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Abstract

The theory of the adsorption wave has in the
past been developed for various cases depending upon the
hypothetical mechanism for the kinetics of the adsorption
process. The solution for the case of mass transfer con-
trolling has appeared in the literature in the form of a
standard chart which is convenient to use. In this paper
the solutions for two other cases are presented. It is
shown how in dimensionless form all three cases may be
reduced to a single generalized theory. This treatment
has many obvious advantages. This is especially so in
problems of design and in studies of the kinetics of an
adsorption process.

The second part of this thesis presents the
results of a study to determine the kinetics of the reac-
tion between humid air and the granular desiccant, calcium
sulphate. Plots of the experimentally determined adsorp-
tion wave are presented for various ges velocities, gran-
ule sizes, and bed lengths. In view of the small in-
ternel diffusion coefficient for this system it would be
expected that activated diffusion into the interior
of the granule would control the adsorption process. That
this is probably true is demonstrated by an analysis of
the plots employing the generalized theory as well as

other available means.
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As a matter of implementing the above research
it was necessary to determine the adsorption isotherms
for the system calcium sulphate-water vapor. Plots of
these are presented for five different granule sizes.
Adsorption capacities shown in these plots refer to an
absolute dry base weight of celcium sulphate determined
by deactivation at 800°F, es contrasted with an unreliable
base weight usually determined by regenerating the sample
at 400°F.

The design and construction of an automatic
electronic frost point hygrometer is also described.
With it one may measure continuously frost points of humid
gases ranging down to - 100°F with an accuracy apparently
limited by the potentiometer employed in conjunction with

the thermocouple which is an integral part of the hygrometer.



INTRODUCTION



The passage of a fluid stream through a stationary

ped of Branular solid may involve the transfer of material

or heat to (or from) the solid from (or to) the fluid (1)(2).
For example, the passage of hot gases through a checkerwork
of cold brick involves heat transfer from the hot fluid to

the cold solid. Likewise the passage of humid gas through' a
solid desiccant involves the transfer of material fromthe

gas to the solid. In certain cases the transfer of material
is due to adsorption. The transient conditlions which prevail
during adsorption in a desiccant bed give rise to an adsorp-
tion wave (3) (concentration gradient in the fluid stream)
which originates at the entrance and gradually moves toward
the opposite end of the bed. The concentration gradient
arises from the fact that moist air becomes successively drier
‘as 1t passes through a desiccant bed. Near the enfrance face
of the bed the cancentration of moisture in the air stream

is relatively high because the granules tend to become
saturated and the rate of drying is low. The opposite is true
for intermediate points in the bed. At more distant points
in the bed the air becomes relatively dry and the rate of dry-
ing is again :low. In general the humlidity of the air stream
drops very rapidly over a narrow section of the bed. This
portion of the humidity gradient may be thought of as the
wave front which moves deeper into the bed as the length of
the saturated section increases. It is the theory of the

movement of this wave and its applications that have attracted



much attention during recent years.

The theory (3)(4)(5)(6) has been developed for
various special cases depending upon the hypothetical mechan-
ism of the adsorption process. The solutions of the appro-
priate differential eguations thus formulated vary in degree
of complexity. The simpler ones have been applied to experi-
mental results (1)(2)(3). Quite frequently they have failed
and their failure has been attributed to numerous causes. As
a result certain empirical procedures (3) have found favor in
the analysis of data and design of large scale reactors or
adsorption units.

One purpose of the presént research is to reconsider
the theoretical aspects of the adsorption wave and to formu-
late solutions to the other cases. Thevlatter are an essen-
tial part of an effort to demonstrate a generalized theory in
its simplest form.

The chief purpose of this thesis is to investigate
the kinetlics of the adsorption process involving soluble an-
hydrite (CaSO4) as a desiccating agent to remove water vapor
from air or other gases. Calcium sulphate was chosen for
investigation because of interest aroused during the war in
connection with its extensive use for drying oxygen and be-
cause little or no fundamental data were available concerning
{ts behavior. The plan of the investigation is based on
determining experimentally the adsorption wave for various

bed lengths, air flow rates and desiccant granule sizes. The



analysis of the results to determine the kinetic mechanism
depends primarily upon applicetion of the generalized theory
just mentioned. The empirical procedure is also employed
for purpose of comparison. Such an analysis in general is
not difficult provided the adsorption isotherms are known
for the system. In the present cese the isotherms must be
measured. Determining the adsorption wave is a more diffi-
cult matter which required the design and construction of a
frost point hygrometer (8) as an integral part of the in-

vestigation.



HISTORY



In reality the present investigation is a contin-
uation and extention of the unpublished worlk begun by Wheat
(9) end the latter will be discussed in a subsequent section
in connection with results of the present work. Up to this
time there had been no investigation reported on the kinetics
of the reactlon under consideration. There is however con-
siderable literature concerning the physical-chemical proper-
ties of calcium sulphate in general. Some is devoted to the
utility of this substance as a material of contruction ("plas-
ter of paris", etc) while others &re specifically concerned
with deciding the question of how water is held in the various
hydrates and their relation to each other. It is obvious from
this that calcium suphate has several forms (32).

Gypsum is the dihydrate of calcium sulphate. Par-
tial dehydration produces the half hydrate which may take on
either the « - or/ - form depending upon the conditions of
dehydration. The difference between the two forms is due
to a difference in crystal structure of the two substances.
Further dehydration leads to the « - or 4 - water soluble
anhydrite. Complete dehydration produces a more or less
water insoluble anhydrite. Calcium sulphate for use as a
desiccant is usually manufactured under those conditions
which favor the formation of the ( - soluble anhydrite (32).

Gaudefroy (10) was among the first to demonstrate
the desiccating properties of soluble anhydrite., Hammond
and Withrow (11), Werkinthen (12), Nacken and Fill (13) and



others (9) (14) (15) have contributed portions of the adsorp-
tion isotherm for soluble anhydrite and water vapor at room
temperature. Unfortunately this work is incomplete in several
respects. The low humidity portion of the curve has been
vneglected and yet because this is the range in which calcium
sulphate excels as a desiccant it is the range which is of
importance to the present work. Apparently none of the in-
vestigators mentioned have determined both the "in® and the
"out" curves and thus questions as to adsorption hysteresis
and attainment of equilibrium remain open. The fact that
most of the data are based on a .questionable dry basis and
that some of the investigators have not considered the number
of previous regenerations tend to cast some shadow of doubt
which emphasizes the necessity for repeating and extending

most of this work.



STRUCTURAL FEATURES OF
SOLUBLE ANHYDRITE



The structural features of soluble anhydrite are im-
portant to investigations of reactions in which this material
is involved because the structure effects the course of the
adsorption isotherm as well as that of the adsorption wave.

In the case of crystal hydrates for example it is well known
that the water of hydration is an integral part of the lattice
structure. Removal of this water tends to cause a collapse of
the lettice. The adsorption isotherm for a material of this
type consists of square steps. On the other extreme one fings
that water in cotton fibre for example does not materially af-
fect the structure of the fibre. Its removal does not cause

a collapse of the fibre structure. The adsorption isotherm
is a continuous curve.

The two types of isotherms may be illustrated by
considering only the coordinates of Figure 6 in a later sec-
tion. One may sketch a connected series of steps starting at
the origin. The riser of each step must be vertical and tread
horizontal. Such an isotherm would illustrate that for a hy-
drated crystalline substance. If instead of the steps one
sketched a diagonal line or curve starting at the origin the
illustration would be that for a substance such as cotton.

The heat effects accompanying adsorption vary wide-
ly for different materials and this also is an indication of
the structure of the adsorbent. The heat of adsorption of
water on solid surface such as that of carbon granules is
generally lower than that for materials which adsorb by chemi-

cal combination such as copper sulphate. It is logical to

expect that these structural effects would influence the

adsorption wave. As will be shown later the structural



features of the adsorbent actually determine the kinetic
mechanism which is to be postulated in the development of the
theory of the adsorption wave. It is important therefore at
the outset to become acquainted with the structure of solu-
ble anhydrite which is one of the so-called subhydrates of
gypsum (16). The literature on this subject is confusing as
will become evident in the remainder of this section. It is
not impossible however to develop a hypothesis which appears
to be satisfactory for the present investigation.

Perhaps the greatest contributions to the knowl-
edge of structure are those concerned with the controversial
subject of the nature of the subhydrates of gypsum. Weiser
(16) (17) reviewed this subject in 1926 and stated that

"during the past few years several papers have ap-
peared which reopen the guestion of the chemical
individuality of the so-called calcium sulphate
hemihydrate or plaster of Parls and the mechanism of
its dehydration. . Linck and Jung (18) deduced from
dehydration data that plaster of Paris loses its
water after the manner of zeolites. Balarew at
different times has been on all sides of the question.
At first (19) he claimed that the dehydration isobar
would indicate that the water is present.in the form
of a true hydrate; later (20) he stated that the de-
hydration curves show the water to be held in a new
way "half-hydrate and half zeolitic"; finally (21)
he concluded that the water is lost in the manner of
zeolites. Gibson and Holt (22) concluded from
pressure-temperature curves that the water is lost
continuously as in a zeolite. Parsons (23) claimed
that all the water in gypsum may be lost by heating
without the intermediate formetion of a hemihydrate.

nJung (24), Ramsdell and Partridge (25), and Caspari
(26) reported that the X-ray diffraction pattern of
calcium sulphate hemihydrate and its dehydration

product are identical, in agreement with the view .-



that the hemihydrate is a zeolite. Onorato (27) and
Gallitelli (28) found the hemihydrate and dehydrated
hemihydrate to have the same type of structure but
recognized minor differences in the powder X-radio-
grams. Feltknecht (29) likewise observed differences
in the two patterns provided care was taken to pre-
vent rehydration of the dehydrated hemihydrate.
Feitknecht believed that Jung's dehydrated sample
must have rehydrated before X-radiograms were made."

From the above survey it appears to be an open
question whether "calcium sulphate hemihydrate" is a true
chemical hydrate (properly represented by the chemical for-
mula CaSO4°%H20) which givés a definite X-radiogram and de-
composes to "dehydrated hemihydrate" which gives a different
X-radiogram or whether the system is zeolitic, yielding upon
dehydration a product identicel in crystal structure with
the hydrated material.

Weiser ét al from X-radiograms found that the
hemihydrate and dehydrated hemihydrate do show small structural
differences. In conjunction with this work they determined
the isobaric dehydration curve and found that it showed
sharp breaks both for the dihydrate and hemihydrate. The im-
plications of the latter observation strengthened by the former
lead to their conclusion that the hemihydrate is not zeolitic.

The above views are not shared by all writers.
Fmeleus and Anderson (30) are of the opinion that the hemi-
hydrate like the clay minerals, basic salts and hydroxides
of the bivalent metals consists of a layer lattice structure

from which the removal of water does not produce a new phase.

If it did the system would be univariant. The water is vpacked



between the layers or in the interstices of the structures,
frequently in an unordered manner, and its removal leaves
the lattice completely unchanged or else alters only the
spacing between successive sheets of a layer lattice. The
system (hydrate + dehydration product + water vapor) is then
bivariant, and the dissocietion pressure at a fixed tempera-
ture is a continuous function of the composition. The
stoichiometric formulae allotted to hydrates of this kind
can represent only limiting compositions for the hydrated
materiels. This view is shared'by Bunn (31) who reports that
the composition of plester is continuously variebie between
CaS0, and CaS04°'2/3 Hg0. To this range of hydrates he has
given the name subhydrate. He contends that the subhydrate
is the simplest substance behaving like zeolites. The en-
trance of water merely disturbs the balance of forces and
slightly distorts the structure. In the setting of plaster
the crystals first absorb water up to the 2/3 Ho0 maximum and
then the saturated crysﬁals dissolve and are replaced by
gypsum.

Kelley (32) et all have taken an intermediate
stand in the controversy. They cite the fact that there is
an « - and a /3 - form of the soluble anhydrite and hemihydrate.
For « -hemihydrate they conclude that

"it loses water with the formation of an anhydrous

soluble anhydrite in one step and is to be con-
sidered nonzeolitic.M
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The A4 -hemihydrate
"loses water with the formation of a soluble anhy-
drite containing several tenths per cent water.
From 0.9 per cent down the water is removed with
increasing difficulty hence this part may be con-
sidered as zeolitic if desired.

The views of Hey (33) (34) (35) on the entire sub-
ject appear to be most valuable in thet they lead immediately
to results which are of practical utility. In the develop-
ment of his kinetic theory for the vapor pressure of zeolites
he stated that the theory applied to

"any crystalline compound of a voletile and non-

volatile component the crystal structure of which

is such that the whole or a part of the volatile

component can be removed without the structure

collapsing. At present there is no comprehensive

term for such compounds, and they are often re-

ferred to as "zeolite® compounds, after the best

known examples of the class, but a more satisfactory

term is desirable."
The theory of vapor pressure is based on a mechanism illus-
trated in figures 1 end 2. It is supposed that the dehydrated
zeolite is a lattice structure which hae definite vacant
lattice positions‘which may be occupied by water. Due to
the surface molecules of the lattice their exists a poten-
tial hump which surrounds the crystal. Between the poten-
tial hump and the surfece of the crystal water molecules
are attracted to the crystal. Beyond the potentiel hump
water molecules are repelled. In figure 1 the mean velocity
indicated at the water position is that which the water
molecules must exceed in order to cross the potential hump

and thus to evaporate from the lattice. Likewise the velocity
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indicated in the free water space is that which must be ex-
ceeded in order that the water molecules may condense in

the water position. The law relating the terminal velocities
to that at the potential hump is assumed by Hey to be that
ot harmonic motion illustrated in figure 2.

The importance of the vapor pressure theory to the
present investigation is due to the type of crystal structure
and mechaniem with which the theory is concerned. The fact
that Hey applied the theory to calcium sulphate'is also im-
portant. Whether soluble anhydrite crystals are zeolitic or
non-zeolitic in the usual sense is not important. What is
important is that the crystal structure of the subhydrates
aoes not collapse upon dehydration. Most investigators agree
that subhydrate crystals satisfy the latter condition.

The above discussion has been limited to a crystal
and it remains now to establish the relationship between
crystal and granule. Since the dehydration of fine grained
gypsum to the hemihydrate involves forming a new phase, nu-
clel should form and grow during the process. As a result
the granule should consist of a mosaic of subhydrate crystals.
Barrer (36)(37) as a result of static adsorption experiments
with zeolites found thaet the rate of sorption was influenced
by degree of subdivision of the powdered material. Although

the pronounced effect was guantitatively in accord with dif-
fusion theory the relation of the reciprocal of the particle
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diameter to the velocity constant was not -guantitatively
obeyed as required by theory. The effect was attributed to
the fact that the granule is not homogeneous but consists of
a mosaic of crystallites each of which is homogeneous. It
is the diameter of the latter which should obey the theory.
It was also‘stated that "even if the particles (granules)
could: be obtained initielly free of cracks, the outgassing
may produce a mosalc from each fragment."

According to Hammond end wWithrow (11), dehydra-
tion of pure gypsum involves no appreciable change in volume.
It is clear that the dehydrated granule must be of a highly
porous structure. In order to illustrate this and other
remaining points regarding the structure of the granule figure
3 has been included. The numericel values shown in the
figure are derived from data collected in table I. The re-
mainder of this section is devoted to the procedures employed
to arrive at the space fractions. _

Application of the following formula (38) for in-
terstitial solution shows that the density of the subhydrates
can be predicted gquite accurately:

/0 =:nl M.l %-22 M2
Ve-10™

1.649°10-°4 (1)

where:
# = density, g/cc of crystal
n; = no. of molecules (atoms or ions) of solvent

in the unit cell of the pure solvent (see Table I)
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Flgure 3

Proposed Structure of 43 Soluble
Anhydrite Granules and Bed




Table I

Crystallographic Characteristics of the Calcium Sulphates
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Mole~ YNole-
Substance Density Crystal Space Cell cules cular
g/cmd system group dimensions per volume
unit ce/
cell mole
Calcium 2.31 | Monoclinic Co,® (39) & =10.472° 4-8 72 (10)
sulphate (20.88% prismatic b = 15.15A°
dihydrate HoO wet c = 6.28A°
basis) (32) 3 = g8.18°
(39) (20)
Calcium 2.757 Monoclinic Cg° a = 11.94A° 12
sulphate (6.27% b = 6.83A°
o« hemi- Ho0 wet c = 12.7T0A°
hydrate basis) (32) (28)
Calcium 2.637 12 55 (10)
sulphate (6.25%
A3 hemi- Ho0 wet
hydrate basis) (32)
2.63 (10)
« Soluble Monoclinic
anhydrite
3 Soluble 2.84 55 (10)
anhydrite (.25%
Ho0 wet
basis) (32)
2.45 (10)
2.478 (dry
basis)
calculated
Anhydrite 2.96 (10) vhl7 a = 6.21A° 4 46 (10)
b = 6.95A°
c = 6.96A°
(41)
a = 6.24A°
b = 6.28A°
c = 6.98A°

(42)
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n, = average no. of molecules (atoms or ions) of
solute material in the unit of structure,
calculated from the concentration of the solid
solution (= 6 for hemihydrate).

M; = molecular weight of solvent (= 136.14 for CaSOg)

Mo = molecular weight of solute (= 18.02 for water)

V. = volume of unit cell in A°® (See Table I)

1.649-10-24 = the reciprocal of Avogadros number.

Application of the formula to datas from table I shows that

P = 2.78 for the o soluble hemihydrate as compared with

2.757 shown in teble I. The above formula cannot be used

to compute the density of /3 hemihydrafe because V, is not

known. If it may be assumed that equation 1 applies to /43

hemihydrate then with the value of P = 2.637 given in table

I it is possible to compute the cell volume of the /4 hemi-

hydrate and this value is shown in table II. Using the

date in teble III the volume of 12 CaSO4 molecules (as ions)

in the unit cell have been computed on various bases as also

indicated in table II. The first two bases do not represent
fact because in the sulphate tetrahedron the oxygen atoms
are too close to permit water to enter the interior spaces
of the sulphate ion itself. Furthermore, repulsive forces
due to contact would be expected to meke this a prohibitive
basis. To make the appropriate correction the third basis
was assumed whereby the oxygen atoms were pictured as being

so located that their centers coincided with the vertices of



Table II

18.

Free Space in the Unit Cell of /3 Soluble Anhydrite

Volume of 12 Approximate Pore Fraction
Basls for CaSO4 molecules Volume of Unit Vol. of molecules
Calculation A°3 Cell A°3 1 -"Vol. of Unit Cell
Each atom
considered as 516 1090 . 527
a sphere
Cagﬁ‘ion as a
sphgre and
S0,~~ ion as a 1181 1090 Basis for
spﬁere of ef- calculation
fective radius cannot be
1.5 # 1.32 realized
Ca”* ion as a
sphere and 8042‘
ion as a tetra-
hedran solid of
edge 2.45/% the 582 1080 .466

excess spherical

volume of S0g9~

not included in

tetrahedron



Table III
Ionic Radii
Ion Radius, A°
Ca?¥ 1.02
8042‘ Tetrahedron 86 .29
0°- 1.32

S to O 1.5 center to center

0 to O 2.45 n

"

L

19.
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the tetrahedron of edge equal to 2.45A°. First the volume
of the tetrahedron was computed and to this was added the
excess volume for the four oxygen atoms. The excess volume
of course consisted of the volume of the four spherical oxy-
gen atoms with an appropriate deduction for the spherical
segments cut from the spheres by the tetrahedron and already
included in the volume of the tetrshedron.

The fraction of space apparently available to
water in 3 hemihydrate has been coﬁputed as shown in table
IT. On this basis the value, .456, seems most plausible.
For general engineering purposes this figure is normally
obtained from the ratio of the density of the soluble anhy-
drite (dry basis) divided by the density of anhydrite and
subtracting from unity. If in table I the water is deducted
from the figure, 2.637, a dry density of 2.478 is obtained.
This figure with 2.98 for anhydrite gives a pore fraction
of .163 which is low compared to the value .466 previously
calculated. The low value is probably erroneous because
in its derivation it is implied that anhydrite has no space
available and this may not be true if it contains pores of
smaller diameter than that of the water moleculs.

The interstitial space (channel space) fraction
in the crystallite has been calculated and now the inter-
crystallite space fraction may be computed. =Each cc of di-
hydrate granule contains (2.32 - .2092'2.32) = 1.835 grams

of A soluble anhydrite per cc of anhydrous granule. The
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volume fraction of the /3 compound in the gramule is 1.835/
2.478 = .742 and thus the intercrystallite space is 25.8%

of the volume of the granule. In all probability this space
would be available to something like benzene with a molecular
diameter of 5.7 A° and could be checked by a benzene adsorp-
tion determination since the channel diameter in the crystal-
lites is only 2.9 A° approximately (33). On the dry basis
the granule should take up (.879°.258/1.835) 100 = 12.3 per
cent provided the granule were in contact with liquid benzene.
A voint of interest is that the gramule in contact with
saturated benzene vapor may pick up less than 12.3% if the
intercrystallite pores are greater than some 30-40A°. This
is based on the fact that Harkins et al (43) observed that
adsorbed films grow to something like 15A° in thickness.

This of course is very approximate.

The intergranular vold space fraction shown in
figure 3 is based on the author's observation that beds of
dry granules average 65.8 pounds per cublc foot. This ap-
plies to beds of 2-2% mesh, 4-5, 10-12, and 20-24 mesh.



THE DIFFUSION COEFFICIENT
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The structure of the gramlar bed illustrated in
the previous section and the discussion accompanying it sug-
gests that the drying process of air passed through the bed
might consist of three steps. Water molecules must first
experience free diffusion (mass transfer) to the surface of
the granule and probably to the surface of the crystallitss.
At the potential barrier they must experience activation to
enter the lattice. Last of all they must be further activated
in the first lattice position so as to experience activated
dif fusion toward the inner portions of the crystallite.
Prior to developing the theory for the adsorption wave one
must make a decision as to "which of the three steps is
probably the controlling one". Actually there is no rule
for meking such a decision and one must rely on past exper-
ience. Based on the work of Hey and Tiselius diffusion to
the interior of the soluble anhydrite granule is suggested
as the controlling step.

Tiselius (44) has measured the diffusion constants
for many zeollte - gas systems. His resglts show that the
rate of adsorption for different zeolit;s varies from frac-
tions of a second to almost infinite time. They slso vary
with the different gasés and temperatures. Experiments with
single heulandite erystals in aﬁ evacuated system subsequent-
ly charged with water vapor of a controlled vapor pressure

showed that diffusion in the drier crystals was much less
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rapid then for crystals with higher concentrations of ad-
sorbed water. This he attributed to the "hopping" process
of diffusion. The first adsorbed water molecules are sup-
posed to be more firmly bound and therefore less able to
hop from one water lattice position to another. The activa-
tion energy for diffusion was only 40-65% that required

to jump entirely out of the lattice. It is imagined that
this is due to the adsorption spaces being so near to each
other that their force fields overlap. Hey calculated that
the distance between adjacent water positions is 3.€A°. The
actual diffusion constants at 20°C range from .04-10"7 -
4.0+10-7 cm®/sec compared to 1.7-10-% - 7:10-3 found by
Wicke (45) (46) for COg and carbon.

More recent work with analcite and ammonia has
shown that the diffusion constant at 302°C is 1.0°1078 -
1.4°10-8 cm®/sec. The activation energy for diffusion is
equal or greater than the heat of adsorption. One reason
for this may be that the adsorption spaces in analcite are
very widely separated as is known from its crystal structure
and water content. Hey has given 5.23A° as the distance be-
tween adjacent water sites. This value is almost twice
that for heulandite. On this basis woluble anhydrite having
the value 6.3A° (accérding to Hey) would more nearly resemble
analcite at least in this one respect. This is the first
observation which suggests that the internal diffusion co-

efficient for soluble anhydrite is smell and that internel
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diffusion is slow. Actually one must consider the expression

(47)

E%
oI 17X M, c

where
d = distance between water lattice poslition, A°

Mo = molecular weight of adsorbate

X 1 = a correction factor

Do = the maximum internal diffusion coefficient
(for water diffusion-parallel to the channels)
assumed independent of %y, em®/sec. (x =

adsorbate cone.)

!

Re gas constant
E. = the activation energy (assumed independent
of x7) which water molecules must have in
order to migrate in a zeolite, calories per
gram mole of water
Tg = temperature, abs.
For the /3 hemihydrate it might be assumed that 4 = 6.3A°,
and E, = 15,424 (based on the report by Kelley et al). Then
at 72°F, DoI =.2.35'10‘10 cmg/sec. Actually d might be some
simple submultiple of 6.3. It is not known ¥what law relates
E, and d but if for some reason E, dropped to 50% of the
above value then Djy = 1-10~% cm®/sec is obtained which ap-
pears to be unreasonably high when compared with carbon.

The first value seems most likely especially considering
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that the value for analcite would be much smaller at 72°F
(22.2°C).

There are other reasons for considering D,y &s be-
ing small (E, large). Barrer (36)(37) found that the zeo-
lites, dehydrated chabazite and active analcite, had chan-
nels in the crystal which were about 5.58A° in diameter,
Adsorbate molecules up to 4°A in diameter passed through
the channels very rapidly and the process was recogﬁized as
free diffusion  requiring no activation energy. Molecules
4.8A° in diameter diffused through the channels slowly and
required an energy of activation which increases very rapid-
ly as the diameter of the molecule approaches that of the
channel through which it is diffusing. Molecules of 5.58A°
diameter were excluded, i.e. they could not enter the chan-
nels. In the case of CSHB the activation energy was about
504 of the heat of adsorption and the diameter of this
molecule is ebout 88% that of the channel. Hey calculated
that the channels in the ([ hemihydrate were 2.9002A° and
that with water having a diameter of 2.9A° certainly indi-
cates an activation energy of the same order of magnitude
as that for adsorption. This is another reason for believing
that internal diffusion might be the rate controlling step.

In all the work of Tiselius discussed above it is
“important to note that the experiments were static (no gas
flow) and that for the large crystals (heulandite} used in

the experimental work diffusion in the crystal was the rate



- controlling process. Tiselius stated that this was evi-
dent from the fact that the concentration at the surface
remained constant throughout the experiment and was egual
to the saturation value. The fact that the adsorption
spaces are even fartherapart in the case of soluble anhy-

drite suggests that the above conclusions should apply to

this case as well.

26.



GENERALIZED THEORY OF THE
ADSORBTION WAVE



27.

The classical theory of the adsorption wave (3)
is based oﬁ a material balance over a differential element
of bed. The amount of water passed into the element is
equal to that adsorbed by the element plus that which is ex-
hausted from the element. Gas density and volume changes
due to adsorption and pressure drop over bed are neglected.
| The process is assumed to be isothermal. Diffusion in the
gas stream parallel to-the axis of the bed is assumed to be
negligible. Whenever the adsorption isotherm is involved
it is assumed that it is a straight line. Both inlet humid-
ity and gas flow rate are assumed to be constant. As a
consequence of these assumptions the material balance ap-
plies to an ideal case. Such limited consideration is
necessary in order to avoid insuperable mathematical dif-
ficulties which would arise later.

Klotz (3) has given a derivation of the material

balance for the ideal case. It may be written as

10H, 0H . 1 FPBIW_,
VOt 02 WAV Pg ot (2)
where H = absolute humidity of gas stream (based on

bone dry gas), lbs/lb. of gas.

t = time, hours

V = lineal gas velocity through the interstices
between the granules in the bed, ft/hr.

W = moisture content of adsorbent (based on bone

dry adsorbent), 1bs/1b adsorbent
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.

= distance from entrance to bed, ft.

N
[

o = fraction external voids in bed, £t3/ft5 of bed
bulk density of dry adsorbent bed, 1lbs/fto.

s
I

Pe = density of gas stream at the prevailing tem-
perature and atmospheric pressure, 1bs/£t® of
gas.

Wicke (45)(48) has discussed equation 2 and has pointed out
that the first term of the left hand side is usually a com-
paratively small number which may be neglected. The reason
is that the velocity through the interstices is normally

so high that its reciprocal times the rate of change in
humidity is comparatively small. Thus eguation 2 reduces to

3 ¢ 1 B W _, )
JZ  dV  Pg It

In order to solve equation 3 one must replace W
in terms of H, Z and t. This requires knowledge of orat
least an assumption of the mechanism by which the adsorption
kinetics operates.

It has been decided on the basié of the evidence
of the preceding section to assume that in the case of
soluble anhydrite diffusion within the granule is the rate -
controlling step. This implies of course that the surface
of the granule 1is always in equilibrium with the surround-
ing air. Accordingly in order to relate W to the theory

expounded it is necessary first to consider Ficks Law (47)
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of Diffusion. Actually one might consider two cases of in-
ternal diffusion. The one in which diffusion takes place
through a zeolitic lattice is illustrated in fipre 4. That
for diffusion through an activated carbon pore is illustrated
in figure 5. Only figure 4 is of immediate interest.

The appropriate form of Ficks Law may be developed
by considering the material balance over the elemental sec-
tion, dr. The rate at which moisture permeates section 1
is equal to the rate at which moisture accumulates in the
element plus the rate at which it permeates section 2.
Barrer (47) has given the derivation for spherical zeolite

granules and the appropriate form is

W 2 W
%"{J"':DI ———5;’“%?3] (4)

the internal @iffusion coefficient, ftZ/hr.

I

where D1
Wy = the moisture concentration in the granules
at a point r feet from its center and at
time t, lbs/lb of elemental shell of the dry
granule.
The partial differential equation, eguation 4, has
been solved for the same problem in heat transfer. The ap-
propriate solution for the point concentration within the

granule is (46)

ACORES A FRIOENPIELOME 1 sir R ()
v=
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where subscript i indicates point concentration and

W; (o) = initial equilibrium concentration of

granule, lbs/lb of elemental shell
equilibrium gramle surface concentration,
1bs/1lb of shell

radius of granule considered to be a sphere
distance from center to point of concentra-
tion W, (r,t)

)2 Dy

index of summation

the proportionality constant in eguation 4
or the internal diffusion coefficlient for

the lattice structure.

Assuming that the adsorption isotherm is linear

and expressed by

Wy = BH (6)

the Wg in the right side of equation 5 may be replaced by

BH. The H in the resulting equation is a humidity which

32.

at a given location in an adsorption tower is a function of

time. It is not a constant as assumed in the derivation of

equation 5.

In order to take H as a function of time into ac-

count Wicke applied egquation 5 to a series of time inter-

vals during each of which H(t) had successively different

values. By proceeding to the limit he has shown that
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© 21 2
: -v~k~t
W, (r,t) = BH(t) - .277_13% (-1 %sm‘%l‘-{[ BH(o) - W;(o)] €

t 22
* f@ vk (8-8) —i—-(—)-aHSS as (7)
(o]

where s is a variable of integration and H (o) is the initial
humidity of the air surrounding the granule. W;(r,t) is the
weight of water contained in each pound of the elemental
concentric shell of the spherical granule. The total weight
of water of each elemental shell is /gpwi(r;t) 47rr2dr and
the total for the entire granule is

3 R 2 |
,Opw(t)4/3 TTR® = /Op an f r? W, (r;t) dr (8)
- /0
Substitution of 7 in 8, performing the indicated
integration assuming the granule initially to be in equili-
brium with the air surrounding it gives an expression for

W(t) which when differentiated with respect to t is

W = k<B_6_

o
Jt 72 5

1M

o 9
b
o

- veK2(£-8) .

s C s (9)

1

In a bed W(t) and H(S) become W(Z;t) and H(Z;S).
The derivative, %%%, may be eliminated between

equations 3 and 9 to obtain

fas)

T 212 (-
]{2B/OB / p) - vEES(t-8) is = 0 (10)

9H 6 -
Z5 NV < s C
J XVl g1 1

T ™M
Q.

0



In order that subsequent treatment of this equation be pos-
sible it is assumed that the first summation term (v = 1) |
represents the value of the series. This condition is bet-
ter satisfied as the value of.t increases (45)(46). If the
resulting equation is multiplied by @ kgt, differentiated

k2t

with respect to t and then multiplied by € ~ the partial

differential equation becomes

H 42 OH 4 p2p OH -
;bz?c-&k S -lrkDét 0 (11)

where for convenience

Q-
=

|

N

B P

D= VP, (12)

o3

According to dimensional analysis

Het (k°t) (k2DZ)I (13)

At this point the treatment in general may be reduced to
dimensionless form by letting

X =k®DZ; T = k2t (14)

Equation 1l reduces to

YuE' . dH ., )H _
ﬁéﬁT-h-ég-b 3T-—0 (15)

This hyperbolic partial differentlal equation must be subjected

to the boundary conditions

H =»Ho at X =0 for all T
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and to the initial condition
H=0 et X> 0 for T=0
It is these conditions which are of geperal(ip#erest. The
solution to 15 under the specified conditions may be ob-
tained by various standard procedures (48) (49) (50).
The method of Riemann (50) leads to

&
,%; =1+ X1 (efxm) - % 5‘6 -5 1,(2/8%) as  (16)
T

where I, denotes the Bessel function of imaginary argument.
The integral appearing in this equation is one of historical
interest. It is known to mathematicians as Webers first
integral (61). It may be evaluated exactly in terms of a
series imvolving products of Bessel functions and generalized
hypergeometric functions all of which make computations

very tedious. It may also be evaluated by a number of other

methods one of which involves the form
T
_ 1 7 cos O
o () = FHTH f e @ ()
0

which may be expanded end integrated with respect to 6.
Substitution of the result in 16 and rearranging leads to

%; =€"T'X{ I (2)XT) - ['741 + £ (%,7) + £5(X,T) + "’]} (18)

The functions f;, fp, etc., in 18 are incomplete gamma
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functions and again computations are long and involved.

The experience with numerical evaluation of any
of the standard solutions to eguation 16 is thst they are
in the wrong form from the start. The values of I, are
tabulated (51) up to about I (16). The values of interest
here are nothing like sixteen. Théy may range up to 10 -
100 fold.

A solution to the difficulty is to use the asymp-

totic expansion

EEZ
I, (z) = (2772):/,_ as Z —7 & (19)

and to proceed as demonstrated by Walter (52). Substitution
of equation 19 in 16 shows

'.:I-’.Itt‘.

i R f?§]% o -(s2-x5)2
X :

=it SemE o st as (20)
T

If it is assumed that (§Q%>is constant in the range of in-
terest as it generally is, it may be removed from under the
integral sign under the conditions described by Walter. The
integral which remains is the familiar error integral and

the solution becomes
.4
-1+ A8 3ffT fo] s (21)

and
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I =1 + 4(XT)4- [1 + q§ (X)] for T < X (22)

ol

where both 451(.’2‘.) and ¢ (¥) are tebulated functions which

are

X
2 2
2 - / -
¢(x) = fc T ar; @l(X) =—)g,—,;-: e (=37
0
where |
X = T%-X%‘ for T > X; X= X%—-T% for X > T : (24)

For large values of X and T which are the usual
case it has been found during the course of subsequent com-

putations that the term involving C]{l(x) is negligible. The

/m\ L
factor %)“ is always close to one and the solution reduces
\
to
/ + for T > X
E=3+300 (25)
Ho —forT<X

The assumptions on which equation 25 1s based may be sum-
marized as follows
\(a) Gas density end volume changes due to adsorp-
tion and pressure drop over bed are neglected.
(b) The adsorption process takes place under iso-
thermal conditions. Both inlet huﬁidity and
gas flow rate are constant.
(¢) Diffusion in the gas stream parallel to the
axis of the bed is assumed to be negligible.

(d) The adsorption isotherm is linear, W = BH
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(e) The term % -%‘% in eguation 2 is negligible
compared to the remaining terms

(f) Diffusion within the granule is the rate -
controlling step.

(g) The time is long enough so that in equation
10 the first term of the summation gives a
good approximation to the complete summation.

(h) H=H, at X =0 for all T and
H=0 atX»>» 0forT=0

(1) The product, XT, is large so that the asymptotic
expansion for I, is a gobd approximation to I,

(3) The product, XT, is large so that the quantity

1@

—t—=% {5 neglipgible in equation 21 and 22.

7,

2.
(k) The quantity %)4 approaches unity (eg. 20)
\
Typical curves for equation 25 are shown as dash
curves in figure 19 of & subseguent section pertaining to

results.

The chief purpose of the remainder of this section
is to show that equation 25 applies to other cases and that
it may therefore be considered as a generalized theory.

Consider the equation

- X
-g; —1-¢7" [c’s I, (2f5T) as (26)
0

which has been derived by (2)(53) (54) (55) (56) (57) assuming

that mass transfer from the gas stream to the granule is
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the controlling step. All symbols are the same as before.
Upon removing the definite integral portion of equation 26,
evaluating it, and rearranging the result one finds that after
sibstituting the - asymptotic expansion for I, (see equation
19)

mpn
14V
swl“

o 52

Bo
-— 2l 2
j /S AZ-(EI—{—E—) ds (27)

The factor (S/T)E may be removed from under the integral
sign under conditions similar to those considered above.
This factor is the reciprocal of the one removed in the
original treatment. Nevertheless one may easily varify that
subject to the same considerations as before the solution
is given by the generalized equation 25. The summary of
assumptions is the same as before except that assumption (J)
is not necessary. Assumption (f) must also be changed to
mass transfer controlling.

The fact that the generalized solution epplies
to equation 26 naturally simplifies computations. In fact
computation of thegeneralized equation is completely elimi-
nated by the Schumann-Furnas chart (55)(56)(58) of the
solution to equation 26. In this chart H/H0 or its eguivalent
is plotted as ordinate and T as abscissa. Various curves
are given for fixed values of X. When using the chart for
internal lattice diffusion X and T are defined by equations

5, 12, and 14 whereas for mass transfer controlling one
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must use
K_a K aB
= —b 7, ___E___
X VP, Zs T < Pg t ‘ (28)

where Kg is the mass transfer coefficient and "a" is the
superficial surface of the gramule (ignoring pore structure)
per unit volume of bed.

Internal diffusion through pores of a structure
such as carbon may also be treafed in accord with the general-

ized theary. In this case X and T are defined as follows:
_/m)e s Ly 7 £
X= (R) DIo(V,O (l - /OS)Z. ( ) (1 - —l)t

where f>p is the density of the dry porous granule, /75 is
that for insoluble anhydrite and all cther symbols are the
same as before. This is a third case to which the general-
ized theory spplies. It may be deduced directly from the
work of Wicke (46).

- The fact thet a so-called generalized theory exists
is due in part to assumptions (j) and (k) in the summary of
assumptions. It is not obvious to what extent other assump-
tions may have contributed toward making the generalized
theory possible.

The implications of the generalized theory are many.
Perhaps the most important one is that the theory may be ex-
tended to other cases which the author has not had time to

investigate. The second order chemical reaction considered



by Thomas (59) and Walter (52) may well be reduced to gen-

eralized form. A controlling surface reaction considered

as an activated diffusion process should certainly be re-

ducable to this form (See Commentary).

41.



EXPERIMENTAL STATIC TESTS



Procedure for Static Tests
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The term "static" is used to imply that there is
no gas flow as such during the course of testing. The
desiccant under static test is exposed to moisture in a
closed container. The humidity in the container may be
such as to cause the desiccant to adsorb water in which
case the test is referred to as the m"inm" test. The "out"
test is distinguished by the fact that the humidity is such
as to cause desorption of water from the desiccant.

Both the "in" and the mout" static adsorption
isotherms were determined for the O soluble anhydrite which
appears on the market under the trade name of "drierite'.
The method employed is similsr in some respects to that used
by Hammond and Withrow (11).

The work of Wheat (9) indiceted thet the equilibrium
moisture content ("in" curve) of drierite might be a func-
tion of nominal granule size. In fact he investigated
three different sizes; 0.441 - 0.312", 3% - 6 mesh and
10 - 20 mesh; and found that on the average the medium size
picked up about 1 per cent more water than did the larger
and smeller sizes. Hammond and Withrow (11) who determined
the "in" curve for what corresponds to 6 - 8 mesh material
gave data which suggests that the equilibrium charge lies
between that of the two smaller samples investigated by
Wheat. Conseguently it was considered advisable to investi-
gate a range of sizes which for this and other purposes

seemed to be well covered by the selection; 2 - 2% mesh,



4 - 5 mesh, 10 - 12 mesh, 20 - 24 mesh and 42 - 48 mesh.
(Tyler Standard mesh).

Actually the drierite on hand was that left over
from the work by Wheat. It consisted of some new 0.441" -
0.31l2" granular drierite and two lots, 3% - 6 mesh and 10 -
20 mesh, which were marked "used" indicating that they hed
undergone regeneration one or more times and were to be
regenerated again. In subsequent sizing for the present
experiments the new and used lots were never mixed. A pre-
liminary screening of all three lots indicated that sizes
marked on the cans meant no more than to indicate approxi-
mate maximum size to be expected. The size of the actual
granules in each lot ranged from the maximum down to a dust
with appreciable fractions belonging to the lower range.

The 2 - 2% mesh stock was screened from the new
0.441" - 0.312" lot in accordance with standard practice.
The remainder was successively ground end sized to obtain
stocks of 4 - 5 mesh and 42 - 48 mesh. Another stock of
4 - 5 mesh material was screened from the used 3% - 6 mesh
lot. The balance along with the 10 - 20 mesh used lot was
reduced to stocks of 10 - 12 mesh and 20 - 24 mesh. The
history then of the stocks upon which the present work is
based can be summarized in the following short notation:

o - 2% <« 0.441" - 0.312" new
4 - 5 €« 0.441v - 0.312" new

43.



4 - 5 < 3% -~ 6 mesh used

10 - 12 « 10 - 20 mesh used

10 - 12 <« 3% - 6 mesh used

20-- 24 < 10 - 20 mesh used

20 - 24 < 3} - 6 mesh used

42 - 48 < 0.441 - 0.312 mesh new
where the arrbw indicates the origin of the present stocks.

In accord with the recommendations of Kelley et

al (32) and the Drierite Company all stocks were regenerated
ét 400°F for two hours. Higher temperstures and longer re-
generation periods are permissible and tend to increase the
drying efficiency. These conditions are not used normally

because they tend to reduce the drying capacity of the

.desiccent. The materisl was spread in %" - 1" layers in

clean porcelain pans and these were placed in an electric
furnace which was controlled to within # 25°F by a Leeds
and Northrup Micromax controller. ZEach panlwas supported
in the furnace by 13" angle iron skids to prevent direct
contact between pan and furnace floor. The latter was an
obvious precaution taken to avoid overheating of lower
layers in the bed being regenerated. After regeneration the
stocks were removed and bottled hot so as to effect a vacuum
packaging.

Samples of about 5 - 10 grams of the drierite |

stocks were placed in tared ground glass covered weighing
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dishes. These were weighed and then uncovered and placed
in glass desiccators which had previously been charged with
1000 grams of sulphuric acid solutions to control the humid-
ity when the glass cover was sealed to the desiccator with
ordinary stop cock grease. The large quantity of sulphuric
acid employed was sufficient so that changes in concentra-
tion during test were so small as to not change the humidity
appreciably. All samples were started at low humidity and
gradually trensferred to higher humidity so as to determine
the "in" curve. This procedure was followed by the succes-
sive return to the lower humidities to determine the tout!
curve. The concentration of the acid solutions was based
on the room temperature (72°F) data of Wilson (60) and the
International Critical Tables (81) (62). |

Reports in the literature (11) indicate that one
week is sufficient time for equilibrium to be established
at & given humidity. This point was checked by allowing
the early samples to be run over a two week period with
frequent weighing (1 - 2 day intervals). In some cases
smgll amounts of moisture were still being taken up at the
end of two weeks and consequently subsequent samples were
run three weeks with less frequent weighings so as to mini-
mize the disturbing influences on the process taking place
in the desiccator. The rate of moisture adsorption at the

end of three weeks was negligible for the most part. On
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this basis the entire procedure consumed the better part
of one year.

As a final step in all of the sbove work an ab-
solute dry base weight was obtained by transferring the
samples to tared covered porcelain crucibles which were
dried overnight at 750 - 800°F in the same electric furnace
previously mentioned. The samples were weighed hot followed
by immediately emptying the crucibles, wiping clean, and
reweighing to determine loss in weight by the crucible
itself. |

Other samples of drierite .were run at isolated
humidities to check certain points of interest. 1In each
case the procedure was the same as that described above.

In one case to determine the effect of annealing (22) (83) (84)
(65)(66)(67) a new 4 — 5 mesh sample and a used 20 - 24 mesh
sample from 10-—'20 mesh were annealed 12 days in the elec-
tric . furnace at 212°F followed by the usual regeneration.

In another case a sample'wag tested in a desic-
cator charged with 200 cc of benzene containing 5 grams of
paraffin. A dish of Po0g had also been placed in the desic-
cator to remove traces of water. In this case the absolute
drying step was eliminated because of the obvious hazzard
involved. In this test the paraffin served to reduce the
benzene vapor concentration.somewhat so as to avoid conden-
sation difficulties due to small fluctuations in room tem-

perature. Still other speecial runs were made but these



will be taken up in the section on results since they in-

volve nothing new in procedure.
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Results of Statiec Tests
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The static experiments included all of those in
which (? soluble anhydrite was exposed for some period of
time to a vepor laden atmosphere inclosed in a conventional
ground glass grease sealed desiccator. The major part of
this work had as its objective the determination of both
the "in" and "out" adsorption isotherm for various sizes
of stock. A summary of these results is given in table IV.
The same data are plotted in figures 6 - 10. The lower
curves are the "inm" curves and the upper are the "outn
curves. The original data are included in the appendix.
Figure 11 is included for comparison only. The curves in
the latter figure. are "in" curves.

All static date were corrected to the absolute dry
basis which means that it was computed based on the dry
welght of sample as determined after heating at 750-800°F
for & minimum of 24 hours. Thus it was possible to compute
the water content of the samples after they were regenerated
preparstory to running the adsorption isotherm experimenta.
These water contents on the absolute dry basis were found
to be as follows: 2 - 2% mesh new -0.282%; 4 - 5 mesh new
-0.184%; 10 - 12 mesh used - 0.234%; 20 - 24 mesh used
-0.237%; and 42 - 48 mesh new -0.512%.

Figures 6 - 10 demonstrate the fact that used
material has a definitely lesser tendency to pick up water
than new material. In an effort to prevent releting this

effect to particle size a new sample of 10 - 20 mesh product
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obtained from the Drierite Company was tested. A 10 - 12
mesh fraction was screened from this sample to make the
results most convincing in the light ofthe adsorption iso-
therm already determined for used 10 - 12 mesh (see figure 8).
Regeneration for this fraction was the same as that employed
with all previous samples. The sample was run at 25% rela-
tive humidity to minimize the effect of varietion in room
temperature. The water adsorption on the absolute dry

basis was found to be 6.04% by welght. This of course com-
pares favorably with the new samples the data for which are
plotted in figures 6, 7, and 10. It far exceeds correspond-
ing values shown either in figure 8 or figure .9.

The question as to whether the used samples picked
up less water because they were less pure or because they
had been repeatedly regenerated was investigated further.
Comparison alone of the present datea with that of Wheat in
figure 11 say = at 25% RH for the 10 - 20 mesh range tends
to support the regeneration hypothesis. For purposes of
investigation a new 4 - 5 mesh sample and a used 20 - 24
mesh sample were selected as subjects. They were annealed
12 days at 212°F and then regenerated for the customary 2
hours. In equilibrium with 35% RH their absolute moisture
contents were found to be 6.22% for the 4 - 5 mesh and 4.61%
for the 20 - 24 mesh. In both cases the adsorption was de-
creased by about 0.2% compared with previous determinations

on the same materials.



Equilibrium Moisture Content of Drierite Samples

Table IV

Temperature = 65 - 90°F

50.

Egiagigz Water Adsorption (per cent by weight abs. dry basis)
Humidity 2-2% new 4-5 new 10-12 used 20-24 used 42-48 new
p/Dy.100 ° In Out In __ Out In __ Out In__ OQut In__out
.0313 . 439 . 426 « 341 . 324 449
.4108 . 735 .74l .615 .558 . 802
1. 6.12 5.97 3.97 4.27 5.81
2. 6.16 6.01 4,09 4,38 5.89
3.63 6.2 6.02 3.962 4.28 5.93
5. 6.3 6.18 4.22 4.51 6.02
10. 6.42 6.25 4.21 4.51 6.13
25. 6.53 6.4 4.52 4.79 6.28
35. 6.66 6.5 4.54 4.82 6.41
40. 7.08 6.89 4.84 5.1L 6.76
50. 7.57 7.74 7.31 7.42 5.04 5.21 5.37 5.53 7.05 7.42
65. 8.1 7.88 5.41 5.74 7.68
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The kinetics of adsorption in beds of desiccant
may be related to the pore structure of the granule. For
this reason benzene vapor was used to investigate pore
size as previously discussed. For this purpose a new 4 - 5
mesh sample was exposed to dry air nearly saturated with
benzene. Using the regenerated dry basis the sample was
found to contain 7.34% by weight benzene. On an absolute
dry basis this figure would be somewhat higher but not ap-

preciably so.



Discussion of Static Tests
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Qualitative examination of the adsorption iso-
therms leads one to agree that /3 soluble anhydrite is ro
ordinary crystal but that it is a crystal. Throughout the
range of about 5% to 309 relative humidity the square shaped
isotherm, except possibly for the knee, is exactly that ex-
pected for a typical crystal hydrate. Both above and below
this range the crystal certainly resembles a zeolite. With
regard to the lower range this conclusion is in accord with
that of Kelly et al.

A comparison of adsorbed water concentrations
along the flat portions of figures 6, 7, and 10 shows a
gradual - decrease with nominal particle size as follows:

2 - 2% mesh - 6.53%; 4 - 5 mesh -~ 6.4%; and 42 - 48 mesh -
‘6.25%. The effect is definite even though it is smell. The
actual reduction in capacity from the largest size to the
smallest is 4.3%. Whether the reduction is due to heating
during grinding (and consequently the formation of insoluble
anhydrite), a sorting process during screening, or some
other cannot be decided without further experiments. Certainly
there is no reason to agree with Wheat that there is an op-
timum particle size at which adsorption is a maximum. There
is also no relationship to repeated regeneration because
the segmples were all new.

Figures 8 and 9 and the tests of new and annealed
samples show that heating during regeneration or for any

other purpose causes degeneration of the material as a sub-
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sequent desiccating agent. This effect is apparently in-
“dependent of particle size and in this respect serves only
to confuse the major issue. These findings are in accord
with the opinion of Hougen and Dodge (1) and Kelley (32)
et al but do not substantiate the conclusion of Hammond and
Withrow (11). It appears that heating causes farmetion of
insoluble anhydrite . nuclei which probably grow with more
extensive heating until eventually the entire granule. would
be consumed. The effect is the same as if non water adsorb-
ing sand particles had been injected into the granule. The
effect is even notlceable at temperatures as low as 212°F
as compared with the regeneration temperature of 400°F.

A comparison of isotherms shown in figures 6, 7,
10, and 11 leaves little doubt that the absolute dry base
weight and longer test periods have a definite effect on
the appearance and general position of the "in" adsorption
isotherm. In this one cannot agree with previous investi-
gators that one week suffices to determine a datum point
on these curves. On the contrary three may even be an
underestimate of the situation as is perhaps indicated by
the fact that the lower humidity portion of the "in" iso-
therms is slightly lower than that for the mout" (See Imee
portion of figures 6, 7, and 10). The knee is practically
closed for the 42 - 48 mesh nominal particle size and this

more strongly substantiates the viewpoint.
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The above.observations on the time required for
equilibrium considered in the light of the benzene adsorp-
tion experiment seems fo give the first clew as to what
the mechanism of adsorption might be. It was previously
shown that a Drierite granule should contain by volume 74.2%
of [ soluble anhydrite crystallites and the other 25.8% of
the volume should be space between the crystallites of the
granule. On this basis the benzene pickup should be 12.3%
by weight (absolute dry basis) provided that this space
was made up from pores of diameter greater than that of
the benzene molecule, i.e., 5.7A°. Actuelly by experiment
the benzene pickup was 7.34% by weight (regenerated basis).
Now it is known that the latter figure is too low because
of the regenerated basis for computation and because the
experiment was run only one week and not at saturation pres-
sures. Taking this into consideration a good share of the
intercrystallite space probably has a dimension exceeding
5.74° and this is sufficient for free diffusion of water
molecules which are about 2.9A° in diameter. If some of
the interstices between the crystallites had dimensions of
the order of 40A° or more then the pores could never be
filled in the benzene experiment and this would also con-
tribute to the lower experimental values. The latter would
lilrewise be true for pores smaller than 5.7A°. Undoubtedly
both factors play a part and only more elaborate experiments

with a range of molecular sizes would distinguish between
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them. The preseht work suffices to state however that in
the first few days water mglecules in the static experiments
probhably by a combination of free and activated diffusion
saturate the crystallite surfaces and the latter area must
be very great for a granule if its crystallites are small.
The next two weeks and more is consumed in activated diffu-
sion to saturate even the very centers of the very small
crystallites. This further substantiates the idea that in-
ternal diffusion may be the rate-controlling process in the
adsorption mechanism.

The fact that regenerated new desiccant contains
0.184% to 0.512% by weight (absolute dry basis) moisture
agrees in general with the report by Kelley that this material
contains 0.16% to 0.27% by weight (wet basis) and in some
cases even more water. The fact that the vertical portion
of the isotherm lies between 0.081 and 0.198 mm Hg does not
agree with the estimated value, 0.0043, reported by Hammond
and Withrow. The latter estimate is at least 20 times too
low.

For large installations the interest of the chemi-
cal engineer in the adsorption isotherm for K? soluble
anhydrite isgenerally confined to the lower regions of
humidity due to the comparative cost of Drierite and the
fact that it is a good "finish drier" of low capacity as in-
dicated by the isotherm already presented. In this regard

the knee represents sbout 7.5% reduction in capacity and one
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naturally is curious as to how this might come about. The
theory of Damerell (83) seems to give a most plausable
explanation.

The classical mechanism for decomposition of
hydrates and related compounds has been one of sharp change
from hydrate to lower hydrate or anhydrous substance and
water, without the formation of intermediate phases. The
new mechanism proposed by Damerell recognizes that a hy-
drate crystal at constant temperature may have adsorbed
water on its surface at the start of dehydration and that
if the vapor pressure of the surroundings is gradually
lowered the adsorbed water is removed starting at some pres-
sure greater than that for the hydrate. As the vapor pres-
sure is decreased all the adsorbed water is removed and
eventually water molecules will start leaving the surface
lattice of the hydrate (condensation rate becomes less than
evaporation rate) at a vapor pressure greater than the de-
conmposition pressure. The portion of the original lattice
left after this surface dehydration is called the skeleton
lattice zone. It is in the behavior of this zone that the
new mechanism differs most markedly from the classical one.
Below the upper transition temperature the residual material
is held as a stable film on the surface of the crystals,
even in the presence of the other solid phase. The lattice
symmetry of the film is not greatly different from that of

the original hydrate.

Continuing dehydration causes two changes. The
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‘increasing thickness of the skeleton lattice zone causes a
decrease in the pressure exerted by the water molecules
leaving the crystal and the stabilify of the outer part of
the zone usuaelly decreases as the valence forces exerted
by the unchanged lattice act over greater distances. At
the decomposition pressure the outer portions of the zone
are so unstable that seeding or scratching will cause re-
arrangement to spread over the surface. If the crystal is
untouched the transformation may be suspended until the
process progresses to a degree of instability great enough
to cause nuclei formation of the lower hydrate or anhydrous
phase. At this point the vapor pressure will rise to the
decomposition value.

As decomposition continues in the usual sense a
zone of skeleton lattice of constant (on the average) thick-
ness will always precede the lower hydrate or anhydrous
substance into the crystal of the original hydrate, except
in the neighborhood of the upper transition temperature.
When the thickness of the zone is able to exceed a small
number of molecules it may become infinite as is the cass
for zeolites. The latter condition is expected if the
skeleton lattice zone becomes sufficiently stable to exist
by itself without the help of stabilizinpg forces from the
unchanged hydrate lattice. Since the latter forces probably
become negligible at distances twice as great as the eguilib-

rium distances between atom centers it is supposed that a
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skeleton lattice zone is able to exist in thickmess much
greater than this should be able to exist in any thickness.

Assuming that surface dehydration tekes place
prior to decomposition in the usual sense it should become
increasingly evident in pressure composition isotherms with
decrease in crystallite size because of the increased sur-
face and it is apparently this effect which is indicated
by the knee.

It is interesting to note that the zeolites and
other compounds which lose water continuously are classed
under the new theory as capable of forming a stablé skeleton
lattice zone of any thickness. As the ratio of water mole-
cules to molecules of anhydrous substance becomes smaller
thls phenomena should become more probable, particularly if
the skeleton lattice structure is similer to that of the
original hydrate. Experimentally this is usually the case
with the higher hydrates giving up water in a stepwise man-
ner and the lower hydrate products losing water continuously.
Heptahydrate of sodium ammonium ferric oxalate i1s an excep-
tion because the first water is lost continuously while
the remainder is a necessary part of the skeleton lattice.

A more general explanation of the complete iso-
therm i1s probably to be based on the combined theory of
Hey (33)(34)(35), and Bunn (31) as distinguished from that
of Harkins,'Jura (43), Brunauer, Emmett and Teller (68) which
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is primarily concerned with solid surfaces. Up to about
30% RH the 6 sites of 12 CaS0,°(8)Hg0 are being filled and
according to the basic theory of Hey these would be com-
pletely filled only at infinite pressure. At about 30% RH
the much more volatile or "forbidden" 2 sites start to fill
to give the 12 CaSO4'(G*2)H20 proposed by Bunn. On this
basis investigation at humidities exceeding 65% should
show a maximum in the adsorption isotherm at about 8.8%.
This explanation would appear to be complete were
it not for the apparent hysteresis which appears to be most
pronounced for the 42 - 48 mesh sample. Moreover above 35%
RH the mout" curves tend toward linearity for the two large
sizes and the smallest whereas the "in" curves show marked
curvature which decreases with particle size to linearity
for the 42 - 48 mesh sample. The latter fact suggests that
at the smaller particle size the gas pressure tends to be-
have according to the ideal gas law. Placing the 2 - 2%
mesh curve over the 42 - 48 mesh curve shows that the ‘out”
curves are parallel whereas the "in" curve of the 2 - 2%
mesh tends to bend over to eventually intersect the 42 - 48
mesh curve. From a purely physical chemical point of view
the isotherms should be investigated in detail beyond 35%
relative humidity. To obtain small sizes and at the same
time seliminate heat effects it may be necessary to ball
mill the material mixed with dry ice for example. It may be

that with more data the "in" isotherms may all be linear or
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all curved. The exact nature and extent of the hysteresis
loop should be determined. Then, too, the relationship of
this entire portion of the plot to that for the dihydrate

should be investigated. After all, according to the data

of Kelley (32) one would expect dihydrate above about 22%

relative humidity.

Without further data it is only possible to sug-
gest that during grinding of large granules to small the
larger intercrystallite spaces are destroyed first because
they cause the granule to be weakest at these points. As
grinding continues to produce smaller granules the next
smaller size intercrystallite space is destroyed and so on
until eventually at a sufficiently small size there remain
for the most part a powder the particles of which are in-
dividual crystallites or groups of them with sufficiently
small intercrystallite cracks as to be undetectable under
the conditions of a particular experiment. On this basis
one would expect a linear rise of pressure as water molecules
filled more and more "forbidden" sites in the crystallites
of small granules. The same process would.be expected of
a larger granule but the effect would be obscured by super-
imposition of another effect due to the tendency of inter-
crystallite pore walls to act something like solid surfaces.
This explanation leaves the apparent hysteresis to be asso-

ciated with the properties of the dihydrate. The latter
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seems plausible in the light of a statement by Kelley that
3 hemihydrate "probably does not exist as such in the
presence of H20 (1) or in the presence of the implied equi-
librium pressure of H20 (g).n The implied pressure corres-
ponds to about 22% RH at 25°C. This would not agree with
the work of Bunn if it is accepted that the dihydrate forms

only at an adsorption of 8.8% or greater.



EXPERIMENTAL DYNAMIC TESTS



Outline of the Dynamic Experiments
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The preceding sections of this thesis have been
devoted to developing various phases of a theory to explain
what might be expected of soluble anhydrite under dynamic
test conditions. The term "dynamic" is used here to imply
that a bed of the desiccant is tested by passing through it
a continuous humid gas stream. The object now is to present
a scheme for testing and then to present test results in
the light of the theory previously deveioped.

In order to carry out the provosed work and in
particular to study the adsorption mechanism it is necessary
to determine the adsorption wave under various conditions.
Klotz (3) proposed an empirical procedure for determining
the effective adsorption mechanism. For this purpose 1t is
necessary to determine the effect (on the adsorption wave)
of granule size in a bed of fixed length and for which the
flow ratevis also fixed. It is also necessary to select =
given particle size for a series of beds in order to study
the effect of gas velocity and bed length. It turns out
that these data are more than sufficient for application
of the generalized theory.

Actual determination of the adsorption wave for
a given bed requires an instrument to continuously measure
the moisture concentration of the effluent gas from the bed.
In the case of soluble anhydrite it was recognized that

such an instrument must measure water vapor concentrations
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as low as 2 ppm (7). A brief survey showed that suitable
instruments were not available. It was necessary therefore
to design and construct for this purpose a frost point

hygrometer which is the subject of the following section.



The Frost Point Hygrometer
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The determination of smell emounts of moisture in
air is a familiar problem which has been discussed in several
places (7)(8). Chemical methods, dew point hygrometers,
infra red absorption instruments, conductivity instruments
are available. Czepek (69) has reviewed dewpoint methods
which consisted of (a) freezing out moisture’and welghing,
(b) closing of an electric circuit by the formation of a
deposit (limited to range of -40 to 200°C), (c) change in
radiation on a photocell st dew point, (d) passing air
through a tube or over a rod having a temperature gradient
along the length, (e) determining dew point from the break
in cooling curve which appears after deposition, end ()
cooling a mirror to observe dew visually. At dewpoints down
to - 90°F and in the case of a rapid succession of measure-
ments it becomes futile to consider cﬁemical methods, infra
red and methods a, b, e and f of Czepek. Conducti&ity in-

struments beside being expensive have still other limitations.

Preliminary Trisls:

Halben and Siedentopf (70) have recommended & dew-
point instrument the principle of operation of which is
based on method (d)above. It is recommended for water vapor
concentration below 1 g/metre3. Such an instrument was in-
vestigated during the course of the present work. 4 3/a4n
brass rod about 18" long was enclosed in a 12" length of

glass tube stoppered to fit at both ends. Glass tubes of
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various diameters were tried. In each case an inlet and
outlet for the éir stream was provided at the ends of the
glass jacket. The upper protruding end of the brass rod was
terminated in an ordinary ice bath with the lower dipping
into dry ice and alcohol or acetone. The test air stream
was so directed over the enclosed rod as to flow into a
successively lower temperature. Test air having a dewpoint
rénging from 0 to -80°F was tried.

Results showed that it was difficult to conven-
iently insert into the instrument a traveling thermocouple
to accurately read surface temperatures at the line of de-
markation. Furthermore the line became much more obscure
and indefinite at the lower frost points. At -80°F it was
impossible to tell visually whether or not frost ever formed.

Another disadvantage was that the instrument did not give
absolute readings in the sense that it reguired celibration

for each air flow rate.

In favor of an absolute instrument and the elimina-
tion of the traveling thermocouple an instrument was built
consisting basically of two copper tubes. The one was 17
I.D. snd 12" long with one end caﬁped. In its midsection
a 1/8" hole was drilled diametrically with a tilt of 45° to
the tube axis. The 1/8" copper tube was inserted so that

about 2" of the smaller tube extended out either side of the
larger. The arrangement is general resembled that in figure

13. The joints between the two tubes were soft soldered.

A copper constantan thermocouple was inserted into the 1/8"
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tube and soft soldered flush with the opposite end and the
end surface thus formed was polished since it was the test
surface upon which the frost would be formed.

Between the polished surface and the large tube
a nichrome heating element was wound on the insulated outer
wall of the 1/8%" tube. This element served to counterbalance
the effect of the dry ice bath which was to be placed in the
1" tube which had in the meantime been insulated with 1" of
magnesia covering. The polished surface was enclosed by a
glass housing so that the test air streem could be admitted
from the top being directed at the center of the surface,
Exits for the exhaust air were provided at the periphery.

Operation of the instrument consisted of first.
mounting the instrument so that the polished surface was up
and the 1/8" tube was vertical. The thermocouple leads pro-
jecting from the lower end were coupled with copper leads
to a Leeds and Northrup Type 8662 portable precision poten-
tiometer through an ordinary ice bath to form a hot end
junction (32°F). In reletion to the small tube the 1" tube
angled at 45° with the capped end pointing downward. The
charge of alcohol snd dry ice was placed in the upper open
end and test air was then admitted into the glass housing.
Current was supplied to the heating colil so as to regulate
the test surface temperature which could be read continuously
on the potentiometer.

Early experiments showed that there existed a most
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favorsble reletionship between the heating element and the
length of small copper tubing on which it was wound. The
shorter the tube the lower was the minimum temperature that
could be atteined. The minimum length however was limited
by the fact that heaters had to be designed for the small
remaining space.

" Extended experiments showed that it was virtually
impossible to detect frost visually on the polished surfece
and even the inclusion of & low power microscope failed be-
cause of unfavorable ventilation of lens elements which
tended to coat over either with water or ice. In addition
the instrument was sensitive to the air flow rate over the
polished surface.

As a last resort the instrument was converted to
use for detecting a flat in the cooling\curve at the frost
point. To do so a slop-jer reéistor was included in the
heater circuit. The plates of the resistor were so designed
that when tap water which served as electrolyte was drained
through a constant size opening the electrical "energy" was
reduced at a unifdrm rate. Thus if practically dry air
(frost point below -80°F) was run constently through the
instrument and the charged resistor permitted to drain a
straight line time temperature curve would be obtained.
Humid air (dewpoint 22°F to -80°F) gave a discontinuity
which was not reproducible and extended experimentation

only served to confirm this fact. The one favorable result
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of all this work was that & properly proportioned instrument
had been developed which was capasble of controlling the frost
point surfsce temperature down to about -80°F and was direct
reading. The one defect in the instrument could apparently
be remedied by utilizing a lighted surface under the contin-
uel observation of an electric eye and this of course em-
phasized the importance of method (c) mentioned by Czepek.
Up to this time the literature was more or less
confused as to how a frost point surface should be lighted
and as to the best arrangement of light and surface with re-
spect to the photocell. The guestion of adequate ventila-
tion of optical parts at low temperatures, the question of
educating polished surfaces to form frost and not dew, and
many others held promise of a very extensive research pro-
gram to make practical the instrument previously discussed.
Fortunately, at this time, Brewer, Cwilong and Lobson (8)
published a paper entitled "Measurement of Absolute Humidity
in Extremely Dry Air". This paper not only summarized the
results of intensive research on the subject during World
War II but also gave details of what the authors called a
hand operasted instrument which admittedly lacked perfection
but which was extremely reliable dovm to dewpoints of -80°C
(-130°F). This lower limit is established by the fact that
below this temperature the frost deposit is in the form of
an invisible glassy layer. Because the latter fact appears

to have daunted the authors as indicated by the research
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which followed, it seems at this point a matter of academic
interest to suggest what appears to be a plausible explana-
tion.

Glasstone (71) based on the work of Tammann and
Bridgman has presented an integrated phase diasgram down
to -50°C for water-ice-vapor showing the pressure-temperature
dependence of the phases. If one gqualitatively extends the
lines (which are actually curves) dividing Ice II - Ice I
and Ice I - water vapor it is very easy to estimate that at
atmospheric pressure Ice II, Ice I and water vapor should
be in equilibrium at a temperature which certainly is below
-80°C. Glasstone himself has stated that such an equilibrium
is possible. Thus it appears that the frost point hygrometer
is limited by the fact that Ice II 1s an invisible glass at

least in thin layers.

The FElectronic Instrument:

In view of the report by Brewer et al the frost
point hygrometer which had been developed by the author was
used as a model for the proportioning of a new instrument
with increased capacity which was also sufficiently large
so as to permit easy attachment of an opticel head of the
type recommended by Brewer (8). An electronic unit was also
devised to replace that used by Brewer. The latter was
necessary in order that the frost point hygrometer be auto-

matic as well as an indicating instrument. It is this in-
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strument which is described in the following pages.

The entire test assembly is shown in figure 12.
Figures 13, 14, and 15 show the structural features of the
Frost Point hygrometer proper.

The frost point hygrometer was built in two
separate units. The one unit has been designated the frost
point hygrometer proper which basicelly consisted of an in-
suleted brass tank for cooling purposes, thermal element
including a gold surface on which frost forms, heating.
element, and optical head. The latter contained the test
air injection nozzle, exciter lamp, black absorber for re-
flected light, photoelectric cell to receive diffused light,
shutter for controlling light intensity and the necessary
lens elements for condensing and focusing light to eand from
the gold surface.

The second unit was an electronic device the sole
purpose of which was not only to automatically supply the
proper current to the heater of the first unit but also to
notify an observer of the photoelectric effects and thus
the status of frost deposited on the polished gold surface
in the first unit. For description purposes, the electronic
device may be thought of as being divided into three sections.
The first section is connected to the photocell in the frost
point hygrometer proper and generates a constant amplitude

pulse the freguency of which varies in accordance with the
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resistance of the phototgbe Cﬁhich in turn depends upon
the strength of diffuse light played upon it). This pulse
is sent into a bridge circuit where it is detected (con-
verted from ac to de). The bridge includes a 0-200 microam-
meter. This meter although subjected to pulsating dc indi-
cates a constant current for a given frequency because the
mass of the meter parts prevent following the range of fre-
‘quencies employed here. As the freguency increases the
microamp indication increases and thus the observer is in-
formed of an increase of light at the photocell and con-
seguently an increase of frost deposited st the gold sur-
face.

The second section receives a small fraction of
the detected signal from the first and converts it into an
electrical potential of such form and magnitude as to be
capable of controlling the grid bias on the third section.
The latter is nothing more than a bank of four power tubes
which supply a 60 cycle half wave rectified current to the
heater in the frost point hygrometer. The.magnitude of the
current supplied by the power tubes of course depends upon
their grid bias voltage supplied by the second section. The
latter in turn depends upon the frequency in the first sec-
tion and thus the light and frost quantities in the frost
point hygrometer proper. An increase of frost for example
increases the frequency in the first section, decreases the

bias put out by the second section, and increases the plate
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current supplied by the third section. An increase of
plste current raises the temperature of the gold surface
in the frost point hygrometer and tehds to evaporste the
frost. Thus the reverse cycle would set in.

The two units were so constructed that when placed
on the same level they could be pushed side by side in such
manner as to align bus connectors to complete the electrical
circuits between the two units. Completing the test assem-
bly required connecting the air injection nozzle of the
first unit to the test air supply. Also the leads from
the thermocouple in the thermal element had to be connected
to the potentiometer in order to determine the temperature

of the gold surface upon which frost had formed.

Detailed Descrintion of Frost Point Hygrometer Proper:

The carbon dioxide-alcohol tank was made from an
11-1/2" length of standard 4" brass tubing (1/16" wall).
The ends were chamfered as shown in figure 13 and flat®
brass plates (1/16") soldered to the edge thus formed with
the exception of the one opening at the top which was left
so for charging purposes. The latter was provided with a
wood cover. The tank was provided with the necessary vent
and drain as shown. The lower end plate and adjoining top
and bottom plates formed a square end box. Through the
top and bottom of this box a hole .390" in diameter was

drilled so as to permit inserting a copper bushing so that
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its ends were just flush with top and bottom. The bushing
was made so as to "push®" fit and it was soldered in place.
The internal wall of the bushing had been threaded with
3/8" SAE standard machine thread. It will be noted at this
point that the bushing wall thickness was of the order of
.010". It was found to be a necessary feature in order to
minimize the length of heat transfer path so as to obtain
minimum possible temperature at the gold surface to be
discussed.

The thermal element consisted of a 4" length of
1/2" copper rod which was turned and thfeaded externally
with 3/8" SAE standard machine thread so that it couid be
screwed into the bushing described above. In the turning
operation a 1/16" head 1/2" in diameter was left. Actually
the rod at this point took on the form of an ordinary bolt.
A 0.128" hole was drilled along the axis of the bolt and
completely through it so as to permit driving in 4" of a
1/8" copper tube which ¢ontained the desired 1/16" hole.
A copper constantan thermocouple (Leeds and Northrup B & S
30 gage List No. 30 D 2) consisting of the two fine wires
wound separately with fibreglass and then together with
fibreglass was inserted into the 1/16" hole. The ends of
the wires had been previously bared and twisted and then
clipped back so close to the fibre glass jacket as to barely
leave one twist sticking out of the end of the fibreglass.
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This end was brought up flush with the head of the bolt
and tacked in place with a minimum of solder. The head
surface was polished to a glass finish and then a .005"
gold disk 1/2" in diameter was sweated flat to the polished
surfece. The gold surface was then polished in one direction
with a midget hand buff (the polish direction must be aligned
with the direction of the light source as will be seen
later).

A piece of 1/8" bleck cloth base Formica had a
3/8% hole drilled centrally into it so that it could be
slipped over thermocouple leads and onto the copper bolt
and snug against the bolt side of the head. Against this
piece of Formica a copper spool was screwed on. Actually
a thin rubber washer separeted the two pieces. The spool
was made from 1/2" copper rod a 1/2" section being turned
to 0.295", The square shoulders of each end of this sec-
tion were turned off to a 45° taper. One end of the spool
was formed by cutting one end of the rod off at the end of
one of the tapered portions. The other end was formed by
cutting off 1/8" beyond the end of the other taper. A
1/16" x 5/8" square nut was slipped on to the 1/8" shoulder
and soldered flush with this end of the spool. About fifty
turns of 0.003" nichrome heating wire (64 ohms per foot)
were wound on & mica sleeve which had been wound onto the
spool. Spacing was obtained by winding another 0.003"

wire along side of the first. The latter wire was removed.
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The coil left on the spool was tapped at its midsection
as well as both ends. The two half coils were connected
in parellel. Leads were attached which could later be
brought out to the two connecting tebs provided on the
lower side of the 1/8" plate of Formica previously dis-
cussed. The heating element was coated with thermosetting
silicone resin (Dow Corning Co. DC 996) and dried at 195°F
and then cured for 6 hours at 300°F. The entire thermal
assembly was then screwed down into the brass tank until
the 1/16" nut on the heater spool just touched the end of
the copper bushing in the tank. This portion of the frost
point hygrometer proper was mounted in a box provided with
a 1" minimum layef of spun glass insulation. The only ex-
posed parts of the assembly were the charging hole at the
top, the vent and drain, and the Formica plate containing

the gold surface and heater tebs.

Detailed Description of Optical Head:

In order to attach the opticel head to the above
assembly a 1/16" brass plate was made the same size as the
Formica plete and both were drilled and the Formica tapped
so the two could be screwed flat together. An opening of
course was provided in the brass plate so as to receive
the gold surface head of the copper bolt. The hole was
actually large enough to provide 0.008" to 0.010" clearance

between the two so that thermal contact could not exist and

85.
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yet the Formica was practically completely covered. Alter-
nate attaching screws were actually screwed in from the
underside of the Formica so that they would serve as guldes
when the brass plate was placed over the Formica plate,
(thus preventing desmage to the gold surface). The remainder
of the optical head was screwed to the brass plate so that
the gold plate would be centrally illuminated. This part

is shown in figures 14 and 15 and a cbmprehensive discussion
is available slsewhere (8).

The base which was screwed to the 1/16" brass
plate was a brass block 1-3/4" long, 3/8" high and 1" wide.
It was hand tooled so as to receive the three brass tubes
(3/4m x 20 gage, 1/32" wall). All tubes were soldered into
the base. Lens elements in these tubes and the slotted dia-
phragm in the black absorber were all mounted by means of
split hrass rings which were provided with grooves to per-
mit air passage and ventilation. The photocell compartment,
attached to the central tube by means of a 3/4" I.D. Formica
ring, was made from a 1-3/4" x 3" brass tube (1/16" wall)
and was provided with a Formica caep and base. An octal
tube socket and RCA 929 photocell were mounted on the latter
so that the 929 could police the gold suﬂhce through a hole
in the wall of the photocell compartment. This hole was
5/8" in diameter and therefore acted as a diaphragm to cut
out wall reflections. The black absorber cone was turned

from a brass rod so as to "push" fit. It was also provided
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with small air passages about its periphsry. The black sur-
face on this and all the brass parts was produced by soak-
ing inssturated cuprous carbonate ammonia solution, washing
with water, oiling and then thoroughly drying.

A 4.2 amp 8.5 volt straight filament exciter lamp
(Coleman Instrument Co. Division of Harshaw Co. part No.
H 59530 - 7 or part No. H 59530 - 48, 14 - 500) provided
the lighf source by being mounted on the appropriate brass
tube by means of a simple Formica bracket. A 3/4" I.D.
Formica tube was also moupted over this brass tube so as to
provide a telescoplic adjustment for the lens and Kodak dis-
phragm attached to it. The Kodak diaphragm was of the
ordinary adjustable variety and would open from a pin hole
to at least 1" diameter which was more than adequate for
the purpose. 'Both condenser lenses had a 30 mm focal length
and the two double convex lenses had a 38 mm focal length.
All electrical connections for the exciter lamp and photo;
cell as well as the heater tabs were brought onto a Formica

terminal strip mouﬁted on the insulated box.

Detalled Description of Electrical Circuit:

Since the Frost Point Hygrometer is considered =
permanent instrument at the University those not familiar
with this particular electrinic unit may be called upon to
service it from time to time and for that reason no effort

is spared in the following pages to give a complete deserip-

tion of its proper operation. The necessity for employing
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an oscilloscope and properly applying it in any service at-
tempt cannot bevoveremphasized. With the oscilloscope
servicing is reduced to comparing wave form and measured
voltages with those to be described herein.

The circuit diagrem in figure 16 and the list of
parts 1is the basis for the discussion. The RCA 929 photo-
cell is actually in the Frost Point Hygrometer proper but
is shown here since it is the starting point of ﬁhe circuit.
It constitutes a variable resistor in the grid circuit of
the 6SJ7 pentode tube. Considering for the moment only
the cathode and first and second grids of the pentode it
is obvious from the diagram that the connecting parts form
with this triode section what would normally be recognized
as a series fed osclllator, the oscillator plate belng the
second grid. In any radio tube electrons normally flow
from cathode to plate and the less so the more negative
potential applied to the grid or vise versa. When the set
is first turned on many electrical disturbances are present
and the oscillator plate current might be rising toward some
particular value. This current however flows through the
primary of the coll which is so poled that under this cir-
cumstance the grid end of the secondary 1s becoming increas-
ingly positive and therefore even more current is allowed
to flow. Thus the vicious cycle has been initiated and a
rise continues until the plate voltage reaches a minimum

value and/or the grid becomes more negative for some reason.
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List of Parts Shown in Figure 16

Numerical

Designation Name of Part Rating

in Fig. 16

4.5 v Battery 4.5 volts

S0. v Battery 90 volts

- Coil, Blocking Oscillator

15 H Coil, Choke 15 Henry

16 Condenser, electrolytic 16 microfarads
10 Condenser, electrolytic 10 microfarads
33 Condenser, mica 33 micromicrofarads
100 Condenser, mica 100 micromicrofarads
1 Condenser, paper .1l microfarads
.01 Condenser, paper .01l microfarads
.003 Condenser, paper +003 microfarads
.05 Condenser, paper «25 microfarads
.05 Condenser, paper .05 microfarads
0-200 u a Mester 0-200 micro amps, d.c.
0-1 amps Meter 0-1 amps, a.c.
12X Resistor, fixed 12,000 ohms

A7 M Resistor, fixed .47 meg ohm

22K Resistor, fixed 22,000 ohms

.18 M Resistor, fixed .18 meg ohm

S5 M Resistor, fixed .5 meg ohm

A M Resistor, fixed .1 meg ohm

JA2 M Resistor, fixed .12 meg ohm

1K Resistor, fixed 1,000 ohms

.22 M Resistor, fixed .22 meg ohm

40 K Resistor, fixed 40,000 ohm

20 M Resistor, fixed 20 meg ohm

5 M Resistor, fixed 5 meg ohm

2.2 M Resistor, fixed 2.2 meg ohm

5 Resistor, fixed 5 ohms

100 Resistor, fixed 100 ohms

50 Resistor, fixed 50 ohms

.35 M Resisor, variable vol.control .35 meg ohm

10 K Resistor,variable vol.control 10,000 ohm

1M Resistor,variable vol.control 1 meg ohm

.25 M Resistor,variable vol.control .25 meg ohm

A M Resistor,variable vol.control .l meg ohm



List of Parts Shown in Fieure 16 (cont.)

Numerical
Designation
in Fie. 18

Name of Part

Fil. Tran.

Fil. Tran.

Exciter Lamp
Tran.

929

68J7
BN7
B6SL7
117Z6-GT
6 SHY
B8SN7
6AS7-G

Switch, single pole single throw
Switch, double pole singlé throw
Switch, single pole double throw

Transformer, Filament
Transformer, Filament

Transformer, Ex. Lamp

Tube,
Tube,
Tube,
Tube,
Tube,
Tube,
Tube,
Tube,

photocell
radio
radio
radio
radio
radio
radio
radio

4.5 amp,110-8 v

ol.

10 amps,110-6.3 v
1.2 amp,110-6.3v



When such changes take place the cycle reverses and con-
tinues down to some minimum current and then again reverses
and repeats. In a normal oscillator on the upward swing
the grid is run positive by the transformer and a positive
grid means that it will attract electrons and therefore
tend to become charged. Normally these electrons on this
swing will tend to store up in the blocking condenser In-
cluded in the triode ‘grid circuit but on the downward
swing they will flow through the grid resistor and thus
drive the grid negative because the electron pressure is
then greater than ground at that point. Normally the grid
resistor is small (50,000 o) and the electrons leak off
of the condenser.quite rapidly. As a consequence the grid
never swings below cutoff and actually the grid leak resis-
tor esteblishes an operating bias on the triode grid, i.e.,
a reasonably negative potential about which the tube os-
cillates to generate something more or less aﬁproaching a
sine wave on the oscilloscope.

The unigue feature of the oscillator in the dia-
gram is that the grid resistor varies from almost infinite
resistance at no light down to several million ohms at
operating light intensities (even resin from solder will
short the circuit and wood alcohol washing is imperative).
This means that the RC time constant in the grid circuit

must be given generous consideration. Larger capacitors

92.
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of course store more electrons and larger resistors increase
the time for them to leak back up to ground. Reconsidera-
tion of the oscillator circuit in this light now shows that
with a large RC time constant the grid cannot establish a
normal operating bias but instead it continues to (on the
‘average) become more and more negative. This circumstance
continues until on the last upward swing sufficient elec-
trons are added to the storage that on the downward swing
the grid actually swings more negetive than cutoff and thus
the tube is said to have blocked and for this reason the
literature recognizes such an oscillator as a "blocking
oscillator" (72) (73) (74). While the tube is blocked it
is as non operational as 1f it were removed from the socket
at least as far as output signal to subsequent tubes is
concerned. The rapidity with which blocking may be made
to occur can be increased by increasing the amplitude of
the oscillation during the oscillatory part of the cycle.
The increased amplitude in this case is brought about by
the iron core RCA television horizontal blocking oscillator
coil (208 T - 1, 21 turns ratio) especially designed for
such a purpose in present day television sets. About 8 or
10 oscillations suffice for blocking as can be seen on the
oscilloscope.

The 6SJ7 tube remains blocked until sufficient
time has been allowed for enough electrons to leak off

through the photocell so that the grid potential comes back
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to the cutoff value. At this point natural oscillation

sets in again at a freguency commonly called the natural
freguency of the circuit as distinguished from the ffequency
of blocking or "blocking frequency".

So far as the true plate of the pentode is con-
cerned it is said to be electron-coupled to the oscillator
circulit. It sees only the combined effects of grids 1 and
2. The oscilloscope attached to this plate shows a saw
t ooth voltage wave form. The leading edge is vertical and
thin compared to the heavier sloping trailing edge. The
vertical edge corresponds to the spurt of pentode plate
current just as the grid has risen back above cutoff and it
is the pulse which is filtered out by the small grid con-
denser of the following 6N7 triode. The oscilloscope at
this point shows & somewhat jagged base line with numerous
vertical lines spaced at intervals corresponding to the
blocking frequency. This frequency may be increased (i.e.
lines brought closer together by decreasing C in the 65J7
grid or by increasing the light intensity on the photocell
and vice versa). Actually C has beeh so chosen that at
low light intensities C is small enough to give a freguency
just large enough to prevent excessive oscillation of the
microameter needle. At the same time C is large enough
so that at high light intensities the RC time constant is
still‘sufficient to cause blocking. With the present set
up when 8.5 volts is spplied to the exciter lamp and the
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Kodak shutter is fully closed (i.e. only a pin hole remains)
a white paper slid slowly onto gold surface causes the
microamps to exceed 600 above which point the RC constant

is sufficiently small as to permit more and more natural
osbillation and thus to decrease the microamp reading. Only
100 - 150 microamps are required for normel operation of
the Frost Point Hygrometer.

The pulsing voltage on the grid of the fi:st sec-
tion of the duo triode 6N7 tﬁbe is in ac form because it
passed the grid condenser. Because dc pulses are regulred
for the microameter the grid is biased experimentally to
some point just above cutoff so as to produce detection
(rectification). The optimum setting of the variable re-
sistor (on the chassis and not on ' panel) provided for
this purpose is determined by turning the exciter lamp
off zeroing the microameter and then turning the exciter
lamp on and reading the microamps. Repeating for different
bias settings of course permits selecting the optimum.

Excepting detection, the 6N7, its two plate re-
sistors, and the microameter form a conventional bridge with
the two triode sectlons being considered resistors. With no
frost on the gold surface and 8.5 volts applied to the ex-
citer lamp with the shutter closed and the resistance of
the second section of the 6N7 is fixed by adjusting its
variable bias rheostat so as to just balance the resistance

(on the average) of the first section and therefore the
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microameter is brought to zero balance (zero reading).

The variable resistor which by-passes the microameter con-
stitutes a sensitivity control. 1Its resistance is so

great compared to that of the microameter that when it is
completely in the circuit only negligible amounts of current
may by-pass the meter.

The automatic circuit includes all from the first
section of the 6SL7 to and including the last section of
the 6SN7. A small amount of signal voltage is taken from
the bridge and placed on the grid of the first section of
the 6SL7. The signal of course is in ac form with the
pulse peaks pointing in the positive voltage direction.

The grid is permanently biased beyond cutoff such that the
pulse peaks can Jjust drive the grid slightly positive. 1In
other words the only time the triode section conducts is
during application of a pulse voltage. At all other times
it is non conducting and the condenser between the plate
and -90v ground is being charged through the plate supply
resistor. The rate of charging of course is governed by
this resistor and the maximum charge on the condenser is
again governed by the RC time constant. During a pulse the
triode conducts and acts to short circuit the condenser
thus discharging it. Consequently a saw toothlvoltage
wave is generated and applied to the grid of the 6SH7. It
is obvious that the voltage amplitude of this saw tooth
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wave depends upon the blocking frequency. The higher the
frequency the shorter the time the condenser has to become
charged and therefore the smaller the voltage amplitude

at the 6SH7 grid.

The sole purpose of the 6SH7 tube is to amplify
the saw tooth voltages impressed on its grid. The voltage
gain for this stage is 116 with a maximum peak voltage
output of 82 volts. The tube has conventional cathode bias.

The ac output of the 6SH7 is impressed upon the
grid of the first section of the 6SN7 which serves as a
voltage follower and rectifier. This triode has such a
large cathode resisfor that the triode is always near cutoff,
i.e., the cathode is always about +12 voits above ground
until an ac saw tooth voltage strikes the grid. On the
positive grid swing of 82 volts the cathode swings up to
about +94 volts. On the downward swing application of -82
volts to the grid can reduce the cathode only to zero volts
thus the rectification. At the cathode then there is a
rectified saw tooth voltage the amplitude of which depends
upon the amplitude of the original ac saw tooth voltage
applied to the follower grid.

The bank of condensers and resistors between the
follower cathode and the grid of the second section of the
6SN7 constitutes a filter circuit. The second section of
the 6SL7 in the filter bank serves only as a low resistance

one way valve to permit the rapid escape of electrons from
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the upper plate of the first condenser during the charging
period, i.s., during the time the cathode swings up to some
positive peak potential. Consequently the first large con-
denser can charge very rapidly whereas it can discharge
only very slowly. The purpose of course is to have the
potential of the filter follow the peak potential of the
cathode rather than some average of the pulse potential
were- the 6SL7 absent. Subsequent resistors and condensers
in the bank serve to smooth the voltage out to a steady
de potential for a saw tooth wave of given amplitude. The
last variable resistor serves an additional purpose in that
it permits placing a fixed bias potential on the grid of
the last section of the 6SN7.

guppose now that the pointer on the variable
rheostat in the plate lead of the last section of the 8SN7
were turned down to the plate of the latter tube. Assume
also that the gold surface in the frost point hygrometer
has a 1little too much frost on it. For this amount of frost
there will be a definite blocking frequency which will be
high and thus a correspondingly low peak saw tooth voltage
and tﬂus a smaller positive voltage on the filter. If it
is assumed that the permanent bias is now set sufficiently
negative as to just place the last 6SN7 at cutoff then its
plate resistor passes no current and consequently the point-

er assumes a zero potential. If now for reasons to be



explained, the frost deposit begins to decrease the fre-
quency will also decrease and the saw tooth peak voltage
becomes more positive. The grid of the last 6SN7 becomes
correspondingly more positive and because current then
passes through the 6SN7 plate resistor the pointer becomes
more and more negative. Shifting the pointer in the plate
circuit only decreases the voltage range of the pointer
during the above operations. When the pointer is placed
at ground the range has been decreased to zero and there
are no voltage effects at the pointer.

A glance at the bank of 6AS7 tubes shown in the
circuit diagram reveals that they are acting as simple
rectifier tubes which are hooked up in parallel. The re-
sistors accompanying each of these tubes are for safety

purposes, i.e., they prevent any one of the tubes from
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hogging the load and burning itself up. Because these tubes

are all in series with the frost point hygrometer heater
they permit current to flow through the heater in accord
with the amount of bias on their grids which are connected
directly to the plate pointer discussed above. At this
point it should be quite obvious where the heat came from
that cesused the decrease in the frost deposit mentioned
above.

Actuslly the 6AS7 tubes require about -60 volts
to cut them off. If their grid pointer is set all the way
down to the plate of the last 6SN7 then there will be some



delay action which of course is desirable in order to
limit the control range. For example, it may be assumed
that frost has just started to deposit on the gold surface
and the last 6SN7 is full conducting and the pointer is

at about -8l volts (allowlng for voltage drop across the
B6SN7 itself). As the frost increases the pointer voltage
rises toward -60 volts. All this time the 6AS7 tubes have
been cut off and thus suppiy no heat. If still more frost
forms the pointer voltage will become still higher, il.e.,
less negative and then the 6AS7 will begin to supply heat.
If the pointer were originally set at -60 volts then there
would be no delay action from this source.

There is another source of delay action and that
is due to overbiasing of the last 6SN7 grid. If this grid
is overbiased then a certain amount of frost must evaporate
before this grid cean even get back up to cutoff. Of course
lesser amounts of frost will then suffice to operate the
control.

At times hand control might be preferred for
some particular purpose. When such is the case the two
rheostats on the last 6SN7 may be used with the plate
rheostat being preferred for its fineness of control. It
may be desirable to remove the 6SH7 and 6SL7 tubes from |
their sockets during hand contrcl to prevent automatic
control from trying to assist the operation. This maneuver

also conserves the plate battery supply and for this reason

100.
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is recommended.

The 117Z6 tube and the two large condensers and
choke which accompany it constitute the half wave rectified
and filtered B + supply. This circulit is of conventional
design. The filement transformers shown in the circuit of
course supply the rated current to the filaments of the
radio tubes previously discussed. The exciter lamp trans-
former supplies rated current to the exciter lamp. This
transformer also has higher voltage taps and care must be
taken that these are never used in order to prevent burning

out the exciter lamp which is rated at 8.5 volts.



Procedure for Dynamic Tests
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The dynamic experiments include all of those which
involved use of the Frost Point Hygrometer and particularly
those to measure the humidity of an air stream. The first
series of these experiments was concerned with standardizing
the hygrometer itself.

Before the hygrometer was assembled the gold sur-
face was immersed first in carbon dioxide and wood alcohol
end then an ordinary distilled water ice bath. The temper-
ature for each as determined from the accompanying thermo-
couple agreed with the accepted values. The first tempera-
ture corresponded to that for sublimation of carbon dioxide
(-109.3°F) and the other to + 32°F. The hygrometer was then
assembled for test, care being taken of course to assure
that the polish direction of the gold surface was aligned
with the direction of the light source.

Early experimenfs with the light source and the
shutter showed that a voltage regulator was necessary to
give constant light for any one particular setting. It
was also necessary to ground to earth the ac supply line,
voltage regulator and the instrument itself since the sup-
ply lines were found to be free floating and from day to
day may otherwise be at O - 50 volts with respect to ground.
Without grounding, the instrument may become sensitive to
touch.

After the above corrections had been made trial

tests showed that it was best to operate the instrument
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with an 8v exciter lamp voltage and with the shutter fully
closed, i.e., only a 1 mm opening remsined. Lower voltages
caused the instrument to be less sensitive to a given increase
in shutter opening. Larger shutter openings especielly with
the larger sizes tended to light more tlmn the gold surface

as could be verified by looking in through the black ab-
sorber while the cone was removed. 1In fact this test
demonstrates the permissible range of shutter openings. With
the smallest opening and 8 volts nearly all of the gold
surface viewed through the absorber appeared to be a daz-
zling inferno of light. Actually the diaphragm could be
opened somewhat without any real deleterious effect but
subsequent tests with air streams showed this was not neces-
sary.

Air streams of various humidities and velocities
were tested to determine the effect on operating conditions.
It was found that 2-10 £t3/hr of air at astmospheric pres-
sure could be passed through the hygrometer without any
i1l effect. The stream velocity did not effect the frost
point reading but it did effect the heating requirements
to hold the gold surface at the frost point. Frost points
ranging from -99°F to +32°F could be measured without
difficulty. For this work certain conversion charts and
rotameter calibrations were necessary. These are to be

found in the appendix. All rotemeter calibrations are based



on the wet test meter as standard.

Experiments with air streams over a range of
frost points demonstrated that at high frost points (above
-40°F) the hygrometer had more than adequate sensitivity
over the range of zero microamps to several hundred micro-
amps. For lower frost points and low air velocities the
100 microamp range seemed to be about the most sensitive.
At 100 microamps the gold surface viewed through the bleack
absorber appears slightly cloudy. It is only at something
more than 200 microamps that the heavy white frost begins
to appear. In all of the above work the microemeter was
zeroed for a freshly cleaned gold surface, 8 volts on the
exciter lamp, and the shutter fully closed.

Efforts to standardize the hygrometer consisted
of testing air of known humidity obtained from a speciel
dehumidifier. The latter wasg made up of an ice trap
followed by 40! of 1/4"}copper tube wound on a 1" form
and then stretched so that better than 1/4" spaces existed
between each pair of coil twins. The entire coil was im-
mersed in a carbon dioxide - wood alcohol bath and a copper
constantan thermocouple was also immersed in the bath, at
the last outlet turn of the coil. Laboratory. air (20% RH
approx.) was sent through the totameter and thence to the
bottom of the ice trap which was a 3/4" copper tube about
8" long. The air passed back to the top of the trap be-

tween the two concentric tubes (the air inlet tube and trap

104.
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wall) and out through the coil into the hygrometer. At
first only 10 - 12' of 1/4" tubing was used and it was

found that the hygrometer gave frost points around -90°F (a-
bout 20° too high). On this basis the heat transfer co-
efficient was computed and the coil consequently extended

to the greater length to bring the outlet air and dehumidi-
fier bath temperature within 1°F. The dehumidifier bath

was lowered to -75°F and the hygrometer gave a perfect check.
The bath wdas allowed to warm slowly and at -72°F both checked.
At -64°F the two readings differed by 1°F. As time passed
the readings differed more and more but it was obvious that
the dehumidifier was at fault because nearly all the carbon
dioxide had boiled out of the alcohol and the bath agita-
tion was negligible. In all of this work the wood alcohol
bath tempersture was controlled by adding carbon dioxide
chips. Considerable quantities of chips were used to main-
tain low temperatures. Higher temperatures were obtained

by allowing the bath to warm up in which case comparatively
few chips if any remained.

All tests with the above type of dehumidifier
tended to confirm its accuracy and that in each case the
efficiency and life of the dehumidifier was actually being
determined by the frost point hygrometer. It was then real-
ized that the frost point by definition is that temperature

at which a given quantity of frost will remain in equilibrium
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with saturated air of the same temperature. The real
problem was concerned with the temperature gradient which
could exist under these circumstances through a thin leyer
of frost on top of .005" of gold sheet. Accepting these
facts the hygrometer was presumed to be an absolute reading
instrument. During all of the above work the heatirng
element electronic rheostat wasAmanually controlled.

The next series of experiments were those actually
concerned with determining the frost points of air effluents
from beds of drierite. First it was necessary to make
available a continuous supply of standerd air which could
be fed to the beds. For this purpose an air supply ranging
from 35-60 or 100-104 lbs psig was reduced to 29 1bs psig
and sent through the copper coil discussed above. The coil
was immersed in a mixture of ice and water contained in a
heavily insulated chest. The temperature remained at 32°F
for several days before more ice was required. The coil
spiraled downward through the bath and into the bottom of
a water trap equipped with a blow down drain. The outlet
air was drawn from the top of the trap. The outlet air
was asdmitted to the beds through a small brass needle valve
followed by the rotameter. The beds were equipped with a
by-pass line for testing the inlet humidity. In addition
a mercury manometer was also piped to the beds so that
inlet and outlet pressures could be compared with atmos-

pheric pressure. Copper tubing 1/4" in diemeter and brass
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Air Compressor, 35-60 or 100-104: 1lbs psig

Reducing Valve, supply air pressure reduced to 29 lbs psig

Dehumidifier and trep, inlet pressure 29 lbs psig,
dehumidifier temperature = 32°F

Feed Control Valve, pressure reduced to

atmospheric approximately, room temperature

Rotameter

Manometer --- Test Bed, equipped with by-pass line

Frost Point Hygrometer

Exhaust to atmosphere

Figure 17 Flow Diagram of Dynamic Test Assembly
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drain cocks were used throughout. The test assembly is
illustrated in figures 12 and 17.

The conditions specified for temperature and pres-
sure were convenient for obtaining a feed of about 8 per
cent relative humidity. The latter choice was based on
the desire to work in the linear region of the adsorption
isotherm and at the same time employ a high enough feed
concentration so as to cause the beds to expire in a reason-
able time. The necessity for minimizing temperature effects
due to adsorption made it desirable to use a low feed humid-
ity.

Actual test of the standard eir supply over ex-
tended periods of time confirmed that the frost point
ranged from +10 to +#10.7 if about 1 hour were allowed for
dehumidifier equilibrium at the start. Saturated air at 4
atmospheres absolute pressure and 32°F should when expanded
to atmosphere have a frost point of +#9.E°F. But the coil
was designed assuming about 1°F driﬁing force at the outlet.
If one assumes the temperature of the air to be 33°F instead
of 32°F in the previous computations the frost point should
be #10.2°F approximately. It will be noted that the maximum
devistion is .4°F when compared to #10 to #10.7°F as meas-
ured. During the first 17 minutes of a three and one-half
hour standardizing run the measured frost point was #5.5 to
+7°F, During the next 69 minutes the frost point gradually

built up and ranged from +#8 to #10°F. During the last two
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hours the range was +10 to +10.7°F with an average of
10.3°F for 16 readings taken during that period. The lat-
ter frost point agrees identically with the computed frost
point. Part of the discrepancy in frost.point at the
start of the standardizing run may be due to the unsteady
state of the dehumidifier itself and the variation in air
pressure. Actually the pressure regulation appeared to be
good so that the latter point would only account for small
differences.

The drying towers or bed contasiners proper con-
sisted of standard 1" brass nipples of 2", 3v and 4" lengths.
A standard brass pipe coupling was screwed to each end
and soldered in place. A 1" nipple with running pipe
thread was cut to give threaded rings about 1/2" thick.

A disk of brass screen (about 42 mesh) 1" in diemeter was
soldered to the end of a ring so as to form a stop for the
bed when screwed into the coupling until it touched the
end of the nipple. The screens of course pointed to the
bed snd screwed snug against it.

A 1" by 1/8" bushing equipped with a brass flare
fitting was screwed snug into one end of each tower, bees
wax being used to seal the threads. The screen was pre-
viously inserted into this end. As the towers were charged
with newly regenereted desiccant the other screen and

bushing was screwed in place. Bees wax was again used as
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a seal. The brass flare fittings were capped until the
beds could be tested. Just before the test they were un-
capped and connected to the test assembly previously
described. At the time of connecting the air supply was
shut off. After connecting the inlet and outlet valves
to and from the bed were left closed and the by-pass opened.
The air was then set at the desired flow rate and the
humidity determined until it reasonably approximated the
previously determined value for the standard air. The
latter procedure assured dryness of test equipment, gave
a8 check on the standard air, and confirmed that all egquip-
ment was in working order. The same procedure was repeated
at the end of each run. Manometric readings were taken
during the runs. |

Preliminary tests in a 1" diameter glass tube
showed that 42 - 48 mesh desiccant was not practical be-
cause of fluidizing even at one to two cubic feet per hour
gas flow rate. The upper limit was set by the 20- 24 mesh
stock. These beds did not expand up to and including an
air flow rate of 9.4 ftS/hr. FExceeding this value by
10 - 15% caused the bed to show signs of agitation and
at still higher values the bed began to expand and form
eddies. The short lengths of bed were set by the above
variables combined with the desire to complete any one run
within 8hours. If break values alone were to be determined

for & bed then longer lengths would be permissible.
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The desiccant for the beds was all prepared as
before using stendard screening procedure and a regenera-
tion cycle of 400°F for 2 hours. New material was used

throughout these experiments.



Results of Dynamic Tests
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The adsorption wave runs repdrted herein were
made with a two fold purpose in mind. The first was con-
cerned with carrying out an empirical procedure recommended
by Klotz (3) in order to determine the effective adsorption
mechanism. For this purpose it was necessary to determine
the effect of granule size in a bed of fixed length and
for which the flow rate was also fixed. This data is shown
by the solid lines in figure 18. The next step involved
selection of a particular granule size and using it in
subsequent runs to determine the effect of velocity and
bed length. The solid lines on figures 19, 20, and 21
summarize the data obtained for the latter purpose. All
original data is tabuleted in the appendix. Each curve
in the figures is labeled with a bracketed number which
is the run number shown in the appendix.

The second purpose for which runs were made was
for the test of the theoretical derivations and thus to
also determine the effective adsorption mechanism in another
way. The date obtained for the empirical analysis already
mentioned ere more than adequate for this purpose.

During‘the runs to be discussed bed containers and
entrance and exhaust lines were checked for temperature
changes by placing the hand at points of interest. There
were no detectable temperature cheanges at least according
to this test. The beds and lines seemed to remain at room

temperature. The weight of the charge for several beds was
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also checked and particularly so for duplicate runs. The
weight of charge for a given conteiner varied somewhat but
did not exceed about 5 per cent varietion by weight.

The 20 - 24 mesh granules in 3 inch beds were in-
vestigated in deteil in order to determine the reproducabil-
ity of data. Runs 8, 13, and 14 are triplicates at a flow
rate of 9.4 fts/hr. They are compared in figure 22. Like-
wise runs 10 and 15 are compared in figure 22 to show the
reproducibility of data at a flow rate of 7 £t5/hr. Run 15
easily could be plotted like run 10, i.e., with double knee.

A 9inch bed was run to confirm certein theoretical
predictions to be discussed later. The adsorption wave for
this run is shown in figure 23.

In general all of the adsorption waves presented
in figures 19 - 23 show a downward trend during the early
stages of a given run. This of course is contrary to ex-
pectation. The cause may lie in the manner of preparation
of the bed and/or in the fact that the steel wool filters
in the system tend to hold up moisture which is removed
during the initial portion of the run. A gradual decline
inexit humidity followed by a sharp drop suggests that
moisture is being desorbed from the exit end of the bed.

The moisture in the end of the bed may be attributed to the
fact that during loading of the bed container there is a
tendency for the bed to cool and draw in higher humidity

air from the surroundings. On the other hand a gradual
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decline throughout the early stages suggests that the fil-
ters are at fault.

In order to determine the effect of the filters
the 9 inch bed container was placed in the test assembly
without a desiccant charge. Instead of the dehumidifier a
new tanlc of nitrogen was connected to the system and the
gas flow rate to the tgst assembly was adjusted to 9.4 fts/hr.
The frost point of the gas exhausted from the assembly was
determined in the usual manner. The results are tabulated
in table V. This experiment confirms the fact that the
apparatus holds up a certain amount of moisture.

In the figures discussed above it will be noted
that runs 1, 2, 5, and 12 have been omitted although the
original data for these runs are given in the appendix. The
reason is that these runs were obviously defective. At the
time of the frost run a mekeshift dehumidifier was em-
ployed. It was the first run which demonstrated the neces-
sity for constructing the heavily insulated ice chest pre-
viously described as a part of the dehumidifier.

During run number 2 the test was interrupted in
order to checlk the inlet humidity. It was found that the
inlet humidity was approximately the same as at the start.
Because the bed had been idle for about ten minutes in the
middle of the run the adsorption wave for this particular

bed could not be considered representative.
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from Empty Test Assembly

Table V

The Frost Point of Nitrogen Exhaust

Time, min.

Frost Point, °F

Pressure in Nitrogen Bottle

0
21
36
42
72

121

-32.5
-33.5
-34
-50
-50
-51.5

1750 psig

1550
1540
1390
1260
1150

Nitrogen by-passed around bed container and filters

150

“5105

1050

121.



The fifth run was defective because the pressufe
drop over the bed was abnormally low indicating that the
bed was probably loosely packed.

The twelfth run behaved in a very unusual menner.
Investigation revealed that the regenerating furnace had
gone out of control because of dead batteries in the Micro-
max controller. The contents of this bed were probebly
heated to a high enough temperature to cause degeneration

rather than regeneration.

122,



Discussion of Dynamic Tests



In accord with the empirical method of analysis
an arbitrary break concentration may be selected and desig-
nated, H,/Hy = .0l. The break time, ty, corresponding to
the break concentration may then be read from figure 18
for the four granule sizes and plotted as in figure 24. 1In
this and other plots to follow each datum point is identi-
fied by a bracketed number which is the run mumber. Now,
in accord with the postulates of the analysis, the curve
should rise to longer break times as the particle size
decreases provided mass transfer is a contributing factor.
This is attributed to the fact that maess transfer becomes
less important as rate-controlling step for the small gran-
ule sizes. Were it not for the fact that this type behavior
appears'to be contradictory to figure 25 one would conclude
that mass transfer does play a part.

Figure 25 has been constructed for the arbitrary
break concentration based on figures 20 and 21. Consequently
a particular flow rate is associated with each datum point.
~The criterion is that if those points associated with one
flow rate fall on & line distinctly different from those
for other flow rates then mass transfer is a contributing
factor. This is based on the observation by Klotz (3)
that the solution to the partial differential equation for
mass transfer controlling shows that ty is a function of V
as well as Z/V. For other cases which he examined he ob-

served that typ was a function of Z/V but not of V'. TFigure 25
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suggests that mass transfer is not controlling in the
present case. The contradiction between figures 24 and 25
lies in the fact that in figure 24 the 20 - 24 mesh granules
lie on the steep portion of the curve. Had this curve been
determined at 4.7 £t°/hr rather than 9.4 £t5/hr flow rate
the curve should certainly be expected to shift considerably
to the left. Consequently the 20 - 24 mesh material would
be located on the portion of the curve where mass transfer
supposedly plays a major role. The contradiction is not
real. In equation 14 of the theory it will be noted that
since k? is proportional to the reciprocal of Rg, X and T
are likewise. At Hy/H, = .0l on the Schumann Furnas chart
T, = 70 if X = 100. If R is reduced to half its value then
X = 400 and Ty, = 340. If k2 = 1 originally then when R
is decreased to half kg = 4. Consequently tb has increased
from 70 to 85. The numerical values.employed here are for
illustration purposes only. They do serve, however, to ac-
count for figure 24. In this regard it must be remembered
that channeling for large granules in a 1" tube may also
tend to decrease tb. Thus it appears that of the two fac-
tors considered, mass transfer is not the one which is im-
portant.

The 1life thickness curve plotted in figure 26 has
been constructed based on data taken from figure 19. Its
only purpose is to show its probable linearity and illus-

trate the fact that the critical bed depth for soluble



T T T
s un o) Tz e speee
 Fuas ¢ o

Eisme

4

4
{
A
4
}
{

"
D et SNSRI SR
4

—
+

a8
T

ol
-

B E S ES
1 88 i
13

8B u S

1

+

t

{

!

}

%5

S
|

Semid a1

i
|
—b
1Lt
{
+
{
|

o SESEE SENEE ONUE:

e D S S e
rodds st
ISESTE SSSNS NS

FSERSYWR IS 8

..:»

P _
{

t * 4
*. .w 1anrstasest
m + + 4

8 .

rxzr;:W4 i

: { G

28 2 eugs tehat
| 4 ) | REws
g 3N § 001 IS SEW 5 BE IRE DRALD £4 T 36 n 8
/38 57ERE 2020 2 3259238880 Sum T
1 RSB USABA guwe ]
o ! _ ! Tt i
S5 D4uB S SEORS TTEOYADLAD NS SAS DURTS SUPEH § SR A7 BAALT 3 SHDN | B 208 EB0n RS 20 R THEL & FETE WATE S BT § 4% 5 HAN
& | H f agE A8 i Tiy s i
. M g g ;mxw4!+$ﬁszinf1ﬁ
: HeE gt i _ | | npey |
3 ! iy 38 -84 Pl | S5 Ladta v aniaket b kRN REARA 1R 2R1CE idseRendes sussdBaend 23x 2320203 %
[ L R e R
pietr st 22 s 4 3 -“ H ~ 238a08 2N *J Has i e ] bt
_ i f 588
o

Figure 24

Granule
(Volumetric Flow

'
'
4 -
b wmadh a4 l
.
-
3 4
{
_, i : I
SN SED2 SRORS Sw B0 SEDEE FEOULASENE SHBHS BAMES | - $is IS St
§ ! I ] I
! RN P : i | {
! fireld | ; ! |
| g H m ! . }
bR S & 19 ¥ r ‘ { :
. ! I 1 oeey peets -t . *3 »
| { | * ] : ! | : i { | o i
] M ] : 4 s + .4 . ‘
b4 Fed PRSS SELES BENGEH BSDES 5=S0 AERFS 0 S G5 S TRONS FRGES ©SRPY #aee e " e b
' P JiNiNa
._n..n u«,u i 17INTEYAS Qv cSOHn
HONL 4°%% 334 LA
B3dvd NOILIIS SEOED OINIS H0IL N AlNY AN S Ha

or

hr,

ime f
4 £t3/

9

Break T

te

S1lze on
R

ol ]

as




St

oo b et

% Plmbe B ESRE KNS LB

B e S SR

Break

~

(!

ime an

act Ti

4+
v

2

2

n Con

gure
wee

137

B

Fl

-

onship

-

2

o

for Beds Col

elat

»n
N

ne

11 h!
Time

-~

Y N! C od
H3idvd Ovd V.. GIIUINVHEVOS . SSYW NOLSOS
L S xS o Scobint s P O N CAWAWAN CEAN- ANIATAWAS




IS S ees navdl

ontainin

s
¥

!
ds

o8

o

™
A

o

;s
5

igure 2
urve

IO

£
~
v

Ness

L ,-.}, _ a o
; ‘ i

en s 28ns

D RPN O WNENS DI PYSES DI

v § Nt AILNING
H34vd OVE VIV . GTTUINYEYNS SSYW NOLSCH Ja
MIKL 4YH 434 01 X O is il

QI SS0¥ s {o!
B4V4 NOILI IS SEONT GANIE QUOE 7 oN ANYANOD SSOW ON v



anhydrite under these test conditions is very small. For
adsorbents used in small portable units such as activated
carbon in gas masks the critical bed depth becomes an im-
portant factor. The critical length is the shortest bed
that will produce an effluent concentration less than or
egual to the break value. - This bed has no life because al-
though the bed starts with an effluent at or below the
break value an instant after operation the effluent concen-
tration rises above this value.

The empirical analysis leaves much to be desired.
The entire procedure depends upon the selection of an ar-
bitrary break point which should be representative. In
the present case this selection is complicated by the fact
that the adsorption wave exhibits discontinuities. The
latter fact also has some bearing on attempts to fit the
generalized theory to the data. The generalized theory
may, however, be fit to a particular adsorption wave in
which the discontinuities are not apparent. It can then
be extended to all other wave forms as a medium of compari-
son and at the same time serve to detect the nature of the
adsorption kinetics. It is this énalysis which follows.

In the curve fitting procedure the 2" bed solid
curve shown in figure 19 was used as starting point. The
Schumann Furnas curve for X = 100 gave the best average
fit as shown by the dashed curve in the same figure. Thus

for the 2" bed, g = 9.4 £t%/hr, and 20 - 24 mesh material

128,
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= ,0151") it was possible to compute kR = 32.42 and
6

( R&V

D = 18.5 from which it was found that Dg = 5.21°10° ftz/hr
and B = 34.2. The computed value of Dy compares favorably
with the theoretical value D = 1.1°107° ft2/hr. The value
of Dy based on experiment could be made to coincide with
the theoretical by employing a value of R supposedly cor-
resoonding to the crystallite radius rather than Rav for tle
granules. IT this is not the case then the experimental
diffusion coefficient represents an asverage for diffusion
through small cracks as well as the lattice or the activa-
tion energy for lattice diffusion is only 60 to 70 per cent
of the value employed in the theoretical computation. This
all presumes of course that the curve fitting attempt is
acceptable. The value of B seems reasonable compared to
B = 46.4 computed for a fictitious isotherm. The latter
is a straight line through the (W-100, Rh) coordinates (0,0)
and (6.2, 8.1). The first coordinate is based on the fact
that practically dry desiccant was employed in the experi-
ments. The relative humidity of the inlet air to the beds
was 8.1 per cent. Based on the 2 - 2% and 42 - 48 mesh
isotherms W*100 = 6.2 per cent for 8.1 percent relative
humidity (See figures 6 and 10).

Equation 14 defines X and T so that the fit of
the 2" bed above could be used in conjunction with the
Schumann Furnas chart to determine the fit for any other

bed. These dashed curves are shown in the figures for
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représentative cases of changes in bed length, velocity and
granule size. Neglecting (T/X)% in the range of interest
introduces apprecieble error only for the 10 - 12 mesh
granules but even then the error is within 15 per cent

at the upper and lower ends of the rising portion of the
adsorption wave. As T approaches X this error disappears.

As a basis for comparison it was assumed that
mass transfer was controlling even though the empirical
procedure suggests that it is not. The starting point was
the same theoretical cufve for the 8" bed discussed above.
In order to use the definitions of X and T according to
equation 28 it was assumed that a = constant-R~! and Kg =
constant*V*®.R-+5, Thus X = constant-V=+5 R-1:57 and T =
constant-V°5~R”l‘5 t. In figure 19 the 2" bed curve is
marked MT or ID because it is assumed the same for mass
transfer controlling or internal diffusion controlling. By
means of the definitions the 2" bed curve was converted to
that for other cases shown in figures 18 and 21 and lsbeled
MT to distinguish them from ID for the same case. In figure
18 the dash curves are for 10 - 12 mesh granules.

At first it appears to be difficult to decide
whether mass transfer or internal diffusion is controlling.
Figure 21 suggests that the internal diffusion theory gives
the best fit of data. Figure 18 suggests the contrary.
Apparently the decision rests upon consideration of the

effect of particle size alone. 1In accord’ -~ with the
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postulates of the theory of mass transfer the internal
structure of the granules is disregarded. It is supposed
that a stagnant gas film surrounds the granule as a whole.
The extent of this film depends therefore on nominal gran-
ule size as considered above. Thus in figure 18 there ap-
pears to be no chance of improving the fit of the mass
transfer theory to the adsorption wave for 10 - 12 mesh
granules. This is not true of the internal diffusion
theory. The radius, R, in the internal diffusion theory
might refer not to the granule but to a smaller unit of
the granule such as the crystallite discussed earlier.
This of course would promote a better fit of experimental
data at least in the case of 10 - 12 mesh granules.

It will be noted in figure 18 that there is little
difference between the general position of the 10 - 12 mesh
curve and that for the 20 - 24 mesh material. This phenom—
ena strongly suggests that nominal granule size is not
of basic importance. This fact may be accounted for by
figure 3 wherein it i1s suggested that the crystallite size
rather than granule size 5 a fundamental quantify. That
crystallite size is important has also been previously
suggested by the computation of the experimental value of
Dy. Thus the internal diffusion theory may be made to fit
the experimental deta in figure 18 for 10 - 12 mesh material.
by assuming a value for R which supposedly is related to

crystallite size as contrasted wtth nominal granule size.
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Actually the 20 - 24 mesh 3 inch bed theoretical curve
shown in figure 19 gives an excellent fit of the 10 -12
mesh date in figure 18. The fact that the adsorption wave
for 2 - 2% and 4 - 5 mesh material deviates from that for
the smaller sizes indicates either that the crystallite
size is some function of nominal grenule size, or that for
the larger granules the wall effect and diffusion through
the larger pores is of some importance.

Beside determining the adsorption kinetics the
generalized theory is of value in problems of design. The
theoretical adsorption wave for the 9 inch bed is an illus-
tration of this application. All previous runs were con-
cerned with short beds which cauld be saturated within an
8 hour day. The internal diffusion theory thus developed
was used to predict the adsorption wave for a bed which
could be saturated or nearly so in 15 - 16 hours (6 AM -

10 PM), i.e. a 9 inch bed. Figure 23 confirms the success
of this application. In fact it works so well that one

is lead to wonder why the theory did not do a better job
of predicting the 3" bed in figure 19.

Because of its utility it seems advisable to out-
line the method for predicting the dash curve mentioned in
the previous paragraph. The method is based on the Schumann-
Furnas chart. The coordinates of the chart are H/Hj and T.
The chart contains adsorption waves corresponding to various

values of X. Values of H/H, greater than .9 are not shown.
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Thus the problem is to determine which wave contains the
point corresponding to H/Hj = .9 and t = 15 hours. The
value, T = 32.42.15 = 486, must be used in conjunction with
the chart., The wave containing the point, (.3, 486), is
the one labeled "450". Thus X = kRDZ = 450 = 32.42°18.5°%
and Z = .75 ft. (9").

A detailed examination of the wvarious adsorption
waveas presented herein reveals several facts of qualitative
interest which are not represented by the theory in its
present form. The first and most obvious is that some
curves exhibit double or triple breaks, i.e., the rising
portlon of the curve shows two or three humps. These be-
come more prominent at lower flow rates and for longer beds.
The cause of this phenomena may be attributed to the dis-
continuities of the adsorption isotherm. For each break
in the adsorption isotherm one would expect a corresponding
break in the adsorption wave. In effect a single bed ac-
tually consists of several beds in series the length of
each being a function of time. Each bed of the series has
its own adsorption wave and it is a composite of these
which is illustrated in the figures presented above. The
vertical break in the adsorption isotherm at about .75 per
cent relative humidity corresponds to H/Hy = .155 approxi-
mately. The discontinuity for 10 - 12 mesh material of
figure 18, for the curve of q = 7 ftS/hr in figure 20, and

for the 7 fts/hr curve of figure 21 occurs approximately
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at this value. The low level of the lower hump in figure

23 indicates either & greater departure from the theoretical
value due to the particular conditions or the appearance

of a new hump which corresponds to a very low humidity
break in the adsorption isotherm. The latter break in the
isotherm could Héve escaped detection in the present work
and is a reason for investigating this matter in further
detail. The break if present should appear at a relative
humidity corresponding to H/H, ranging from .005 to .05
approximately.

Runs 8, 13 and 14 in figure 22 suggest that certain
other factors also aggravate the discontinuous behavior of
the adsorption wave. The only apparent difference in these
three runs is that run number 13 was started a little be-
fore the dehumidifier had a chance to come to equilibrium.
The inlet humidity probably increased by 5 to 10 per cent
during the course of the run.

Other points of interest are those regarding re-
producibility of data and the minimum humidity of the exhaust
gas. Figure 22 shows that the data can be reproduced quite
well without any special precautions. The difference between
runs 10 and 15 may be related to a difference between the
amounts of desiccant in the two beds. The pressure drop
over the bed of run 10 was noticeably greater than that
for run 15. This suggests more desiccant and better pack-

ing in the bed of run 10. Exact duplication apparently
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depends upon exact duplication of the regeneration cycle,
the loading and above all maintaining a constant inlet humid-
ity.

The minimum frost point attainable is a direct
consequence of the regeneration cycle, and other factors.

In run 16, figure 18, it was necessary because of the
schednle of experiments to leave the charge in the regenera-
tion furnace a half hour longer than the 2 hours normally
employed. The minimum frost point in this case was less
than -91°F which was the lowest ever obtained during all
the experiments. Those concerned with the manufacture of
Drierite suggest that -100°F can be obtained with a 4 hour. -
A50°F regeneration cycle. Amero (7) has calculated the
minimum frost point as -87°F. This no doubt is based on the
normal regeneration cycle of 2 hours at 400°F.

A final point is that with regard to the time
interval during which a bed produces the minimum humidity.
The total time of this product is always small compared to
the complete drying cycle. This is even true for the ef-
fluent for the ¢ inch bed the adsorption wave of which is
shown in figure 23. The latter figure shows that contrary
to expectation the minimum humidity interval is reduced by
a correspondingly longer time for the initial decline in
exit humidity. The lower (first) break of the bed is also

megnified and consequently detracts from the time interval
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during which the minimum humidity product is produced. The
longer time for the initial decline in humidity might be
related to the method of charging the bed containers.

Eerlier it wes stated thet the bed containers were charged
with desiccant taken directly from the regenerating furnace.
During the assembling of container, screens, etc. the desic-
cant tends to cool snd draw in moist air. The amount drawn in
may be greater for a longer bed. Thus more moisture would
have to be removed.from the exhaust end of the bed during

the initial stages of the run.

There appears to be no real good reason why the
lower break for the 9 inch bed should be magnified. There
is the possibility that the phenomenon is related to the
method of charging. In any event this matter should be in-
vestigated. This could be done by charging as usual then
running the bed first with dry air and then with the wet air
feed previously employed. The dry air (frost point = -100°F
or less) might be obtained as exhaust from a magnesium per-
chlorete bed which would have to be investigated first. The
dry air would be fed to the drierite bed until its exhaust
humidity dropped to that of its inlet. One could be certain
then that the drierite bed was completely regenerated and

was ready to run to determine the adsorption wave.



SUMMARY AND CONCLUSIONS
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The theory of the adsorption wave has been reviewed
with emphasis on the utility of the Schumann Furnas chart
which has been published for the case of mass transfer con-
trolling the adsorption process. The solutions for two
other cases (diffusion through pores and activated lattice
diffusion) are presented. It is shown how in dimensionless
form all three cases may be reduced to a single generalized
theory. This treatment has many obvious advantages. This
is especially so in problems of design and in studies of
the Ikinetics of an adsorption process.

There has been presented the results of a study
to determine the kinetics of the reaction between humid
air and the granular desiccant, calcium sulphate. Plots
of the experimentally determined adsorption waves are given
for various gas velocities, granule sizes, end bed lengths.
In view of the small internal diffusion coefficient for
this system it would be expected that activated diffusion
into the interior of the granule would control the adsorp-
tion process. That this is probably true is demonstrated
by an analysis of the plots employing the generalized theory
as well as empirical methods.

As a matter of implementing the above research it
was necessary to determine the adsorption isotherms for
the system. Plots of these are presented for five different

granule sizes. Adsorption capacities in these plots refer



138.

to an absolute dry base weight as contrasted with an un-
reliable regenerated base welght usually employed. The
plots show that the adsorption capacities of new material
decrease slightly with decreasing particle size. There is
no indicstion of an optimum perticle size as had been found
by Wheat. A comparison of the plots for new material with
those appearing in the literature demonstrate that previous
investigators had not allowed sufficient time in order to
attein equilibrium. Repeatedly regenerated drierite (used
materisl) show a decréase in adsorption capacity.

According to the adsorption isotherms calcium
sulphate acts very much like a zeolite. Its adsorption
capacity is noticeably reduced even at low temperatures.
Numeroﬁs other peculiasrities have also been discussed.

The fact thet the desiccant probably shows no adsorption
hysteresis below 30 percent relative humidity is worthy of
note. - |

The porous structure of soluble anhydrite beds
and granules has also been considered. It has been shown
by calculations, benzene adsorption experiments, and meas-
urement of bed density, that: (a) the granule probably
consists of a mosaic of crystaellites each of which conteins
46.6 per cent by volume intersticial channel space; (b) that
the granule contains intercrystallite pore space to the
extent of about 25.8 per cent of its volume; and that (c)
the bed (consisting of 2 - 2%, 4 - 5, 10 - 12, or 20 - 24
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nesh granules) contains 42.5 per cent by volume of inter-
granular void space. Presumably the pores in the crystallite
are of about the same cross sectional diasmeter as that of
the water molecule whereas the intercrystallite pore diameter
- is certainly larger than the diameter of the benzene mole-
cule and may range up to 40A° or more.

The design, construction, operation, and maintenance
of an automatic electronic frost point hygrometer is also
described in detail. It has been shown that with this in-
strument one may measure continuously frost points ranging
down to -100°F with an accuracy apparently limited by the
potentiometer employed in conjunction with the ﬁhermocouple
which is an integral part of the hygrometer. Frost point
hygrometers utilizing liguid air have been discussed and it
has been observed that the lower 1limit of their useful
range (-130°F) is probably dictated by the appearance of
Ice II which probably is a transparent glass. To the latter
the frost point hygrometer either reacts very poorly or not

at all.
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Schumann-Furnas Chart
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Refersnce Tables



Taken from Expanded Plot
are Millivolts)

Table VI

Calibration Chart for Copper-Constantan Thermocouple

of Data in Lange Handbook (Values

149,

Shovm

°F

-100
-110

.89
1.09
1.29
1.48
1.67
1.86
2.04
2.23
2.41
2.58
2.75

.63

.71

.91
1.11
1.31
1.50
1.65
1.88
2.06
R.25
2.42
2.60
2.77

.19
<40
.80
3
.93
1.13
1.33
1.52
1.71
1.90
2.08
2.26
2.44
2.62
2.78

JA7
.38

.58

.75

.95
1.15
1.35
l.54
1.73
l1.92
2.10
2.28
2.46
2.63
2.80

.15
.35
.56
7
.97
1.17
1.37
1.58
1.75
1.93
2.12
2.30
2.48
2.65

.13
.34
.54
79
.99
1.19
1.39
1.58
1.77
1.95
2.14
2.52
2.49
2.67

.10

.31

.52

.81
1.01
1.21
1.41
1.80
1.79
1.97
2.15
2.54
2.51
2.68

.08
Q27

-85
1.05
1.25
1.45
l.64
1.82
2.01
2.19
2.37
2.55
2.72
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Table VII

Relationship between Absolute Humidity and Frost Point of Air

H = (Value in Table)'lO'e lbs.water/lb.bone dry air

°F

+20
+1.0

0 1
3440. 3600.
2101. 2210.
1290. 1350.

780. 822.
780. 740.
460. 444.
263. 246.
148. 140.

3770.
2310.
1411.
863.
706.
411.
238.
13l.

2440.
1480.
g04.
674.
394.
222.
123.

2545.
1560.
954.
632.
370.
205.
115.

2698. 2810. 2960. 310l. 3270.
1644. 1728. 1810. 1900. 1990.
995. 1060. 1110. 1159. 1222.
600. 575. 542. 518. 493.
345, 328. 3l2. 296. 279.
197. 18l1. 172. 164. 156.
107. 98.6 94.5 90.4 82.2

78.9 73.9 632.0 64.9 6l.6 57.5 54.2 50.9 47.6 45.1

41.9 39.4 37.0 34.5 32.0 30.4 28.0 26.3 24.6 23.0

21.4 19.7 18.9 17.3 16.4 14.8 14.0 13.2 1l2.3 1ll.5

10.7 9.86 9.04

8.22 7.72 7.068 6.586 6.16 5.66 5.26

4.85 4.51 4.19 3.8 3.62 3.28 3.04 2.79 2.63 2.46

2.22



Vapor Pressure of Ice

Table VIII

Calculeted from the equation

151.

log 5—P— = 9.95 T2 - .445 log L1260

ice

where p3g;.o = 4.59 mm Hg  (76)
°F 0 1 2 3 a 5 6 7 8 9
#30 4.18 4.38 4.59
+20 £.56 2.69 2.8l 2.97 3.10 3.28 3.42 3.60 3.78 3.98
#10 1.57 1.64 1.72 1.80 1.20 2.00 £.10 £2.20 2.3l 2.42
#0 295 1.00 1.05 1.10 1.16 1.21 1.29 1.35 1.41 1.49
-0 .95 .20 .86 .82 .77 .73 .70 .66 .63 .€0
10 .56 .54 .50 .48 .45 .42 .40 .38 .36 .34
-20 .32 .30 .29 .27 .25 .24 .22 .21 .20 .19
-30 .18 .17 .18 .15 .14 .33 .l2 .115 .11 .10
40 .096 .090 .084 .079 .075 .070 .086 .082 .058 .055
-50 .051 .048 .045 .042 .039 .037 .034 .032 .030 .028
-60 .026 .024 .023 .02l .020 .0l8 .0l7 .0l6 .O0l5 .0l4
-70 .013 .0l12 .0l11 .010 .0094 .0086 .0080 .0075 .006S .0064
_80 .0059 .0055 .0051 .0047 .0044 .0040 .0037 .0034 .0032 .0030
-90  .0027
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Teble IX
Rotameter Calibration Chart

Fischer Porter Rotameter - 10" tube
Atmospheric Pressure and 72°F Saturated Air

Air Flow Air Flow

Reading Rgte Reading Rate
f£t°/hr ££5/hr

2.0 .38 9.0 4,24
2.5 .48 9.5 4.62
3.0 .62 10.0 5.03
3.5 .80 10.5 5.45
4.0 1.00 11.0 5.88
4.5 1.23 11.5 6.30
5.0 1.50 12.0 6.72
5.5 .77 12.5 7.14

.0 2.08 13.0 7.€0
5] 2.40 13.5 8.00
2.75 14.0 8.48

6

6

7.0

7.5 5.10 14.5 8.20
8.0 3.48 15.0 9.40
8



Table X

Vapor Pressure of Water

teC

O O N O oPdh N M - O

mm Hg

4.879
4.226
5.294
5.685
6.101

6.543

7.013
7.513
8.045
8.609

t°C mm Hg

10 9.209
11 9.844

12 10.518
13 11.231
14 11.987
15 12.788
16 13.634
17 14.530
18 15.477
19 16.477

t°C mm Hg

20 17.8535
21 18.650
22 19.827
23 21.068
24 22.377
25 23.756
26 25.209
27 26.739
28 28.349
29 30.043

t°C mm Hg

30 31.824
3l 33.695
32 35.663
33 37.729
34  39.898
35 42.175
36  44.563
37 47.087
38 49.692
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Table XI

Determination of the Adsorption Isotherms at Room Temperature

Sample Weight (g)

Date . Time 2 -2 4-5 10-12 20-24 42-48
mesh mesh mesh mesh mesh
Humidity = 0.0%13% RH
24 Jan 48 12:00 N 9.2453 17.1576
926 Jan 48 10:30 AM 9.2485 7.1618
27 Jan 48  11:30AM 9.2503 7.1644

29 Jan 48 10:45 AM 9.2554 7.1726
2 Feb 48 10:15 AM 9.2563 7.1718
3 Feb 48 10:30 AM 9.2572 7.1728
5 Feb 48 10:30 AM g.2585 7.1737
7 Feb 48  10:30 AM~ 9.2598 7.1749

Humidity = 0.408% RH 0.0313% RH

7 Feb 48 10:30 AM 9.2598 7.1749 8.0241 10.2382
12 Feb 48 10:30 AM 9.2703 7.1833 8.0280 10.2427
16 Feb 48 2:00 PM 9.2818 7.1929 8.0312 10.2462
20 Feb 48 10:00 AM 9.2847 7.1953 8.0329 10.2585
23 Feb 48 3:45 PM 9.2871 7.1974 8.0327 10.2471

Humidity = 3.63% RH 0.408% RH 0.0313% RH

23 Feb 48 3:45 AM g.2871 7.1974 8.0327 10.2471 9.2378l
1 Mar 48 2:00 P.M. 9.5944 7.5181 8.0479 10.2642 9.3773
6 Mar 48 10:30 AM g9.7672 7.5708 8.0518 10.2685 9.2739

13 Mar 48  11l:45 AM 9.7911 7.5741 8.0546 10.2710 9.3722

Humidity = 10% RH - 3.83% RH 0.408% RH
13 Mar 48 11l:45 AM 9.7911 7.5741 8.0546 10.2710 9.3722
20 Mar 48 11:45 AM 9.81%2 7.5923 8.2187 10.6410 9.2893
27 Mar 48 11:00 AM 9.8130 7.5922 8.3244 10.8527 9.4008
Z Apr 48 11:00 AM 9.8109 7.5902 8.3230 10.8517 9.4051
Humidity = 35% RH 104 RH 3.63% RH
3 Apr 48 11:00 AM 9.8109 7.5902 8.3230 1l0.6517 9.4051
12 Apr 48 11:00 AM 9.8356 7.6101 8.34327 10.6751 9.8796

24 Apr 48 12:00 N 9.8337 '7.6087 8.3424 10.6757 9.8830



Table XI (cont)
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Sample Weight (g)
Date Time 2 -2 4 -5 10-12 20-24 42-48
mesh mesh mesh mesh mesh
Humidity = 50% RH 35% RH 10% RH
24 Apr 48 12:00 N 9.8337 17.6087 8.3424 10.6757 92.8830
8 May 48 10:00 AM 9.9147 7.6647 8.2678 10.7066 9.2004
15 May 48 9:30 AM 9.2170 7.6659 8.2691 10.708lL 9.2016
Humidity = 65% RH 50% RH 359 RH
15 May 48 9:320 AM 9.9170 7.6659 8.2691 10.7081 9.9016
1 June 48 12:00 N 10.0607 7.6984 8.4044 10.7573 9.0243
5 June 48 11:30 AM 9.9657 17.7036 8.4093 10.7640 9.9278
Humidity = 504 RH 65% RH 50% RH
5 June 48 11:30 Al 9.2657 7.7036 8.4093 10.7640 9.2276
19 June 48 10:30 Al 9.9399 7.6814 8.4419 1@.8057 9.2925
26 June 48 9:30 AM 9.9325 7.6744 8.4381 10.801¢ 9.2883
Humidity = 40% RH 50 %RH 65% RH
26 June 48 9:30 AM 9.9325 7.6744 8.4381 10.8019 9.2883
10 July 48 11:30 AM 9.8693 17.6356 8.4210 10.7772 10.0437
17 July 48 11:00 AM 9.8708 7.6356 8.4223 10.7791 10.0464
Humidity = 25% RH 40% RH 50% RH
17 July 48 11:00 AM 9.8708 17.6356 8.4223 10.7391 10.0464
31 July 48 11:30 AM 9.8265 7.6071 8.2954 10.7395 10.0197
7 Aug 48 11:00 AM 9.8213 7.6013 8.3917 10.736% 10.0214
Humidity = 5% RH 259 RH 40% RH
7 Aug 48  11:00 AM 9.8313 7.6013 8.2917 10.7369 10.0214
21 Aug 48 10:00 AM  9.7993 7.5839 8.3660 10.7032 9.9671
28 Aug 48 12:00 N 9.8000 7.5849 8.2670 10.7040 9.9604
Humidity = 24 RH 5% RH 25% RH
28 Aug 48 12:00 N 9.8000 7.5849 8.2670 10.7040 9.2604
18 Sep 48 11:30 AM 9.7878 7.5740 8.2427 10.6743 9.2158
Humidity: 14 RH 2% RH 5% RH
18 Sep 48 11:30 AM R _— 8.2427 10.6743 9.9158
2 Oct 48 10:00 MM 9.7878 7.5740 8.3313 10.8601 9.8899



Table XI (cont)
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Sample Weight (g)

Date Time 2 -2 4 -5 10-12 20-24 42-48

~_mesh mesh  mesh mesh mesh

Humidity (cont)= 1% RH 24 RH 5% RH
g Oct 48 8:30 AM 9.7845 7.5709 8.3326 9.6616 9.8910

23 Oct 48 10:00 AM 9.7842 17.5704 - - —_
Humidity = 1% RH 2% RH
9 Oct 48 8:30 AM '8.3326 9.6616 2.8910
23 Oct 48 10:00 AM 8.32565 10.6531 9.8811
30 Oct 48 9:30 AM 8.3233 10.6503 9.8729
Humidity = 1% RH
30 Oct 48 9:30 AM 9.8799
13 Nov 48 10:30 AM 9.8740
1 Dec 48 9:15 AM 9.8716
Anhydrous CaSO,in sample: 9.2193 7.1445 8.0054 10.2140 9.3304
Water in original sample: .0260 0131 .0187 .0242 .0477
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Table XII

Determination of the Moisture Adsorption of Annealed Samples

Sample Weight (g)

Date Time 4-5 mesh 20-24 mesh
new used
Humidity = 35% RH
15 Mar 48 4:00 P.M. 7.6780 5.1624
20 Mar 48 12:00 N. 8.1471 5.3856
27 Mar 48 11:00 A.M. 8.1477 5.3959
3 Apr 48 11:00 A.M. 8.1459 5.3938
Humidity = ; Room Humidity
3 Apr 48 11:00 A.M. 8.1459 5,3938
2% Oct 48 12:00 N. 8.1559 5.4037
Anhydrous CaS0O4 in sampe (g) = 7.6612 5.1563

Water in original sample (g) = .0168 .0061



Table XIII

Adsorption Test of New Drierite Sample

Sample Weight (g)

Date Time 10-12
mesh
Humidity = 25% RH
1 Nov 48 2:00 PM 13.4375
13 Nov 48 10:30 AM 14.,2757
1 Dec 48 9:15 AM 14.2733

Anhydrous CaS04 in sample (g) = 13.4615

Water in original sample (g) = .0260

Table XIV

Benzene Vapor Adsorption Test of Drierite

Sample Weight (g)

Date Time 4 - 5

mesh
2 Feb 48 11:30 AM 4.9103
5 Feb 48 10:30 AM 5.2678
7 Feb 48 10:30 AM 5.2708

9 Feb 48 2°00 PM 5.2244

158.



Table XV

Description of Run:

Run No.

Bed Diameter = 1.03"

Bed Length = 3.00%
Granule Mesh = 20-24 new

Flow Rate = 9.4 ft¥hr
Air pressure in dehumidifier = 44 psi
H, = 1060:10-6 1bs/lb (basis for H/H

Time Frost H/H Dehumidifier Time Frost H/H Dehumidifier
min. Pg%nt o Temp, °F min. Po%nt o Temp, °F
o
Feed 64 -66.5 .013
87 -692 011
0 69 -67.5 012
11 72 -8 012
25 75 -68 012
38 44 78 -68 .01l2
46 +#12.5 80 -68 .011L
49 12.0 83 -89 .01l 40
52 11.0 88 -69 .01l
54 43 92 -69.5 .010
58 11..0 98 -69 .01l
61 11..0 104 -69.5 .010
64 11.0 43 107 -71.5 .009
110 -72.0 .009
Bed 114 =72.7 .008
117 -72.7 .008
0 120 =72.7 .008
4 -52.5 .034 127 =72.7 .008
8 -53. .032 132 =72.7 .008
10 -55 .028 136 ~-74.5 .007
13 -53.7 .030 142 -75.5 .0086
17 -55 .029 147 -75. .007
21 -56 .026 42 152 -75. . 007
24 -58.5 .022 157 -75. .007 38
32 -59. .022 171 =77, .006
36 -680.5 .019 176 =77, .006
38 -60.5 .0138 184 -77.5 .006
40 -60.5 .0Ll9 40 188 -78. .005
45 -62 .018 195 -78.5 .005
51 -63 .01l6 199 -79.0 .005 37.5
57 -64 .01l5 204 -79.0 .005
61 -64 .015 219 -79.0 .005



Table xv (cont.)
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Time Frost Dehumidi- Time Frost Dehumidi-
min. Pg%nt H/Ho fis; Temp Min Pg%nt H/H, fis; Temp
223 -79.0 .005 312 -24 .193

224 =77 .006 314 -22.5 .216

225 =75 .007 316 -21.7 . 226

227 -74.5 . 007 317 -20 .248

229 =74.2 .00%7 319 =19 «283

231 -71.5 .009 320 =19 .283

232 -70." .010 322 -17.5 . 286

234 =7 .010 325 -16.5 . 302

237 -69 .011 37 327 -15.5 . 316

238 -66.5 013 328 -15.5 . 3516

239 -66 .013 330 -14.0 .348

241 -63.5 .016 331 =-13.7 « 356

245 -62 .018 335 -12 . 387

246 -61 .019 337 37
247 -59.5 .021 339 =10 .A34

249 -58.2 023 343 - 9.7 442

251 -56.5 .026 362 -9 .A85

253 -55.5 .028 355 - " .512

256 -54.5 .029 357 - 7 .512

259 -54.2 .030 359 - 6.5 . 526

261 -52.5 .034 361 - 6.5 . 5286

265 -52.2 .034 364 - 5.0 .585

267 -51.5 .036 366 - 4.5 .580

269 -50.5 .038 372 - 3.5 .815

272 -50 .040 37.5 374 - 3.0 .635

o5  -48. .045 377 - 3.0 .835

279 -46 .051 380 - 2.5 .650

283 -43.7 .059 383 - 1.5 .681 36
286 -42.2 .064 385 - 1.2 .691

288 -10.0 074 389 - 1.0 .696

292 -37.5 .087 395 + 1.0 L7775

297 -34.5 1@ 401 + 1.5 .795

299 -32."7 .118 406 + 1.5 .795

301 -32 124 410 + 2.5 .832

302 -30.5 136 416 +# 3.0 .852

306 -27.7 .156 428 + 3.5 .875

308 -26 .171 432 +# 4,0 .200



Table XV. (cont.)
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Time Frost Dehumidi-
min. Foint H/H, fier Temp.
* oF oF

439 + 5.5 .9G8
447 + 5.0 .938

45 + 4.5 .9218 39.5
455 + 6.0 1.00
Feed
0 + 6.5
9 + 5.5
11 + 6
22 + 6
25 + 5.2
30 + 5.5
31 + 6

Pressure Drop Data:

Room Barometer
Temp Pressure

°F
72

Hg 1
29.21

Inlet Outlet
Pressure Pressure
Hg 1" Hg n"

.3 2
.8 .l



Tab

Description of Run:

le XVI

Run No.

Bed diameter =

1.03n
Length of bed = 3"
Granule Mesh = 10-)2 new

Flow Rate = 9.4 ft°/hr
Air pressure in dehumidifier = 29 psig

(o}

H_ = 1332.10-6 1bs/1b (basls for H/H,)

Time Frgst Dehumidi- Time Frgst Dehumidi-
Tin. Pg%nt H/H, fieEFTemp in. Pg;nt H/Ho fi§§ Temp
Feed Bed
0 100
31 + 9.5 32 109 =73 .0062
34 +11. 112 -73.7 .0059
35 +10.7 124 -4 .0058
130 -74.2 .0057
Bed 139 -74 .0058
148 -74.5 .0055
0 -1 .o 153 -61.5 .015
7 =B0OLE 015 157 -60 .0l1l6
10 —62.2 v014 - 164 -59 017 32
13 -68 .0092 32 174 -59 017
18 -70.5 .0078 180 -54.5 .023
24 -70.5 .0078 184 -50 031
31 -70 .0080 188 -50 .031
38 -71.7 .0070 194 -45.7 041
44 -73.5 .0060 201 -41.5 .054
51 -75 . 0053 208 -38.5 .0865
57 =75.2 .0052 212 -38.5 065
63 -76 .0049 215 -3"7 071
74 -6 .0049 32 223 -34 .086
87 -76.5 .0048 32 228 -33 092
96 . =17 .0046 231 -32 .098
100 234 -30 111
240 -28 .123
Feed 244 -25.5 .142
250 -22.5 172
0 254 -20 .197
4 + g 259 -17 . 234 32
7 +# 9.5 263 -16 . 248
9 +10 266 -13 . 295
10 271 -10.5 . 340



Table XVI (cont.)

Time Frgst Dehumidi-
min. ngnt H/H, fig; Temp.
274 - 9 370
277 - 6.5 .118
282 - 3.5 .490
283 - 2.5 .516
285 - 1.5 .541
290 + 1 .616
292 + 1.5 631
2904 + 2.3 656
298 + 4 715
300 + 4.5 730
302 # 5.5 770
208 + 7 .832
310 + 7.5 .852
315 + 8.2 .880
317 + 8.5 . 894
322 + 9.2 . 926
327 + 9.7 .951
336 +10.2 .979
34 +10.5 .990
Feed
0
22 +10.7
24 +10.7 32
28 +10.7
35 +10.7
40 +10.7

Pressure Drop Data:

Room Barometer Inlet

Temp Pressure

oF
7

Hg "
29.54

Hgn
.45

Outlet

Pressure Pressure

Hg "
R

183.



Tabl

Description of Run:

e XVII Run No. 3

Bed diameter: 1.03M"

Bed length: 20"

Granule mesh = 20-24

Flow Rate = 9.4 ftS/hr
Air pressure in dehumidifier = 29 psi
H, = 1350-10-6 1bs/1b (basis for H/Hj

164.

Frost Dehumidi- . Frost Dehumidi-
Time point H/H_fier Temp. Time Point H/H  fier Temp.
mine. [« D7) o OF mine. OF (o] OF
Feed 138 -50 .031
141 -46.5 .039
0 147 -41.5 .053
67 + 9 151 -38 .087
71 + 9 153 ~-36 073
75 + 8.5 32 155 ~-34 .085
79 + 9 156 -32 .09
82 + 8.2 159 -29 .115
161 -27.5 . 124
Bed 164 -23.7 .155
167 -21 .182
0 172 =15 .256
5 -55 022 175 =13 « 292
8 -53 .025 176 =11 . 329
19 -62.5 .013 179 - 8 . 384
217 -58 .0091 182 - 5.5 435
30 -69 .0085 183 - 4 468
51 -3 .0061 187 - 1.5 535
57 =-74.2 .0056 190 + .5 .5393
66 -75 .0052 194 4+ 2.5 .653
69 -6 .0048 32 201 + 3.5 .687
77 =77 .0045 205 +# 5.5 .760
89 =-77.5 .0044 216 + 7.2 . 830
96 -78 .0042 220 +# 8.2 .3870
103 -8 .0042 223 + 8.5 .881
107 ~-75.5 .0050
124 -86 .010 Feed
128 -60 .018
132 -54.7 .023 0
135 -52 . 027 1 +10.5
6 +#11.
7 +11
Pressure Drop Data:
Room Barometer Inlet Outlet
Temp Pessure Pressure Pressure
°F Hgn Hgn "
70 29.73 R Hg



Table XVIII  Run No.

Description of Run:

41

Bed diameter = 1.03"

Bed length = 3

Granule Mesh =4 - 5

Flow Rate = 9.4 ft3/hr
Alr pressure in dehumidifier = 29 psi
H, = 1350-10-6 1bs/1b (basis for H/Hof

165.

Time Frost Dehumidi- Time Frgst Dehumidi-
min. Pg%nt H/H, fi§§ Temp. #in. Pg;nt H/H0 fl%§ Temp
Feed 151 -19.5 . 200
156 -18 .219
0 +11 167 -16.5 « 236
174 -15 .256
Bed 183 -13 .292
189 -12.5 . 298
0 - 197 -11 . 328
9 -61.5 .01l4 203 =10 . 340
18 -62 .01l4 206 -10 . 340
22 -60 .016 216 -9 . 364
32 -55 .022 32 221 - 7.5 . 396
41 -50 031 225 - 8.5 .Al4
45 -47 .038 262 - 1.5 . 535
53 -44,5 044 267 - 2.5 .510
61 -42 051 276 - 1.7 « 530
71 =-37.7 .072 281 - .5 .561
83 -35.5 .076 285 0 .576
38 -34 .085 307 + 1.5 .624
92 -33 .091 315 4 1.5 .824
102 -30.5 .107
106 -28.5 L1122 Feed
115 -25.5 .140
120 -26.5 .130 0 Vmaa
122 -26 . 134 4 +11.9
130 -24.5 .149 32 5 +11
137 -21.5 179 6 +11
143 -21 .182 9 +10.7
Pressure Drop Data:
Room Barometer Inlet Outlet -
Temp Pressure Pressure Pressure
oR Hg 1 Hg n Hg"
75 29.73 4 .1



Description of Run:

Table XIX

Run No.

Bed length = 4"
Granule mesh = 20 3 24
Flow Rate = 9.4 ft“/hr
Air pressure in dehumidifier = 29 psi
H, = 1320.10-6 1bs/1b (basis for H/Hj

5

Bed diameter = 1.03"

166.

Time Frost Dghumidi— Time Frost Dehumidi-
in. Pg%nt H/Hg f1§§ Temp Yin. Pg%nt H/H0 fis; Temp
Feed 322 -16.5 . 242
334 -13.5 . 230
0 344 -11.5 . 324
10 352 -9 373
361 -7 .410 32
Bed 370 -5 455
399 -3 .510
0 407 - 1.5 . 547
16 424 - W5 . 575
124 32 44] + 1.5 .638
150 -83.5 .0028 446 + 2.3 .563
172 -86 .0023 456 + 3.5 .703
188 -86 .0023 464 H# 4,5 . 736
238 -81 .0034 472 + 5.5 778
249 -74 .0059 483 + 7.2 . 849
256 -66 .010 500 + 8.5 . 904
260 -59 017 505 + 9.2 . 935
267 -48.5 .035 519 +10 .978
271 -43.5 .048 526 +10 .276
278 -37.5 .070
283 -34 .087 Feed
289 -30 112
294 -27 .130 0]
300 -24 .155 -9 +10
504 -22.5 174 14 +10.2
309 -21 .186 17 +10.5
314 -19 212 13 +10.5
Pressure Drop Data:
Room Barometer Inlet Outlet
Temp Pressure Pressure Pressure
oR Hgn Hgn Hgn
72 29.40 .1



167.

Table XX Run No. B

Description of Run: Bed diameter = 1..03"
Bed length = 3"
Granule mesh = 2 - 2%
Flow Rate = 9.4 ft3/hr
Air pressure in dehumidifier = 29 psi
H, = 13021076 1bs/1b (besis for H/ch

Frost Dehumidi- Frost Dehumidi-

Time : s Time . :
oin. Pg%nt H/H, flf; Temp #in. Pg%nt H/HO flg§ Temp
Bed
0 138 - 2.5 . 529
15 -71.5 .0072 176 - 1.5 .555
33 -23.5 163 193 - W5 . 582
45 -18 .227 217 + 1 .630 32
50 -16 . 252 232 + 2 .661
54 -14.5 274 256 + 2.3 .670
65 -12 .315 271 + 2.8 .686
75 -10 . 352 310 + 3.2 .700
81 -9 .378
90 - 7.5 .406 Feed
95 - 8.5 . 428
113 - 5 .460 0
1 +10.2
9 +10.2
Pressure Drop Data:
Room Barometer Inlet Outlet
Temp Pressure Pressure Pressure
op Hg " Hg " Hg n

76 29.54 .4 o



Table XXI Run Yo. 7

Description of Run:

Bed dismeter = 1.03"

Bed length: 20

Granule mesh = 20 - 24
Flow Rate = 7 fto/hr

Air pressure in dehumidifier = 29 psi
H, = 1320-10-6 1bs/1b (besis for H/H(j

l68.

Time Frgst Dghumidi- Time Frost Dghumidi-
min. Pg%nt H/H, flg; Temp 7. - Pg%nt H/H, f13§ Temp
Feed 210 -34 .087
216 -29.2 .116
0 224 -21 . 186
60 229 -15.7 . 282
234 -11.5 . 324
Bed 241 -8 e
244 - 4 479
0 246 - 2.5 .BRR
70 -82 .0032 32 248 -1 . 560
101 -81 .0034 259 + 3.5 .703
110 -80.5 .0035 266 + 5.5 779
127 -82 .0032 271 + 7.5 . 860
139 -8l.5 . 0033 274 + 8 877 32
158 -82 .0032 288 + 9.5 . 950
166 -78.5 .0041 297 +10.2 .989
172 -71.5 .0072 305 +10.2 . 989
176 -68.5 .0090
179 -83 .013 Feed
184 -59 017
188 -54 .024 3L 0
195 -47.2 .037 7 #10.5
199 -44.5 .045 11 +10.5
202 -41.5 .084 17 +#10.5
204 -39 .062

Pressure Drop Data:

Room Barometer

Temp Pressure

oF
73

Hg "
29.42

Inlet Outlet
Pressure Pressure
Hgn Hgn

.45 .1-



Table XXIL Run No. 8

Description of Run:

Bed diameter = 1.03"

Bed length = 3"

Granule mesh = 20 - 24
Flow Rate = 9.4 ft3/hr
Ajir pressure in dehumidifier = 29 psi
By = 1332-10-6 1bs/1b (basis for H/HO§

16e9.

Time Frgst Dghumidi- Time Frost D?humidi-
nin. Pg;nt H/Hg fls§ Temp mih. Pg%nt H/H, fls§ Temp
Feed 240 -54 .024
245 -48 . 034
0 252 -41.5 .053
119 +10 32 258 =33.5 .089
120 +10 263 -28 .1.23
266 -24 .154
Bed 270 -22 .178
276 -18 .222
0 284 =-13.5 . 286
11 -65.5 .01l 289 =11 « 333
18 -84 .012 296 - 8.5 « 387
23 -62.5 .0l4 302 - 5 450
a2 -B63.5 .013 308 - 2.5 .516
55 -70.5 .0077 314 - b .B570
64 =-74.5 .0055 32 317 4# 1 .616
87 -88 .0020 323 + 2.7 .669
o -85 .0025 329 + 4.5 . 730
109 -83 .0029 334 + 5.8 770
126 -83 .0029 342 + 8 .867
148 -81 .0034 350 +# 9.7 .980
160 =41 .0074.
170 -71 .0074 32 Feed
180 -70 .0080
191 =-74..5 .0Q055 0
200 -75.5 .0051 4 +]10.5
222 =71 .0074 7 +#10.7
227 -65.5 .01l1 9 +10.7
236 -58.5 .018

Pressure Drop Data:

Room Barometer

Temp Pressure
OF Hg“

74 29.62

Inlet Outlet

Pressure Pressure

Hg ] Hg 1"

.75 .1
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Table XXIII Run No. ¢

Description of Run: Bed diameter = 1.03%
Bed length = 2"
Granule mesh = 20 - 24
Flow rate = 4.7 £t3/hr
Adir pressure in dehnmldlfier = 29 psi
H, = 1320:10-6 1bs/1lb (basis for H/H_ §

Time Frost DehumidifierTime Frost Dehumidi-
i, Pg%nt H/H, ngp Min. Pg%nt H/H fleg Temp
Feed 325 -3%. 5 .061
331 -36 .074
0 - 336 -33 .093
115  +10.5 340 -29 .118
120 +10 344 -26.2 .136
352 -21.5 .183
Bed : 360 - -15.5 .254 32
365 -11 . 336
-0 371 - 7.5 .401
13 -63 .013 377 - 4 . 479
24 -87 .010 386 o .590
55 -73.5 .0060 32 390 + 1.5 637
67 -74 .0058 393 + 2.1 656
a8 -77.5 .0045 396 + 2.9 .681
112 -78.5 .004]1 404 + 4.5 737
142 -79.2 .0039 4]0 + 6 . 804
156 -8l.5 .0033 413 + 7 .840
189 -82 .0032 416 + 7.5 . 860
195 -82 .0032 422 + 9 .925
213 -82 .0032 428 + 9.5 .251
265 -82 .0032 432 +10.5 1.00
276 =72 .0068
285 -62.5 .014 Feed
289 -58.5 .018
299 -52.5 .027 0
306 -49 .034 7 +11
315 -44.5 .045 10 +10.5

Pressure Drop Data:

Room Barometer Inlet Outlet
Temp Pressure Pressure Pressure
oF Hg " Hg n Hg 1

74 29.55 .15 0



Table XXIV Run No.

Description of Run:

10

Bed dismeter = 1.03%

Bed length = 3"
Granule mesh = 2

- 24.

Flow Rate = 7 ft°/hr
Alr pressure in dehumidifier = 29 psi
Hy = 1350:10-6 1bs/lb (basis for H/Hj

171.

Time Frgst Dehumidi- Time Frost Dghumidi-
i, Pg;nt H/H0 fig; Temp _7.- Pg%nt H/H, f12§ Temp
Feed 347 -48.5 .034
359 -44..5 044
0 380 -38.5 .064.
25 +10.2 391 -35 .079
29 +10."7 394 -32 .097
399 -25.5 .140
Bed 402 -21.5 .179
405 -16.5 . 236
0 407 -13 .292
11 -64 .012 410 - 9.5 . 354
S4 =73 .0061 412 - 6.5 414
54 = 0046 413 - 4,5 .456
80 -7° .C039 415 - 2.8 511
109 -81 .0033 417 - .5 .62
133 -81l.5 .0032 420 # 1.5 624
149 -82 .0031 32 427 + 4 706
174 -82 .0031 430 + 5.5 . 760
199 -83 .0029 439 + 8 . 856
210 -83 .0029 449 +1.0 .255
228 -83 .0029
244 -80.5 .0035 Feed
255 -78.5 .0040
270 -78.5 .0040 0
276 =77 .0046 5 +11
322 -75.5 .0050 7 +11
337 -59.5 .01€ 9 +11 32
342 -55 .022
Pressure Drop Data:
Room Barometer Inlet Outlet

Temp Pressure

oF
72

Hg n
29.66

Pressure Pressure

Hg " Hg "
.85 .025



17z2.

Table XXV Run No. 11

Description of Run: Bed diameter = 1.03"
Bed length = 4n
Granule mesh = 20 - 24
Flow Rate = 9.4 ftS/hr
Air pressure in dehumidifier = 29 psi
H = 1220-10-6 1bs/1b (basis for H/Hj

Frost Dehumidi- Frost Dehumidi-

Time Time : :
nin. Pg%nt H/H, fiegFTemp min. Pg;nt H/H, flg; Temp
Beed 325 -a.7 .039
) 328 -42.85 .051
0 331 -38.5 .065
25 +10.5 333 -35.5 .078
337 -30 112
Bed 342 -24 155
346 -21.5 .183
0 - e e ot 349 -18.5 .218
- R4 -73.B5 .0060 352 =17 « 236
41 -75 .0053 356 -14 . 280
99 -84 .0027 360 -11.8 . 324
145 -84 .0027 374 - 6.5 .423
203 -88 .0019 380 - 4 479
223 -88 .0019 387 - 1.5 . 546
230 -88 .0019 32 391 - B 575
250 -88.5 .0019 399 + 1 .823
262 -89 .0019 403 + 2 653
287 -4 .0058 413 + 3 .684
295 -63.5 .013 420 + 4.5 .736
299 -62.5 .014 438 + 6 . 805
311 -56 .021 450 + 7 .842
319 -52.5 .027
Pressure Drop Data:
Room Barometer Inlet Outlet
Temp Pressure Pressure Pressure
o Hg" Hgn Hg"

a4 29.43 1.4 .1



173.

Table XXVI Run No. 12

Description of Run: Bed length = 4"
Bed diemeter = 1.03"
Granule mesh = 20 - 24
Flow Rate = 9.4 ft5/hr
Air pressure in dehumidifier = 29 psig

Ho = undetermined
Frost Dehumidi-
Time :
in. Pg%nt H/Ho fi§§ Temp
Feed
0
13 +10.5
17 +10.5
18 +10
Bed
0
6 -47
13 -52.5
22 ~-57
29 -59
45 -61l.B
57 -862
73 -62.5
86 -61l.5
94 -60
101 -58
108 -52
118 -47 32
140 -33
152 -32.5
172 -33.5
197 -33.5
235 -33
250 -31
256 -25
267 -25.5
275 -25

Pressure Drop Data:

Room Barometer Inlet Outlet
Temp Pressure Pressure Pressure

°F Hgn Hg" Hg
78 28.24 1.05 .05



Table XXVII Run No. 13

Description of Run:

Bed dismeter = 1.03"

Bed length = 3"

Granule mesh = 20 = 24
Flow Rate = 9.4 £t5/hr
Air pressure jin dehumidifier = 29 psi§

H, = 1320-10"

174.

1bs/1b (basis for H/H,

Time Frost Dehumidi- Time Frgst D?humidi-
min. Pg%nt H/H, fis; Temp min. Pg;nt H/H, figr Temp
Feed 258 -41.5 .054
266 -39.5 .061
0 +8 280 -38.5 .085
295 -38 .068
Bed 303 -29 .118
310 -18.5 L2217
0 314 -12.5 . 204
3 =74 .0058 320 "= B.E .445
5 -75.8 .0051 324 - 1.5 . 547
11 =77.5 .0045 330 +# 2 .653
142 -86.5 .0022 334 +# 3.5 . 703
151 -86.5 .0022 338 +# 6 .804
165 -86.5 .0022 344 + 7.8 .860
172 -85 . 0025 354 + 8.5 . 800
217 -80 .0037 262 + 9.B .955
224 ~-785.5 .0052 376 +#10.0 277
230 -64 .01l2
234 -58.5 .01l8 Feed
240 -50 .032
245 -45.8 .042 0 +10.2
253 -4.3 . 049 2 +10.5
3 +10.5
Pressure Drop Data:
Room Barometer Inlet Outlet

Temp - Pressure

°F
72

Hg 1

29.5

Pressure Pressure

Hgn Hgn
o .05



17s.

Table XXVIIT Run No. 14

Description of Run: Bed diameter = 1.03"
Bed length = 3"
Granule mesh = 20 - 24
Flow Rate = 9.4 ft5/hr
Air pressure én dehumidifier = 29 psi
H, = 1320°107° 1lbs/1lb (basis for H/H,

Frost Dehumidi- Frost Dehumidi-

Time : : Time . .
min. Pg%nt H/Ho f12§ Temp min. Pgént H/H0 fls§ Temp
Feed 239 -53.5 .025
245 -4 .039
0 +10.5 252 -36.5 .073
2 +10.5 258 -33 .093
266 -27 .130
Bed 273 -22.5 174
281 -18 .224
0 293 -11.5 . 324
5 =71 .0074 299 - 7.5 .401
25 -73.E .0060 310 - 1l.E « 547
36 -90 .0017 320 +# 2.7 .876
60 -90.5 .0016 330 + 5 . 754
81 -90.7 .0016 3386 + 8.5 .822
10¢ -91 .0016 340 4 8 .876
129 -91 .0016 32 346 + 9 . 226
171 -90.5 .0016 354 +#+ 9.5 .855
188 =20 .0017 380 +#10 277
200 -88 .0020
215 =-79.8 .0038 Feed
222 =-73.E .0060
226 -70.5 .0078 0 +10

Pressure Drop Data:

Room Barometer Inlet Outlet
Temp Pressure Pressure Pressure
OF Hg | Hg 1 Hg 1

66 29.22 .65 .05
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Table XXIX Run No. 15

Description of Run:

Bed diameter = 1.03"

Bed length = 3"

Granule mesh = 20 - 24

Flow Rate = 7 ft35/hr

Air pressue in dehumidifier = 29 psig.
H, = 1320-10-6 1bs/1b (basis for H/H,)

. Frost Dehumidi- Frost Dehumidi-
Time poing H/Hy fier Temp. Time Point H/H_fier Temp
min- OF OF min. QF (o) oF

Feed 358 -35.5 .078 32
366 -33 .093
0 +10.5 371 =31 .108
376 -29.5 .115
Bed 384 -25.5 .143
390 -22 .180
0 394 -1¢ . 212

32 =77.5 .0044 397 -16.% . 242

60 -83.8 .0028 403 -13 . 298
133 -90.85 .0016 408 =10 . 248
157 -90.E .0016 420 - 3.EB .494
186 -90.E .0016 425 -1 .E60
202 -88.8 .001L9 428 0 «E91L
228 -87 .0021 433 + 2.8 .879
243 -86.5 .0022 436 + 4 723
253 -85 .0025 441 + 5.5 e
277 -84 .0027 449 #+ 7.5 . 860
286 -81 . 0034 472 + 9.5 . 350
300 =74.5 .0056 479 +1.0.00 . 976
316 -62.5 .0l4
324 -56.5 .021 Feed
331 -5l.5 .028
340 -46 .041 0 +10
345 -42.5 .05 2 +10.5
353 -38.5 .065

Pressure Drop Data:

Room Barometer Inlet Outlet
Temp Pressure

°F
70

Hg™

29.12

Pressure Pressure
Hg " Hg 1

.4 O05



Table XXX Run No. 16

Description of Run:

Bed diameter = 1.03"

Bed length = 3

Granule mesh = 10 - 12
Flow Rate = 9.4 ft3/hr
Air pressure in dehumidifier = 29 psi
H, = 1320-10-6 1bs/1b (basis for H/Ho§

177.

Frost Dehumidi- Frost Dehumidi-
Time point H/H_ fier Temp Time Point H/H, fier Temp
min. o o oR min. oF o oF
Feed 258 -32.5 .096
264 -28.5 .121
0 +10.2 269 -23 .168
274 =19 .212
Bed 278 -14 .280
282 -11.5 . 324
0] 289 - 6.5 123
60 -30.5 .0016 295 -3 .510
71 -90.5 .0016 303 +#+ 1 .623
95 <-91 314 + 4.5 .738
105 <-91 326 # 6.5 .822
141 <¢-91 333 + 7.5 . 860
170 <¢-91 342 + 8.5 .201
186 -79 .0040 350 + 8.7 .911
192 =72.5 .0065 355 + 9 .927
197 87 .010 368 +10 .976
202 -61l.5 .016 376 +10.5 1.000
208 -57 .020
219 -51 .030 Feed
227 -47 .038
238 -42.5 .051 0 #10.5
246 -40 .060 32
Pressure Drop Data:
Room Barometer Inlet Outlet
Temp Pressure Pressure Pressure
of Hg" Hg" Hg"
72 29.16 y: .05



178.

Table XXXI Run No. 17

Description of Run: Bed diameter = 1.03"
Bed length = 9n
Granule mesh = 20 - 24
Flow Rate = 9.4 ftd/nhr
Air pressure in dehumidifier = 29 psi
H, = 1320-10-5 1bs/1b (basis for H/HOS;
Frost Dehumidifi- Frost Dehumidi-
Time N Time :
min. Pg%nt H/H0 erégemp., Tin. Pgint H/H0 fis; Temp
Bed 750 -35 .081
754 -31.5 .102
0 763 -26 137
32 -70 .0081 767 -24 .155
64 =-T77.5 .0045 775 -21.5 .183
163 -82 .0032 787 -17.5 . 230
177 -8R .0032 795 -14.5 270
332 -90 .001"7 803 -12.5 - 306
381 -90.5 .0016 817 -9 .374
393 -90.5 .0016 32 830 -7 ALl
405 -91 .0016 851 - 4.5 166
490 -89 .0019 859 -3 .BLL
500 -86.5 .0022 870 - .5 .575
518 -82 .0032 877 + 1 .623
549 -79 .0040 885 + 1.5 .638
622 -73.5 .0080 899 + 2.3 .664
649 -73.5 .0060 935 + 3 684
715 =71 .0075 965 # 5 . 754
726 -62 .014
728 -B9 017 Feed
735 =51 .030
741 -43 .049 0 +10.5
745 =38.5 .085
Pressure Drop Data:
Room Barometer Inlet outlet
Temp Pressure Pressure Pressure
oR Hg" Hg" Hg"
72 29.20 1.85 .05



Commentary
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During the course of research reported herein
a variety of problems were recognized as being worthy of
additional investigation. The purpose here is simply to
make note of them.

The adsorption isotherm both for increasipg and
decreasing humidity should be determined between O - 1 per
cent Ry, and 30 - 100% Ry,. The first would show whether
isotherm is continuous or not. It would also reveal other
hydrates if they exist as the dynamic experiments tend to
indicate. The second would add light to the nature of
water adsorbed in Drierite. Other ideas have already been
discussed in the thesis proper.

The adsorption wave for beds differing in length
by 1/4 to 1/2" between 2"- 4" would permit plotting H vs Z
to confirm the series bed concept. Beds of Mg(ClO4)s and
Mg (C104) o°3Hg0 could also be run in series to study the
series bed idea (See article by Amero). The concept is
also susceptible to mathematical treatment based on the
fact that the length of the beds are a function of time.

Beds of different diameters and large particle
sige would determine what the wall effect might be during
the adsorption wave runs.

Running a very long bed of drierite would show
whether the minimum output humidity is constant for any

length of time or whether it gradually rises to the break
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point.

The frost point hygrometer could be used in the
procedure discussed by Wicke to actually measure the dif-
fusion coefficient for various thicknesses of drierite.

The drierite granule could be molded into lucite and ground
flat on both sides. .

Drierite granules could be placed over HoSO,4 solu-
tion to saturate them just up to foot of vertical rise in
isotherm. Thess could then be subjected to dynamic ex-
periments to see whether one hump in the adsorption wave
remains.

Further additions to the generalized theory
could also be made.

During the early stages of an adsorption wave
run there could be a time lag in the humidity of the air
passed through the hygrometer compared to the humidity
of the air just as it leaves the bed. The effect would
be due to the steel wool filter and the tubing between the
exhaust end of bed and inlet to hygrometer. The effect
might be minimized by employing a Cottrell type precipi-
tator or a miniature cyclone separator to protect hygro-
meter from dust instead of the steel wool filter. The
Cottrell precipitator could he easily constructed by
stringing a wire inone of the copper tube leads to hy-

grometer. A high voltage power pack such as that employed

in television sets could be used to apply 2000 vblts to
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the wire. The precipitetor would be made demountaeble so
as to permit removal and flushing after eaéh run. Plexi-
glass wool is notorious for low moisture absorption and
might be tried instead of steel wool. The entire attempt
discussed here must be considered in the light of the
method of charging the beds which was discussed in the
thesis proper.

Investigations of beds containing mixed particle
sizes would be of interest. Likewise it would be interest-
ing bo determine the effect of different regeneration
cycles mentioned in the thesis proper.

Attempts to extend the geﬁera}ized theory to
two other cases have been successful. The thésis was be-
ing typed at the time and the results are added here in
the form of a comment. The procedure used is given in
Marshall, W.R. and Pigford, R.L., "The Application of
Differential Equations to Chemical Engineering Problems",
lst ed. pp. 163-1T70, Newark, Delaware, University of Dela-
ware, 1947. The particular case treated in this reference
is the one for mass transfer controlling.

The first new case developed by the author is
the one for diffusion through the outer shell of the
granule itself considered as the rate controlling process.
The solid shell coefficient is Kg 1bs per 1b per hr. ft®

per unit of driving potential. The surface of the gramule



has the equilibrium concentration W¥ and all symbols are

the same as before. Internal diffusion is very rapid.

Thus

Wo_ oo .
—S—E = Kg a(Wx - W)

and from the bed equation (text)

If these two equations are rearranged and one sets

then the two equations may be written
W
¥ = (- #w)

B-ﬁ—%-—-(w-BH)

182.

If 1/B ism, Wis x, T is 7 , H is y and X is n, these two

equations redrs to those solved by Marshall and Pigford and

the notation is the same as that employed by the latter

authors. In this form the solution to the present problem

is the same as that for that of mass transfer in the gas

stream. The generalized theory applies if T and X have the

definitions given above in terms of t and Z and the accom-

panying constants.

The next new case is that discussed by Walter
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and mentioned in the text. A second order chemical reac-
tion is assumed to be coﬁtrolling and the rate constants,

ky,

b and f, may be dropped. From the work of Walter it has

and kp are assumed to be eqgual. Therefore the subscripts,

been deduced that

13w _ T
KPGH, Ot g, BV

where Wb is the capacity per unit length of the tube and
all other symbols mean the same as before. From the bed
equation  one has that

W

-0
H dH Wo
z =-(g H-W
o}V ngkW6 0 o

If the two equations are rearranged and one sets

T =k PgHt
= 1 1
X =5 Ppki,Z

then
dw Yo gy
3T ~ H
y ,
V_o__é_liz..(ﬁo_ﬂ_w)
H, 0% H,

If H /W, ism, Wis x, Tis 7T, His y and X is n, then the
remaining treatment 5 the same as for the previous case and
the gneralized theory again applies. The quantities T and

X have the new definitions given above in terms of k, t and

Z, and the other constants.

>



