.0742
0.0933
0.112
0.141
0.236
0.332
0.427

0.552

- T -

-1.645
-1,452
-1.330
~1.163
-1.044
-0.906
~-0.595
-0.371
-0,179
0.0
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several values of X, selecting the one glving the best
stralght line through the origin. Several typlcal plots
are shown on Flg, 13, The best value of X for this run
,18 940 and the value of b obtalned from the slope of this
line is 0,161, ‘

7+ Calculate the mgss frlow rate and the bulk density of
the bed. Mass flow retes were calculated from the follow-
ing formula, derived from the 1deal gas law and the callibe

ration corraction for varigtions in temperature and press-~

urﬁ.
1/2 ., 29.6,1/2
G= R( -,Ii’;) 58.1 = 30'0(%3‘5‘5 / 5841 =406

where G 1s the mass flow rate in pounds per hour per square
foot, R 1s the uncorrected rotameter reading, p is atmosph-
eric pressure In inches of mercury, and T 1s room temperature
in degrees Rankine.

Bulk density was calculated from the measured weight of

desslicant and the dimensions of the bed container as follows.

Bulk density = 16,10 x 1728 = 39,0 pounds
454 x 0,785 x 12 x 2 che T

*

8s Calculate the slope of the adsorption isotherm as

follows.
B= _XG = Qo) X 406 %12 = 58,40
bZpy 0.16]1 x 60 x 2 X 39.0

9 From the calculated value of B and the measured wvalue
of Hy, calculate the initlal molsture content of the

bed as follows.

3
Wy = BHy = 58,0 x 46,1 x 107° = o0.00268
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Table V

Experimental Data for Run 1

Description of Run:#* Descrlption of Regenergtlion:
Bed length - 2 in. 3 Bath temperature - 200°F,
Rotemeter reading - 30.0 ft,/hr. Pressure of alr supply = 40 psig
Room tempersture - 78°F, H, == 1012x10°€
Barometric pressure - 29.24 in. Hg

Elapsed Surfacess Elapsed Surface
time-min. temperature °F. H/H, time- min. temperature °F. H/H,

- oe o anon W o - B G S . G W 0 o [ 2 ¥ Y i ae S B - - T G W G D T -

O ‘66 05 0001262 SO "08 05 00157

7 65,5 0.01411 35 -20.5 0.251
11 -62.5 0.01780 41 -14.5 0.354
15 59,5 0.0216 45 1/2 - 7.5 0,519
19 -54,0 0.0312 64 * 1.5 0.840
22 -48.5 0.0448 74 + 3.0 0.909
25 -42,0 0.0694

Table VI

BExperimentgl Date for Run 2

Description of Rung# Description of Regenergtlon:

Bed length - 2 in. . Bath temperature - 150°F,
Rotameter reading - 30.3 f£t./hr. Pressure of aglr supply - 40 psig
Room tempersture - 81°F. Ho = 1012x10°¢
Barometrle pressure - 29.10 in. Hg
Elapsed Surfacess Elepsed Surface
time-min, temperature °F, H/H, time-min. tempersture °F. H/H,
0 -36 .50 0.0965 33 1/2 -10.00 0.454
9 1/2 -31.75 0.1332 37 1/2 - 6.50 0.550
13 1/2 -28,00 0.1620 44 1/2 - 2.50 0.684
17 1/2 -24.50 0.,1998 54 1/2 + 1.50 0.840
21 1/2 -21.00 0.243 74 1/2 + 3.50 0.934
25 1/2 =16 .50 0.316

# Dgta on bulk density of these beds appear on p.HMNI. Pressure
of ailr supply for &ll runs was 40 psig., corresponding to
He= 1012x10~¢ All rotameter readings are uncorrected resdings.
#% All surface deposits were lce unless otherwise noted.
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Table VII
Experimental Dats for Run 3

Description of Run:# Description of Regenergtion:
Bed length - 2 in,. Bath temperature - 170°F,
Rotameter reading - 30.0 ft3/hr. Pressure of gir supply - 40 psig
Room temperature - 79°F., H, = 1012x10°¢€
Barometric pressure - 290,16 in. Hg

Elgpsed Surfacess Elapsed Surface

time-min. temperature °F. H/H, time-min. temperature °F. H/H,

6 -47,0 0.0490 34 -14.0 0.364
10 - =45,0 0.0565 39 - 9.0 0.477
13 -424,5 0.0668 52 - 1.0 0,729
17 =37.5 0.0906 62 + 2.0 0.861
24 -27 UO 0.172

Table VIII

Experimental Data for Run 4

Description of Run:# Description of Regeneration:
Bed length - 2 in. s Bath tempersture - 140°F,
Rotameter reading - 29.5 f£t./hr. Pressure of air supply - 40 psig
Room temperature - 75°F, H, = 1012x10°¢
Barometric pressure -~ 29.50 1n. Hg

Elapsed Surfacess Elapsed Surface
time-min. temperature °F., H/H, time-min., temperature °F., H/H_
0 -24.5 c.1l10 37 - 9,0 0.472
7 -31.5 0.135 44 - B,5 0.579
12 1/2 -28.75 0.155 48 - 3.5 0.649
15 1/2 -26 .75 0,174 57 o] 0.774
22 -22.5 C.226 65 + 2.0 0.861
33 -14.0 0.364 20 + 4,0 0.958

# Data on bulk density of these beds appear on p./ll.
s All surface deposits were 1lce unless otherwlise noted.
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Table

IX

Experimental Data for Run 5

Description of Run:#
Bed length - 2 in, 2
Rotameter reading - 29.8 ft./nr.
Room temperature - 79°F.

Descrliption of Regenerstion:
Bath temperature - 180°F,
Pressure of alr supply - 40 psig.
Ho = 1012x10°€

Barometric pressure - 29,56 in. Hg

Elapsed Surfacedss* Elapsed Surface
time-min, tempersture °F. H/H, time-min. temperature °F, H/H,
O "‘55 .0 0.0288 28 "07.0 00172
6 -54 ') O O * 0512 56 "'16 * O 00524
11 =51.5 0.0372 - 41 ~10.5 0.442
16 -47 . QO 0.,04¢0 56 - 1.0 0.729
20 -40,0 0.077¢ 68 + 2,0 0.860 .
23 «34,0 0.114 76 + 2.7 0.891
Table X

Experimental Da

Description of Runs#
Bed length - 2 in, a
Rotameter reading - 29.7 ft./hr.
Room tempersture - 78°F,

ta for Run 6

Deseription of Regeneragion:
Bgth tempersture - 160°F.
Pressure of alr supply - 40 psig.
H, = 1012x10°€

Barometric pressure - 29.42 in. Hg

Elapsed Surfaced#s Elapsed Surface

time-min. tempersture °F. H/H, time-min. temperature °F. H/H,
0 -43,75 0.0614 33 -16.0 0.324
7 -41.5 0.0718 40 -11.0 0.430
11 =39.5 0.0802 52 - 2.5 0.684
14 -36.5 0.0265 59 + 1.0 0.815
19 ~-32 5 0.126 71 4+ 2,7 0.891
24 ~27 O 0.172

# Data on bulk density of these beds appear on p.//l.

## All surface deposits were ice unless otherwise noted.
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Table XTI

Experimental Data for Run 7

Description of Runs# Deseription of Regeneratlon;
Bed length - 2 in. Bath temperature - 190°F,
Rotameter resding - 29,7 fti/hr. Pressure of alr supply - 40 psig.
Room temperature - 75°F. Ho = 1012x10-€
Barometric pressure = 29.44 in., Hg

Elapsed Surface#+ Elapsed Surface

time-min. tempergture °F, H/H, time-min. temperature °F. H/H,

0 -82.0 0.0184 26 =365 0.0965
5 -61.25 0.0193 34 ~24.0 0.206
9 -59.,0 0.0222 38 1/2 -18.0 0.290
13 ~54.75 0.0294 46 -10.0 0.454
17 -50.5 0.0399 53 - 4,0 0.631
21 -44.,5 0.0584 76 + 2.3 0.875
Table XTI

Experimental Data for Run 8

Description of Runis# Description of Regenerastion:
Bed length - 2 1n, 3 Bath temperature - 210°F.
Rotameter reading - 29.8 ft./hr. Pressure of air supply - 40 psig.
Room tempergture - 79°F, H, = 1012x10-€
Barometric pressure - 29.48 in. Hg

Elapsed Surfaces# Elapsed Surface

time-min. temperature °F. H/H, time-min. tempersture °F. H/H,

0 =66 .0 0.0136 25 -38.0 0.08786
10 -64,0 0.0157 31 -2545 0.188
13 -62,0 ©.0184 40 ~154.5 0,334
16 -59,0 0.0222 55 - 5.0 0.595
19 -54,25 0.0306 82 + 1.25 0.827

% Data on bulk density of these beds appear on p.//l .
#%# All surface deposlits were lce unless otherwise noted.
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Table X111

Experimental Data for Ruh 9

Deseription of Run:# Description of Regeneration'
Bed length -« 2 in, Bath temperature - 200°F
Rotameter Reading - 30.0 ft./hr. Pressure of air supply - 40psig.
Room temperature - 78 F, Hy = 1012x10°8
Barometrie pressure - 29.38 in, Hg

Elapsed Surface = Elapsed Surface

time-min, temperature F H/H, time-min, temperature F H/H,

0 -62,0 00,0184 26 -31.5 " 04,135
8 -61,5 00,0191 29 -2645 0,177
11 =50,.5 0.0204 35 -19,0 0,272
15 -58,0 0,0238 39 =13,0 U.385
17 -55.25 0.0284 43 - 90425 0471
19 =53.5 00,0323 51 - 4,0 0,632
21 =-51,0 00,0386 62 +045 0.795
22 1/2 -440U 0.0602 76 + 2.5 00875
Table X1V

Experimental Data for Run 10

Demcription of Run:# Description of Regeneration'
Bed length - 2 in. Bath temperature - 230°F
Rotgmeter reading - 29,9 ft /hr. Pressure of air supply - 40 psig.
Room temperature = 76,5 F Hy = 1012x10°%

Barometric pressure - 29,38 in. Hg

Elapsed Surface Elapsed © -~ Surface

time-min. temperaturse F H/H, time-min. temperature F  H/H,
U -76.0 OoOObe 24 -42.5‘ 000668
11 -75.M Ug00705 28 ‘5400 00114
14 -7500 0000815 52 '26.5 00177
16 =705 0,00978 34 =24 ,0 0.206
19 83,0 0C.,0171L 37 19,5 0,266
21 —55.5 000280 42 -12.5 0.396
22 «50,5 00,0399 47 - 8,0 0,502

# Data on bulk density of these beds appear on p.lll .,
## All surface deposits were lce unless otherwise noted.
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Table XV
Experimental Data for Run 11

Description of Run:: Description of Regeneratlon:
Bed length - 2 1n. Bath temperature - 145°F,
Rotameter reading - 29.8 ft ./hr. Prassure of air supply - 40 psig.
Room temperature - 75°F, H, = 1012x10°°
Bérometric pressure - 29.42 in. Hg

Elapsed Surface#s Elapsed Surface

time-min. temperature °F. H/H, time-min. temperature °F, H/H,

0 -39.0 0.0826 26 -20.5 0,251
2 -38.0 0.0876 29 -18.0 0.290
5 -36.5 0.0965 33 1/2 ~13.25 0.378
7 =35.0 0.106 37 -10.0 0.454
15 -30.5 0.141 41 - 7.5 0.519
18 1/2 «28.0 0.162 - 52 - 3.0 0.664
21 1/2 -25.5 0.188 59 0.0 0,774

# Data on bulk density of these beds appear on p./tl.
## All surface deposits were lce unless otherwise noted.

Data on weight of bed for runs 1-11l:

Wt. of tare + dessicant = 40,04 gms.
Wt. of tare - 23.90
Wt. of desslicant - 16,10 gms.
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Table XVI

Bxperimental Dgta for Run 12

Description of Run:# Description of Regeneration:
Bed length - 2 in, Bath temperasture - 140°F,
Rotameter reading - 29.8 ft /hr, Pressure of air supply - 40 psig.
Room temperature - 76°F, H, = 1012x10-¢

Barometric pressure - 29.40 in. Hg
Elapsed Surfacess Elapsed Surface
time-min. temperature °F. H/Ho, time-min, temperature °F. H/H,

- e .- D S e WD e S S - - P L ] P L . L T XY - -

0 -33.,5 0.116 33 -14,0 0.364
4 ~31.5 0.135 38 -10.75 0.436
7 1/2 -30,0 0.145 46 - 5.0 0.595

12 1/2 -28,0 0.162 51 - 2.0 0.700

15 -26.5 0.177 62 + 1.5 0.840

24 -22,0 0.232 80 + 3.5 0,934

28 "18 .5 00282

Table XVII

ixperimental Data for Run 13

Description of Runj:# Desceription of Regenerastion:
Bed length - 2 in. Bath temperature - 170°F.
Rotameter regding - 29.8 £ /hr. Pressure of air supply - 40 psig.
Room temperature - 75°F, H, = 1012x10-€
Barometriec pressure - 29.28 in. Hg

Elapsed Surface## Efapsed Surface

time-min. temperature °F. H/Ho time-min. temperature °F. H/He

O =53.5 0.0323 34 -26.0 0.182
-52,0 0,0358 36 1/2 -22.5 0.226

12 1/2 -49,0 0.0436 39 1/2 -18.5 0.282
16 1/2 -47,0 0.0490 43 1/2 -14.0 . 0.364
21 -43.5 0.0624 46 -10,0 0.454
25 -41.0 0.0735 55 - 5.0 0.5958
29 =37.0 0.0930 64 - 0.5 0.752

# Data on bulk density of these beds appear on p.ll7.
#% All surface deposits were lce unless otherwlse noted,
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Table XVIITI

Experimental Dats for Run 14

Description of Runs# Description of Regeneration:
Bed length - 2 in. ~ Bath temperature - 170°F.,
Rotameter reading - 29.9 £t /hr. Pressure of air supply - 10 psig
Room temperature -~ 78°F, H, = 2260x10°¢
Barometric pressure - 29,38 in. Hg

Elapsed Surfaceitst Elapsed Surface

time-min., temperature °F, H/H, time-min. temperature °F. H/H,

0 -38.5 00,0851 27 -21.0 0.243
'7 "56 OO 000996 31 "'16 05 0.516
11 -34.,5 0.110 34 1/2 -13.0 0.385
16 -32.5 0.126 38 -11.0 0.430
18 1/2 ~30.5 0.141 43 1/2 - 6.5 0,550
20 1/2 -29.0 0,152 49 1/2 - 4,0 0.632
22 =27 .0 0.172 58 + 0.5 0.795
Table XIX

Experimental Data for Run 15

Description of Run:# Description of Regeneration:
Bed length - 2 in. Bath temperature - 170°F,
Rotameter resding - £9.6 ft./hr. Pressure of eir supply - 80 psig
Room temperasture - 74°F, He = 583x10’

Barometric pressure - 29.48 in. Hg
Elapsed Surface#s# Elapsed Surface
time-min, temperature °F, H/H, time-min. tempersgture °F. H/H,
0 -60,0 0.0210 30 1/2 -3335 0.117
3 -80.0 0.0210 34 -27.5 0.187
7 ~59.5 0.0216 37 -23.5 0.212
13 -58,0 0,0238 40 1/2 — =17.5 0.298
16 1/2 -56.5 0.0261 44 1/2 -13.0 0.385
19 -55,0 0.0288 51 - 8.0 0.502
21 =535 0.0323 61 ~ - 2.0 0.700
23 «48.5 0.0450 67 - 0.5 0.752
26 -42.5 0.0669 81 =T 4 1,0, 0.816

# Data on bulk density of these beds appear on p./77.
#% All surface deposits were 1lce unless otherwise noted.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



174

Tabls XX
Experimental Data for Run 16

Description of Runsi# Description of Regeneration:
Bed length - 2 1in. Bath temperature - 170°F,
Rotameter reading ~ 30.1 £t o/hr. Pressure of air supply - 60 psig
Room temperature - 8l.5°F, He = 739x10°€
Barometric pressure - 29.42 in. Hg

Elapsed Surfaces#s# Elapsed Surface

time-min. tempersture °F. H/H, time-min. temperature °F. H/H,

0 =525 0.0347 22 ~38.0 0.0876
4 -52,0 0.0358 24 1/2 -33.5 0.118
8 -50.5 0.0399 26 1/2 -28.0 0.162
11 1/2 -50.0 0.0412 28 -25.5 0.188
14 1/2 -47,0 0.0490 33 -18.5 0,282
17 -45,0 0.0565 35 1/2 -15,0 0.344
18 43,5 0.0624 39 ~-10.5 0.441
20 -41,0 0,0736 45 - 7.5 0.519
Table %XI

Experimental Data for Run 17

Description of Run:# Description of Regeneration:
Bed length - 2 in. Bath temperature - 170°F,
Rotameter resding - 29.6 fta/hr. Pressure of air supply - 25 psig
Room tempersture - 78°F, He = 1400x10-€
Bapometric pressure - 29.73 in. Hg

Elapsed Surfacesss Elapsed Surface

time-min. temperature °F, H/H, time-min. temperature °F. H/H,

9] -47 .5 0.0476 27 1/2 -29.0 0.152
3 «47.,0 0.0490 30 -25.25 0.190
7 =-45,0 0.0565 BL e =1 DB 0.266
10 «43.,0 0.0644 37 ~15.5 0,344
14 1/2 -41.5 0.0715 40 -13.0 0.385
16 -4 0.25 0.0768 43 -10,0 0.454
19 -38.0 0.08786 48 - - 6,5 0.550
21 1/2 -35.5 0.103 55 - 2.0 0.700
25 =33.0 0.120 71 + 1.5 0.838

# Data on bulk density of these beds appear on p./lH7.
s## All surface deposlits were ice unl}ess otherwlse noted.
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Table XXTII

Experimental Data for Run 18

Description of Runi# Description of Regenﬁmation~
Bed length - 2 in. Bath tempserature - 220°F
Rotameter reading - 30.5 ft ./hr. Pressure of air supply = 40 psig
Room temperature - 87°F, Ho = 1012x10 €
Barometric pressure - 29.30 in. Hg

Elapséad Surfacess Elapsed Surface

time-min. temperature °F. H/Ho, time-min, temperature °F. H/H,

C =73.0 0.00815 21 -46,0 0.0529
3 =73.0 0.00815 25 e w3345 0.118

9 ~71.5 0.00907 28 ~26.0 c.182
11 -70.0 0.0101 30 .  =23,0 - 0.218

13 -68,0 0.0118 33 «17.5 0.298

14 -66.5 - 0.,0131 37 -11.0 0.430

16 -63.25 0.0187 41 “-7,0 0.534

17 1/2 -60.5 0.0204 47 - 1.5 0.715

19 "54 05 000500

Table XXTIT

Experimental Data for Run 19

Description of Run:#* Description of Regeneratlon:
Bed length - 2 in. Bath tempersture - 170°F.
Rotameter reading - 35.0 £t ./hr, Pressure of air supply - 40 psig
Room temperature - 84°F. Ho = 1012x10-€
Rarometric pressure - 29.31 in. Hg

Elapsed Surfacesss Elapsed Surface

time-min. temperature °F. H/H, time-min. temperature °F. H/Ho

0 -50,0 0.0412 20 1/2 -22.5 0.225
5 -47.5 0.0476 23 1/2 -18.0 0.290
8 1/2 -43.5 0.0624 26 1/2 -14.0 0.364
11 -41.5 0.0715 30 1/2 - 8,0 0.502
13 ~37 5 0.0805 35 1/2 - 4,5 0.614
15 ~34.5 0.110 43 . 0.0 0.773
16 1/2 «31.5 0.135 75 + 2.7 0.891
18 -28,.25 0.160

# Data on bulk density of these beds appear on p./{7.
3% All surface deposits were ice unless otherwlse noted.
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Table XXIV

Experimental Data for Run 20

Description of Runi:s Descriptlion of Regeneratlon:
Red length - 2 in. s Bath temperature - 170°F,
Rotametsr reading - 20.0 ft./hr. Pressure of alr supply - 40 psig
Room temperature - 77.5°F. H, = 1012x10-%

Barometrlic pressure - 29.46 in. Hg

Blapsed Surface## Elapsed Surface
time-min. fHemperature °F. H/H, time-min. temperature °F. H/H,

- - - s D WU W e D WD e W G WD W - aw - OB D O e M D WA S W -

0 -49,0 0.0436 48 -~  =31.,0 0.137

6 -49,0 0.,0436 52 1/2 -26.5 0.177
12 -48.5 0.0450 54 oo =285 40 0.194
20 -47.,0 0.0490 59 ~19.5 0.266
26 -46,0 00,0529 63 —m= =17,0 0.307
31 -44,75 0.0575 66 1/2 -12.5 0.396
36 -43,5 0.0624 74  —oem— = 9,0 0.476
40 "41.0 000756 79 . - 605 00550
42 "59 025‘ 000815 96 T hd 005 00752
44 1/2 ~36.5 0.,0965

Table XXV

Experimental Data for Run 21

Description of Runs# Description of Regeneration:
Bed length -« 2 in., 3 _Bath temperature - 170°F,
Rotameter reading - 25.0 ft./hr. Pressure of air supply - 40 psig
Room temperature - 82°F, H, = 1012x10°¢
Barometric pressure - 29.50 in. Hg

Elapsed Surfacek:s Elapsed Surface
time-min. tempersture °F. H/H, time-min. temperature °F. H/H,
0 =47 .5 0.0476 32 1/2 -« =29,0 0.152
2 «47,5 0.0476 35 1/2 -24,0 0.2086
7 -46.0 0.0529 39 1/2 — -19.5 0.266
14 -45,0 0.0565 43 =165 0.316
18 -4345 0.0624 46 -l =135 0.374
21 -42,0 0.0694 51 1/2 - 9,0 0.476
24 ~-39.5 0.0803 57 o = 5,5 0.579
26 =375 0.0906, 64 0.0 0,774
28 1/2 -35,0 0.106 T e b 2,3 0.874
30 1/2 ~32.5 0.126

# Data on bulk density of these beds gppear on p./I7.
## All surface deposits were ice unless otherwise noted.
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Table XXVI

Experimental Data for Run 22

Description of Run: Desecription of Regeneration:
Bed length - 2 in. 3 Bath temperature - 170°F,
Rotameter regding - 40.0 ft./hr. Pressure of alr supply - 40 psig
Room temperature - 82°F, H, = 1012x10°¢
Barometric pressure - 29.52 in. Hg

Elapsed Surface# Elapsed Surface

time-min. temperature °F., H/H, time-min. temperature °F, H/H,
0 : -46.,0 0.0529 16 1/2 -30.0 0.145
4 1/2 -45,0 0.0565 19 -26,5 0.177
7 1/2 -44,0 0.0602 21 -22.5 0.226
S -43.,0 0.0644 24 -17.5 0.298
12 -38.5 0.0851 28 ~13.25 0.380

14 ~-35.5 0.103 31 - 9.5 0.465

# All surface deposits were ice unless otherwise noted.

Data on weight of bed for runs 12-22:

Wt. of tare + dessicant - 40,04 pms.
Wt. of tare - 21.52
Wt. of dessicant - 18.52 gms.
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Table XXVIT

Experimental Data for Run 23

Description of Run:# Description of Regenergtion:
Bed length - 4 in,. Bath temperature - 170°F.
Rotemeter reading - 30.4 £t ./hr. Pressure of air supply - 40 psig.
Room temperature - 85°F, H, = 1012x10°¢
Barometric pressure - 20.38 in. Hg

Elapsed Surfacess " Elapsed Surface

time-min. temperature °F. H/Ho, time-min. temperature °F. H/H,

0 -43.0 0.0644 51 1/2 ~25.5 0.188
8 -43,0 0.0644 58 =19,0 0.273
16 -42.0 0.0694 61 1/2 -15.5 0.334
22 -40.0 0.0779 85 1/2 -12.0 0.406
31 =38 .5 0.0851 75 - 6,0 0.565
36 -37 40 0.0930 7 £ = SR - 345 0.649
44 -31.0 0.137 06 w4 2,0 0.861
48 -27 .5 0.1867

Table XXVITII

Experimental Data for Run 24

Degeription of Runs# Desgcription of Regeneratlon:

Bed length - 4 in. Bath tempergture - 170°F.
Rotameter reading - 50,0 £t ./hr. Pressure of air supply - 40 psig.
Room temperature - 87°F, H, = 1012x10-¢
Barometrle pressure - 29.42 in. Hg
Elapsed Surface# Elapsed Surface
time-min. temperature °F. H/H, time-min. temperature °F, H/H,
¢ -41 ,0 0.0735 25 -25.5 0.188
11 1/2 -39.5 0.0802 27 -22.,0 0.232
13 =-38,0 0.0876 30 1/2 «-17,.,75 0.303
15 =370 0,0930 35 -12.5 0.396
17 -35,5 0.103 39 1/2 - 7.0 0.534
19 1/2 -32.75 0.128 51 0.0 0.773
21 1/2 -30.0 0.145 59 4+ 2.3 0.874

# Date on bulk density of these beds appear on p./20.
#% All surface deposits were 1lce unless otherwlse noted,
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Table XXIX

Experimental Data for Run 25

Description of Runs# Description of Regeneration:
Bed length - 4 in. Bath temperature - 170°F,
Rotameter reading - 60.0 £t /hr. Presaure of ai” supply - 40 psig.
Room tempersture - 87.5°F. Hy = 1012x10-¢
Barometric pressurs - 20.45 in. Hg

Elapsed Surfaces# Elapsed Surface

time-min. temperature °F. H/H, time-min. temperature °F. H/He

0 -41.5 0.0715 23 -17.5 0.298
11 -38.5 0.0851 28 -10.75 0.435
13 -36,0 0.0995 33 1/2 - 5.5 0.580
14 1/2 -34,0 0.113 38 - 1.25 0.721
16 -30.5 0.141 42 1/2 + 0.5 0,795
18 -26,0 0.182 46 + 2.0 0.860
20 1/2 -22.,0 0.232
Table XXX

Experimental Data for Run 26

Description of Runi:# Description of Regeneration:
Bed length - 4 in. Bath temperature ¢ 170°F,
Rotameter reading ~ 70.0 £t ./hr, Pressure of air supply - 40 psig.
Room temperature - 88°F, = 1012x10-¢
Barometric pressure - 29,38 in, Hg

Elapsed Surfacess Elapsed Surface

time-min. temperature °F. H/H, time-min. temperature °F. H/H,

O "4100 0¢0755 15 "2605 00177
4 -41,0 0.,0735 18 1/2 -17.5 0.298
7 1/2 -40,0 0.0779 20 1/2 -14.0 0.363
10 -38.5 0.0851 23 1/2 - 9.0 0.477
11 1/4 =365 0.0965 31 ~ 2.5 0.683
12 1/2 -3445 0.110 33 1/2 - 0.5 0.751
13 1/2 ~31.5 0.135 40 + 2.3 0.874

# Data on bulk density of these beds appear on p.420.
#% All surface deposits were 1lce unless otherwise noted.
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Experimental Data for Run 27

Description of Run: Description of Regeneration:
Bed length - 4 in. Bath temperature - 170°F,
Rotameter reading - 80.0 ) J/hr. Pressure of air supply - 40 psig
Room temperature - 86°F, He = 1012x10-¢

Barometric pressure - 29,58 in. Hg

Elapsed Surfacesst Elapsed
time-min. temperasture °F. H/H, time-min.
0 ~40.58 0.0757 15 1/2
6 1/2 -39.5 0.0802 17 1/2
10 1/2 =36,0 0.0995 21
12 1/2 30,0 0.145 24
14 27,0 0.172 32

Data on weight of bed for runs 23-27:

wWt., of tare + dessicant -
wt. of tare =~
wt. of dessicant -

Table XXXII

Experimental Data for Run 28

Description of Run:#

Surface
temperature °F.

- o - o= -

82.58 gms.
47.58
35.00 gms.

H/He
0.232
C.334
0.441
0.595
0.795

Description of Regenerastion:

Bed length -~ 3 in. Rath temperature - 170°F.
Rotameter reading - 50.0 ft ./hr. = Pressure of air supply - 40 pslg
Room tempersture - 86°F, He = 1012x10-%
Barometric pressure - 29.50 in. Hg
Elapsed Surfacews Elapsed Surface
time-min. tempergture °F. H/H, time min. tempersture °F, H/H,
0 -42,5 0.0668 18 1/2 -26,0 0.182
9 4] W5 0.,0715 20 1/2 -21.5 0.238
12 1/2 -39.5 0.0802 24 1/2 -16,5 0.316
14 -38,0 0.0876 30 1/2 - 9.5 0.465
15 1/2 =35.0 0,106 40 - 2,0 0.700
17 «31.0 0.137 49 + 1.0 0.816

# Data on bulk density of these beds appear on p./23,
#% All surface deposits were ice unless otherwise noted.
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Table XXXITT

Experimental Data for Run 29

Description of Rung# Description of Regeneratlon;
Bed length - 3 in. 3 Bath temperature - 170°F,
Rotameter reading - 65.0 ft./hr. Pressure of alr supply - 40 psig.
Room tempersture - 83°F, He = 1012x10-€
Barometric pressure - 29.38 in. Hg

Elapsed Surfacess Elapsed Surface

time-min, temperature °F, H/H, time-min., temperature °F, H/H,

0 ~44 .0 0.0602 13 -30.0 0.145

7 -42.5 0.0668 14 1/2 -25.0 0.194

8 1/2 -41.5 0.0715 16 -21.0 0.243

9 1/2 ~-40,0 0.077¢ 18 -18.0 0.290

10 1/2 =37.0 0.0930 20 1/2 -15.0 0.344
Table XXXIV

Experimental Data for Run 30

. Description of Run:# Description of Regeneratlong
Bed length - 3 in, 3 Bath temperature - 140°F,
Rotameter regding - 30,2 ft./hr. Pressure of alr supply - 40 psig.
Room temperature - 84°F, H, = 1012x10°¢
Barometric pressure - 29.38 in. Hg

Elgpsed Surfaces Elapsed Surface
time-min. temperature °F. H/H, time-min. tempersture °F. H/H,
0 -26.5 0.172 32 EEE S by P - 0.298
5 ~-25.5 0.188 36 -15,0 0.344
17 «23.0 0.218 38 1/2 oo =13.5 C.374
22 1/2 -22.0 0.232 42 -12.0 0.406
25 1/2 -21.5 0,238 B0 ot = 7,0 0.534
27 1/2 -20.,5 0.251 54 - 4,75 0.604
29 -20.0 0.258 77 -~ 0.5 0.752
31 '1905 00266

# Data on bulk density of these beds eppear on p./23,
4% All surface deposlts were ice unless otherwise noted.
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Table XXXV

Experimental Data for Run 31

Description of Run:
Bed length - 5 in.
Rotameter reading - 30.6 £t ./hr.

Description of Regeneration:
Bath temperature - 140°F,
?rassure of air supply - 40 psig

Room temperature - 89°F. = 1012x10-%
Barometric pressure - 29.37 in. Hg
Elapsed Surface# Elapsed Surface
time-min. temperature °F, H/H, time-min. temperature °F. H/H,
0 -23.5 0.212 53 -15.5 0.334
4 -23.5 0.212 60 -12,5 0.396
19 -23.0 0.218 68 - 9,0 0.477
034: -20.0 00258 84 b 405 0.614
40 «19.0 0.272 100 - 2.5 0.684
44 "18.0 00289
Dats on welght of bed for Run 31:
Wt. of dessicgnt + tare - 09.12 gms.
Wt. of tare - 51.22
Wt. of dessicant # 47,90 gms.

Table XXXVI

Experimental Data

Description of Run:
Bed length - 4 in,
Rotameter reading - 30.3 ft%/hr.
Room temperasture - 88°F,

for Run 32

Description of Regeneration:
Bath temperature - 140°F,
Pressure of air supply - 40 psig.
Ho = 1012x10°€

Barometric presure - 29.48 in. Hg

Elapsed Surface*

time-min. twmmmmme°F. H/H,
o} -24.,5 0,200
8 -24.0 0.206
28 -19.0 0.272
32 1/2 <16 .0 0.324

Data on weight of bed for Run 32:

Wwt. of dessicant +
Wt. of

Wt. of dessicant -

# All surface deposits were ice unless otherwise

2% Water

Blapsed Surface

time-min., temperature °F. H/H,
42 -11.0 0.430
55 - 7.0 0.534
61 - 4,5 0.614
75 - 4 Bt 0.744
85 - 2 45%% 0.8186

tare - 85.11 gms.

t&re - 48 .06

T37.05 gms.

noted.
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Table XXXVIT

Bxperimentsl Data for Run 33

Description of Run: Description of Regeneration
Bed length - 4 in. 3 Bath temperature - 170°F,
Rotameter reading - 87.0 fte/nr. Pressure of alr supply - 40 psig.
Room temperature - 92.5°F, Ho = 1012x10-€

- Barometric pressure - 29.42 in. Hg

Elapsed Surface Elapsed Surface

time-min., temperature °F. H/H, time-min. temperature °F. H/H,
0 -39.5 0.0802 11 1/2 -22,0 0.232
4 1/2 -39.0 0.,0826 14 1/2 -14.,0 0,364
7 1/2 =37.5 - 0.0906 19 1/2 - 6.0 0.565
8 1/2 -34.5 0.110 25 + 0.5 0.795
9 1/2 -30.5 0.141

Data on welght of bed for Run 33:

Wt. desslcant + tare - 85.23 gms.,
Wt. of tare - 47,57
Wt. of dessicant - 37.66 gms,

Table XXXVITI

Experimental Data for Run 34

Description of Run: Description of Regenerstion:
Bed length - 3 in. 3 Bath temperaturs - 170°F,
Rotameter reading - 30.2 ft./hr. Pressure of alr supply - 40 psig.
Room temperature - 85°F, H, = 1012x10°¢
Barometrlc pressure - 29.40 in. Hg

Elapsed Surfaces Elapsed Surface ,

time-min. temperature °F. H/H, time-min. temperature °F. H/H,

0 -44,0 0.0602 30 -35.0 0.106
12 -43.5 0.0624 33 1/2 -31.5 0.135
16 -43,0 0.0644 36 1/2 -28,0 0.162
23 -40,25 0.0768 41 =20.5 0.251
25 1/2 -38.5 0.0851 45 =15.5 0.334
27 1/2 -37.0 0.0930 49 -10.5 0.4492

Data on welight of bed for Runs 28-30, 34:

Wt. of dessicant + tare - 56 .51 gms.
Wt. of tare =~ 29.99
Wt. of dessicant =- 26.52 gms.

% All surface deposits were 1ce unless otherwise noted.
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