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Table of Symbols

cross~-sectional area of bed container, normal to
direction of flow,

surface area per particle.
surface area per unit volume of particles.

constant ratio of W to HE* for a linear static
equilibrium adsorption lsotherm.

B

a factor inlthe kine{ic relationship for moisture
pick-up. = =B, time~+.

mean diffusivity of water in the carrier gas film,

internal diffusion coefficient.

a constant in the empirical equation for the mass
transfer coefficient.

the function which is the exact solution of the
basic differential equation.

the function which is the approximate solution of
the basic differential equation.

ratio of W to Wg.
mass velocity of flow of dry air = Q@

absolute humidity of air stream at any point and time.

absolute humidity corresponding to the back pressure
created by moisture in the granule.

absolute humidity of air in equilibrium with moilst
surface of solid desiccant.

absolute humidity of air trapped in void spaces of
bed at the béginning of run.

absolute humidity of eir entering the bed.
absolute humidity of air leaving the bed.

Bessel function of the filrst kind of zero order and
imaginary argument.

Bessel function of the first kind and zero order.

mass transfer coefficient, based upon absolute
humidities.,

mass transfer coefficient, based upon partial
pressures.



B Y O v w9

T
'SD

rID

w

Wy

&
Wo

shell diffusion coefficient.

molecular weight of carrier gas.

a constant in the empirical equation for the mass
transfer coefficient.

total pressure of gas stream.
vapor pressure of water or ice.
mass of dry air flowing per unit time.

radius of granule, outside surface.

resistance to moisture adsorption, units of time.
resistance due tc mass transfer.

resistance due to surface diffusion.

resistance due to internal diffusion.
a variable of integration.

generelized parameter, proportional to time = bt,
dimensionless. '

time elapsed from start of run.

time required for fluid to traverse the length of
the bed.

a summation index.

average molsture content of granules, mass of water
per unit mass of dry solid.

average moisture content of granules, at beginning
of run.

moisture content of solids whick woald be in
equilibrium with inlet air.

locel moisture concentration at surface of solid
granules,

generalized parameter proportional to length of bed =

B2
, dimensionless.

Gr

any variable.

(T - {&: using positive roots only.

JT - f§: a variable of integration.
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total length of bed.

distance from inlet end to any point in the
bed.

'Greek letters.

fraction of void volume in the bed.
functional notation for the probability integral.
viscosity of gas stream.

bulk density of bed, mass of solids per unit vol-
ume of container.

density of air film on surface of granule.
density of air-vapor moilsture

density of dry desiccant particles,
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Abstract

Theoretical and experimental contributions
to the study of the behavior of beds of granular desic-
cants in removing moisture from a flowing gas stream are
presented. A differential equation for the performance of

such a bed is developed under various limiting assump-
tions régarding the mechanism of the process. Rigorous
and epproximate solutions to the equation, together with
a method of testing experimental data for conformity to
it, are developed. Criticael analysis of previous contri-
butions to this theory is undertaken.

The experimental work consists of further
developments in the technique of measuring the perform-
ance of a bed, and of obtaining data showing the effect
of the velocity of the air stream. A new apparatus for
regeneration of desiccant in situ is presented. Thé me thod
of using the Jury frost-point hygrometer to analyze the
moisture content of an air stream is modified based upon
the important discovery that sub-cooled water droplets may
exist in this instrument at temperatures down to -40°F,

All of the valid experimental data available is
subjected to analysis. Conformity with the differential
equation is found only during the early part of the life
of the bed. During this time, mass transfer seems to

control the rate of moisture adsorption. For the latter



part of the bed life exhaustion becomes increasingly
more rapid. This is attributed to an appreciable
increase in the resistance to internal diffusion of water

molecules through the granules as saturation 1s approached.



INTRODUCTION




The research carried out in this investigation was
originally motlvated by the practical problem of removing
water vapor from large quantities of moist gases. During
the recent war, the U, S. Army Air Force required a method
of drying large amounts of compressed oxygen to be used in
high-altitude flying operations. It was desired to remove
moisture to the extent that no freezing or deposition of ice
could occur when the gas was taken into the stratosphere and
cooled to about =-67°F. This corresponds to lowering the
moisture content to the neighborhood of 10 parts per million
at atmospheric pressure. A satlisfactory solution to this
drying problem was obtained by passing the gas through cannis-
ters containing a specially treated material similaf to
granular anhydrous calcilum sulphate. Provided that the initial
molsture content of the gas, rate of flow of the gas, the par-
ticle size of the desiccant, and the dimensions of the bed
contained in the cannister bore the proper relationship to one
another, the special calcium sulphate removed the water vapor
~from the alr stream to the desired extent. Anhydrous calcium
sulphate, on the market under the trade name of Drierite, has
been in common use as a drying agent for a variety of gases end
liquids for some years.

It was consldered desirable to undertake an investi-
gation into the fundamental mechanism by which this desiccant
operates in removing water vapor from gases in order to gain a

more complete understanding of the relationships of this mode
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of drying. Some preliminary work was carried out by.Whesat

(19), and an extensive study of some phases of the problem

was made by Jury (11). The present study continues the in-
vestigation into some questions remaining unanswered by the
previous work,

At the outset the problem was recognized as a special
case of the general problem of the adsorption wave (13) which
may be stated in the following terms. A stream of gas carrying
a constltuent which 1is to be femoved (edsorbate) is passed
through a fixed bed of granular solid at a steady rate. The
solid material (adsorbent) is capable of adsorbing, or in some
manner taking up the removable constituent but not the carrier
gas. As a result, the‘carrier gas stream issues from the bed
W1th a much reduced concentration of adsorbate. At the begin-
ning of the operation'this outlet concentration may be very
low, but as the capacity of the bed for adsorbate becomes
exhausted, this concentration will gradually rise, Ultimately,
if the bed is carried to complete exhaustion, it will attain
the same value as that of the entering gas. Assuming the con-
centration of adsorbate to be uniform across the diameter of
the bed at any point, the adsorption wéve may be defined as a
functional relationship which gives H, the concentration of
adsorbate in the gas stream, as a function of z, the distance
through the bed from the inlet end, and t, the time elapsed
since the flow was started., The general problem is to find
this functional relationship and to elucidate the effect of
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some pertinent variables upon it. Obviously, we are deal-
ing here with an unsteady state problem. The concentration
may be conveniently expressed as the ratio of mass‘of ad-
sorbate vapor tq mass of carrier gas; i.e., the "absolute
humidity" H. Thus it 1s desired to find in general
H=H (2, t)

A special point of particular interest is, of course, the
concentration Hzin'the stream issuing from the outlet end of
the bed. This will be determined by the same functional ex-
pression:

H, =H (2, t)

The exact nature of the adsorption wave will depend
upon the specific vapor-adsorbent system as well as upon cer-
taln general principles applicable to this operation with any
system, For the particular system water vapor-anhydrous cal-
cium sulphate herein studied, development of the functional re-
lationship requires a knowledge of the exact manher by which
water 1s removed from the alr and taken up by the solid. It
i1s also very desirable that we be able to describe in mathe-
matical terms the rate at which water vapor moves from the air
stream up to the surface and into the interior of the granules.
The general term adsorption has been used here to denote this
process without any specific technical connotation as to the
exact manner in which 1t occurs.

The problem may be attacked from the theoretical
standpoint by considering either an infinitesimal element of
bed length or the bed as a whole and setting up a partial .



differential equation based upon a material balance over the
element or the entire bed. To obtailn a solution to this equa-
tion, it is necessary to assume some definite relationship for
the rate of water plckup by the granules. Various solutions
may be obtained depending upon the relationship assumed,
Klotz (13) has given an excellent review of many of these, and
Jury (11) has developed others which will be described further
in detail, These solutions have usually been presented in
terms of the outlet concentration ratio HZ/Ho’ where Hy is the
absolute humidity of the inlet stream, '

Experimentally, the problem may be attacked either in
a purely empirical manner, or in a way such as to verify, sup-
plemént, or.modify the theoretical approach. In either case,
all workers thus far have employed the same ﬁrocedure; namely
of measuring Hz as a function of time, for a fixed set of
operating conditions including bed length Z, inlet cbncentra-
tion H,, bed dlameter, desiccant granule slze, alr flow rate,
temperature and pressure, fThe empirical approach would consist
of accumulatipg numerous graphs of H, vs. t for an assortment
of combinations of the other variables. While laborious, this
may be desirable or necessary in certain applications. The
alternative is to run selective experiments designed to estab-
lish which particular solution of‘the partial differential
equation is correct and to establish the value of certain
constants appearing therein, and then to use that solution for

design purposes in practical application. The latter method
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1s probably the best whenever it can be employed. The experi-
mental work carried out in this investigation has been of this
type.

There are two important adjuncts to such studies,
One is knowledge of the chemical and physical nature of the
adsorbent and vapor. Particularly, the static adsorption
equilibrium isotherms are needed. These have been partially
determined by Jury (11) for the water-cdecium sulphate system.
The other auxlliary problem is the development of a method
for analyzing the gas stream in order to get instantaneous
values of Hy and H,. For use in conjunction with any system
when water vapor is the adsorbate, Jury designed and constructed
an electronic frost-point hygrometer (11) which has been used
in a modified way throughout this work.

The discussion which follows has been divided into
two principal portlons: contributions to the theoretical

approach and contributions to the experimental approach.



Theoretical Approach




Previous developments with theory of the adsorp-
tion wave as 1t applies to a bed of desiccant have been
presented by Marshall and Pigford (15), Hougen and Marshall
(8) and Jury (11). Three distinct steps are involved in the
theory: first, the dsvelopment of a'preliminary vartial
differential equation based upon a material balance over the
bed; second, insertion into this equation of an expression
for the rate of moisture pick-up by the granules based upon
the assumption of a fixed rate-controlling resistance, this
resistance dependent on the mechanism; and third, the solu-
tion of the resulting differential equafion in conformity
with certain boundary conditions. We shall develop the
theory mathematically as far as possible, including a criti-
cal review of previous contributions as well as necessary
modifications and extensions, and a method of subjecting it
to experimental testing.

The Material Balance:

The material balance is usually developed for an
infinitesimal length of bed. We shall present an alterna-
tive development based upon the entire bed. 1In time, t,
elapsed after the inlet air stream is turned on, the total
amount of molsture which enters the bed will be equal to
HoQt, where Q 1s the mass of air (dry basis) entering per
unit time. This molsture must be accounted for in one of
three ways:

1) molsture in the outlet air stream,



2) molsture taken up by the solids,

3) moisture in the air left trapped in the voild
spaces of the bed.

In computing item (1), any moisture in the air trapped in
the void spaces at the beginning of the run must be deducted,
as this will merely be swept out in the first portion of alr
leaving the bed. This deduction, as well as item 3, will
be neglligibly small and we shall neglect both 1n developing
and using the differential equation. However, in order to
clear up some confusion in the literature on this point, we
shall later show how these items may be calculated and what
they lead to when 1ncluded.,
Neglecting the deduction from item (1), and item
(3), the terms of the materlal balance may be written:
t
QS H,dt = moisture 1in the outlet air stream.

(o}

2
jhAS (W-W4)dz = total moisture taken up by the solids

o
Here, in addition to the other symbols previously defined:

A = cross sectional area of the bed, normal to
direction of flow.

/DB = bulk density of solids, mass of solids per
unit volume of bed container; assumed constant.

W = molsture content of solids, at any time and
locatlon in the bed, mass of moisture per unit
mass of desiccant (dry basis); assumed uniform

over any cross-section of bed; in functional no-
tation W = W(z, t).



W4 = moisture content of solids before run
started; assumed constant throughout the
bed and in equilibrium with the air trapped
in the void spaces of the bed.

For the material balance then:

t Z
HoQt = Q,S Hpdt +}°BAS (W-Wi)dz = = - = = = = (1)

(¢} o
Dividing through by A and letting G = %, the mass veloclty of
air flow based upon the cross-sectional area of the bed container,
t 2
H Gt = GSO Hydt + [°B So (W-wp )dz

Differentiating, first with respect to t; at constant Z:

Z
G = OW dz
Heo GHZ +fB SO ST
and then with respect to Z; at constant t:

2H, , fp oW,

22 . 9%~ °
This is the preliminary differential equation referred to
above. Obviously, the same equation will hold for any polnt

in the bed as the endpoint so that the subscripts Z are not

needed:
OH B A
5z [Gi- SE=0 " TT T Tsmoommes (2)

If the items neglected above are to be included,
‘they will appear as follows:

QH?fAt = moisture trapped in void spaces at the beginning
of the run.

A
<fobS Hdz = moisture trapped in vold spaces at the end
o of the run.

where A = fraction void space in the bed; assumed constant

)Ob = density of the air-water mixture at any point;
assumed constant



HE¥ = absolute humidity of air trapped in void
1 spaces at beginning of the run; assumed to
be in equilibrdium with Wy, the initial
molsture content of the Solids.

At = time required for the air stream to traverse
the length of the bed.

Inclusion of these terms in thg haterial balance gives:

Hﬁt={Hﬁt—%@ﬁ+ﬁ#£M%ﬁm+«#4ZMZ--4M
o

When this equation is treated in the same manner as (1), i.e.,

dividing through by A and differentiating with respect to t

and Z in turn, wé obtain finally:

°1 . PB oW ALPG DH =g - o oo omom - -
7z TG 7t T TG 5t -~ ° (4)

By comparison with equation (2) it is seen that an additional
term involving g% afises when the items dealing with the
moisture in the air trapped in the vold spaces of the bed are
included. The real reason, then, for the appearance (or lack
of it) of such a term in the basic differential equation is
clearly shown. The presentation of the development of this
equation by Jury does not make the polnt clear.

Returning to equation (2), then, and using it for
further development, 1t becomes evident that the next step
requires an expression relating W and H so that the number
of varlables in the equation may be reduced from four (H, W,
z, t) to three, either H, z, t or W, 2z, t. This must be done
by considering the kinetics of the adsorption process in

order to get another expression for 'éyg, the locel rate of



molsture pickup. It is here that a knowledge of the
physical and chemical properties of the system to be dealt
with must be brought in.

Kinetic Relationships:

The rate at which moisture is taken up by a gran-
ule is determined primarily by the resistance the water
molecules encounter in moving from the gas phase into and
through the solid phase. There can only be two basic loca-
tions of resistance, either external to the solid, or
within the solid. The resistance external to the solid 1is
due to the viscous film of gas on the surface of the gran-
ules through which the water molecules must pass by diffu-
sion, a process referred to as "mass transfer"., The
resistance within the granule may be of two types: eilther
at the surface (resistance to water molecules entering the
pores of the solid) or within the body of the granule (re-
sistance to internal diffusion of water molecules through
the space lattice of the desiccant). We may then consider
three types of resistance: extra-granular (mass transfer),
surface granular, and intra-granular (internal diffusion).

We shall examine the kﬁown facts about each of
these processes in turn, and see how they may be adapted

to the problem at hand., It will be shown that all three

cases may be generalized into the same type of kinetic rela-

tionship of the form:

oW . driving force . H-W/g =~ -= - - = = (5)
Rt resistance r

/0,
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wherein the "driving force" is always equal to (H - %) and
the "resistance" r will be expressed in terms of the appro-
priate factors or coefficients entering into each case.
This generalization will prove to be very convenient 1n de-
ve;oping the differential equatioﬁ of the bed.

Kinetic Relatlonships: Mass Transfer:

The kinetlc relationship in the case of mass
transfer has been presented by Hougen and Marshall (8).
It is based upon the assumption that the rate of moisture
diffusion across the gas film 1is proportional to the d4if-
ference between the prevailing value ova, and the value
H% which would répresent equilibrium with the moist surface
of the solid. The relationship given for a dilute gas-
vapor mixture at ordinary pressure is:

rate of mass transfer = Kgay (H-H") = - = - -(B)

fB

or an alternative expression

rate of mass transfer = kngPGav (H-H*) - - -(6a)
B

wherein: kG = mass transfer coefficient, on basis of par-
tial pressures.

Kg ="KgMgPg = mass transfer coefficlient, on basis
of absolute humidities.

Mz = molecular welght of gas.

Pg = total pressure of gas vapor mixture sur-
rounding the granules.

ay = specific area of particle surface, area per
unit volume of particles.

It 1s to be noted that these equations may be expressed in



a standard kinetlic form:

driving force

reat =
© resistance

wherein the driving force = H-H¥

and the resistance = ﬁeg— = JEE_____
G2v kgMgPgav

In addition to the factors fg Mg, Pg, &y, and
(H-H¥) which appear explicitly, the rate will be influenced
by other variables which affect kg (or Kg) such as the
velocity of gas flow o&er the surface, the nature (viscous
or turbulent) of the gas flow, viscosity and density of the
gas, and size and shape of the partlcles. Gamson, Thodos,
Wilke and Hougen (5, 23) have obtained experimental data
which indicate that Ky is related to the other variables

according to:

K 2/3 - -n

Kg It 3 =4 G

Ca ( [ -%P/r— ‘‘‘‘‘ (7)
wherein F.= viscosity of gas stream

ff = viscosity of gas film

-
n

density of gas film
Dy = mean diffusivity through gas film

a, = surface area per granule

P w0

d, n = constants, value depending upon range of fb
For {a,t ¢ 620 d = 2.44; n = 0.51
(E;G > 620 d = 1.25; n = 0,41

,&

The group {Eég_ 1s seen to be a modified Reynold's number
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by means of which the data for ks were correlated. However,
the value of 620 has no particular significance; it was
arbitrarily selected because it seemed necessary to use
two sets of constants to best fit the data. Acﬁually, all
of the data correlated by these expressions corresponds to
turbulent flow, well above the upper limit of the viscous
flow range which is placed at a value of about 40. For the
viscous range n = 2.
It is of interest to note here that, in particular

l=n
Kg o d G

and K d_, o« d -4 L. (8)
G dﬁap,nfg (Rz)ﬁ/2 RO

when R is a characteristid linear’dimension, as.the radius,
of a granule.

Very little use can be made of equation (6) un-
less 1t 1s possible toArelate H¥ to the moisture content
of the granule. It is the moisture concentration on the
surface of the granule which really determines H*, but the
relation which this bears to the total moisture picked up
by the granules at any time may not be known. To use
equation (6) in the customary way, we are really forced to
assume that the molsture picked up is uniformly distributed
throughout the granules, i.e., that the rate of diffusion
inside the solid 1s very rapid in comparison with the rate
of mass transfer. Then we may use the experimentally de-

termined statlc equilibrium adsorption isotherm to relate



W and H¥. For many systems, the linear relationship

W = BH” T (9)
holds, wherein B is a constant for a given temperature and
pressure on the system. Jury (11) found by experimental
measurements of the static adsorption equilibrium that such
a relationship was satisfactory for the anhydrous calcium
sulphate system, provided W was below about 6.0.

As the static equilibrium isotherm is determined
the term W always refers to the total moisture content divided
by the total weight of the dry solid, 1l.e., the average
total moisture concentration. 1In these static experiments,
this moisture is uniformly distributed throughout the
solid. Obviously, the relationship cannot then be applled
to any case where the molsture distribution is non-uniform,
such as arises in a dynamic experiment when the rate of
internal diffusion is relatively slow. If the relationship
is used in such a case, B cannot be expected to be constant
at the value obtained from the static experiments. Let
Ws be the surface moisture concentration. Then if (9)
applies for static equilibrium and if the moisture were
uniformly distributed throughout the granule

W= Wy = BE
But when W4 Wg, suppose W = fWg where f <1 for a drying

operation. Then
W = fWg = fB H¥
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or W = B'H¥
Now only if f is constant, i.e. the surface moisture con-
centration bears a constant ratio to the average moisture
concentration at all times, will B! be constant and even
then B' must be less than B. It seems very unlikely that
a constant f would ever occur, for:at the beginning of a
run Wg would be high while the moisture content in the
interior would be very small and at the end when the
granulé is neafly saturated, Wg would be very nearly equal
to W, Cbnsequently, f would be small at the beginning and
rise to approach 1 at the end of the run.
Assuming that there is relatively rapid interpal
diffusion, consequently, uniform moisture distribution
within the granules, we may combine (6) and (9) to obtain
A

an expression for 3T which now is equal to the rate of mass

transfer:

5 - E‘—}%‘! (55) - %ﬁ} R (10)
This may be used with equatioh (2) whenever circumstances
warrent. In so doing, it would be assumed that K; and B
are constant as the adsorption continues, i.e., that we
have a constant resistance'to_mass transfer throughout any
one run. This resistance, due to mass transfer, would
obviously be rym =ﬁ§_—

G%v
general form of equation (5).

, so that equation (10) is of the

Equation (10) has been offered by Hougen and Mar-

shall, and by Jury as a kinetic relationship for the mass
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transfer rate without noting that 1t really involves assum-
ing an infinite rate of internal diffusion. It cannot be
expected to apply to the mass transfer which occurs in any
bed where internal diffusion is a relatively slow process.

It is not likely that mass transfer alone can
be the controlling factor throughout the entire life of
any bed which is run to saturation. During the lﬁtter part
of such a run, the internal resistance to moisture movement
must increase consliderably and probably becomes an important
factor in controlling the overall rate of adsorption. Thus,
any differential equation based upon (10) would not be likely
to apply to the entire course of such a run, but only to the
first part of it. If it were found to apply to experimental
data, 1t would mean that mass transfer offered the dominating
resistance to adsorption and that internal resistances were
negligible.

For use in developing the differential equation
of the bed, it will be seen later that the equation for‘?fy
is needed. From (10) this will be:

or

The mathematical form of this is of interest for comparisnon



with other expressions to'be developed.

Kinetic Relationships: Internal Processes

We shall consider first the case of internal dif-
fusion and then the case of surface resistance.

To develop the kinetic relationship applicable
to the case of internal diffusion, we may follow the work
of Wicke (21, 22). He assumed a spherical granule of
radius R having initially a uniform moisture concentra-
tion throughout and in equilibrium with the surrounding
air. He then solved the basic partial differential equa-
tion of diffusion subject to the boundary condition that the
surface of the granule is always in equilibrium with the
surrounding air of continually changing humidity, and assum-
ing that the relationship Wg = BH applies. For the total

moisture content at any time, he obtained:

t
21\'DI
1 -V (t=8) 2
W = BH - e H gs ---(12
Trz?r?‘( 7S (12)

U=l (e}

In this expression Dy is called the internal diffusion
coefficient which is supposed to be constant, depending
only upon the nature of the lattice structure and of the
diffusing molecules, as well as the temperature. However,
it may well be that as the lattice becomes filled with water
molecules, the value of this coefficlent decreases, resist-
ance to internal diffusion becoming larger. Upon differen-

tiating (12) with respect to t, the kinetic relationship is

/7.



obtained:
) o0 t 2 2D
W - 6BDT =V T°DI (t-8) 9% - - - - -
= —ETE (e _ﬁ_g__( ):g;;s (13)

U=l O

This expression, involving as it does an infinite
series, 1s rather too complicated to be of much practical
use., However, a simplified apbroximation may be obtained
to both (12) and (13) by using only the first term of each

of these serles., Thus
t

6B (t=S) 4
W= BH - e '—'2 H
e 75 9

o
and 2 ° -7 (t-8) 2
oW _6BDIT [ o ——5 H
ot R2 73 ds
0

From this it is evident that when only the first term is
considered in each series:

2
W w°D1 ¥ DiB
? t = R2 (BH-‘N) = R2

(H - -) - -(15)

which is of preclsely the same general form of
for mass transferj the only difference lies in

of the resistance factor. Here the resistance

2
diffusion is ri) = Do g0 that

T ~DIB
,)W H - Wf
T T T

The resistance rro will be constant so long as

equation (10)
the nature

to internal

Dy 1s constant}

/8.
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if Dy decreases as the bed approaches saturation, then

ryp will increase. The second derivative, required later,

will be:
2% _q®P1B 2y _ 1°DI Iy
2t° R2 /"'E g2 9% | (16)
or %0 1 Am _ _1 2w
Rt Trp N°b ripB 2

It 1is to be emphasized that in order to obtain
equation (15); it is necessary to assume an infinite rate
of mass transfer exlsting around the granule surface so
that Wg may be taken to be always in equilibrium with H,
Thus, equations (10) and (15) are mutually exclusive
relatlionships; that is, if one applies, the other cannot
because they are based upon assumptions which are exactly
opposite. This féct has not been pointed out previously.

" To develop a kinétic-relationship for the surface-
granular type of resistance, we may assume that resistance
due to mass transfer and to internal diffusion aré each
negilgible. Thén the surface moisture is in equilibrium
with the alr stream, and the bulk of the jgranules has a
uniform moisture concentration. The rate of adsorption
is then proportional to the difference between Wg and W,
Jury has presented an equation for such a case, which he

called "shell diffusion,”

%—‘g = Kgay, (Wg - W)

which may be modified to accord with the previous presentations



above:

W » K. g (BH - W) = K.a_B(

vl = : - = \H -

5% say ) sy g) -
or oW HE = WB ere rSp st

2t Psp KgayB

where Kg = shell diffusion coefficient

ay = surface area per unit volume of
particles.

'The value of Kg will depend upon surface adsorption phenom-
ena, preliminary treatment of surfece, etc. It will be
independent of properties or velocity of the gas stream.
For any one run, it will be constant, and the resistance
7D will be constant.

Equation (17) is seen to be of the same form as
both (10) and (15). However, the assumptions upon which
it ishtased make 1t mutually exclusive with these expressions.
We thus have an individual expression for each case, but
the form of all these rate equatlions 1s the same.

Kinetic Relationships Generalized:

It is clear from the above sections that we may
generalize the entlre treatment of these kinetic relation-

ships in the following way. Take the rate of adsorption

‘ow to be proportional to a driving force (H - Hg) which

9t
is the difference between the humidity H of the air stream
and a "back pressure humidity" Hg due to the moisture in

the granule. This driving force is opposed by a resistance

2o,
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r, so that

W . H - Hg
2t T

The "back pressure humidity" must be related to the
average molsture content W of the granules. The relation-
ship is Hg =-g in all three cases, the same relationship
as for the static equilibrium adsorption isotherm. The
resistance term r depends upoh the specific nature of the
resistance to be considered, but for all three cases, the

basic differential kinetic relationship is

oW 1 1
st r iV oy
------ 18
and /!)._2_W.=-]_'.?_I__I.".].:..-®w
Dt T2t TrBIt

If more than one resistance is significant, the
term p: will répresent the total resistance which 1is the
sum of the contributions of each individual type of resist-
ance, If the magnitude of the individual resistances does
not change during a run, this total will be constant also;
if the proportion of each resistance changes in any way
r will vary. But for the case of a constant total, combined
resistance, the same differentisl relationship will hold
as for any single type §f resistance,

The only type of resistance which could vary during
a run under the general conditions maintained in the work
would be the internal diffusion. In the event that a more

crowded space lattice would result in a reduced Dy, this
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resistance ryp would increase. If riD‘became appreclable
in comparison with ryp or rgp, then near the end of the
run the bed would exhaust more rapidly than would be anti-
cipated from the rate of exhaustion during the first part
of the run. The curve of log Bz /H, VS. t would deviate
upwards from the values to be expected by extending the
initial portion of the curve. 1In such a case, the kinetile
relationship (18) above would not havé a constant r and
the differential equation developed from it would become

more complex; for then r would be some function of t (or

W), and the value of %W would be more complex:

2t
%W _1QH _E Ir _ 1 9W, 1 Qr
2te rot 29 B 9t p2p0t

No attempt has been made to treat equations of this kind;
they would result, if soluble at all, in functions which
are too complicated to be of practical value.

The Differential Equations:

To develop a final differential equation which
applies to a bed, it is necessary only to combine the
material balance (2) with the appropriate kinetic relation-
ship (10), (15) or (17) in the following way. From (2) by

differentiation:
02 _ _PB %m0 - - - - - oo (19)
D720t G 7 te

From any of the kinetlc relationships, an equation of the
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form of (18) is obtained:

% _ 1 72
e T 0t rB 0t

Thus (19) becomes:

%8 __fFB H PBOW - .-~ (20)
3 Z0t Gr 0t /GrB70t
But from (2) also: /OB’DW = -/)H so that (20) becomes:
k] 7z’ (20)
’32H B- ’z)H 1 ?H _ _
/p + 2 52 =0 (21)
Now if for any one run r, B,/OB, and G are constant, we may
let
X =/"B
Gr 2
and T=21 ¢ . ot
rB

whereupon, by substitution (21) becomes:

02y @, “0H
AX0T 79T 79X

This is the basic differential equation of the bed in

its simplest -mathematical form. It is to be noted that
each of the individual kinetic relationships leads to this
same equation. Further, a case of combined resistance which
could be rebresented by (18) with r and B constant, would
also lead to (22). If r and B were not constant in (18) but
varied with W or T in some manner, a more complex differ-
ential equation would result.

A differential equation for W may also be developed



for those cases where we may take

W _1L H-1 W - === === (23)
2t T rB
with r and B constant. Differentiating again with respect
to z
2w 1dm-1 W
020t rez rB 9 2
and replacing PH by (2):
0z
?2W _ f’B MW o_q
Pt 7Bz
Again letting X = B, and T =1 _ . b t, we would have
Gr °° rB
%W ’DW /:)W =0 =~ =-=----=---- (24)
0X0T ’3_ o

which 1s identically the same differential equation as (22)
for H and will apply under the same conditions.

Solution of the Differential Equations:

Solutions to (22) and (24) based upon the boun-
‘dary conditions that '

H = Ho when X 0 for all values of T and

u

O for all values bf X

n

W = Wy when T

have been presented by Marshall and Pigford (15) as follows:

3 X _s
E-®,. =1 - e‘Tfe I,(2{X8) dS - = = = = - (25)
(o]

where S = variable of integration
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I. = the functional notation for Bessel's
function of order zero and imaginary ar-
gument, i.e., Io(x) = Jo(ix) where 1 = (:i.

J. = Bessel's function of the first kind and
zero order,

Wy = BH_, moisture content of solids which would
be in equilibrium with inlet air stream of
humidity Ho‘ g
The bbundary conditions ére easily verified since I5(0) = 1,
Further, equation (25) gives at T = 0,

- g¥ =X
E___EL = e for all values of X - - - =(27),
Ho- HY .

In case the bed is very dry at the outset, both Wy and H}
may be negligible and the ratlos on the left side of (25)
and (26) would 5ecome simpl& H/HO and W/W0 respectively,
Computations with these solutions are compli-
cated and inconvenient. For this reason, the solutilons
have be;n presented in a graphical form wh{ch is called a
Schumann-Furnas chart, Such charts are avallable in a
number of places, bﬁt perhaps'the_best copy 1s to be found
in "Chemical Process Principles Charts" by Hougen and Wat-
son (9). Values of the functions on the right hand side of
(25) and (16) are plotted against T = bt for a constant X;
a family of curves covering a series of values of X are
preseﬁted. These charts suffer from the serious disadvan-
tage that a very laborious trial and error procedure is
necessary in order to test experimental data against them

when values of b and X are unknown. For this reason, a

simplified approximate solution has been developed below



which may be readily used to test experimental data for
conformity to the differential equation. The chart as pub-
lished, 1is presented only in terms of a solution dealing
with mass transfer. We have seen above, however, that the
othér kinetlic relationships will also lead to the same dif-
ferential equation. Hence, the chart is applicable to these
other cases as well.

Jury presented a solution to (22) in a somewhat
different form, which also assumed r and B to be constant,
HT and Wy to be zero, and was stated to fit boundary condi-
tions such that

H = Ho where X = O for all values of T

H =0 where T = O for any value of X.

This solution is

(e 0]
L -1+ o™ lo(efmm) -e'xg e “SIo(2(X3)ds - - -(28)
T

It 1s easily shown that it fits the first boundary condition,

but for the second

%g =1 + e-X -e-nge-SIo(z{"fS)ds - - - =(29)
The integral in (29) has been evaluated by the author as eX,
based upon the general integral given by Frank and von Mises

(4), as

® 9.2 2
Se -pX Jo(aX)XdX = .2%'.26 - 2;2- P 7‘ 0.
0
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21yX
p=1
x =(8

Jo (ix) = Iy(x)

Here a

Hence, from (29) with eX for the integral,

H/Ho = 1 + e~X -e "Xe}X =e X - - -(30)
which is the same as (27) provided H; = O. Thus, the state-
ment of the second boundary condition as given by Jury 1s
not correct. Since Jury's solution is more complicated,
based upon more restricted conditions, and yet actually
conforms to the same boundary conditions as Marshall and
Pigford's, we will use the latter.

The Approximate Solution:

Jury outlined a method of simplifying his solution
which 1s worthy of note because 1t may be adapted to Marshall
and Pigford's solution as well. This consists of replacing

the Bessel function I, by the asymptotic expansion
eX )1/2 as x—-?gg

_ Io(x)— (2wx

and assuming that (%&/4,= 1

in the integral which results. This finally leads to an

expression for
%;=1/2[1+<}(Y)_.]

. el
where ¢ (Y) =‘§P§Y e~v 4dy
T o

- - - -(31)

and (Y ={5'-{—-= Yot -fi; only positive roots being used.



¢ (Y) is the well known probability function for which
tables are avallable, as in Lange's "Handbook of Chemistry"
(14). As will be shown later, this approximate solution
can be very well adapted to the testing of experimental
data. Jury did not investigate just how closely his approx-
imation (31) represented the rigorous solution (28).

In order to develop a simplified representation
of Marshall and Pigford's solution, we proceed from equation
(25):

H-u e..f}jjx e™51 (2 YST)dS = E

Ho - HY o

First break the integral into two parts:

3o,
o

(¢}
i . 1-e-§oe'3 I, (2(ST)as + e"“Se~S I, (2/ST)dS = E
(8]

o x

H, -Hf

Now the first integral is similar to that in equation (29)

and has the value el. The equation,thereforg reduces to:

H - g% ® _g
—i . e-TSx © 7 1, (2YsT) ds = g
Ho- m¥

Following Jury's method, replace I, (2YST) by

the asymptotic expansion

2487
1357§T7—1/2, then

3 ®
H -~ Hi -T + 2Y8T - S
—_— e
w
p's

tae] oo

= - — dS
(ST)1/4

8,



But T + 295T -VS = - (\T - {§)1/2’ and letting y =T - 78,

then 0

Y4 Y
- Ht 2
H-Hi = 1 e~y (‘zlg)dy = 1 S 1/4 -yzdy
Ho-~mf &M /2 - "\ 7] °

o~ Hy (ST) T

-0

T
two parts:
» ' " o Y
- 2 e=¥° day +
Ho - HY i
-00

Assuming(s)1/4ﬁz 1 and again breaking the integral into

e-y° dy

b [

o
The value of the first integral is 1, so that we have finally:
.;‘z

H"’Hi

Ho= HY

where Y =(Ei— (Ef = {EE' - {E? and * (Y) is defined as in

(31), and in fact (32) is identical with (31) provided Hj = O.

Y PR P

This is the approximate representation of Marshall and
Pigford's solution, and turns out to be the same as Jury's,
Values of F may be computed with aid of tables for ¢ such
as given in Lange's Handbook (14). Table I presents values
of F and Figure 1 shows the same values graphically.

It 1s important to investigate the characteristics
of the function F = 1/2 [1 + Q.(Yi] , in order to learn how
the approximate solution (32) compares with the exact solu-
tion E given by (25). The following table summarizes some
of these properties. and the comparison between E and F.
At X =0; Y =YT, F=1/2L1+(*>(T)] E =1

For T = .0, 2? ©) =0, F = 0,5

o/



Table I

Values of the Function F = 1/2 rl + (Yi]

Y
_ 2 -yzdy, (-Y) = -?(Y) Values from Lange (14).
(1) =2\ e
ﬁ"r

o

¥ b F
-00 -1 0]
-3 -0.99998 0.00001
-2.630 -0.9998 0.0001
-2.185 -0.9980 0.0010
-2.035 ~0,9960 0.0020
-1,943 -0.9940 0.0030
-1.876 -0.9920 0.0040
-1,821 -0.,9900 0.0050
-1.776 -0.9880 0.0060
-1,738 -0.9860 0.0070
-1.704 ~-0.9840 0.0080
-1.673 -0.9820 0.0090
-1.645 -0.9800 0.0100
-1.452 -0,9600 0.0200
~-1,330 -0.9400 0.0300
~-1,.238 -0.9200 0.0400
-1.,163 -0.9000 0.0500
-1.099 -0.8800 0.0600
-1,044 -0.8600 0.0700
-0.994 -0.8400 0.0800
~0.948 -0.8200 0.0900
-0.906 -0.8000 0.1000
"0.595 -006000 0.2000
-0.371 -0,4000 0.3000
-0.179 -0.2000 0.4000

0 0 0.5000
0.179 0.2000 0.6000
0.371 0.4000 0.7000
0.595 0.6000 0.8000
0.906 0.800 0.9000
1 1l 1
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T )1.84, b(T)»0.99, F0.995
T > o P(r) — 1, F — 1
At T =0: Y =-{X, F=1/2[1+ @(-ﬁcﬂ;E = e-X
For X =0 ¢(0) =0 F = 0.5 E =1
X =1 ¢(-1)=-0.842 F =0.079 E = e~l = 0.368
X =2 {(-2) =0.955 F =0.0235 E =e"2 = 0.135
X =9 ((-3)=-0.99998 F = 0.00001 E = ¢~Y = 0,00012

For other values of X and T, values of E and F are plotted
in Figure 2. The values of E are taken from the Schuman-
Furnass Chart referred to on page 25/while those of F are
computed by using Table I and Figure 1. Inspection of
Figure 2 shows that the agreement between E and F is fair
at X = 9, but for X = 20 and above the agreement is excel-
lent for all values of T shown.

An auxiliary curve, Figure 3, 1s presented to
show the typical appearance of a curve which would be obtained
from a bed operating with b = 0.5 and X = 100 when the data
is plotted on semi~logarithmic coordinates., This is to be
kept in mind when the experimental results are considered
later. This curve will be typical of experimental results
only, providing all the assumptions underlying the differ-
ential equation (22) are met.

Method of Testing Experimental Data:

It has been stated in the preceding section that

the solution to the partial differential equation (22),



33

2

FIGURE'
COMPARISON OF EXACT SOLUTION E

PR -SOLUTION E

WITH APPROXIMATE

Time Modulus

bt

T



B O AT 63 R B w

e

$5Y B

RE34 Su¢

et

s T

I G

RRRew

T

4t

LR SR By

ik




may be represented by the approximate function (32)

s N

o~ Hi

wherein X -y2
br) = Zle ay
(3 YN

and Y ={T-VX={®F f ----(3)

Only the positive roots are to be used in Y. According
to the assumptions underlying this equation, b and X are
both constant for a given run.

It 1s desirable to have a simplq;method of
testing experimental data of H, vs. t inie£der to determine
Whether this equation applies to the bed performance, and
if so to determine numerical values of b and X for a par-
ticular run. This may be accomplished in the following'way.

‘It is evidentithat H, - Hf 1is a single-valued
H, - va

function of Y which, initurn, is é single-valued function
of t. ‘If this equation applies, the relationship between
l%%—;—g% and Y is always the same regardless of the conditions
in a particular run. This relationship has been presented |
in Table I and Figure 1. It is to be noted that Y may have
both positive and negative values and that ¢(Y) 1s an odd

function, i.e., ¢(-Y) ¢(Y)

Now Y is linear in Yt. A plot of Y vs. Yt should

be a straight line having a slope equal to Yb and an ordinate

Js.
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intercept equal to -yX, if the theory applies. Accord-
ingly, the following steps should be followed to test a
set of data of Hyz vs. t.

1) Calculate values of 1z ~ Hi  This requires a value
HO-H.‘{

for H? which may be estimated from the initial moisture
content of the bed Wi if the adsorption constant B is
known., In many cases, if the bed has been properly
prepared, W{ and H? may be very small but the values

of H, will be of the same order of magnitude at the
beginning of the run. The very first measured value

of H, may be very close to H? if the sampling and

testing has been quickly and carefully done.

HY

2) Plot the data with Hz = "i ag ordinate and t as ab-

Hy - Hi
scissa, It has been found most convenient to use a

semi-logarithmic plot, wherein log Hy - H; is plotted

¢

HO-Hi
against t in order to cover the range of values of
Hy - H?

—~2 2 which usually lies between 0.001 and 1,
Hy, - Hf
3) Draw the best smooth curve through these plotted points,

4) Select a series of values of Hz - H? and. read from the
HO-H?
smooth curve the corresponding values of t. It is most

convenient to select a series of rounded values such

3%

that u is 0.006, and 0.008, 0,01, 0,02, 0,04, 0.06,
Hy - H?
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1

etc., as needed to cover the range.

5) From Table I obtain the values of Y corresponding to

58
H, - Hy
elected., Value f Y may also
Iﬂ;f:_j? sel s o may

be read from Figure I but less accurately.

the values of

6) Plot the values of Y (as ordinate) selected in step 5
against Yt (as abscissa) computed from the values of t
obtained in step 4.

7) Draw the best smooth line through the points plotted
in step 6. if this is a straight line, conformity of
the data to the equatioﬁ (SS)NiS established., From
the plot determine the slope and the ordinate intercept
of the straight line, and calculate:

b = (slépe)g '
- -(34)

X = (ordinate intercept)2

If it is not convenient to determine the intercept
itself, X may be calculated by selecting any point on
the line, say ( t,, Y¥Y;) and computing |
X = (slope-tl - Yl)2
We then have a rather simple and direct graphical
method of testing the applicability of equation (32) to
describe test data. This method has been used to test data
obtained by Jury (11) as well as all new runs obtained by
.the author.
If a fairly good stralght line should be obtained
by this test, but it should have a value of X~ less than

about 20, then the test is not conclusive because the approxi-



matevfunction does not represent the rigorous solution so
well for X.<20.

It would be necessary to test the data further
against the Schuman-Furnass Chart itself., However, in such
a case, the value of X obtained from the straight line may
at least serve as a starting point for the trial and error

procedure of testing against the chart,

From the values of b and X obtained by the
testing procedure, the value of the resistance r may be
found, and also a value for 13. For, referring to page 43,

equations (21) and (22)

7
GX fB
so that r = BZ
G

and B = GX _

e
The value of B obtained here should be checked sgainst that
obtained by static equilibrium experiments. Since it is
more convenient to work with values of b and X, especially
if the Schumenn-Furnas Charts must be used, we shall discuss
the interpretation of the data in terms of b and X rather

than r and B.

Interpretation of Experimental Data

If experimental data from one run are tested

according to the method just described, and yield a straight

3%
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line plot for Y vs.fg, it means that they fit functions (32),
the approximation to the solution of differential equation
(22) . If the value.of X found from the test 1s large
enough so that the appfoximate solution is absufficiently
accurate representation of the rigorous solution (25), then
the data must follow this differential equation. Since
several different kinetic relationships may each give
this same form of differential equation, however, it 1s
impossible to determine from one run which type of resist-
ance is involved. It will be nebessary to make a number
of runs in which some important variable, such as flow"
rate, particle size, bed and air temperature, air pres-
sure, etc., is changed and to observe the effect of these
changes upon the values of b gnd X obtained from each run.
From the kinetic relétionships presented, we have

the following expression for b and X in each case.

X b
Mass transfer Kgay 7 Kgay
G 7’BB
R 2
Internal diffusion BD 7 71°D1
Rzi R?
Shell diffusion Ksa\éfBB 7 Koy

From these in turn, using el so the facts known about KQPI’
and Kg, we may deduce the effect of important operating
variables upon b and X. This is presented in the table on

the next page.
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For example, if a series of runs is made in
which only mass velocity is varied, and if for each run
a stralght line plot of Y vs. {E—is obtained, and if,
further, the values of X are found to be inversely propor-
tional to é, while those of b are all‘the same, we may
conclude that either internal diffusion alone or shell
diffusion alone is a sufficient explanation for the bed
behavior. However, if the value;f:re proportional to %n
and those of b are proportional to dgl-n using values for
d and n as given on page /%, then mass transfer alone is
a sufficient explanation for the bed behavior.#* If the first
possibility occured, then a further test tovdistinguish
between internal diffusion and shell diffusion cogld be
made by running a series of tests with different parti-
cle sizes. For internal diffusion, X and b are both inversely

2 while for shell diffusion they are

proportional to R
inversely proportional to R, provided that correction is made
in bulk density of the bed.

If one of the above described possibilities is
identified, we may be satisfied with the corresponding suf-
ficient (though not necessary) explanation for the bed

behavior, at least for design purposes. However, two other

“*This is only true provided the flow 1s turbulent. For

viscous flow n = -2 and Xy 1 for mass transfer also.
G
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possibilities must be considered: The test lines of Y

vs. Yt may not be straight; the lines may be straight but
the values of X and b may not fit into any of the patterns
indicated in the table.

If the lines of Y vs. |t are straight, but the
variations In X and b do not accord with any of those in
the table, it means that the kinetic relationship follows
equation (18), in which r and B are constant, but that
none of the three individual types of resistances discussed
is alone responsible for the bed behavior. We would then
have a combination of resistances, the overall effect of
which remains constant throughout the run.

If the lines are curved, it means that at least
one resistance varies during the run. A common case might
be a plot which is straight over the lower portion and
curves upward at the top. This might be explained by very
rapid internal diffusion at the beginning so that the mass
transfer equation was followed at first, but with internal
diffusion becoming very much slower at the end so that the
total resistance was appreciably increased and the rate of
exhaustion of the bed capacity became increasingly greater.
Or it might be simply a case of internaldiffusion control-
ling throughout, but with the coefficient Dy decreasing as

the bed becomes saturated.



The experimental work undertaken in this in-
vestigation has been of such a nature as to attempt to
determine along these lines which resistances are

involved in the calcium sulphate system.

43.
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*ftReview of Tests Made by Juryf; T T
A Jury (loc. cit ) made some twenty test runs in J“

?”gwhich values of HZ were measured with the frost-point

f’ﬂfihygrometer against time.. All of these runs were made on beds:f;*’l |

"";;il" diameter packed with commercial Drlerite.n The length of

' "ffkthe beds varied from 2" to 9" the rate of flow of air from S

":}ﬁh17 cu. ft. per hour to 9 h cu. ft. per hour, and the par-'

‘1nﬁticle size from 2-2 1/2 mesh to 20-2h mesh., (Tyler standard ;f"

fff§screen sizes) In all’ runs the value of Ho was virtually

:77¢§§;the same at 1320 X 10‘6, ratio of mass of water o mass of

“fﬁ;air (absolute humldity) Details of the apparatus used are

'»Jfgiven in Jury's thesis.p'i‘

Jury plotted the data from these tests in the form ol

’"7@f*of 1og H /H vs. t. with no account being taken of Hi' iAnﬂ7“3"

ifﬁpinspection of these graphs reveals several interestlng facts.i‘i”m
2:f€}Very few of them actually follow the general form of Figures.pﬂfgia |
:{f}fa or 3. The initial portion of the runs almost always shows.hhinii’m
5 }‘fa gradually decreasing Hz/H Most of them exhibit p01nts ofjf;ﬂ%:/

trfinflection and some of them have one or more flat reglons in i

'ti;which Hz/Ho remains rather constant for a time and’ then abrupt-*t

;2;5 fly rises.‘ The accompanylng sketches show typical samples..;ri” '

gy :<~r:*<uzig;1":;71r‘-t??*
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The initial decrease 1s readily accounted for by
the fact that the pipe lines leading from the outlet end of
the bed to the hygrometer are belng purged and dried out by
the very dry air issuing from the bed at the beginning. This
effect was accentuated by the presence of a steel wool filter
pad just behind the granules at the outlet end. This filter
evidently was capable of holding considerable adsorbed mois-
ture for when it was removed the initial decrease period was
appreclably shortened. It was subsequently decided that such
a fllter was really not needed and all later runs were made
without 1t.

Obviously such curves will not be in accord with
the equations for H,/H, (assuming H? = 0) developed in the
preceding section. Jury attempted to determine the nature of
the rate-controlling resistance, however, by testing his data
against the Schuman-Furnas charts (9) to test them. While
recognizing the discrepancies which existed he nevertheless
drew the tentative conclusion that internal diffusion of water
within the desiccant granule was the rate-controlling step.

The author applied his method of testing (assuming
H? = 0) as described on pages 32- 3% and, of course, found very
poor agreement with the theoretical equation. The plots of
Y vs f?ncannot possibly be straight lines when there is a
flat region or point of inflection in the graph. The question
naturally arose as to whether it was the theory or the experi-

mental work which was incorrect. It was evident that further
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study of the problem was required, and it became the principal
purpose of this investigation to attempt to answer the ques-
tion. We shall discuss next the experimental approach and
finally the interpretation of.experimental results in the
light of the theory already presented,

General Experimental Procedure; Préliminary Runs.

In order to seek possible errors in the experimen-
tal work 1t was necessary to review the general procedure
heretofore empleyed. Some fifteen runs were made by the author
using Jury's methods in an attempt to beéome familiar with the
technique and to duplicate his results. Briefly the procedure
followed in each run was ﬁs follows:

1) Regenerate the desiccant to be used. During screen-
ing and handling even fresh, unused material haslén
opportunity to pick up moisture from the air., It is
necessary to have the desiccant as dry as possible
in order to obtain fulluse of its available capacity
for absorbing water vapor in the test bed. According
to the recommendations of the manufacturers of
Drierite, this may be accomplished by heating the
desiccant for several hours at 400 - 425°F.#% Origi-
nally, this was done merely by spreading the materisal
(of a certain grain size) out in a shallow ﬁan and

placing it in a muffle furnace controlled to 420 I 50p

¥IT the material is overheated 1t becomes permanently Inactive.



2)

3)

4)

by a thermocouple suspended over the pan. Fresh material
was reactlvated and used for each run and discarded
thereafter,

Load the bed container. This was done simply by pouring
the hot deslccant, directly after it was removed from
the furnace, into the short pipe nipple which served as

a bed contalner. The pipe was tapped and shaken to

pack the granules well and then immediately capped and
sealed at the joints with beeswax. It was allowed to

cool to room temperature before using.

Insert the loaded container into the test apparatus,
The inlet end was connected to a source of compressed
ailr of controlled humidity through a calibrated rota-
meter to measure the rate of air flow into the bed. The
outlet end was connected directly to the frost-point
hygrometer. Provision was made to by-pass the feed
alr around the bed to the hygrometer in order that Ho

could be measured.

Adjust the alr supply to the desired humidity Ho'
This was done by paséing the compressed air, at
regulated pressure, through a long coll immersed in
an insulated ice chest where the temperature was held
at 32°F. Since the air supply always contained more
water vapor than saturated air could hold at 32°F and

the pressure maintained, moisture condensed in this

77.



5)

6)

7)

%

coll and was removed periodically through a trap.

The air supply issuing fromthe ice-coll was thus at

a constant humidity which could be.varied within
limits and controlled merely by setting the pressure
at a specified valuse.

Prepare the frost-point hygrometer for use. This
involves merely filling the cold bath container

with a mixture of solid carbon dioxide and methyl
alcohol, and turning on the electrical circuits,

The principle of this hygrometer is simply that of
determining whether a deposit of molsture will form
when the alr 1s passed over a gold plated surface
which is held at a certain temperature., The tempera-
ture of the surface is controlled by a combination of
the cooling bath and an electric heating element.

The deposition of moisture is detected by changes in
the diffuse reflection of a constant light source
shining on the surface, as observed by a photoelectris
cell. For complete detalls on the construction of
this instrument, the reader is referred to Jury's
thesis. The technique of making the measurements
with 1t will be discussed in detail on page 49.
Measure the humidity of the feed air supply and then
turn it into the bed. Atthis instant begin to count
time,

Measure the humidity H, of the alr issuing from the
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bed at intervals of time until the bed is nearly
exhausted, i.e. until H, has risen to become nearly

equal to Ho’

The results obtained in the preliminary runs made
according to this procedure were quite erratic and unsatis-
factory. For this reason none of this data is reproduced
here. Long, flat portions and points of inflection were com-
monly obteined on the graphs, although the 1inltial gradual
decrease of H, was practically eliminated by the removal of
the steel-wool filters as mentioned above, In additilon,
erretic values of H, were obtalned in spite of the fact that
no known changes were made in the settings of the apparatus
which was supposed to control H,.

Careful consideration was given to each of the
steps in the procedure as listed above for possible sources
of error. In regard to steps (1), (2), and (3) it was felt
that the method of regeneration, or reactivation, and loading
of the bed container might be a source of difficulty. The
heating and circulation of alr over the bed in the furnace
might be erratic and the particles in the layers underneath
the surface might not be properly exposed. Further, the con-
tact with the alr of the room during loading might have a
deactivating effect. We could not be certain that every bed
prepared would be in identically the same condition at the

beginning of the test run. Successful regulation of H,, &8



in step (4), depends upon a close control of the pressure

of the air passing through the}coil immersed in the ice

chest, and upon cooling of the air completely to 32°F all

the time. Droplets of vapor condensed in this coil might
remain suspended in the air stream and glve an abnormally
high humidity. Further, the alr supplied to the ice-chest
‘dehumidiflier must always have a greater humlidity than corres-
ponding to saturation under the controlled conditions, other-
wise an abnormally low vglue would be obtained as no condensa-
tion would occur in the coil, Finally, the operation of the
hygrometer, steps (5), (6), and (7), must be carefully studied.
It was not evident at the outset what errors might be intro-

duced here.

New Method of Regeneration of Bed

To elimlnate the objections mentioned in connection
with steps (1), (2), and (3), a new method of regeneration
was installed. This consisted of packing the bed container
first and installing it in the test line. The test line was
so arranged that the bed could be immersed in an oil bath
which could be heated and controlled at any desired tempera-
ture up to about 450°F (limited only by the flash-point of
the oil). A current of dry air, preheated to the bath tem-
perature by passage through a coll also immersed in the same
bath, was swept through the bed during the heating perilod.
This provided for carrying off the molsture liberated from the



granules. At the end of the heatlng period the oil could
be drained from the bath and the bed allowed to cool slowly.
Al11 lines to the bed would then be closed except a "breather"
line which permitted room air to enter through a large aﬁx-
iliary bed of desiccant. This was necessary to prevent moist
room air from leaking in during cooling, and governed to some
extent the value of Hf. After the bed was cool, the inlet
and outlet lines could be opened, the breather line closed,
and a regular run made without disturbing the granules at
all. Thus all the objections to the furnace method were
eliminated., Figure 4 shows schematically the apparatus used.
The detalls on construction of the bed contalner assembly are
shown in Figure 5. It is believed that these drawings are
suffiéiently complete and self-explanatory that further des-
cription of this equipment 1s unnecessary.

| The progress of the regeneration could be followed
by measuring the humidity of the air stream leaving the bed.
If the granules éontained much moisture, this would rise
quite rapidly as the bath heated up. After a time a peak
would be reached and then the humidity would decrease to the
same value as that of the inlet air stream.

After a few preliminary trials the following method

was adopted as a standard regeneration. With the entire

apparatus at room temperature the air stream and the immersion

heaters were turned on together and the controller was set

for 410°F. The air stream was adjusted to flow at the rate

5/.
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of 9.4 cu. ft. per hour. It required approximately 1-1/2
hours for the bath to reach temperature after which the
controller held it at 410 * 5°F, as measured by the thermo-
couple which actuated the controller, as well as by a mercury
thermometer immersed next to the bed container., After the
hygrometer showed that the outlet humidity had fallen to
that of the inlet air, and the bath was at 410°F, heating
was continued for one hour longer. The total length of
time required from the start wasusually three hours. At this
time, the heaters and the alr stream were turned off, the
breather line opened, and the hot o0ill drained from the bath.
The subsequent natural cooling required at least four hours,
but the bed was always allowed to stand over night before
use in a test run. If it was desired, the same bed could be
regenerated and tested again and again without disturbing it.
No extensive investigation into the regeneration
process was attempted. The method outlined above was simply
arbltrarily adopted and used for all runs made by the author.
It is felt, however, that further study of the effect on
regeneration of variables such as temperature of bath, tem-
perature of air, rate of flow of alr, humldity of inlet air,

cycle of heating and cooling, etc. would be desirable,

Control of Humidity of Air Feed Supply

As explalned above in connection with step (3) of
the experimental procedure, the humidity of the air feed

stream was controlled by bringing it to saturation at a
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definite temperature and pressure, Since it was always
cooled in an ice chest, it was assumed that the temperature
was about 32°F. The pressure could be varied by adjusting

a reducing valve in the line just ahead of the ice chest.

The pressure was read on a Bourdon gauge just below this
valve, the gauge being capable of reading from O to 60 1lb.
per square inch above atmospheric pressure (psig) in scale
divisions of 1/4 lb. per sq. in. It was recalibrated against
a dead-weight gage tester before installation.

The source of air was the storage tank of a com-
pressor in which the pressure varied from 100 to 150 psig
during the on-off cycle of the compressor operation. This
tank stood in a room where the temperature averaged 70°F
and certainly never fell below 60°F, Hence the driest con-
ditlon of the air in this tank, corresponding to saturation

at 60°F and 150 psig, was an absolute humidity of 9.64 x
10-4 pounds water per pound of dry air. This value is calcu-
lated from the vapor pressure of water at 60°F of 0.256 psia

as given by Keenan and Keyes (12), according to the formula:

_18 p .18 0.256  _ -4
H=% ?-5 ~ 29 * 1165-0.256) 9.64 x 10 (35)

H = absolute humidity

p = vapor pressure of water at saturation tempera-
ture, psia.

P = total pressure of the air, psia.
To help smooth out the fluctuatlng pressure from the

compressor a sSecond reducing valve was installed in the line



ahead of the first valve. This reduced the pressure from
100 - 150 psig to approximately 60 - 80 psig. The first
reducing valve reduced it further to the desired pressure,

in most runs at 40 psig, and there was only a barely visible
fluctuation of the pressure, much less than 1/4 psi in either
direction. The assembly is shown in the accompanying Fig-
ure 6.

Table III below shows the value of the absolute
humidity of air saturated at various gage pressures, and at
32°F, Depending upon the setting of the reducing valves,
this should be the humidity of the air fed to the bed under
test, provided complete cooling of the air to 32°F was ob=-
tained without supersaturation and provided there were no
suspended droplets. (A glass wool filter was installed in
the trap in the lce-~chest in order to eliminate this latter
possibility.) Table III also gives values for saturation at
33°F, for consideration in the event that cooling of the air
was not complete., All of these values given here were cal=-
culated from equation (35) for H stated above, assuming an
average barometric pressure of 14.4 psia and using the vapor
pressure of water given by Keenan and Keyes (12). It is
evident that all of these values are much smaller than that

stated in the preceding paragraph for the driest condition
possible in the compressor tank. Consequently, condensation
will always occur in the coil immersed in the ice chest, and

this arrangement should insure a supply of air at constant

4.
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Table ITI

Absolute Humidity of Feed Alr Supply

Gage Absolute® Temp . Absolute
Pressure-psi Pressure-P psi -°F Humidity-Hx106
0 14,4 32 3840

33 4010
10 24 .4 32 2260
35 2360
20 34.4 32 1550
33 1670
30 44 .4 o2 1237
33 1289
40 54.4 32 1012
33 1054
50 64.4 32 855
33 891
60 74 .4 32 739
33 771

#Vapor pressure of water at 32°: p = 0.08854 psia
Vapor pressure of water at 33°F: p = 0.09223 psia

°Based upon a barometric pressure of 14.4 psia.
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humidity.

During the preliminary runs, determinations of the
humidity of the alr supply made with the Jury frost-point
hygrometer did not agree with the values stated in the table,
The factors affecting pressure and temperature control as
described above were carefully reviewed and some adjustments
made but to no avail. It was subsequently discovered that
the fault was in the technique of using the hygrometer.

When this was corrected, the determination agreed well with
the calculated values at 32°F, and 1t was established that
the control of the humidity of the air supply was closer
than the ability of the instrument to measure it. Values of
H0 were then taken from Table III for use in subsequent cal-
culations. The correct technique of using the hygrometer

1s discussed thoroughly in the next section.

Technlque of Usling the Frost Point Hygrometer

To operate the frost-point hygrometer it 1s neces-
sary to cool the gold-plated surface until a deposit forms
from the sample of air flowing over it, When the current in
the heating element just below the surface is reduced (by an
electronic rheostat), cooling occurs because the surface 1s
on one end of a copper rod which is i1mmersed in a bath con-
sisting of lumps of solid carbon dioxide, in methyl alcohol.
Hence the surface temperature 1s regulated by control of the

heater current. Since super-cooling of the air stream may



occur, it is necessary to warm the surface after the deposit
forms until a temperature 1s reached at which the deposit
neither increases nor decreases. Any change in the size of
the deposit is indicated by a change of currvent in the photo-
electric cell which views the light diffusely reflected by

the deposit, the current therefore being greater the larger
the deposit. The desired point of equllibrium between deposit
and air is thus indicated by a constant photocell current.

It may be approached elther by coollng the surface very gradu-
ally until a light deposit just forms and then warming very
slightly, or by rapldly cooling to a temperature far below
that necessary, obtaining a heavy deposit and warming fairly
rapldly, i.e., approaching either from the high side or low
side. The temperature of the surface at equilibrium is
measured by a thermocouple imbedded in it and connected to
Leeds and Northrup Precision Potentiometer capable of reading
to 0,01 millivolt, which corresponds to 0,5°F, The calibra-
tion data for this thermocoﬁple is given in the Appendix,

The significance of the equilibrium surface tempera-~

ture depends upon the nature of the deposit. Either ice or
water may form, as frost or dew respectively. The appro=-
priate vapor pressure of the deposit must be used to compute
the humidity of the alr stream in equilibrium with it. Since
the surface 1is at atmospheric pressure, the following formula

applies:

* §:§— B € )|
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H
NPA
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wherein H = absolute humidity of alr stream

p = vapor pressure of deposit at temperature of
surface, psia

P = atmospheric pressure, barometer reading, psia.
The range of temperature over which the surface may be con-
trolled with a solid carbon dloxide bath runs from about =90
°F with the heater completely off to about + 32°F with full
heater current. Hence, data on the vapor pressure of water
and ice are needed over this range. Tables V and VI in the
appendix present values of H calculated from vapor pressure
of ice and water respectively. These dataare discussed below
in the next section on page 75 .

In the preliminary runs and tests of the humidity

of the feed air supply, the fact that supercooled water

might deposit at temperatures below 32°F was not fully appre-
ciated. Consequently, erratic readings of the "frost-point"
or "dew-point" corresponding to H, were obtained and were
assumed always to correspond to ice deposits. The erratic
readings were erroneously attributed to variations in the
condition of the air supply. Later it was learned by experi-
ence that the nature of the deposit was likely to be water
at any temperature above -40°F when equilibrium was approached
from the low side provided the initial rapid cooling was to
-40°F or below. However, this was not an entirely consistent
performance and it was found that the only certain way to

s

ascertain the nature of the deposit was to examine 1t visually.
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Fortunately, the optical head of the hygrometer was built
with an extra hollow tube which could be opened and through
which the lighted gold surface could be viewed, preferably
with the aid of a hand lens. After some practice, it becams
possible to distinguish the nature of the deposit and in all
later tests this obsefvation was made and recorded. When
this was done, the apparently erratic nature of the determin-
ations of Hy dlsappeared. The followlng data are cited as

typical examples.,

Determinations of Humidity of Feed Air Supply

November 7, 1949

Air supply pressure
Rate of flow of air

29 psig, uncorrected gage reading.
9.4 cu, ft. per hour, through

hygrometer.
Time - PM Thermocouple Reading Probable Nature of
mv °F Depositst
1:12 0.57 +4.,5 water
1:17 0.51 +7.5 ice
1l:44 0.57 +4.5 water
1:46 . 0.57 +4,5 water
2:03 0.59 +3.5 water
2:45 0.51 +7.5 ice
3:00 0.56 +5.0 water
3:30 0.52 +7.0 ice
3:39 0.55 +5.5 water
3:40 0.56 +5.0 water
3:58 0.50 +8.0 ice
4:10 0.50 +8.0 ice
4:28 0.51 +7.5 ice

The absolute humlidity corresponding to average water deposit
= 1167 x 10"6 at +4,5°, and 14.4 psia, the absolute humidity

corresponding to average ice deposit = 1175 x lO"6 at +7.5°F

#*This was not actually observed at the time, but is deduced
from the temperature readings.



and 14.4 psia. The calculated humidity of air supply at
43.4 psia (29 psig) and 32°F = 1265 x 10~°, (This dis-
agreement was later discovered to be due to the fact that
the calibration of the pressure gage was in error.)

December 8, 1949

Air supply pressure = 30 psig, corrected gage reading
(recalibrated).
Rate of flow of alr = 9.4 cu. ft. per hour, through

hygrometer.
Probable Na- Humidity x
Time - PM Thermocouple Reading ture of 10-6 (14.4
mv °F Deposit psia)
2:12 0.55 +5.5 water 1222
2:24 0.55 +5,5 water 1222
3:25 0.55 +5.5 water 1222
3339 0.56 +5,0 water 1188

Calculated humidity of air supply at 14.4 psia and 32°F =
1237 x 1076,

January 16, 1950
Air supply pressure = 40 psig, corrected gage readings
(recalibrated). Rate of flow of air = 9.4 cu. ft. per
hour, through hygrometer.

Probable Na- Humidity x

Time - PM  Thermocouple Reading ture of 10-6 (at
mv °F Deposit 14,4 psia)
12:25 0.65 +1.,0 water 996
12:42 0.65 +1.0 water 996
12:57 0.65 +1.0 water 996
1:36 0.55 +5.5 ice 1065
1:43 0.55 +5.5 ice 1065
1:45 0.55 +5.5 ice 1065

Calculated humidity of air supply at 54.4 psia and 32°F
= 1012 x 1075,

These figures show that the instrument is capable of meas-
uring the dew point or frost point within 0,5°, and that
if the nature of the deposit be properly identified, the

humidity may be determined to about within 3% of the
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calculated value on the average.

It was quite surprising to the author to learn
that liquid water might be deposited as dew at temperatures
as low as =-40°F, and not crystallize immediately into ice.
This observation was corroborated by Brewer, Cwilong, and
Dobson (2), and Suomi (18). The former state:

"If the surface is polished and clean, dew

will generally be deposited down to tempera-

tures as low as =-40°C, while by taking spe-

cial precautions, it is possible to form dew

on a solid surface at any temperature down

to =-100°C. If the surface is not very clean,

ice may be formed at temperatures well above
"40 OC [} "

The latter states:

"The lowest temperature at which super-

cooled liquid was observed is -35°C. Except

in the 0 to =-30°C range the instrument nor-

mally operated with ice on the mirror.

Schaeffer (16) suggests that if the mirror

is covered with a microscopically thin layer

of polystyrene, the instrument will always

operate with supercooled water at tempera-

tures above -35°C., and with ice below that

temperature, thus eliminating ambiguity."

Recently, a study has been made by Heverly (7)
on the spontaneous freezing points of supercooled droplets
of water. He found that the freezlng point wes dependent
upon the size of the droplets, but was Ilndependent of the
source of the water, the rate of cooling, or of the pres-
sure. For drop dlameters of 1.1 - 0.4 rmm., the spontane-
ous freezing point was practically constant at -16°C.
Below 0.4 mm., the spontaneous freezing point decreased

to -30°C, for a diameter of 0.06 mm., and the rate of



decrease of freeging point with decreasing drop diameter
varied inversely with the drop size. 1In the operation of
the Jury hygrometer, it 1s certain that very small drop-
lets will form upon condensetion from the vapor state.
Hence, the fect that we found water to exist ordinarily at

temperatures down in the neighborhood of -40°F. (which is
the same as -40°C.) is in general accord with Heverly's
observations.

Realizetion of the facts just stated brought about

a further very important modification in the technique of
making determinations during the test runs of a bed. Origi-
nelly, in all the preliminary runs, and presumably, alsc in
the runs made by Jury, the technique was as follows. At

the beginning of a run the humidity of the outlet stream
would, of course, be very low. The heater current would
be turned way down, in some cases completely off, and the
initial deposit would form in the neighborhood of -80°F in
most cases. This deposit was undoubtedly ice although it
was not observed directly at the time., This reading and
the humidity would remain rather constant for a while but
sooner or later the bed would "break", that is the humidity
H, would begin to rise. From then on the temperature of
the surface had to be continually adjusted to keep pace with
the rising humidity. Originally, this was done by raising
the temperatures somewhat until the deposit began to de-

crease, but not enough to evaporate it completely, The



The current in the photoelectric cell circuilt would de-
crease gradually and finally come to a steady value for

a few moments as the increasing humidity "caught up with"
the higher temperature. Then this current would begin to
increase again as the deposit grew heavier. Finally, the
temperature would be stepred up again beyond the value
corresponding to the humidity at the moment and evapora-
tion would begin again. This cycle of increasing tempera-
ture, watching photocell current decrease, become stationary
and begin to rise, followed by another temperature increase,
was repeated over and over as the bed gradually became
exhausted. At no time was the surface cleaned completely
of all deposit. The point of stationary photocell current
was taken as an indication of equilibrium between the
deposit and the air, and the time and temperature noted as

a reading. The deposit was assumed to be ice at all times
and the humidities calculated accordingly.

Every run made by the author using this technique
showed elther a pronounced "flat" region or a point of in-
flection in the graph of log Hz/Ho vs. t. Careful examina-
tions of these data,as well as the runs made by Jury,

revealed that these anomalous points consistently occured

when the temperature of the gold surface had reached -40°F
to =35°F. Figure 7 shows two typical sets of runs (numbers
25,26, 27 and 28,) made under duplicate conditions except

for the velocity of the air stream. The data for these runs
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are given in the Appendix.

The new modified technique consisted of first
followiﬁg the o0ld procedure until a surface temperature
of -40°F was reached. From here on, the surface was com-
pletely cleared of deposit by heating after each reading.
After clearing was complete, the temperature was lowered
again and adjusted until equilibrium between a new deposit
and the air had been reached. The character of the de-
posit was observed and noted at all times., It was always
found to be ice below -40°F, but above was usually water,
The humidity was calculated accordingly. The runs shown
in Figure 7 were repeated using this technique and the
results are plotted on this same Figure as runs 30 and 32.
It is seen that the irregulerities in the curves were
eliminated. All succeeding runs were made in this manner.
Further details on these runs are presented below.

The discoveries regarding the nature of these
deposits which led to the modified technique of using the
hygrometer were very unexpected and very important, not
only in obtaining correct results, but also in explaining
the queer data previously gathered. It seems likely that
when the old technique was used, water often deposited on
top of the ice as temperatures in the neighborhood of =40
to -35°F were reached during a run. Since the water was
slow to crystallize, the outer layer in contace with air

was at the vapor pressure of water rather than ice.
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However, crystallization probably occured slowly from
below when the water and ice were 1in contact as addi-
tional water deposited on top. The light reflection
characteristics of the surface were then due to a shifting
combination of ice and water and the readings of current
in the photoelectric cell were not a reliable indication
of equilibrium (or lack of it) between the air and the
deposit. Likewlse, the thermocouple readings were not A
reliable indication of the temperature of the outer layer
of deposit since 1t would be insulated by a layer of ice.
During this state of uncertainty (not reslized at the time)
the humidity of the air would appear to be relatively con-
stant, After a time, however, the entire deposit probably
crystallized, which made the vapor pressure at the surface
far too low for equilibrium with the air and it was neces-
sary to raise the temperature rapidly. Thus the humidity
of the alr appeared to increase suddenly. However, this
sort of thing did not occur on every run made by the old
technique as some of Jury'!s runs showed no flats or inflec-
tion. (See page 44 .) 1In other words, one cannot rely on
the deposition of ice or water, but must make every reading
with a freashly cleared surface and actually observe the
nature of the deposit.

Apperently, all of the erratic nature of the
earlier runs was due to the improper use of the hygrometer

rather than to any variation in feed air humidity or in
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the regeneration process. A great deal of time and some
twenty five runs were spent in tracking down these experi-
mental difficulties. It is felt that the present set-up
and technique of operation is quite good and free of seri-
ous errors, and that this has been one of the principal
contributions of this study toward solution of the general
problem. The graphs plotted on Figure 7 show that the
reproducibility of the data is good.

Experimental Results:

It was hoped that Jury's data could be used to
carry out an analysis of the rate-controlling mechanism
as outlined in the section on the theoretical approach.
However, it was felt that all runs exhibiting the anomal-
ous behaviour should be rejected as being suspect for the
ice-water difficulties just discussed., The remaining runs
available for theoretical analysis are summarized below.
Readers are referred to Jury's thesis (11) for the original
data from these runs.

From the temperatures determined with the hygro-
meter using the old technique, Jury calculated the values
of Hz, using the vapor pressure of ice’as obtained from
Whipple's empirical equation quoted by Brunt (3) and assum-
ing P = 14.7 psia in equation (36). He then computed HZ/HO,
with H, also based upon P = 14.7 psia, and then plotted log
HZ/Ho vs. t. Since we need only to work with ratios of ab-

solute humidities, it is not necessary to correct the values



of H to the prevailing atmospheric pressure as this cor-

rection would cancel., The plots are not reproduced here,

Jury'!s Data Available for Theoretical Analysis

Diameter of bed = 1.03" in every run.
Humidity of feed air = 1320 x 10~ pounds
of water per pound of air,

Desiccant material: Commercial Drierite,
screened and reactivated in muffle furnace
two hours at 400°F,

Weight of material in bed not determined.

Jury's Bed Length Granule Air Flow Ambient
Run No, Z=-inches Mesh - =cu.,ft.hr, Temp. = °F
) 2 20-24 9.4 70
4 3 4-5 9.4 75
S 4 20-24 9.4 e
6 3 2-2 1/2 9.4 76
7 2 20-24 7.0 73
8 3 20-24 9.4 74
14 3 20-24 9.4 66
19% 2 20-24 9.4 76

#% = Reactivation for 4 hours at 450°F.

All of these runs, as well as all made by the
author, were essentially isothermal at room temperature.
Of these runs, numbers 8 and 14 are duplicates and agree
very well. Run number 6 made with 2-2 1/2 mesh material
in a bed 1" in diameter is no doubt unreliable because of

channeling effects. There is possibly the same objection,
though perhaps to a lesser degree, to run number 4 made
with 4-5 mesh material. The remaining runs are all but one
(No. 7) at the same air flow rate and are with the same
granule size. Hence, little could be learned from them

about the mechanism except as to whether the individual



runs would fit the solution F, equation (32) or not.

It seemed desirable to make a series of runs
at various flow rates of alr with all other conditions
maintained constant, This set of runs was made by the
author With the new regeneration apparatus and the new
techniques of using the hygrometer. The material used
throughout all came from the same batch of commercial
Drierite screened and regenerated in situ by the proce-
dure described on pages-ﬁ~9% In some cases the bed was
regenerated two or more times and re-run without disturb-
ing. Whenever it was finally emptied, the material was
heated at 800°F for several hours to determine the dry
weight of desiccant packed into the bed., 1In every case,
the bed and feed air streém were at room temperature. The
humidity of the air stream was fixed by adjusting the pres-
sure control to 40 psig.

The following table summarizes the conditions
for this set of runs. The detalled data obtained afe
given in Tables VII through XVI in the Appendix. Figure
8 is a plot of all this data in terms of log Hy/H, vs.
time. In calculating values of HZ/H0 the appropriate
vapor pressure of ice or water was used, as determined by
actual observation of the nature of the deposit.

Summary of Runs at Various Flow Rates

Bed length = 2.03": bed diameter = 1,06".
Desiccant = 10-12 mesh commercial Drierite,
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reactivated in situ.
Feed air humidity = 1012 x 10-6 pounds water
per pound air,

Run Air Flow Rate Times Weight of Dry
Number cu, ft. hr. Regenerated Desiccant - gms.

30 9.3 1 30.09

34 14.0 2 29,26

35 14.0 1l 29.26

32 19.8 3 30.09

37 24.0 3 30,09

42 29,8 1 «---

Runs number 34 and 35 are duplicates and agree fairly well.
Runs 30 and 32 have been referred to previously in connec-
tion with Figure 7. It is to be noted that the weight of
desiccant is the same within 3% in all runs, consequently
the porosity of packing must have been the same also.

There 1s over a three-fold variation in air flow rate there-
fore also in mass velocity since all runs were made on beds
of the same diameter.

There'are two principal differences between the
conditions of Jury's runs cited above and those made by the
author: particle size of desiccant, and humidity of feed
air. Jury worked mostly with 20-24 mesh granules regener-
ated in the furnace, the author always with 10-1Z2 mesh
regenerated in situ. Jury used air saturated at 29 psig
and 32°F (frost point + 10.3°F, Hy = 1320 x 10-6), the
author air saturated at 40 psig and 32°F (frost point 5.5°F,
dew point + 1,0°F, H, = 1012 x 10~€), 1In both cases the
value of H, lles below the upper limit for which the linear

adsorption isotherm holds, as determined by Jury.
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Analysis of Experimental Data
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Vapor Pressure Values

In the calculation of absolute humidity from
the temperature readings of the hygrometer, it is impor-
tant to have reliable data for the vapor pressure of ice
and water, Accordingly, a search of the literature was
made for such data in order that it might be possible to
select and use the best values available.

The following sources of data on the vapor
pressure of ice were found:

1) "Thermodynamic Properties of Steam" --

Keenan and Keyes (12). Range: 82°F
to =-40°F.

-

2) "Smithsonian Meteorological Tables" --
5th Edition (17). Range: 0°C to =70°C.

3) '"Handbook of Meteorology" -- Berey,
Ballay, and Beers (1). Range: 0°C to
-40 OC O

4) "Physical and Dynamical Meteorology" -

Brunt (3). An empirical equation due to

Whipple (20); no range .stated.
The first three of these are tables, the fourth an empiri-
cal equation which is claimed to represent other data well.
Values from all four of these sources were carefully plotted
on a large scale for a temperature range from 32°F to -90°F,
and the best smooth curve drawn through them. Thé agreement
was excellent over most of the range. Values read from the

smoothed curve were used to calculate absolute humidities,

using equation (35) for Table V given in the appendix.



Reliable data on the vapor pressure of sub-
cooled water at low temperatures were more difficult to
find. The followling sources were used:

1) "Handbook of Meteorology" - Berry, Ballay,
and Beers (1). Range: 0° to -20°C.

2) "Physical and Dynamical Meteorology" --
Brunt (3). An empiricel equation due to
Whipple (20); no range stated.

3) Bulletin GEA-4613 - General Electric Co. (6).
Range 140°F to -100°F; no source of data
stated.

4) Alnor Dew Pointer Instructions - Illinois

Testing Laboratorie¥, Inc. (10). A chart,

range = 110°F to -100°F; no source of

data stated.
All of these data were treated in the same manner as that for
ice, described above. The agreement among the various
sources, particularly at the lower temperatures, was not
quite as good. The calculated humidities are given in
Table VI of the Appendix.

It is of interest to note 1in passing, how the
vapor pressure of ice and water compare at the same tem-
perature. Figure 9 shows the ratio of vapor pressures at
various temperatures. The ratio (water/ice) rises from 1
at 32°F to 2.0 at -90°F. This clearly indicates the impor-
tance of knowing the nature of the hygrometer deposit, as

errors of up to 100% in the calculated humidity might be

mede by using the wrong vapor pressure.

Analysis of Data from Experimental Runs:
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All of the experimental data for Hz vs., t was
first prepared in the form of graphs of log HZ/HQ vs., t
as mentioned previously. This was done in order that
smooth curves might be drawn and.used for reading values
at any desired point. The construction of these graphs
was carried out in accord with tﬁe properly calculated Hg
values determined by the nature of the deposit. It was
necessaryvfor the author to replot Jury's data for the
runs listed on page NN as the graphs presented in his
thesis cannot be read with suitable accuracy, due to a
lack of sufficient coordinate lines. These plots, how-
ever, are not reproduced here.

It was first desired to test all these curves
for conformity with the approximate solution, equation
(32). This was done in two ways: first by assuming
Hi = 0, and second, by estimating a value for H? from
the lowest value of HZ obtained during the initial por-
tion of each run. In both cases, it was necessary to
modify somewhat, the testing procedure outlined on page JZ,

When Hf was taken as zero, step 1 of the pro-
cedure was omitted and step 2 became merely the plotting
of log HZ/HO vs., t already mentioned. Step 4 was modil-
fied merely in that values of t were read from the smooth
curve to correspond with values of Hz/Ho of, say, 0,006,
0.008, 0.01, 0.02, etc. In step 5, of course, the values

of Y corresponded to those of Hz/Ho- The remaining steps
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were all carried out as stated. Figure 10 shows the

plot of Y vs,. {E‘for Jury's runs, and Figure 11 for

the author's. On these graphs, the solid circles and
solid lines correspond to taking Hf = 0, The solid curves
are drawn through these points.

To determine the effect of correcting Hf to some
value other than zero, the testing was repeated using as
H}f/Ho the lowest value of HZ/HO read from the original
plots. Now since

- Hp T H? . Hz/Hy - H?/Ho
¥ 7 Ho - Hy 1 - Hi/H,

it is possible to work with these ratios in the testing
procedure rather than with the absolute humidities them-
selves. Having selected Hi/HO, a series of values of
Hy/Ho to correspond with rounded values of F (as 0.006,
0.008, 0.01, 0.02, etc., were calculated from:

Hy/Ho = (1 - Hi/Ho) F + Hy/H,

These values of Hz/Hy were then used to read values of t
from the original curves. This procedure replaced the
first 4 steps of the testing procedure, and made it unnec-

cessary to construct additional graphs of log Hyp - H? vs. t.
=
Ho - Hy

This would have been a waste of effort because of the un-

certainty of values for H;. The remainder of the proce-
dure was followed unmodified. The porrected points of Y

Us.1t are shown again on Figures 10 and 11 by the open
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circles. The values of H'sf/Ho used in each case are tabu-

lated below.

Jury'!s Date Author's Data
Run No, HI/HO Run No. H?‘/Ho
3 0.0042 30 0.00415
4 0.014 32 0,0052
5 0.0023 34 0.0070
7 0.0032 35. 0.0070
8 0.0030 37 0.0040
14 0.0016 42 0.0043
19 0

It is observed that in every case, the corrected
points lie to the right and below the solid curves with
the gap between them narrowing rapidly as Y approaches
-1.0 and being virtually negligible above that. This
means that the values of H?/H0 are small enough so that
the correction of subtracting them from Hz/Ho is negli-
gible when Hz/HO is approximately 0.01 or above. The
values of H’;'/Ho used represent the largest that there pos-
sibly could have been, and, in fact, the true values
might actually have been much smaller than these. The
difference between the two sets of points represents the
maximum correction., The aatual correction, of course,
depends upon how much moisture was left in the bed at the
end of the regeneration process. Air flowing through the
bed cannot possibly be dried below a value in equilibfiium
with this. Hence, the lowest value to which the air was
observed to be dried was teken an approximation to the

initial state of the bed. The principal error in doing

§2,
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this lies in the fact that in some runs, the initlal
hygrometer readings could not be made soon enough at
the start before the H, values began to rise.

Considering Figure 10, it is seen that three of
the runs give good straight line plots of Y vs. WE, viz.
Jury's nﬁmber 8, 14, and 19. Runs 8 and 14 are duplicates
and coincide on the plot. In all three cases, the correc-
tion, which could be made by not taking H? = 0, is negli-
gible throughout. Runs number 3, 4, and 7, although
plotting as nearly straight in the lower ranges of Y,
curve abnormally upward at the higher end. Run number
5 is just the reverse. Runs number 3, 5, and 7, would
have much straighter plots in the lower range when a cor-
rected H? is used. Run number 4, howe#er, would become
curved'in the opposite direction. |

In Figure 11, none of the plots, either cor-
rected or uncorrected, would be exact straight lines.

They would all curve somewhat downward in the lower range,
and upward in the higher range, the curvature belng more
pronounced when the corrected points are considered.
However, in an attempt at smoothing this data, the straight
lines have been drawn as an average position about which
the curves wind.

From the straight lines drawn on these two graphs,

the following values of b and X have been calculated.
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Values of the Constants b and X

Jury's Data: Figure 10
Run No. Position of Graph b-min.? X
4 Lower, uncorrected 0.0136 4.25
19 Entire 1.00 169
3 Lower, corrected 0.301 61
7 Lower, corrected 0.306 84
8 Entire 0.467 144
14 Entire ' 0.467 144
S Lower, corrected 0.861 273
Author's Data Straight lines - Figure 11
Run _No. b-min;l X
42 0.096 7.8
37 0.073 8.0
32 0.082 10.6
35 0.072 12.1
34 0.082 14.7
30 0.059 17.5

In the case of the author's data, it is unfor-
tunately true that the values of X, approximate though
they may be, are all low enough that some doubt is cast
upon the accuracy of using the approximate function F to
represent E, the accura?e solution. There is no question
of this in the case of Jury's data with the exception of
Run No. 4, where X = 4,25. All of the author's data were
accordingly tested against the Schumann-Furnas‘chart using
the values of X listed above as a first approximation. It
was found that by using the nearest integral value for X
(except for run 32, where X = 10 gave a better fit than
X =11) a value of b could be found that in all cases gave

a rather good fit to the curve on the chart in the range



from Hy/Ho = 0.0l upwards to about 0.40. These values are

tabulated:
Authort!s Data Fitted to Schumann-Furnas Chart
Run No. b-minsl X
42 0.088 8
37 0.065 8
32 0.069 10
‘35 0.060 12
34 0.076 15
30 0.053 17

At the upper end of all these runs, there 1s devi-
ation from the corresponding curve on the Schuman-Furnas
chart in the direction of more rapid exhaustion of the bed.
This accords with the same observation for all of Jury's
runs as interpreted by the Y vs.{E blots. Thus the state
of affairs anticipated on pagef&s found to exist, wherein
as the bed approaches saturation the internal resistance
increases, and the rate of exhaustion increases over that
prevailing at a constant value over the first portion of
the run. So it is clear that we are dealing with a case
of at least one varying resistance, and that no one of the
individual kinetic relationships proposed can possibly hold
throughout the runs. Consequently, the differential equa-
tion (22) cannot describe the behavior of the bed throughout
the run.

However, over the first portion of the run con-

formity with the solution to the differential equation is

obtained with the values of the constants b and X as

ssT
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tabulated above. We may subject these values to certain
tests to determine whether this conformity is due to one
of the proposed kinetic reletionships. For this purpose
refer to Table II. With the data availlable, we may test
the effect of mass velocity, particle size, and bed length
on b and X.

Effect of Air Flow Rate

The table lndicates that if the mass transfer
kinetic relationship holds:

Xo(%ﬁ— and b &dgl™®

provided the air flow is turbulent so that n £ -2, If
either internal diffusion or the shell diffusion kinetic
relationship applies

X x<% and b = constant
insofar as mass velocity alone is concerned. To test
which, if any, of these proportionalities holds for the
present data, it 1s necessary merely to plot'log X vs. log
G, and log b vs. log G and determine whether a straight
line is obtained, and if so, the value of the slope of the
line. Since all experiments were run at the same condi-
tions of temperature and pressure, and in beds of the same
diameter, G 1s directly proportional to the flow rate as
measured in cu. ft. per hour. Hence, plots of log X vs.
log (cfh) and log b vs. log (ecfh) will be satisfactory for

the purpose, and values of G need not be computed.



The data availlable for this test consists of
all of the author's runs and numbers 3 and 7 of Jury's
runs. The following values were used to construct the
1og-1og plots on Figure 12,

Run No. Flow Rate-cfh X b-min.~1

Author's Data

30 9.5 17 0.053
34 14.0 15 0.076
35 14.0 12 0.060
32 19.8 10 0.069
37 24.0 8 0.065
42 20.8 8 0.088
Jury's Data

3 9.4 61 0.301
7 7.0 81 0.306

The solid lines represent the best smooth lines which may
be drawn through the points. They are all straight within
the limits of accuracy of the data. The slopes were meas-

ured and found to be as follows:

Plot ) Slope n
Author's X vs., cfh -0.65 0.65
" b vs. cfh 0.45 0.55
Jury's X vs., cfh -1.02 1.02
b vs. cfh(not plotted) O 1

The data from the author's runs conformed to the situation
for mass transfer; those from Jury's runs corresponds to
an internal process; but include only two points and cannot

be accepted as conclusive. On Figure 12 dashed lines have

been drawn through the author's data in the positions they

would occupy if the proportionalities for internal diffusion
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or shell diffusion held. It is evident that such lines
do not represent the data. There is no doubt that mass
transfer can be distinguished as the rate controlling
process during the earlier portion of the runs. The
values of n found do not agree exactly with those of
Gamson, et al (5,23) but are very closely in the same
range. An exact agreement could not be expected, for
the data of Gamson, et al were obtained on catalyst
PeTlets of regular shape Here we are dealing with very
irregular granuies having a relatively large surface area.

The value of n = 1 for Jury's runs, while not
conclusive, may be an indication that mass transfer
resistance has decreased and become negligible in com-
parison with intefnal diffusion for fhe smaller granules
used in‘his runs. According to equation (8) Ky %h which
is in line with this agreement.

Effect of Particle Size

Two tests might be attempted with the data at
hand. First, Jury's run number 3 and the author's number
30 were made at virtually the same velocity (9.4 cfh and
9.34 cfh), but with different particle size (20-24 mesh,
and 10-12 mesh), and different feed air humidity.

(Ho = 1012 x 10°%, and H, = 1320 x 10-6)

The difference in feed air humidity should have little

effect upon the constants, so that the following propor-



tionalities pertaining to granule size might be tested.

a - .
X ® -1 b K -R-m for mass transfer; n <1
' 1 1 .
X  — b « —5— for internal diffusion;
R R n =1, ’
X &K .13; b o« %  for shell diffusion; n = o
R

The average particle sizes used in these two runs can only
be estimated by taking the average of the 1imiting screen
sizes in each case, For Jury's run, 20-24 mesh granules
were used, for the author's 10-12 mésh. The ratio of

sizes should be 1:2. The values found for the constants

were:
Jury'!s No. 3 Author's No. 30

Xz = 61 Xzg = 17
bz = 0.301 b30 = 0.053
fé— = 81 - 3,59 Eé_ = 0.501 _ 545
X30 17 bz 0.053
2)? - 5,50 (2} - s5.68

n = 0.84 n= 1.5

The test 1s not conclusive. The value of
n = 0.84 obtained from the ratio of X's would correspond
to mass transfer, while that of n = 1.5 from the ratio of
b's is too high for any of the cases.

A similar test may be made by comparing Jury's



runs number l and 8. Thesp were made in beds of 3" length,
at the same velocity, é;h'éfg;, same humidity Ho = 1320 x 10“6,
éﬁd with granules lj-5 mesh, and 20-2l; mesh respectively.
The ratio of particle sizes, based upon the average screen
openings is 5.63. The constants are: |
bj, = 0.0136. :  bg = 0.1467
Xy = h.2s | " xg = 1

Ratios:X _ .
4 8 — ' - b8 = 0, 7 = .
%= %5 =339 B otouss = e
(5.63)‘1'_* n=339  (5.63)1* ™=k
n-= loOh_ N ’ n-= 1005

The values of n conform very closely to the ratio for in-
ternal diffusion. But again; the test cannot be acdepted'
as conclusive because of the possibility of channeling being
present in run No. l, in Which'h-S mesh granules (avg. 0.1702)
were contained in a bed of 1" diameter. 'Thé tests df iso-
lated cases such as these and the velocity ratio test of
Jury!'s runs number 3 and 7 are not of much vaiue because
of the danger of experimental errors entering unnoticed and
uncompenéated. |

The onl& conclusion which may be established here
is that we are dealing with a case of combined resistances
which do not remain constant. Durihg the beginning of the
run mass transfer‘seems to control, but as the bed approaches

saturation, internal resistances increase to the point where

gl.



g2

the rate of exhaustion is accelerated beyond that to be

expected from the beginning of the run.

Effect of Bed Length

According to Table II, only X should be affected
by the length of the bedvand then‘in direct,proportion, if
all other variables are held constant.: Three of Jury's )

runs may’ be used to test. this point. These were run under-

identical conditions, save for the bed length. The data

are: o
Run No. Bed Length . X b
Su B A u
5 a" . 273 61

The ratios of bed 1ength are l§ fl-l/é:’ 2, but the ratios
of X values,are 1~ 2.36- .48, verj‘poor agreement.

It is difficult to detefmipe the reason for this.
Since the weight of material in each bed was nof oBtained
by Jury, we cannot be sure that.the:beds were packed .
uniformly andvtightly."There may have been some mot;on
of the paﬁticles or readjustment of position due to.the
lubricating effect of the‘flowing stream. -Further, there
may have been differences introduced By'the method and
conditiohs of regeneration. Some indication of this appears
by comparing Jury's rﬁns 3, and 19. Theee wefe duplicates,
except that in the case of run 19, regeneration was carried

out at 450°F for l. hours, whereas for all others, it Was two



hours at 400°F. For run 19 the constants obtained were
X =169, b = 1.00, quite a bit different from those of
run 3, and also more in line with the ratios mentioned
above. A standardized method of regeneration is cer-

tainly necessary in all of this work.,

73.
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Summary and Conclusions

The theory of the adsorption wave as applied
to a bed of desiccant has been critically reviewed. It
has been shown that this theory depends upon a kinetic
relationship for the rate of moisture pickup. Several
such relationships are presented and shown to be based
upon implicit assumptions which maeke them mutually
exclusive, a fact not previously appreciated. All of
these relationships, however, lead to the same type of
differential equation. Both a comﬁlicated, rigorous, and
a simplified approximate solution to this equation are
presented and a graphical method of testing data for con-
formity to the latter has been devised., The interpreta-
tion of such test results has been outlined in a way to
make 1t possible to determine which, if any, of the
kinetic relationships is applicable.

The experimental method of obtaining H, vs. t
data has been carefully reviewed and modified. A new
apparatus for the regeneration of a bed in situ has been
built and used. The technique of using the frost-point
hygrometer has been modified as a result of the important
discovery that super-cooled water droplets could exist in
this apparatus at temperatures as low as -40°, Additional
H, vs. ¢t data on the effect of velocity of alr flow have

been obtained.



u

The author's data, together with some of
Jury's data, have been subjected to the testing proce-
dure and found to indicate that we are dealing with a
case where none of the kinetic relationships proposed
will apply throughout the life of the bed. However,
during the initial portion of each run, the differential
equation is obeyed. Examination of the relationship
between air flow rate and the constants X and b indicate
that mass transfer is the principal sourde of resistance
during this portion. During the latter portion of the
runs the resistance increases appreciably so that the bed
exhausts at an increasing rate. This is attributed to an
increase in internal resistance to moisture pick~-up as
the granules approach saturation.

There is some indication that the effect of
mass transfer islessened by using smaller granule. sizes,

The data clearly show that the conditions of
regeneration must be standardized. The appropriate
constants obtained from a given run apply not onlyto
the conditions maintained during the run, but to the

condition of the granules used.
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°F
+30
+2C
+10

+ 0

Table IV

Calibration Data for Thermocouple in rfrest-Point Hygrometer

.CL
.25
L6

.67

.87
1.07
1.27
1.L7
1.65
1.84
2.02
2.21
2.39
2.56
2.73

.21
L2

.71

91
1.11
1.31
1.50
1.69
1.88
2.06
2.25
2.2
2.60

2.77

.95
1.15
1.35
1.54
1.75
1.92
2.10

2.28

.2.L6

2.63
2.80

AN2%

.15
.36
.56
77
97
1.17
1.37
1.56
1.75
1.93
2.12
2.30
2.8
2.65

.13
3L
5k
.79
.99
1.19
1.39
1.58
1.77
1.95
2.1
2.32
2.L9
2.67

1.01
1.21
1.1
1.60
1.79
1.97
2.15
2.34
2.51
2.68

.08

.29

.50

.83
1.C3
1.23
1.L3
1.62
1.80
1.99
2.17
2.35
2.53
2.70

78-

.06
.27
U8
.85
1.05
1.25
1.L5
1.6k
1.82
2.C1
2.19
2.37

2,55

2.72
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Table VII

Experimental Data for. Run No. 25
’ February 8, 1950.

Description of Run: Flow reate of gir 9.3 cu. ft. per hr.
' : Red length 2" ‘
Bed diameter 1"
Granule size - 10-12 mesh Drierite
Previous use: None :
Pressure of air supply:.40 psig., . -
Ho = 1012 x 1o~6 (basis for Hz/Ho)

Elapsed Frost Hy  Deposits* Elapsed Frost Hy Deposits

Time - Point H. Assumed Time - Point - Assumed
min, ©°F., = °© | min.,  °F, - Ho
 Bed |
0 ' | L

22 -86.5 0.00292 . ice ' . . 145 [-=48.,5: ' 0,0449 ice
27 -88,0 0,00253 ice 155 -45,0 0.0565 ice
15 -88.5 0,00237 ice 162 -42.5 -0,0669 ice

62 -88.5  .0,00237 ice .. 170 , -40,0 - .0,0780: - ice"

75 =79.5 . 04J0050: .ice - <178 ¥=38,0. . 0,0878:. 1ice .
85 =75.0 - 0,00705 ice 190 ' =34,0 0,114 - ice
95 =75.0 0.00705 ice 201 -32.5 0.127 ice

109 -70.0 0.0101. ice - 210 . =31,0 0,137 - dce

115 =6645 0.0131 ice 224 -29.0 0.,152 ice

122 . -61.,.0 .0.,0196 ice 237  =26.5 0,177 ice

128 -57.0 0.0251 ice 245 25,0 ' 0,194 ice

135 '~ -54,5 0.0304 ice 251 - =~23.0 ~ 0.218 ice

140 =51.0 0.0386 ice 257 -20.5 0.251 = ice

: - : ' Feed Air ‘ :
. +*5 ice

%Using 0ld hygrometer techniquey



Table VIII

Experimental Data for Run No, 26
February 14, 1950

Description of Run:

Flow rate of ailr
Bed length

2"

Bed diameter 1"
Granule size - 10~12 mesh Drierite
Previous use: In run No.

Pressure of air supply
H, = 1012 x 10-6

25

9.3 cu., ft. per hr.

40 psig.
(basis for Hy/Ho)

Elapsed Frost

Hz  Depositit

Elapsed Frost .

Hz Deposits

Time - Point Ho Assumed Time ~ Point H, Assumed
min. OF. min. OF.
Feed Air
+5 : ice
Bed
0
10 ~-72 0.00878 ice 186 - =36.5 .0965 ice
26 =79.5 0.00494 ice 198 -34 1135 ice
28 -86 0.00296 ice 210 -33 «121 ice
34 -89 . 00237 ice 240 ~ =28 «162 ice
37 -89 00237 ice 247 -26 .182 ice
54 -89 .00237 ice 252 -24 207 ice
61 -83.5 00360 ice 259 -23 219 dce
64 -80,.5 .00463 ice 262 -21.5 237 ice
70 ~77.5 .«00573 1icse 272 -19 276 "~ 1ce
8" -77 .00608 = ice = 28l  =16.5 « 915 ice
96 -74 .00762 ice" 287 ' =14 « 363 ice
104 =71 .00938 ice 292 -13 . 389 -ice
112 -65 .0147  ice 297 . =11 «439 ice
118 -62 L,0187  ice 304 -9 478 ice
124 -59 .0222 ice 311 -8 - - .503 ice
134 -53.5 = .0323 ice ;, . 316 «6.5 .. .551... ice
140 =507 . ,0414 ice’ 321 =5 . . ,595 ice
151 =46 - .,0528 ice 324 -4 .632 - ice
158 ~-44 » %0602 ice 331 -2.5 .682 ice
164 -42 .0693 ice 336 -1.5 " L7156 ice
170 ~-40 .0780 ice 340 -1 730 ice
178 -37.5 «0903 ice .
: Feed Alr
+5 1 ice
Data on Weight of Desiccant; Runs 25 and 26
Crucible plus desiccant after run 26 79,4135 gm
Tare weight of cruclble ‘ 48,2319
Weight of wet desiccant after run 26 51,1816
Crubible plus desiccant after heating 77.8607
Tare . A 48.2319
Weight of dry desiccant 29,6288
Welght of water in desiccant 1.5528
% of water (dry basis) 5.24

#*Using old hygrometer technique

/o2,



Description of Run:

Table IX

Experimental Data for Run No. 27
February 16, 1950

Bed length 2"

Bed diameter

1"

Flow rate of air: 19.8 cu.ft. per hr.

Granule size 10 -12 mesh Drierite
None

Previous use: _
Pressure of ailr supply 40 psi
Hy, 1012 x 1076

(basis for H,

Ji,)

Elapsed Frost Hy Deposits Elapsed Frost H; Depositi
Time - Point — Time - Point
min. oF Hy Assumed i, oF Hg Assumed
Feed Air
+5 1 ice
Bed
0
13 -85 0.0032 ice 116 -17.5 . 04299 ‘ice
25 -84 0.0036 ice 121 ~-15 0.344 1ice
32 =72.5 0.0050 ice 128 -11.5 0.418 1ice
38 -60 0.0212 ice 134 -8 .5 0.490 1ice
45 -55 0.0297 ice 140 -5 .5 0.580 1ice
50 -52 0.0359 ice 145 -3 .5 0.649 1ce
56 -46 0.0529 ice 155 -2 .5 0.682 ice
66 -39.5 0,0805 ice 160 -1 0.730 1ice
78 -34 0.114 ice 170 +2 0.861 1ice
87 -31.5 0.135 ice 180 +2 .5 0.886
95 =27 0.172 ice 193 +3 0.910
100 -24.5 0.200 ice 198 +4 .5 0.980 1ice
106 -21.5 0.237 ice Feed Air )
111 -19.5 0.265 ice +5 1 ice

#*Using old hygrometer technique.
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Table X

Experimental Data for Run No. 28
' February 21, 1950

Description of Run: Flow rate of air 19.8 cu. ft. per hr.
Bed length 2"
Bed diemeter 1"
Granule size 10~12 mesh Drierite
Previous use: In run No. 27
Pressure of air supply 40 psig.
Ho = 1012 x 106 (basis for Hz/Ho)

Elapsed Frost Hy Depositst  Elapsed Frost H, Deposit*
Time - Point Ho Assumed Time - Point Hy Assumed
min. °F, . min, o
Feed Ailr
+1,0 water
Bed

0 : u ‘

9 =80 0.00480 ice 120 =14 - 0.364 ice
15 =79,5 0.0050 - ice 125 =11 0.431 ice
20 -79 0.,00517 ice . 131 -9 0.477 ice
25 =77 0.00603 ice 138 =5.,5 0.581 ice

32 @ =73 0.00816 ice 147 ~3.5 0.650 ice
36 -67.5 0.0123 ice 152 =1,5 0.716 ice
47 ~52.5 0.0346 ice 163 +1,0 0.817 ice

. 65 =47 ,5 0.0478 ice 169 +2.5 0,887 ice
61 -44,5 0.0585 ice 177 +3 0.911 ice
67 =42.,5 00,0669 ice ., 185: | -+4 0.960 ice
75 -38 0.0880 ice st

82 ~34,5 0.110 ice Feed Air
87 -31 0.137 ~ ice . E +5 1 ice
92 -29 0.153  ice ’

99 "25n5 00188 ice
106 =22 0.233 - 1ice
115 -16,5 0.316 o -ice

Date on Weight of Desiccant; Runs 27 and 28
Crucible plus desiccant after run 28 79.8601 gm

Tare weight of crucible 48,2350
Weight of wet desiccant after run 28 31.6251
Crucible plus desiccant after heating 78.3959 -

Tare 48,2350
Weight of dry desiccant - 30.1609
Weight of water in desiccant 1.4642
% of water (dry basis) 4,86

#Using old hygrometer technique



Table XI
k-~ oot}

Experimental Data for Run No. 30
March 8, 1950

Description of Run: Flow rate of air 9.3 cu.ft. per hr,
Bed length 2"
Bed diameter 1"
Granmule size 10-12 mesh Drierite’
Previous use: None
Pressure of alr_ supply 40 psig.
Ho = 1012 x 10~6 (basis for H,/Hg)

Elapsed Frost H,; Deposits# Elapsed Frost H, Deposit

Time - Point __  Observed Time - Point _~  Observed
min, °F. Hy - min, °F. Hy
Bed

0 ‘ .

19 -85 0.00324 ice 144 0 =49 0.0435 ice
29 -82 0.0041 ice 150 -46.5 0,0510 ice
40 -82 0.0041 ice 160 . =42.,5 0.0659 ice
50 -82 0.0041 ice 170 =39.0 0,0827 ice
55 -82 0.0041 ice 180 - '=38.0 .0876 ice
60 -82 0.0041 ice 199 ~46.0 .0806 water
75 -82 0.0041 ice 215 -35.5 .148 water
99 =79 0.00515 ice 225 =-32.5 .180 water
106 -7 0.00601 ice 235 -30.0 ..204 water
110 -71.,5 0,0091 ice - 245 -28.0 «224 water
120 -63 0.0170 ice . 255 -25.0 «265 water
127 -54 0.0312 ice 265 -22,0 .311 water
134 -52.,5 0.0352 ice 280 -+ =18 « 379 water

140 -50.5 0.0399 ice 290 ' =16,5 «408 water

#Using modified hygrometer technique.



Table XIT

Experimental Data
March 15,

for Run No. 32
1950

Description of Run: Flow rate of ailr 19.8 cu. ft. per hr.

Bed length
Bed diamete
Granule siz
Previous us

2"
r 1"

e 10-12 mesh Drierite

e: In runs Nos.

30, 31.

Pressure of air supply 40 psig.

H, = 1012 x 1076

(basis for Hy/Hy)

Elapsed Frost "Hyz Deposltx
Time - Point — Observed
min, °F Ho
Bed
(0]
12 ~79 0.00515 ice
24 -75.5 0.00677 ice
29 =74 0.00763 ice
37 -66 0.0136 ice
45 -53.5 0.0323 ice
51 -49 0.0435 ice
61 -42 0.0693 ice
68 -39 0.0827 ice
79 -36.5 0.141 water
95 -29 0.212 water
105 -24 0.278 water
119 -16.5 0.410 water
131 -11 0.543 water
144 -9 0.600 water
149 ~6.5 0.678 water
Feed Air
+1 water

Data on Weight of Desiccant; Runs 30 and 32

Crucilble plus desiccant
Tare Weight of crucible
Vieight of wet desiccant

Crucible plus desiccant
Tare
Weight of dry desiccant

Weight of water in desi
% of water (dry basis

after run 32

after run 32

after heating

ccant

#Using modified hygrometer technique

79.8923 gm.
48.2345

31.6578

78.3196
48.2345
50.0851

1.5727
5.22

106,



Table XIIT

Experimental Data for Run No. 34
March 20, 1950

Description of Run: Flow rate of air 14.0 cu. ft. per hr,

Bed length 2"
Bed diameter 1%

Granule sige 10-12 mesh Drierite
Previous use: In run No. 33

Pressure of air supply 40 psig.

Ho = 1012 x 10-6 (basis for Hy/H,)

Elapsed Frost Hy Deposits
Time - Point T Observed
min., °F. o ,
Bed
0]
15 -69 0.0109 ice
27 ~-72 0.00878 ice
35 -75.5 0.00677 ice
50 -74 0.00762 ice
60 =71 0.0094 ice
65 -66.5 0.0131 ice
74 -55.5 0.0280 ice
85 -47 0.0490 ice
95 -44.,5 0.0584 ice
107 -39 0.0827 ice
118 -36 0.144 water
128 -33.5 0.167 water
140 -27.5 0.229 water
149 . =22 - 0.310 water
156 -19.5 0.354 water
170 -14.5 0.456 water
180 -11.5 0.530 water
188 -12.5 0.503 water
164 -9.5 0.585 water
203 -6 0.695 water
210 -1.5 0.858 water
225 -1 0.880 water
Feed Air
+1.5 water
Data on Weight of Desiccant; Runs 33 and 34
Crucible plus desiccant after runs 33 and 3¢ 79,0875
Tare weight of crucible 48,2326
Weight of wet desiccant after runs 33 and 34 30.8549
Crucible plus desiccant after heating 77,4947
Tare 48,2326
Weight of dry desiccant 29,2621
Weight of water in desiccant 1.5928
% of water (dry basis) 5.44

#Using modified hygrometer technique
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Table XTIV
===

Experimental Data for Run No, 35
‘ March 24, 1950

Deséription of Run: Flow rate of air 14.0 cu.ft. per hr.

Bed length

Bed diameter 1" ‘
10-12 mesh Drierite

Granule size
Previous use

Pressure of air supply 40 psig.
10-6 (basis for Hz/Ho)

H, = 1012 x

on

¢ None

Elapsed Frost - Hy Deposit.
Time - Point — Ovserved
min. °F. Hy
Feed Alr
o +0,5 water
Bed
0 A
18 -76 0.00649 ice
23 =73.5 0.00788 ice
52 =-71.5 0.00909 ice
62 - =61 0.0197 ice
72 -51.5 0.0373 ice
85 " ' : -42 . 5 o Lk Oo 06,70 ice
96 - =38.5 ° 0.0852 ice
118 -34 0.162 water
L1300 i =290 0,213 water
C 143 -26 0.250 water
152 -22 0.309 water
160, . . . . =18.5 0.373 water
170 ¢ oy 213,55 0.478 Sy e
180 © =115 - 0.530
#Using modified hygrometer technique.
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Table XV
e

Experimental Data for Run No. 37
March 29, 1950

Description of Run: Flow rate of air 24.0 cu.ft. per hr,
Bed length 2"
Bed dismeter 1"
Granule size 10-12 mesh Drierite
Previous use: In runs Nos, 35, 36.
Pressure of alr supply 40 psig.

H, = 1012 x 10~ (basis for H,/H,)
Elapsed Frost Hy Depositit
Time - - Point — Obsérved
min. °F. Ho
Feed Alr
- +1 : water
Bed
0] : ARRPRS
12 -73 0.00815 ice
e2 -68.5 0.0113 = ice
25 -62 0.0184 ice
28 -54.5 0.0301 ice
32 -49 0.0436 ice
37 -46,5 0.051 ice
42 . =42 . 0.0693 ice
47 v =37,5 - "0.0905 ice
60 -32 0.132 | ice .
e . . =29 . 0.212 water
82 ceL =@l 04243 ice
94 -15 0.344 ice
106 -9 0.478 ice
117 ‘ =11 . : 0.543, : water
132 -4 0,762 ¢ . water
140 1.5 0.858 water
Feed Alr
+1 : water

Data on Welght of Desiccant;

Crucible plus desiccant after runs 35, 36, 37 78.8657
Tare welght of crucible 48.2267
Weight of wet desiccant after runs 35, 36, 37  30.6390

Crucible plus desiccant after heating ‘ 77.3252

Tare 48,2267
Weight of dry desiccant 29,0985
Weight of water in desiccant ' 1.5405
% of water (dry basis) : | 5.31

%Uéing modified hygrometer technique
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" Table XVI

Experimental Data for Run No. 42
April 14, 1950

Description of Run: Flow rate of air 29.8 cu. ft. per hr,
‘ Bed length 2"
Bed diameter 1" ,
_Granule size 10-12 mesh Drierite
Previous use: None
Pressure of air supply 40 psig.
H, = 1012 x 10-6 (basis for HZ/HO

Elapsed - Frost- - Hy Deposits .

.Time ~' -+ Point = Observed - .
" min, - - O%Fe . He L RS T
Feed Alr . . o
. - +1e5 : . water
. Bed
£ 0 , L P
o 7 -81l.5 0.00428 ice

127 -81l.5 0.00428 . ice
17 -63.5 - 0.0164 ice
22 -54 0.0312 ice
24 =50 0.0412 ice
26 -47 0.0490 ice
28 =45 , 0.0565 ice
33 -43 .5 0.0943 water
44 ' -36.5 0.141 water
47 =34 0.162 water
51 -31.5 0.184 water
54 -29 0.213 water
59 =26 0.250 water
64 - -22.5 0.301 water
8% ~-10,5 0.557 water
92 -9 0.600 water
101 -4,5 0.745 water

115 : - =1.5 0.858 water

#0sing modified hygrometer technique.
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