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CHAPTER I
INTRODUCTION

Transport of gases in porous materials 1s essentilal
to many industrial processes. These lnclude heterogeneous
catalysis,-gas separations by adsorption or by porous
barrlers, and fuel cells.

The literature abounds wlth studles which apparently
establish satisfactory technigques for correlating the flow
data for nonédsorbable gases 1n porous materlals.  In the
Knudsen range, 1i.e., thé region where the moiecular mean freé
path 1s at least ten times the average pore diameter, one can
predict the flow rate of any nonadsorbable gas through a
porous material based on the experimental measurement of the
flow rate of one nonadsorbable gas through the same material.

However, when'this same technique 1s applied to pre-
dict the flow of an adsorbable gas, it islfound experimentally
that the flow rate 1s higher than the predicted rate. |
Further, the influence of the adsorption is more prominent in
large surface area, mlcroporous materiais. This enhanced
flow has been attributed to movement.Qf the adsorbed phase

parallel to the gas phase movement.
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Most of the early experlimental studles were cdncerned |
with demonstrating the existence of surface movement (1-5).
The more recent studles have 1lnvolved the measurement of -
flow rates for adsorbable gases together with attempts to
derive equations which will correlate thils flow data. None
of this has led to a satlsfactory understanding of the effect
of adsorption on flow through porous material.

Although external flow measurements have provided
useful informatlion, thls type of study cannot give dlrect
experimehtal evidence of the surface effect. Measurement of
the concentration profile within the porous material whille
the adsorbed layer 18 developlng and in steady state might
provide some addltional insight into how the adsorption
influences the over-all flow.

Based on this new approach, i.e., measuring the con-
centration profiles in addition to the flow rates, the general
" objectives of this work were-- '

1. To design and bulld a system for measuring the flow
of pure gases through a porous plug wlth prbvision for
simultaneously measuring the concentration profile within the
porous plug for both steady and unsteady state operation.

2. To select a suitable gas-solld system such that the
feaslbllity of x~ray absorption for quanﬁitative measurement

of concentration proflles could be demonstrated.
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3. To develop a better qualitative undérstanding of
the nature of trénsport of adsorbable gases to lndlcate the
directlion for further research in this area.
| 4, 1t poss;ble, to develop a mathematicallmodel which
would adequately correlate the results.

For this .initial attempt at the measurement of con-
centration profiles within the porous material, the use of
"x-ray absorption measurements was selected. X-ray absorptlion
for qualitative measurement was shown to be feasible by
Timofeev and Voskresenskil (6).

It was desirable to have as simple an experimental
system as possible for this initial study. Consequently, a
constant pressure, isothermal flow system employing only a
one component gas was chosen. To further simplify the analy?
sis of the data a porous materlal with a narrow range of pore
size such that operatlon in the Knudsen type flow region was
sought. |

The porous materlal selected was porous Vycor glass
8ince thils material had been used in ﬁany previous adsorbable -
gas transport studies and 1t had a narrow pore size distri-
bution in the 40-603 diameter range.

Methyl broﬁide was chosen for the gas since 1t was _
gaseous at room temperatures, adsorbed appreciably on V&éoff
glass, and the bromine atoms would absorb x-rays

sufficiently.



CHAPTER II
RELATED LITERATURE

Porous Vycor glass _

The porous plug material used in thils investigation
was porous Vycor glass. The propertles and method of pro-
duction have been gilven by Nordberg (7). In summary, porous
Vycor has a.sﬁrface_area in the range of 80 to 220 m.e/gm.,"~
an average pore radius of 20 to 30 &, and a porosity of 28
to 32%.

Porous Vycor 1s produced by leachlng a boro-silicate
glass with a hot acid solution. This results in a 96% sillca
glass having a fine pore structure. Lyon and co-workers (8)
glve pore size distributions for some samples of porous
Vycor which indicate a very narrow pore size range.

Barrer and Barrie (9) report a tortuosity factor for

Vycor glass of 2.56.

Methyl bromide--~Vycor glass system
| The system methyl bromlide and porous Vycor has been
used in only two previous studies. Yates and co-workers (10)
‘studied the infrared spectra of methyl bromide adsorbed on
porous Vycor and Lacksonen (11) studied the transient adsorp-
tion of methyl bromide and the blnary system methyl.bromide;
4
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- carbon dloxlide on porous Vycor glass. In the former publica=-
tion, Yates and co-workers report a meth&l bromide monolayer
capaclty of 24.5 cc. (S.T.P.)/gm. at 0°C for a sample of
poroué Vycor having B.E.T. nitrogen surface area of 180 m.a/gm.
They élso present two adsorption isotherm points at 20°¢

along with the methyl bromide B.E.T. surface area of

145 m.z/gm. and a molecular area of 22.132.

Lacksonen (11) gave three points on the adsorption
isotherm fof methyl bromide on a porous Vycor sample having a
B.E.T. nitrogen surface area of 126.7 m.?/gm. at 26°C. More
will be sald about this study later in this chapter.

Transport of physically adsorbed gases

Much experimental and theoretical work has been
published on the anomalously high flow of physically adsorbed
gases through porous materials. Most of this work has been
well summarized by Carman (12);3Russell (13), Timofeev (14),
and Field, Watts, and Weller (15). Consequently, we will
merely mention the theoretlcal approaches, comment on papers
publlshed since the previpuSly mentioned reviéws, and con=-
centrate on the more pertinent points pregented in past
publications. h

By analogy with gas diffusion processes, many workers

(9, 16-2T7) have treated the excess flow over that which is



expected by Knudsen flow as a surface diffuslon process and
applied Fick'!s law: |

_ acd
8 B o | (1)

Jg = surface phase flux

Dg = surface diffusion coefflcient

cg = surface phaselconcentration

L = length in the direction of flow
They evaluated Dg a8 a function of Cg by using a small
Ac}/LL and obtain Jg by solving the equation:

Ip = Jg = T (2)

- predicted Knudsen type flux based on
" hellum permeabllity measurements

OQL‘
I

Jp = total flux measured experimentally

This assumes no net gas phase--adsorbed phase flux inter-
change. This type of treatment glves a Dg which increases
with increasing Cs up to near monolayer coverage. This
region is followed by a reglon of falrly constant Dg, with
- some systems indicating a small maximum and minimum in Dg.
As Cé, Iincreases toward the caplllary condensatlion regilon,
Dg 1ncreases rapidly. mThe'idea.of a diffuslion process seems
questionable outside of the low preséure region.

A mechanistic pleture of the assumed surface diffuslon
process was proposed as early as 1930 by Clausing (29). In
this picture a two-dimensional mean freelpath and 3 mean

Velocity of the molecules governed the diffusion. A very



simlilar picture which postulated a hopping mechanism for
surface diffusion, in which the hopping dlstance between
sltes and the lingering time between hops governed the
diffusion, was presented by Kruyer (30). Both pictures are
presented and discussed by de Boer (31). It should be noted
| that these pictures actually only apply for very low pres=-
sures where the adsorbed gas 1s by analogy a two-dimensional
Knudsen gas, l.e., they conslder only gas-solld interaction.
For this same low pressure reglon, Metzner and
Smith (32) recently proposed an equation for surface trans-
port based on absolute rate theory and a hopping mechanism
reminiscent of that proposed by Kruyer (29) combined with a
two-dimensional type Knudsen flow derivation simlilar to that
in Loeb (33) for three dimensions. They postulate that the
activation free energy for the migration précess ié determined
primarily by é partial desorption step. However, in reducing
theilr equations they treat the migrating molecules as if
they were completely desorbed. As pointed out by Lacksonen
(34), this seéms to make the partiai desorption idea rather
" flctitious. Further, thelr cholce of an average Jumplng
dlstance seems rather arbltrary. However, they c;aim the
experimental data fits thelr one constant equation. Thelr
data itself 18 given only im a graphical test. They also
show a graphical test of equation 3 (to be presented in the
next paragraph) which indicates no correlation. Again the

data used for the test are not presented.



Babbitt (35,36) and Gilliland and co-workers (37,38)
have treated surface ﬁransport as a hydrodynamic process and
assumed that the driving force for surface flow is a two-
dimenslonal spreading pressure analogous to the three dimen-
sional pressure driving force In gaseous flow. By means of
"a two-dimenéional force balance and the assumptions that the
fesistance to surface flow 1s proportional to Cg and that
the gas and surface phases are ln thermodynamic equllibrium -

at all points, Gilliland and co-workers (37) obtain the

RTFapp. Pi [ cg?
= dPp
s = 22,400 k2CRSstfP ( T) (3)
‘ (o}

R = the gas constant

equation

T = the abéolute temperature
Papp. = the bﬁlk density of the porous plug’
kK = tortuosity | |
Cr = coefficlent of resistance
Sg = specific surface area of the porous blug
Lp‘= length of porous plug
P = gas phase pressure
The authors point out that to evaluate Jg by using
equation 2, the ratlo of surface to gas phase flux must be
-relétively high to ensure no net flux interchange. Since at
present there is no good way of separatlng the two fluxes,
the ratio of the two fluxes is difficult to calculate

without some simplifying assumption. They assumed that the



gas phase flux could be predlcted by the Knudsen equation.
Fleld et al. (14) question this assumption. However,
equation 3 was adequate for correlating much experimental
excess flow data when small pressure drops were used
experimentally. As also pointed eut by the authors, equatlon
3 did not correlate the flow data well 1n the low pressure
range. The degree of fit also seems questlonable in the
higher pressure range when they applled 1t to literature data.
| It should also be hoted, as poilnted out by Rothfeld

(39), that Flood and co-workers (40) obtained an equation
whilch can be extended to obtaln the same form as equation 3.
They obtained thelr equatlon by treating the excess flow as a
hydrodynamical flow of fluld adsorbate and assuming a radial
density profile. |

Barrer (41) recently applied the irreversible thermo-
dynamlics approach to transport of adsorbable gases through
perous media. In this approach the chemlcal potentlal is
the driving force.> Theoretlical equations are derived
involving phenomenological coefficilents. As the author
states, the evaluation of these ceeffieientsvwith experi-
mental data is very difficult. Barrer and Ash (42) extended
this type of treatment to include the effect of a temperature
gradlent. |

One of the more recent publicatlons is that of Barrer,

Ash, and Pope (43). They studied the flow of pure component
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and binary gases through a high surface area (- 370 m.2/gm. ),
porous carbon.

They used thelr pure component steady state data to
test equation 3, proposed by Glllliland and co=-workers. Thelr
data dld not support equation 3 except in some cases for
small pressure-difference operation. Although they dld not
comment, this might be construed as significant since as
Gillilahd and co~workers stated, they did not adequately
test the effect of pressure difference. |

They also used empirical-diffﬁsions coefflclents,
based on their pure component steady state flow data, to
calculate the time lag using the method of Frisch (46).

The time lag 1is the‘average time for a molecule to pass
through a pdrous materlal under;steady state flow conditions
(45,46). They found that thils estimated value did not agree
with their experimentally measured value. This discrepancy
~was attributed to dead end pores.

The authors poinﬁed out a very important pdint per-
taining to the nature of the excess flow observed over that
to be expected by Knudsen flow. They state that the'excess
flow itself may have gas and surface phase components.

, The second part of Barrer and co-workers! paper (43)
deals with the simultaneous flow of relatlvely non-adsorbable
and adsorbable gases. They essentlally study the effect of
the adsorbable gas on the flow of the non-adsorbable gas.

However, most of their analysis is based on the statement
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that the flow of the adsorbable gas was not affectedby the
non=-adgsorbable gas. Based on the data théy presented, this
statement may have been an assumptlon rather than an experi-
mentally observed fact. If they showed thls statement to be
‘true, experlmentally, then thelr analysils 1s very enlightenf
ing since they were able to estimate the steady state pressure
profile uslng this basis to separate the gas and surface
fluxes. One reason for questloning thils statement 1s their
previous point that some of the excess flow, over that
- predicted by the Knudssen relationship, might be in the gas
rhase. If there 1s extra.flow in the gas phase, fthen the
Knudsen flow conditions may not be present. Hence there
might be some effect}of the nonadsorbed gas on the adsorbable
gas flow.

One further observatlion on thils paper pertains to their
discussion of the blockage of non-adsorbable gas flow by the
presence of an adsorbed phase. Thls blockage can be given és
a blockage factor, E, which 18 the ratio of the pérmeability
with an adsorbed layer to the permeability.without an
adsorbed layer. Theilr interpretation of the blockage factor
suggested by Gilliland and co—workers'(37) seems to be in

error. Gilliland and co-workers (37) proposed:
app. M C 1.5 | :
B = (1_- £epp s» (4)
. 22,400 P, €

where .PL‘= density of the adsorbed phase

o
)]

poroslity of plug
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- Barrer and co-workers (43) appear to have left out the power
1.5 in equation 4. However, they subsequently show that to;
make a similar blockage factor equation fit thelr dafa, for

the system SO, He, and carbon, the power_i.456 must be used:

(r -d(mpnte)) e

B

where £ = empirical constant.

Jones (47) introduced the 1dea that only part of the
agsorbed phase was moblle. He derived an equétion in a
similar manner to the way the Knudsen equation 1is derived
only in two dimensions. He obtalned the mean speed of the
surface molecules by use of partltion functions. He then
modified this equation by adding a factor to express the
fraction of the total molecules in the adsorbed phase which
are moblile. He related'the fraction of adsorbed molecules
which are mobile to the fraction of molecules having
sufficlent energy for lateral movement based on the
Maxwelllan dlstribution of energies of the molecﬁles. His
equation gives a surprisingly éood prediction of the flow
~data of Tomlinson and Flood (48) over a limited range. As
the author states, his equation does_not, however, take into
consideration the change in the depth of the potential wells
with concentration and hence assumes a constant activation
energy for lateral motion. In addition, the method of
calculation is relatively complicated and has only been

solved for cases where ILangmulr's adsorption isotherm applies.



The author also shows that for some cases all of the adsorbed
phase appears to‘be mobile and that differences between his
predicted flows and the experimental flows are in the |
direction predicted by qualitative consideration of the
variation in the depth of the potential wells with concen-
tration.

| Although he reported only one set of measurenents,
Lacksonen (11), through a transient step-function desportion
method, seems to have indicated qualitatively"that not all
of the methyl bromlde adsorbed on porous Vycor has the same
mobility.

The ldea of relatively moblle and immoblle adsorbed
phase 1s supported by some unpublished work by Macarus (49)
on the high temperature translient adsorption and desorptlion
of acetic acld and hexene on activated bauxite.

In 1958, at a symposium held at the University of
Bristol, there was a very interesting discussion:of various
aspects of surface flow. Thils dilscussion was reported by
Everett and Stone (50) in their book wnich is really the
Proceedings of the Tenth Symposium of the Colston Research
Soclety. Professor E. Rideal points out that molecules'uill
have different lengths of travel in a free path depending on
thelr original actlivation energy. This appears to be another
way of saying different adsorbed molecules will have differ-
ent mobllitles, and does not rule out the possibllity that

somevmolecules have relatively little surface mobllity.
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Two other very important ildeas were suggested during
this discussion. Profeséor R. M. Barrer suggested'phaﬁ_in
some'cases-of surface transport in porous medila, with
essentlially a vacuum downstream, there might be a ‘problem
with the desorption step at the-plug exit,, At the exlt the
mplecules would have to acquilre an acbivétion energy edqulva=-
lent to the heat of adsorption. As Professor Barrer says,
"It 1s quite possible to visualize a situation where thils
pfécess acts as a kind of barrler to the release of molecules
on the exiﬁ slde--what we call an evaporation barrier." As
he further states, ﬁhé true driving force fér flow would not
be the over-all AP but would have to be corrected for this
end effect. Professor J. R. Dacey stated that he had also
worried about a posslible end effect but had concluded that as
long a8 he avolded having a vacuum downstream, the end |
effects should not be a problem.

The other interesting idea was brought up by Professof
J. R. Dacey. He sBuggested that the concentration profile is
‘not a straight line. In talking about this concentration
gradieht, he says, "It must be some sort of cUrvé where as
you get towards the'output end the concentration gradient is
‘steeper." Professors Barrer and Dacey discussed this idea.
Professor Barrer pointed out that if there is a non-linear
surface concentration gradienﬁ, then there might also be a

non-linear pressure gradient which would lnvalidate the use
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of nonadsorbed gas permeablllties for predictiné the gas
phase flux of an adsorbable gas. He rejected this ldea on
‘the basis of facts avallable at that time. Dr. R. K.
Schofleld suggested that self-diffusion studies with a radio-
~ actlve trécer might throw‘some light on the problems of end
effects and non-linear concentration profiles. Professor
Dacey said that he would consider using this ldea but to ouf
knowledge has not done so.

Along the line of seeing what is happening inside a
porous material when surface flow occurs, Timofeev and
Voskresenskil (6) employed low energy x-ray absorption in an
attempt to study surface transport. They attempted to sep- |
arate the éas and surface phase components of diffusion of
the adsorbable gas ethyl bromidé through a granulated wood
charcoal counter current to the.nonadsorbable gas nitrogen.
| Thelr idea was to block the gas phase flow of the adsorbable
component with the countercurrent flow of nonadsorbable gas.
Then they_would“follow the surface phase adsorptidn front
movement using x-ray pictures made with 30KV (10 ma) x?rays
from‘a copper target tube. In this way, 1f most of the |
transport were oﬁ the surface, the countercurrent gas would
have little effect on thé réte of advance of the adsorption
front,bﬁt 1f most of the transpoft were in the gas phase the

reverse would be true.
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As the authors state, the ldea of gas phase blockage
with a countercuf;ent streaﬁ only applies to larger pores (in
thelir materlal average radius ‘.)‘10"5 cm.) where Knudsen flow
conditions do not exist. They found that most of the flow
was in the gas phase in the larger pores which could be
blockéd by thé coﬁntercurrent stream. This 1is not ftoo sur-
prising since surface transport phenomena 1s generally oﬁly
significant in much smaller pores. They did}show through
some desorptlon experiments that transfer of adsorbed phase
into the gas phase and reversal of movement by the counter-
current stream did not occur since the desorptién rate was
too slow. Regardless of the results, the ldea of observing
the adsorbed phase within a pordus material by means of
‘x-ray absorption was excellent. w

To summarize the related literature, there have been
two main approaches to surface transpbrt. These are acti-
vated diffusion with a surface concentration driving force
and hydrodynamic flow with a spreading pressure driviné
force. The first has been most useful well below monolayer
coverage and the second for intermediate and higher surface
coverages. Hdﬁever, both have been satisfactory only for
limited systems, ranges, and experiments, and no general
theory has proved adequéte. Many complicating factors need
much more experimental study. Among these are the quanti-

tatlve dlstributlon of the adsorbable gas flux between the
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gas and surfacé phases, the fractlon of the adsorbed phase
which‘is moblle, the concentration dependence of the
resistance to movement of this mobile material, the shape of
the concentratlion pfofiies, and the possiblllity of end

- effects.



CHAPTER TII
EXPERIMENTAL MATERTAIS

The porous glass (Vycor No. 7930) used in this work
was purchased from the Corning Glass Works, Corning, New
York. The glass was obtalned in 1/4 inch nominal dlameter
rod form. The porous plug for flow measurements was made by
breaking short segments from the long rod, using great care
not to contamlnate the ends of the short segments. One
short Segment with nearly flat ends was selected for the
" flow measurements. The surface area of the glass was
determined using the material from one‘éide of the selected‘

plug and is given in the Results section.

The plug was embedded in Epocast epoxy résin as
described in the Appendlx section on the Experimental_
Equipmenﬁ.

The physical properties and sources of the gases used

in this work are repbrted in Table 1.
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TABLE 1
PHYSICAL PROPERTIES OF GASES USED

- VaporP

Critical®  Pressure

.Molecular Temp. , at 40°¢
Gas Weight Source Purity® o¢ mm. Hg
CH3Br  94.95 Matheson 99.5 191 2600
He 4,00 Matheson 99.99 -267.9 —-—

qrom "Matheson Gas Data Book, " The Matheson Company,
Inc., Joliet, Ill., 1961. .

- bp, E. Jordan, "Vapor Pressure of Orgénic Compounds, "
Intersclence Publishers, Inc., New York (1954).



CHAPTER IV
EXPERIMENTAL EQUIPMENT

General design

This chapter describes the equipment used to measure
the permeabilities of pure gases through a porous plug while
simultaneously measuring the concentratlon proflle within the
porous solid. The equipment may be considered in two parts:
the flow metering, temperéture, and préssurg cdntrol system
and the x-ray absorption analytical system;-

The complete £low system 1s shown 1n Figure 1.
Generally, this'consisted of a gas loadlng system, a com-
bination‘flow metering and constant lnlet pressuré control
system, the porous plug, an exit pressure control system
with provision for intermittent flow measurement, and a
vacuum system. The flow system was all pyrex glass and all
stopcocks of the high vacuum types. Aplezon N grease
(manufactured by the James G. Blddle Company) was used on all
stopcocks. The flow System was vacuum tight down to less
than 10™2 mm. Hg. |

The followlng sectlons give the details of the various

componehts of the equlipment.
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Gas 1oad1hg system

This system as shown in Figure 1, consisted of a Hg-
fllled glass bubbler for the CH3Br wlth a liquid nltrogen
filled, glass cold trap added to remove water when helium
was 1oaded. Thls system was necessary to allow purgingvof
the feed lines to prevéﬁt contamination of the system wlth
ailr. The flow system was generally purged two or three
times by loadlng and evacuating with the porous plug valved
out of the system. The Appendix on Operating Procedures
glves the detalls. |
Flow metering and inlet pressure
control system

Thils system ls shown 1ln Flgures 1 and 2. In essence,
the operation conslisted of feeding mercury into a 25 cc.
reservolr on the inlet or upstream side of the plug to
replace the gas which had flowed into the porous plug. Thus
a constant upstream pressure was maintalned. The upstream
pressure change was monltored using a mercury filled U~-tube
with a tungsten contact in one arm. The contact on the
U-tube was comnected to a Thermocap relay (made by Niagara
Electron Laboratories, Andover, New York) which sensed
changes in the capacltance when the mercury'méde or broke
contact with the tungsten wire. This in turn activated:an
automatic syringe feeder (made by Modern Metalcraft,
Midland, Michigan) which fed mercury from a 25 cc. syringe
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into the 25 cc. reservolr to restore the pressure. This
system maintalned the upstream pressure within approximately
0.1 to 0.2 mm.Hg. |

The metering was done by ilnstalling all2 tooth gear
on the drive shaft of the syringe feeder. A microswitch was
located so thaf each tooth closed and opened an electronic
counter circuit thus giving 112 counts for each revolution.
Calibration of thls system showed a count for each 0.000817 cc.
of Hg displaced. The counter was a model CE 600AS602 made by
General Controls, Des Plaines, Illinois. This high cbunt per
unit volume ratio was necéssary since the flow rates were low

as a result of ﬁsing a small diameter porous plug.

Porous plug system

It was necessary to attach linlet and outlet tubes as
well as to seal the sldes of the porous plug with a vacuum
tight seal. After testing many sealing materials,
Epocast 31~A resin with 9216-1 hardner (made by Furane
Plastics, Inc., Los Angeles, California) was found to be
satisfactory. By allowing it to partially polymerize before
application, no apparent pore penetration was observed, the
'solubility of CH3Br iIn 1t was not detectable in a two week »
- test, 1t dld not absorb x-rays too strongly, 1t cured at room
temperature, and appeared to give a vacuum tight seal with

glass as shown by an alr permeabllity test. The details of
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the plug embedding are reported in the Appendix on Equipment
Detalls.

The inlet tube of the plug was made with two
mlllimeter capilllary tubing and the larger tube attached to
the plug was partially filléd wlth a glass rod so that the
volume between the inlet stopcock and the plug could be held.‘
to a minilmum. The obJject of this was to reduce the initlal
system pressure adjustment when the inlet stopcock was -
opened. |
Exlt pressure control, and flow
measurement system |

Filgures 1 and 3 show this system. The exit or down-
Sstream pressure control system was exactly like the inlet
pressure control‘system except that mercury was drained out
of 500 cc. reservolrs through a barometric leg. A Thermocap
relay opened or closed a stainless steel solenoid valve as
dictated by the differential pressure mercury manometer to
maintaln a constant downstream pressure wilthin about
0.2 mm. Hg.

As Figure 1 shows, there were two 500 cc. reservoirs
and two solenoid valves arrénged 8o that they could be used
alternatively. While one was controlling the doWnstréam
pressure, the other could be emptied by mercury displacement
Into a known volume connected to an,abSolute pressure
manometer so that the volume collected'cdﬁld be measured.

Evacuatlon of the reservolr lnlet lines completed the



e

THERMOCAP

||

1oV,

RELAY 1
TUNGSTEN CONTACT
IN EXIT AP
MANOMETER
1oV -
S 00 MICRO SWITCH
Refkv - OPERATED BY
[‘ ' "VALVE 21
DPDT |— DPOT
SWITCH f SWITCH L
IIOV. SOLENOID 1I0V. SOLENOID
VALVE 29 VALVE 3|

F_ig:3. Exit pressure control circuit.

9¢



&

27

measuring cycle and the reservolr was agaln ready fér pres=-

| sure control use. In this manner, a material balance on the

flow system would be possible.

Vacﬁﬁm system A

The vacuum system consisted of-a_MéLeod gauge, a
ligquid nitrogen cooled cold trap, a mercuryidiffusion pump,
and two mechanical vacuum pumps. The McLeod gauge was a
model GM-100A ﬁanufactured by the Consclidated Vacuum Corpor-
ation and would measure down to 10™2 mm. Hg. The mercury
diffusion pump was a number 8705 single stage pump manu-
factured by Ace Glass Incorporated. The two mechanical
vacuum pumps were humber 1405H Duo-Seal Vacuum pumps with a

free air displacement at 33.4 liters/min. made by the Welch

~Scientiflc Company. One of the pumps was used as a fore:

pump for the Hg diffusion pump and the other was used to
operate the McLeod gauge.
The system was capable of obtaining vacuums lower than

10™5 mm. Hg, probably as low as 10~0 mm. Hg.

Constant temperature )baths

| As shown by the dashed line 1n Fligure 1, most of the
flow system was enclosed in an airbath which malntained the
sySEem at 40°c i.O.BOC. This air bath was lined with 1/16"
lead to stop any scattered x~-radlation. The -alr 1n the bath

was circulated by an externally vented air motor with an
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8 inch fan blade. This cirﬁulated alr over two 600 watt
No. E77 cone-shaped heating elements made by the Rodale Co.,
Emaus, Pennsylvania. Powerstat variable transfofmers were
used to adjust the voltage for these elements and the temper=
ature was controlled by a Model 63RA Termistemp temperature
on-off controller made by the Yellow Springs Instrument
Company, Yellow Springs, Ohio. 4

The lead box around the porous piug, to contain the
X-rays, served as a separate alr bath for the‘plug. The box
was insulated and ailr was éirculated from a heater through-
the box and back to the heater by a No. 2 3/4 L~R Blower “
(approximately 58 ¢.f.m.) made by the Ripléy Company, Inc.,
Middletown, Connecticut. The heater conslsted of two cone-
shaped heaters like those previously described with eighﬁ
6 inch by two inch aluminum baffle plates to damp out temper-
‘ature fluctuations. The elements were regulated by Powerstat
variable trapsformers and controlled wlth an on-off con-
trdller.iike the one previously described. Temperature
regulation withln the lead box was about‘i 0.1°C when oper-
ated at 40°C.

The temperature in both air baths was measured using
iron-constantan thermocouples with cold junctions located in
ice baths. The temperatures were recorded on a Speedomax H
Compact AZAR milllvolt recorder manufactured by the Leeds

~and Northrup Company.
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X=-ray analytical system
| Figure 4 shows the Analytical System. The X-ray sys-
tem included a source of x-rays, two scintillation‘déﬁectors,
a scanning device, a dual count ratemeter, and a recorder.
The x-ray source was a number 6147 full wave rectified -
x-ray diffraction unit manufa ctured by the Picker X-Ray
Corporation, Waite Mfg. Div. Inc., Cleveland,Ohio. A
Machlett OEG~60 x-ray tube with a tungsten target and
beryllium window was used. This was made by the Machlett
iaboratories, Inc., Springdale, Connectilcut. -Thé source was
capable of continuous operation with a maximum load current
of 40 ma with 60 KV excitation voltage or 50 ma with 50 KVN
voltage. The tube had a focal spot of approximately 6 mm.
square ln proJjJection and was of the end_window type. Hence
1t was installed directly above (distance of about 18 inches)
the porous piug. Normal operatibn was at 29 KV and 37-maQ
The x-rays were collimated through a three lnch
diameter (1/4" wall thickness) lead pipe to the porous plug
air bath which was also constructed of 1/4" thick lead. The
~tube was poslitloned so that the center of the focal spot
would be as close as possible to belng vertically above the
center of the porous plug. Two holes were cut in the bottom
of the porous plug air bath to allow both the part 6f the |
X-ray beam which had passed through the porous plug and a
vpart of the uninberrupted beam to pass through to the

scintlllation detectors below. The holes were covered by
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1/8" thick porous teflon (55% vold teflon made by Fluoro-
Plastics, Inc.) to act as a heat barrier.

Two model 2802G multiprobe scintlllation detectors
ménufactured by the Plcker x-ray Corporation, Waite Mfg.
Div., Inc., Cleveland, Ohlo, were used. -These deteectors
employ a 1/2" diameter by 1/2" thick NaI (thallium activated)
crystal with'a Dumont 6291 phétomultiplier tube and trans-
lstorlzed preamplifier. .

In order to measure an axlal concentration profile, 1t
was necessary to scan axially along the plug with the
scintlilliation detector. The simplest means for dolng thils
wés to use a statlionary detector with a scihtillation
crystal larger than the porous plug and to scan the porous
plug with a ;/8 inch thick lead shileld which had a pln -hole
to allow only a small point of x-rays to pass through to the
detector. The pin hole was measured using a 10 x microscope
with a micrometer eyeplece. The average dlameter was only
0.00816 millimeters. Using this small pin hole, it was
posslible to look at less than 1% of the plug length at any
time. The detalls on the method of producing the pin hole
are given in the Appendlix on Equlpment Details. | |

Figure 5 is a photograph of the entire scannlng device.
 The whole assembly was made of aluminum with vertical and
_horizontal adjﬁstment screws for allgnling the entife assembly
under the porous Vycor plug. The lead shield with the pin

hole was driven by a gear train powered by a Hurst 80 in.-oz.



X-ray scannlng device.

Flg. 5.
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synchronous motor at a linear travel of approximately 1 mm.
per second. The gear train employed a double rack and pinion
assembly from a Mitchell 500 fishing reel which supplied the
back and forth motlon required wlthout reverslng the drive
motor. An oveftravel of about 3 mm. on each end assured a
constant scan rate while on the plug.
A refefence plug simllar to the actual porous plug

was installed on the second scintillation detector. To
further reduce the x~ray lntensity, an adjustable pin hole was
provided by an adjustable lead wedge sliding over a fixed
1/16 inch pin hole so that the proper detector output could
be obtalned. This reference beam provided a partial compen-
sation for some of the varlation in the x-ray source slnce
the difference between the sample and reférence beam
intensities was used to measure the concentrations.

| The output from the detector preamplifilers was fed
1ntq a model 600~046 translstorized dual ratemeter which also
was manufactured by the Plcker X-ray Company.» This linear
ratemeter converted the voltage signal to a meter indication
in counts per minute and also provided a linear output of
elther detector or thelr difference for recording on a
milllivolt recorder. The ratemeter was generally operated on
the 100,000 counts per minute scale using a 0.3 second time
constant. Thls gave almost full scale count rates for the
reference and sample‘beams when the porous plug was

evacuated.
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The millivolt recorder was a Speedomax H Contlnuously
Adjustable AZAR recorder (manufactured by the Ieeds &
Nofthrup Company) with a nominal response time of one second.
The 100 mv. scale was used. |

The positlion of the pin hole was recorded by using a
parallel plate capacltor which had one plate attached so that
1t moved with the scanning mechanism and the other plate was
fixed. The change in capaclitance was detected using a model
901-1 Decker Delta Unit (manufactured by the Decker Aviation
Corporation). This unlt converted the capacitance change
into a voltage'signal which was recorded on a model
V.0.M.-5 recorder manufactured by Bausch & Lomb, Inc. The
D.C. and filament power was supplied by a Model T60 voltage
regulated power supply made by the Precise Development
Corporation, Oceanside, New York. Constanﬁ voltage A.C.
power was supplled to the regulated power suppiy-by a
‘No. 20-13~125 constant voltage transformer made by the Sola
Electric Company, Elk Grove Village, Illinois.

The measurements of the concentratlion profilles with
the previously described equipment were made in a step-scan
fashion. The pinhole was placed near one end of the porous
.plug and the x-ray intensity measured for 11 seconds. Then
- the scan drive moved the pin hole for one second (hence
about one millimeter) and the 1ntensity‘at the new position
was‘recorded for 11 seconds. The step—écan was continued in

this manner over the length of the plug. This stepping was
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performed automatlcally by using a Flexopulse timer-controller
(made by the Eagle Signal Corp.) to activate the scan drive
as required. Using this scheme, 9 to 11l polnts weré measured
on each scan which took approximately 2.5 minutes. The 11
second recording time was chosen so that the statistical
error of the count rate meter due to the random x-ray source
output would be about 2%.

The KV, ma, ratemeter time constant and scale, pin
hole siZe,Aand recprding time all effecﬁ the maximum range of
absorptivity, the statistical error, and the respohse time.
Consequently a compromise among these operating varlables was
necessary to obtain reasonable accuracy and response. A
discusslon of the effects of the x-ray system parameters and
a computer program used in estimating absorptivitles 1s
given in the Appendix 6n the x=-ray System Varliables and
Equations. |

The detalls of the electrical circuits are given in
.the Appendix on Equipment Detalls.

A lead fllm holder which permitted thevpositioning of
1'1/H" x 1 5/8" Kodak dental x-ray fllm beneath the porous
plug ﬁas used for taking some pictures of the concentratlon

profille.

Porous Vycor plug characterization
The diameter of the porous Vycor plug was detérmined

"~ by averaging sets of two measurements at 90° to each other
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at three positions along the axils of the‘plug. The length
of the plug was measuréd using callpers and an lnside type
mtcrometer at 5 points and averaglng.

It was felt that errors invol#ed in these measurements
would be negligibie compared to the dimehsions involved.

The plug was welghed, after degassing at 105°C under
full vacuum over a period of 8 hours, on & Wm. Alnsworth &
Sons Inc. Type LCB balance.

ThelNe surface area was determined by Dr. J. W.
Lacksonen at the Battelle Memorlal Institute, Columbus, Ohio,
on a Dynamic Gas Adsorption Unit using the B.E.T. technique.
The detalls of the method have been given previously by
Dr. Lacksonen (11).

»Operation of experimental equipment

The operation of the experimental equlipment is detailled
in the Appendix on Operating Procedures. The operation for
the flow equlipment was essentlally the same for both helium
and methyl bromide. The operation of the x-ray equipment was
the same for all runs withmethyl bromide in which concentra-
tion profiles were measured.

The manufacture's detailéd operating manuals should be
consulted before attempting to operate any of the major |

pleces of equlpment.



CHAPTER V
RESULTS

‘Original data

The original data for calibrations, flow rates, and
conéentfation prof;les‘are tabulated in the Appendix on
Original Data Tabulation. Approximately every other data
point of the flow data for the six helium runs in Table 15
and the methylkbromide runs 1 through 7 in Table 17 is
preéented for the sake of brevity.

Porous Vycor plug physlcal data
Only one porous Vycof plug was used in this study.
The physical parameters of this plug were
Lp = 0.945 4 0.015 cm.
Dp = 0.721 + 0.015 cm.
Ap = 0.408 em.2 |
Wy = 0.5557 gm.
Papp = 1.441 gm;/bc.
Py = 2.06 gm./cc.
€ = 0.301 cc. pore/bc; plug
S¢ = 192 m.%/gm. for N, at 78%
Sg was measured by Dr. J. W. Lacksonen as previously men-
tloned. A, was assumed to be the mid-range value of the
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801id densities given by Engel (55), Russell (13) and Rutz
(52). Their reported densities were 2.03, 2.05, and 2.10
gm./cc. respectively. Hence the assumed Ag has a maximum
.error of +3.4%. This leads to a maximum error in the

calculated porosity, € , of +4.0%.

Thermocouple calibratlon
' The porous plug air bath and the alr bath thermo-
couples (iron-constantan) were calibrated against callbrated
thermometers to an accuracy of 40.1°C over the range
0 to 48°C. The couples were taped to the thermometer, placed
in a glass tube, and immersed 1n a dewar full of water at
different temperatures. The data’ are given in Table 10 of
the Appendix on Origlnal Data Tébulation. The data were
fitted by the least mean squares technlique to the following
equations. |
Plug Bath Thermocouple: t' = 19.587 (mv.)-.078 (6)
Air Bath Thermocouple: t! = 19.587 (mv.)=.071 (7)
where t! = temperature in °C
mv.= mllllvolt of thermocouple
Equations 6 and 7 may be shortened to:
t! = 19.58 (mv.) (8)
for an accuracy of +0,1°C.
A_teét}of thé bath temperature controllers indicated a

sensitivity of +0.2°C.
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Manometer scale calibration

The inlet and exlt manometer scales (meter sticks)
" were calibrated using a cathetometer withAan accuracy of
0.015 mn. The data are given in Table 11 of the AppendlxX on
Ooriginal Data Tabulation. A least mean square fit of the

data indicated that the scales were accurate to about 0.5%.

Syringe feeder calibration

A syringe feeder was used to measure the flow rates
through the porous plug. The syringe mercury displacement
was calibrated as a function of»counts indicated on an
electronlc counter throughouﬁ the whole length of the syringe
by welghlng the mercury displaced. Thedata are given in
Table 12 of the Appendix on Original Data Tabulatlion. The
average mercury displacement was 8.17 1 X 10‘“ cé./bount with
a standard deviation over}the syringe length of
0.021 x 10™% ce./count or 0.25%.

System volume measurement

The volumes of varins parts of the system were
measured to facllitate the flow measurements and the deter-
mination of the adsorptlon isotherm. The volume measurement
.data are gilven in Table 13 of .the Appendix on Originél Data
Tabulatién, and the calculatlon of the volumes 1s shown ih
'ihe Appendix on Calculated Quantities. The volumes were
measured.with an accuracy of better than 0.5% and are_given

in Table 2.
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TABLE 2
SYSTEM VOLUMES

e e— N —— — —
—— =—

Volume Volume - -
No. ' cec.
12 86.5
2 52.8
33 16.7
4 10.0

8yolume 1 is the inlet system between valves 9, 14, and
15 with valves 12 and 13 closed and the manometer and
syringe feeder reservolr mercury levels at the red marks.
Valve numbers refer to Figure 1.

Pyolume 2 is the exit system between valves 15, 16, 19,
21 and 22 with valves 17 and 18 closed.

Cyolume 3 1s the dead space before and after the plug
between valves 14 and 16.

Volume 4 is the volume of the measuring system between
valves 21, 23 and 24 with the mercury level 1in reservoir
A at the red mark. .
Differential pressure controller

The inlet and outlet pressures were controlled by -

mercury filled differential pressure manometers which had a
tungsten cbntact in one arm. The mercury menlscus movement
to make and break contact, hence to actuate the Thermocap
relay controller, was barely observable and was estimated to

be about O.1 mm.

X-ray system calibration
Before each x-ray scan, the position along the plug
axls of the x-ray detector was callbrated as a function of

the voltage signal from the position indicator. These
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position,calibrations are glven in Table 22 of the Appendix
on Original Data Tabulation.. | |

The x=-ray sysfem was callbrated by flrst obtalning a
measurement of the x-raf Intensity axially down the evacuated
porous plug. These scan data are given in Table 23, 1nvthe
Appendix on Original Data Tabulation and are shown graphically
in Figure 6. The data from this scan were used as a base to
which all further data Weré referred. For this scan (IR)p was
97.5 x 103 counts/minute. , .

The porous plug was then equilibrated with CH3Br for
approximately'QM hours at different pressures. Axlal x-ray
scans gave the x-ray absorptions corresponding to the various
pressures; The data for these scans are also gilven in Table
23. The x~ray attenuation functlon for_reduciﬁg tﬁe X=1ay
data to a common base 18 derilved in Appendilx Q. This x-ray

attenuation functlion 1s deflned as

F = (IR - 0I)/(0.9Ig + 0.1(IR)g-(AI)p) (9)

where ' F x~-ray attenuation factor _
Iﬁ = x-ray intensity lndlcation by the dummy plug
or reference scintillatlion detector

AT difference in the x-ray intenslty indicated

by the reference and porous plug scintlillatlon

detectors
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(IR)B = x~-ray intensity indicated by the reference
scintillation detector durlng the base scan
and hence 18 97.5 x 103 counts/min.

(AI)B = difference in the x-ray intensity indicated
by the reference and porous plug scintil-
lation detectors during the base scan at
the same poslition on the plug where AI is
measured. |

Hence F 1ls the x-ray attenuation corrésponding to the equil-
1ibrium pressure with the effects 6f axlal posltion and x-ray
source lntensity removed and should be unity for the
evacuated plug. Figure 7 shows F as a function of length for
varlous eqﬁilibrium pressures and Figure 8 shows F as a
function of equilibrium pressure.

The equillibrium pressure, Pe, and the quantity adsorbed
in the plug, Cg, 1s related through the adsorption isotherm.
Since F as a function of Pe has been obtalned experimentally,
the depgndence'of F on Cg can be obtalined through the
adsorption isotherm. As shown in Appendix C, the seml-
emplrical relatlionship between Cg and F 1s given\by

Cs =~-Kiln F (10)
_ 22,1400 | |
and K = — (Y u/P) (11)

- Where = denslty of the pl
/gpp v ug

Dp = thickness of the plug

M = molecular welght of adsorbed material
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U / P' = X-ray mass absorpﬁion coefficlent of
adsorbed material at the effective wave-
1engfh _

Three points on the adsorptlion isotherm were obtained
by measuring the quantity of methyl bromlde removed from the
plug after equllibration at a given pressure. The experi-
mental data are giveh in Table 19 and the isétherm points
summarized in Table 20 of the Appendix on Original Data
Tabulatlion. The quantlity of material removed from the plug
included both gas phase and adsorbed phase methyl bromide.
However, as shown in the Appendix on Calculated Quantities,
the amount of material in the gas phase was always neglligilble
compared'to the surface phase. Hence the quantlty removed
was essentlally the quantlty of material adsorbed.

The F values corresponding to the 1sotherm points were
obtained from Figure 8 and Cg versus 1ln F for the three
pqints 1s shown in Flgure 9. Since these polnts dld seem to
establish the straight line predicted on the semi-log plot,

three points were considered sufficient.

Adsorption isotherm

By plotting Cg and Pg from Figures & and 9 for the
same values of F, the adsorption isotherm shown in Flgure 10
was constructed. The data for this plot are given in Table

21 in the Appendix on Original Data Tabulation.
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Helium permeabllity

The hellium permeability was obtalned by measuring the
steady state flow rate of helium through the Vycor plug under
various pressure dlfferences and at different pressure levels
at 40°¢. |

The helium flow data are given in Table 15 of the
Appendix on Oxlginal Data Tabulation. Approximately every
other déta point has been inecluded in this table for the sake
of brevity. |

The helium permeabllities were calculated as shown in
the Appendix on Calculated Quantities and are summarized in
Table 14 of the Appendix on Original Data Tabulation. These
slx permeabllities have been plotted against the average |
pressure level in Figure 11l. Also shown in Figure 11 are the‘
helium permeabilities measured by Engel et al. (38), Russell
et al. (37), Barrer and Barrie (9), and Rutz (52) for various
samples of porous Vycor. The porous Vycor physical parameters
used by these Ilnvestigators is given in Table 3. As shown in
Figure 12, the average permeability is 0.00883 with maximum
. scatter of +2%.

Steady state methyl bromilde
permeablility

The methyl bromlde permeabllity was obtained by
measuring the steady state flow rate of methyl bromide»tﬁrOUgh
the Vycor plug under various»preséure differehces and at

different pressure levels at 4090. Runs 1-8 and 13 were made
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TABLE 3

PHYSICAL PARAMETERS OF VYCOR PIUGS USED FOR HELIUM
PERMEABILITIES BY OTHER INVESTIGATORS

: , Barrer &
Reference Engel et al. Russell et al. Barrie Rutz
(38) (37) (9) (52)
Lp, cn. 1.41 0-372 2.64 A Oo5
Ap, cm.? 1.32 1410 0.924  19.635
Ss> m.2/gm. 81.9 143 131 22y
€ ' 0.28 0.31 ‘~,O.298 - 0.284

83pecific surface areas were for nitrogen determine
by the B.E.T. method.
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by. equilibrating the blug at the exit (low) pressure before
sub Jectling the inlet side of the plug to the inlet (high)
pressure. Runs 9-11 were made by sequentually lowering the
exit pressure after steady state operation of the preceding
run starting with the steady state operatlon of run 8.

' The steady state permeabllity for each run was cal-
culated as shown in the Appendix on.Calculated Qnahtities
from the flow data given in Table 17 of the Appendlx on
Orlginal Data Tébulation. These permeabllitles are summar-
1zed in Table 17 of the'samé Appendix and are plotted in
Figure 12 against the average pressure. Thé dashed {long)
line is the average permeabllity for the twel¥e runs. Also
plotted in Filgure 12 18 the permeabllity predicted by the
nelium flow measurements if we assume the Knudsen mechanism.

During the steady state portion of run 2, a material
balance was made. All of the methyl bromide passing through
the plug was collected for period of 5 hours. The calcula-
tlons for this balance are shown in the Appendix on Calculated
Quantities. 0.826 cc. (S.T.P.) were fed in during this 5
hbur perlod and 0.804 cc. (S.T.P.) was collected downstream.
The difference was 0.022 cc. (S.T.P.) or about 2.66%.

The reproducibllity of the flow measurements seem
excellent as indicated by runs 6, 7, and 13 which were made
under essentlally the same bperating condltions and haye the

same permeabllities.
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Concentration proflles of CHzBr runs

The calibration data for the position of the x-ray
detector along the axis of the plug for all the concentration
profile measurements on the CH3Br runs are gilven in Table 24
of the Appendlx on Orlginal Data Tabulatlon. As a sample,
the position calibration curve for run 1 is shown in Figure
13. The standard deviation of the data about the curve 1is
+2.3% of Ly or £0.022 cm. These data are typical of the rest
of the x~ray detector position calilbration data.

The concentratlion profiles within the porous plug

during the CH,.Br flow runs were measured by x-ray absorption

measurements.3 The x-ray data were converted into concentra-
tion data using the relationship of equation 7 and Figure 9
as shown in the Appendix on Calculated Quantities.

Steady state cohcentration profiles were measured for
runs 1 through 7 and run 11. The data for these profliles are
-tabulated in Table 25 of the Appendix on Origlnal Data
Tabulatlon and plotted in Figures 14 through 20. The data
for runs 6 and 7 are plotted in the same figure since these
were essentlally duplicate runs. Also plotted on these
figures 1s the concentration at the start of each run, time
Zero.

~ The concentration data scattered somewhat during the
latter part of Runs 2 thréugh 5. Whenbscattering occurred,
the line through the data has been extrapolated to the con-

centration in equilibrium with the exlt pressure as shown by
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the dashed portion. The concentration profiles from these
runs were only of value 1n the over=-all qualitati?e plcture.

This scatter in the profile data occurred especlally
at higher concentrations and at small concentration differ-
ences. This 1s not'too surprising slnce the x-ray attenuatlon
is logarithmic 1in nature and hence only small changes in
x-ray absorption occur at higher concentrations. For example,
runs 2 and 5 have essentially the same over-all concentration
differences (3.35 and 3.5 cc.(S.T.P.)/gm. respectively), but
very different average concentration levels (6.92 and
14.95 cc.(S.T.P.)/gm. respectively). Consequently their
x-ray intensity measurement differences, A (AI), are
13.0 x 103 and 3.0 x 103 counté/min. respectively.

A contributing factor to the scatter in the data is the
varliation In the reference detector x-ray intensity measure-
ment, Ig. IR was only measured at the beginning and end of
the x-ray scan. Since Iy 18 used in reducing the x-ray data
to a common base, any fluctuations in IR during the scan would
tend to scatter the data even though the changes are partially
compensated for by similar fluctuations in the plug detector
intenslty measurement. . The .value of IR has been observed to
fluctuate as much as 2-6 x 103 counts/min.

In addition to any error in Iz, there is the statisti-
cal error due to the random nature of X-rays as discussed 1n
- the Appendlx on x~ray system variables and equations. The

 statistical error varies from about 2.0 to 0.8% when the
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concentration measured varies from abeut‘l6.7 to O cc.
(S.T.P.)/gm.

The other errors in the measuring system are minor
compared to the statistical error, the error due to variation
of I, and the error ln the detector position measurement |
S8ince felative, raﬁher thannabsolute, count rates were used.

As is shown in Figure 19, the reproducibllity of the
concentration profile measurements seems excellent when large
changes in concentratlon are observed.

For runs 6 and 7, unsteady state concentration profiles
were also measured. The data for theee'profiles are gilven in
Table 26 of the Appendix on Original Data Tabulation and
shown graphically in Figures 21 and 22. The timeslindicated
on the figures are the average times'after time zero when the
profiles were measured.

When run 6 was made, concentration profiles were not
made after about one hour until steady state operation was
reached. Thus the run 6 profiles do not show the building
up of an apparent end effect. Consequently, run T‘Was made
under essentlally the same operating conditions as run 6 to
show the reproduclbllity of the flow and concentration pro-
file measurements and to obtain concentration profiles for
this period between one hour and steady state operation.

Each profile measurement took about two and one-half
minutes. As a check on the dynamic error introduced by this

scan time, alternate profiles were made starting at the
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opposite end of the plug. As the profiles indlcate, the flow
.rate>appears to be too slow to iﬁtroduce much dynamic error.

Run 13 was essentially a repeat of runs 6 and 7 except
that only flow data were obﬁained and the x-rays were on only
for 5 second intervals to take radiographs of the developing
profile. The x-rays were on for a total of only 102 seconds
during the entlire run. The fact that the permeabllity
calculated for run 13 was the same as for runs 6 and 7 indi-
cates that the x-rays, used substantially during runs 6 and
7, had a negliglble effect on the profile and flow measure=-
ment. To further substantlate the negligible x-ray effect,
the xX-rays were turned off and on for periods of one hour |
during the steédy gtate part of run 7 wlth no observable
effect on the flow rate. In addition, the x-rays were left
on throughout run li and the material passling through the
- plug was collected. A sample of this material was compared
to a sample of methyl bromide from the methyl bromide supply
cyciinder by gas-=liquild chromatogréphy. The chromatography
unilt used waé a home—ﬁade unit in the Englineering Experiment
Station at the Ohio State University. The column was a 6 mm.
0.D. pyrex tube, 4 ft. long, packed with 48=-60 mesh Chromo- )
sorb W support with di-octyl phthalate substrate and operated
at room temperature. The chromotographs Indicated no
. detectable differences béfﬁeen the'pure methyl bromide and

that which had passed through the plug under x—radiation.
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Thus any effect of the x-rays on the methyl bromide was

neglligible. . .

Some of the radlographs obtalned during run 13 are
shown in Figure 23. These plctures ére actually the nega-
tlves of the x~-ray exposures made at 41 KV. and 43 ma. with a
5 second exposure time uslng Kodac Dental X=ray film.
Consequently the light aréa on the porous plug 18 the methyl
bromide gas entering the plug. The very light area at thg
left hand edge of each plcture 1s the solid glass used to
111 the glass inlet tube. The shade of this area gives an
indication of the comparabllity of the‘exposufe and process-
ing technlque among the pictﬁres. The somewhat parabolic’
profile of the methyl bromlde filling the plug 1s due to the -

geometric effect of the cylindrical cross-section of the plug.
Had a plug with a rectanguiar cross-sectlon been used, the
parabolic effect would not be present. The times given undef
each plcture ave the times after the beginning of the run.

Only one desofption'run was made. This was run 1l2.

No flow data was taken, however concentration profiles were
measured. These data are gilven in Table 26 of the Appendix on
Original Data Tabulation and are shown in Figure 24. This

run was made by equllibrating the plug with methyl bromide

at 613.1 mm. Hg. EVaéuation of the plug from both ends was
started at.time‘zero. A8 can be seen, the end effect

observed in runs 6 and 7 is again evident. The symmetry of
the proflles about the center of the plug indicates that the
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end effect is not peculiar to the normally exit end. The
times indicated on Figure 2u'are the average times after.
time zero when the profiles were measured. |

As can be noted on PFigure 24, the first scan at an
average time of 1.83 minutes 1s not symmetrical. This was
due to the rapid flow rate combined with ﬁhe'relatively Slow
step scan. The scan started at 0.55 mlnutes at the exit end
(L, = 0.945 cm.) and ended at 3.10 minutes at the inlet end
(Lp = 0 cm.). The crossing over of the scan at t = 1.83
minutes and t = 5.0 mlnutes was apparently due to the pre-
viously mentloned error encountered at high concentrations.

During runs 6, 7, and 13 the exit pressure was main-
tained by evacuation with the vacuum pumps. The exlt
pressure was measured using a Mcleod gauge. These pressures
are given in Table 18 of the Appendix on.Original Data
Tabulation.



CHAPTER VI
DISCUSSION OF RESULTS

Adsorption isotherm

To aid in the study of the transport of adsorbable
gases through porous materlals, 1t is desirable.to measure
- and 1nterpret the adsorption isotherm for the system under
study. This has been done for the system methyl bromide-
porous Vycor glass, used in this investligation. The measure-
ments were made on the actual plug as 1t was actually used in
the flow studies of thls research. The method of determina-
tlion of the 1sothérm; whilch employed the x-ray system for
interpolating bebween the measured lsotherm points, has been
glven previously. The lsotherm obtained is given 1in Figure
10. _

'This adsorption lsotherm data were fitted to the 11neéf
‘form of the B.E.T. equation (51): o

p /PO - (c-1)(p/P°) ., 1 |
Ccs(1- 0)) CCpy +_Ccm (12)
where P° = vapor pressure of pure material, hm.Hg

C = empirical.cbnstant, dimenslionless

C, = monolayer volume, cc.(S.T.P.)/gm.

- "
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The plot of equation 12 is shown in Figure 25. The equation
for the straight line portion (approximately up to
350 mm.Hg) is |

455 (P/PO)
Cs = (1~-(P/P°®)(1-38.4(E/F°) (13)

This gives.the constant C = 39.4 and the monolayer capacity
for methyl bromide'of 11.55 cc. (S.T.P.)/sgm. at 40°C.

The molecular area of methyl'bromide, 23;1 K? was
calculated using the close packing formula glven by Emmett
and Brunauer (53) and the liquid density at 40°C. This
calculation is given in the Appendix on Calculated Quantities.
The specific surface area of the Vycor plug can then be

estimated from this molecular area and the monolayer capaclty:
Sg =Cp &u N/ Vo (14)

where A, = molecular area of CH3Br
N = Avogadro's number
Vb.= volume of gm.-mole at S.T.P.
The surface area calculated from equation 14 was 1.7 m.?/gm.
The surface area per gm. can also be estimated from
the helium permeability. The method and calculations are
given in the Appendix on Calculated Quantitles. The area.
based on the helium permeability was 121 m.2/gm.
| All of these areas are compared to the nitrogen—B.E.T;
area in Table 4. Also included in Table 4 are fhe data of

Yates and co-workers (10) for CHgBr and Np, the monolayer
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capacities, and parallel pore model average radii. The
calcu;ation of the average pore radius is also given in the

Appendix on Calculated Quantities.

TABLE 4
 SPECIFIC SURFACE AREAS

Source . | -oﬁ m.aagm. '§ cc.(S.gTP.)/gm.
Nz - B.E.T. | 79 192 21.8 ——
CH3Br - B.E.T. 313 72 o 11.55
He Permeability 313 122 34.2 —
Yates and Co-workers (10)s

Np - B.E.T. 79 180 - 43.5

CH3Br - B.E.T. 273 145 - 24,58

a .
Based on Ap = 22.132 at 0°¢c.

The difference between the B.E.T. surface area and the
surface area calculated from the hellum permeabllity can
probably be attributed to the assumption of a tortuosity
factor of 2.56, given by Barrer and Barrie (9), for the
calculation of T and hence Sgq. If the toruosity factor for
the porous Vycor glass ugsed 1n this study were 2.04, the
B.E.T. and the permeability surface areas wouid'be the same.
Calculatlion of this tortuosity ls given In the Appendix on
Calculated Quantities. Similar calculations of the .
tortuosity factors from the data of Russell (37), Engel (38),
and Rutz (52) givg values of'2.3, 2.42-2,55, and 1.91
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respectively. Hence the value of k seems to become smaller
as the B.E.T. surface area increases and the average pore
radius decreases.

Another possible explanation for the discrepancy in
the surface areae by tne two methods 1s that there are dead
end pores whilch do not contribute to the He steady sﬁate
permeabllity. However, as will be dlscussed later 1n this
chapter, the unSteady state CH3Br concentration profile data
predlcts reasonably Well the steady state CHzBr flow rate.
This seems to negate the idea of blind pores.

Resolution of the difference in surface areas by the
two methods must awalt closer study of the pore size distri-
bution and more accurate measurement of the No - B.E.T.
surface area. |

The dlfference between the CH3Br-B .E.T. and the No =
B.E.T. surface areas 1ls qulte striking. This difference
would seem to 1ndicate that not all of the surface area
avallable to nitrogen 1s avallable for CH3Br. Again further
study of porous Vycorlis necessary to explain these
differences.

There 1s also a wlde discrepancy between the monolayer
CH3Br.coverage febOrted by Yates and co-workers (10) and that
fcund ih this study. A measurement of the CH3Br—Vycor
adsorption isotherm in a conventional adsorption apparatus is

needed to resolve this difference.
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Hellum permeability

The measurement of the flow rate of heiium through the
porous Vycor plug was used to establish the adequacy of the
flow measuring equipment and the applicabllity of the Knudsen
type flow equatlon for descrlbing the flow of relatively non=-
adsorbable gases through the porous Vycor used in this
Investigation. This 1s shown clearly in Figure 1l by the
nondependence of the helium permeablllitles on the pressure
level over the pressﬁre range used in this‘study. The helium
permeabilities are comparable to those found by other
investigators (9,37,38,53) for porous Vycor. The helium
éermeabiiity measurements were spaced throughout the
experimental study as a check on any possible effect of
methyl bromide on the porous Vycor. Hence runs H-1 through
}H-Q were made before any methyl bromide was used, run H-5
was made after methyl bromide runs 1 through 5, and run H-6
was made after methyl bromide run 12.

The Knudsen relationship has been generally found to
.apply when the molecular mean free path is approximately ten
times the average pore dlameter. This condition validates
the Knudéen equ@tion baslc assumption that the flow is
governed by the_qgll collisions with a negligible number of
intermoleculér coliisions.

The‘mean free paths for hellium and methyl bromlde for
the maximum pressure used in this study (615 mm.Hg) are 3,580

o)
and 541 A respectively (see the Appendix on Calculated
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Quantities for calculation of these figures). The ratio of

the minimum mean free path to the average pore dlameter (by
. No=-B.E.T. method d = 43.63) was 82.0 and 12.4 for helium and
methyl bromide respectively. Hence the applicability of the
Knudsen flow mechanism was anticipated. |

The Knudsen equation for flow in porous medla can be
written as: |

| ' =8 nTE (2-1‘) _dp | ('15)"
K 3 J2TTrRm P/ x2ar .

where N& = flow in g-mole/sec.
n = number of pores in the parallel pore
modei
= average pore radius, cm.
= gas constant, joules/g.mole-CK.
= temperature, OK.
molecular weight
= fraction of molecules diffusely'reflected

= tortuosity factor

WwoOoKx B =2 a3 @99 =Hi
n o

= pressure, dynes./cm.

L

diStance along plug axis, em. |

The other assumptions for deriving the Knudsen equatién
_ére cosine law wall reflections (i.e., the molecules leave the
wall in a direction independent of thelr incident direction
but with an equal probability for all directions), a slowly
varying_density or pressure gradlent axially alohg the pore
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such that a two term Taylor series approximation is applicable,

and no radial density or pressure gradient. The added
assumptions for obtaining equation 15 from the original
Knudsen equation (54) for use on porous material are the
assumptions of a parallel pore model and the use of a_
tortuoslty factor to 1ﬁc1ude all effects not included in the
derilvation such as the tortuous path.

Equation 15 is useful fdr predlicting the Knudsen flow
of another gas from the experimentally measured flow of one
gas through the same porous plug. Thus the flow of methyl-
bromide by the Knudsen mechanism can be predicted using
equatlion 15 in the form

(Nk)

__—oHsmr  [Mhe (16)

(Ng)ue Moy 3By
for the same plug at the same temperature. Or, as shown by
equation 15 and used by Russell (13), the modified'
permeabllity, gé \/MT should be constant for all gases in

the same plug. P; 1s the permeablility or flow rate per unit
area per unlt pressure drop multiplied by the plug length.

Methyl bromide permeabilities |

As shown in Figure 12, the experimental permeabilities
for methyl bromide were 2-4 times as hlgh as predicted from
the experimental helium data. An excess flow (ovef the

predicted Knudsen flow) for adsorbable gases has been
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observed by many previous Iinvestigators as indlcated in the
Related Iiterature Chapter. Thus an anticipated excess
.flow was experimentally observed. Thls measured excess flow
is much greater than could posslbly be attributed to
experimental error. Thié excess flow has generally been
attributed to some Surface transport précess.

In order to show the nature of the transport}observed
in thls study, let us first consider the porous plug as a
"blackbox," then treat the flow data as proposed in previous
investigations, and finally conslider the transport in the
light of the concentration profiles actually measured

experimentally.

Black box treatment

| In a black box type treatment, only the external
pressure difference'and flow rate are known. By analogy with'-
other transport processes, let us conslder the flow to be
'proportional to thé pressure difference. A ploﬁ of flow
versus pressure difference should yield a straight line.
Such a plot of the data for methyl bromide flow through
Vycor is,showQ in Figure 26. The investigators of previous
studies on Vycor glass pointed out similar_correlations.
The ranges of their data and the over-all diffusion coef=-
ficients are given in Table 5. Thesg diffusion coefficlents
are reasonably consistent for each gas considering that

different Vycor plugs and pressure ranges were used. It 1s
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TABLE 5

DATA FOR BLACK BOX TYPE CORRELATIONS

82

T, P range AP range D g 10%

Investigator Gas ©C mm.Hg mm.Hg em.“/sec.
Russell (13) CoHy 0 16 -T740.3 6.6 =723.0 T7.80
‘ 25 1101-7)4400 6.1 had 8303 7.81
C3H6 0 9.9=-TUT .2 3.1 -171.1 10.05
25 1209-72601 1‘1‘095"‘ 6807 8037
40 14.0-T733.4 9.15= 77.6 8.35
i-CyH10 25 12.8=758.6 T .55= 7663 T.86
)40 9.6-741-7 6.7 - 8906 6.92
Engel (55) CoHy 25 212.0-737.7 56.0 =16T.4 8.35
40 235.0-631.0 112.0 =200.0 T7.96
C3H5 25 132.2-590.8 55.5 =217.5 7.89
- 40 246.7-620.5 76.5 =176.5 T.34
Rutz (52) CHy 25 1,393-6,660 320.6 =539.8 6.61
’ CoHy 25 1,181-6,640 232.7 =532.7 6.20
C3Hg 25 1,167-5,000 227.3 -418.9. 6.34
C3H8 40 1,098-7,860 315.4 =465.4 5.80
This study CH3Br 40 30.6=-601.1 25.4 -602.6 10.00

Interesting to note that for any one gas the diffusion

coefficlents decrease wlth increasing temperature.

This 1s

the reverse of the effect of temperature on elther Knudsen

or molecular diffuslion coefflclents and suggests that some

process other than gas phase transport 1s occurring.

One exception to the pressure drop correlations for

Vycor glass was the data on i-C,H,, at 0°c given by

Russell (13).

tions where capillary condensatlon was occurring.

lack‘of.correlation 1s not surprisihg.

However, these measurements were under condi-

Hence the
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The black box type treatment correlates the data
within about +15%. These correlations are useful for inter-
polation for the particular s80lld over the range of experl-
‘mental measurements for porous Vycor. However, similar
correlations have not been found'for other porous materials
by other lnvestigators. Therefore; this sort of treatment,
though interesting, has not been considered Significant from
a theoretieal standpoint and interpretation of its meaning
must awalt a better understanding of the transport processes

occurring.

Literature correlations

Now let us consilder the appproach taken by many pre—
vious investigapors. in.order to study the surface transport
process by measuring total flow rates through porous
‘materials, some assumption by which the total flow could be
separated infto gas and surface phase components had to be
made. The usual method was to assume no net flux interchange
between the gas and surface phases. The gas phase flux was
then calculated by assuming a linear pressure gradient and
using the Knudsen mechanism with some correction for the
blockage of the pore by the adsorbed phase. This gas phase
flux was then subtracted from the measured total flux and
the excess was attributed to some surface transport process.
- Hence, with this approach, the surface concentration profile

was fixed by assuming adsorption equillbrium at each point.
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This separation of fluxes was generally Jusﬁified by showing
that the predicted gas phase flux was small compared with
the total flux and hence any net flux interchange would have
had a negllglble effect.

For the system used in this investlgation, the
predicted gas phase flux amounted to a maximum of about 50%
and was generally about 25%. Hence the utility of the
previously presented dlvision of fluxes 1s certalnly
questionable.

However, let us sapply these methods to the flow data
measured in thié study. Flrst the gas phase flow by the
Knudsen mechanism must be estimated.

Since there is pore blockage by the CH3Br in the
adsorbed phase, the permeabllity obtalned from the helium
" flow data must be modified to B Pé JMI. Iet us use the
blockage factor, B, proposed by Russell (13): |

B = [1 ('oapp M Cs)] 3/2
= | ?2,400(/25 . (4)

where /A = density of the adsorbed phase

€ = porosity of Vycor plug
Thils blockage factor was derived bvaussell (13) based on the
fact that Knudsen flow 1s proportional to ?3; To evaluate B,
the density of the adsorbed phase was assuméd to be that of
the CH,Br liquid and the arithmetic average concentrations

Cgs was used. The value, 1.618 gm./cc., for A was obtained
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by extrapolating the density data for CH3Br, glven by

Dreisbach (56), to 40°C.

By subtractling the partially blocked gas fléw frém
the total measured fldw, the excess flow attributed to sur~
face trahsport was obtalned. A sample of these calculations
is given 1n the Appendix on Calculated Quantitlies and sum~
marized in Table 5.

Up to this point, most previous theorles are similar.
However, in the treatment of the excess or surface flow,
thfee possibilities (as discussed in the Reiated Literature
Chapter) have been proposed.. The simplest is thét of a

- surface diffuslon coefficlent as expressed by equation 1:

dcs *
Ng = = Dg afé Y

Since Ng 1s considered to be independent of I,

DQ = Ng (aL/Acd) (17)

The calculated values of Dg are given in Table 6 and plotted
as a function of Cg in Figure 27. The non-linear shape of
the curve rules out a constant Dg. However, since relatively
large values of AP we;é used, the curve does not give the
true dependence of Dg on‘ﬁé. The maximum exhibited by this
plot does occur in the region of a monolayer coverage based
on the CH3Br isotherm. A maximum in the Dg(Tg) curve in the
monolayef regioh has been found 1ln most prevlious studies

reported in the literature (12). Generally the maximum is



TABLE 6
SUMMARY OF DIFFUSION COEFFICIENT CALCULATIONS BASED ON OVER-ALIL FLOW DATA

aun  NT x10°  Ng x 102 NgBx102 Ng x 102 ACq Ds x 100 - s
No. ecc.(STP) cc.(STP) B cc.(STP) cc.(STP) cc.(STP) cm/sec. cc.(STP)
hr. hr. , hr. hr. gm. : gm.
1 7.9 1.96  0.925 1.81 6.15 2.5 2,28 4.05
2 16.60 4,88 0.873 4,26 .12.34 3.4 3.37 6.92
3 24.70 7.39  0.822 6.08  18.62 2.1 8.24 9.75
4 25.80 7.22  0.784 5.66  20.14 2.1 8.89 11.95
5  25.90 T.33  0.732 5.37 20.53 . 3.5 5.44 14.95
6 108.10 30.10 . 0.848 . 25.50  82.60 16.6 . 4.62 8.3
7 107.90 29.90 0.848  25.40  82.50 16.5 4.64 8.25
8 2.86 1.25  0.704 0.88 1.98 0.8 2.30 16.60
9  10.20 2.48  0.710  1.76 8.4 1.5 5.21 16.25
10 16.30 5.03  0.722 3.63 ‘12,67 . 2.8 4,19 15.60
11 68.90 19.90  0.759  15.11  53.79 7.2 6.94 13.40
13 107.50 29.90 ~ 0.849  25.40  82.10 16.5 4.62 8.25

98
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not as pronounced; however, Hapl and Peerbooms (24) did find
a very large maximum in DBGEQ) for pﬁe system.No - Spheron 6
(2700°) at 77.4 and 90.2°K. They also found that the
activqtion energy incfeased with coverage. They explalned
the maximum in Dg as possibly beilng due to a'corresponding
1ncreaée in the activation~§ntropy since calculations showed
the AS of adsorption had a distinet minimum in the vicinity
"of a mondlayer. However, they felt that the 1dea of activated
diffusion was not applicable above a monolayer. The utility
of a surface diffuéion coefficient which varies so non-
iinearly wlth concentration is thus very questionable.

The second proposed way to describe surface transport
1s the Babbitt-Gilliland, Baddour, and Russell hydrodynamical
'approach. Thls employs a spreading pressure driving force

and leads to equation 2, as presented in the Related Litera=-

ture Chapter.
g = — £ app c2/ )dP (@)
S 22,400k20RSst . 8/ p
(o]

Hence a plot of Jg or Ng versus | (02/P)aP should yield a
- stragght line passing through the origin. Values of CS/P

for methyl bromide were plqtted and the integral was evaluated
graphically. The values of the integrals thus obtalned are
given in Table'T and plotted versus Ng in Figure 28. fhe
correlation 1s quite good desplte the low ratio of surfaée

to gas phase flow components. The resistance coefficlent, Cgrs



TABLE 7
DATA FOR TESTING THEORETICAL EQ,UATIONS BASED ON MEASURED FLOWS

+2 f o (c§/B)ap .  Ng/(AB/AL)  [1.637 CgP %g‘i + €21

Run. Ngx10 Py -A-f

No.  ¢c.(STP) (cc. (STP))E mm.Hg cc.(STP)-cm. (cc. (STP) )2

hr. - gm. cm. mm.Hg gm.

1 6.15 25.0 41.6 0.1480 29.9

2 12.34 53.2 103.3 0.1193 82.9

3 18.62 65.7 156.3 0.1191 146.8

4 20.14 54,2 152.9 0.1315 245,6

5 20.53 60.1 155.0 0.1322 560.0

6 82.60 252.6 638.0 0.1295 157.8

7 82.50 251.7 634.0 0.1302 157.5

8 1.98 11.6 26.9 - 0.0736 901.0

9 8.4l ' 20.1° 52,7 0.1600 817.0

10 12.67 40.6 106.3 0.1190 663.0

11 53.79 156.6 422.0 0.1274 343.4
13 82.10 251.6 632.0 0.1299 157.1

68
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was calculated from the slope of the curve, using Sg =
192 m%/gm., and assuming k = 2.56. Cg was found to be

2

0.6 x 10° gm./sec.~cm.“ For hydrocarbons, Gilliland and co-

workers (37,38) found Cp values in the range 0.65 = 1.43 x 107
gm./sec.—cm.2 |

It is interesting to note the good correlation for
Vycor‘foﬁhd by Gilliland and co-workers (37,38) and this
author contrasted with the poor correlation cited by Barrer
and co-workers (43) for carbon and by Metzner and Smith (32)
for Alumina. This appafently good correlation seems only
applicable to Vycor. More wlll be sald abéut thls correla=-
tion later in this discussion. |

The third proposed method for describing surface trans-
port 1s that by Metzner and Smith (32). Their derivation is
based on a surface concentration driving force as discussed
in the Related Literature Chapter. As they point out, their

thebry is only applicable to surface concentrations less than

a unimolecular layer. Their final equation is:

Ng = =Ky [1.637CgP(dCg/dP) + C3]dP/AL (18)

where Ky = empirlcal dimensional cbnstant
Hence a plot of Ng/(dB/dL) versus [1.637CgP(dCs/dP) - cg]
should give a stralght 1ine passing through the origin.
This correlating function is glven in Table 7 and plotted
against Ns/(dP/dL) in Figure 29. Only runs 1, 2, and 3 were

below a monolayer coverage where equation 18vwas proposed to
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be applicable. These three polnts do give a correlating line

with a slope in the right dlrection which tends toward zero;
however, the correlatlion is not as good as 1t appears on the
small scale in Figure 29. Further discussion of this
correlation will be given later in this chapter.

_Steady state concentration profiles
In this study, an attempt was made to get a better

piéture of the actual transport process for adsorbable gases
in microporous medla by measuring the concentration profiles
within the porous material rather than to rely on deductions =
from external measurements. These lnternal concentration
profiles were measured slimultaneously with the flow measure=
ments by x-ray absorptlon. The profliles durlng the steady
state period of the methyl bromide flow runs are shown in
Figures 14 through 20. The gas phase pressure proflles were -
calculated from the measured surface concentrations by assum=-
ing equilibrium at all points. To the author'!s knowledge,
this 1s the first time such internal concentration profiles
have ever been measured.

| In Filgures 30 and 31, the concehtration profileg based
on the previous assumptions of a straight line pressure
gradlient and equilibrium at each point are compared with the
‘experimentally measured profiles for run 1 and for runs 6 and
7 respectively. As shown in these figures, the gas phase

pressure profile, 1ln addlitlion to the surface phase
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concentration profile, is non~linear. This fact seems to
indlicate some net surface phase-gas phase flux interchange,
even wilth small pressure differences, unless the mathematical
relationships describing these fluxes are simllarly nén-
linear. If there is flux interchange, a materlal balance on
the gas phase and surface phase would yleld the followlng

respectlve equations.

X 2 _ 22,400 3P
3T tr M - 5t (29)
aCg
2% -2 1) = —F— (20)
3L T 22.U4S8,T Ot

where Q(L) = flux interchange between the adsorbed
and gas phase in cc.(S.T.P.)/bec.-cmg
(surface area)
The flux 1nterchange term cannot be evaluated with the
experimental information avallable at this time.

The steady state concentration profiles can be
employed to make a more critical test of the transport
equations proposed in previous studles based on the differ-
entiai rather than the integral form of these equations. The
differential forms of eduations 1, 3, -and 18 combined with
equations 2 and 4 with Knudsen type gas phase flow are

: ) 1
Ip = -22.4 B Pg JMT dPe - p, Papp dCs | (21}
3600 JMT dL aL




9%

1
_ =22.4 B B JMT aP, _ RT Pypp 2 ape

3600 JMT dL 22,400 k2cgsy Fe 9T

-22.4 B PMWMT dPe
Iz = =355 ms e KM[l.637CSPe(dcs/dPe)+C§]dPe/dL

Ip (22)

(23)
8ince

1
-22.4 B B, JMT :
Jp = g dPe/dL 24
P s (24)

Equations 21, 22, 23 can belrearranged to solve for the
appropriate parameters Dg, kQCRSs, and Ky respectively.

Jp = dg
Dg = TP ac /AL | (25)
' 2
o _[-RT Papp C8 dPe) 1
k CRSB ( 22, 100 ‘P; -5-1'-—- T.Fjg _ (26)
I - I .
Ky = (27)

-(1.637C4 P, (dCg/dPe) + C2) dPe/dL

kchSs should be constant over the entlre range of Cg and Ky |
should be constant below Cp+ From the steady state concen-
~ tration profiles, the gas phase flux can be estimated as a
function of axial position in the plugAby using equation 24.
The s1opes dPé/dL, dCg/AL, and dCg/dP, were obtained from
the concentration préfiles'using a mirror method. The cal=
culated values are shown in Table 8 for runs 6 and 7. A
sample calculation 1s given in the Appendix on Calculated
Quantities.



 TABLE 8 |
DATA FOR TESTING THEORETICAL EQUATIONS BASED ON EXPERIMENTAL PROFILES FOR RUNS 6 AND 7

Lp Cs e R Jox10%  k2cpSgx10-11 KMx108 Dgx107
0.1 16.3 594.5 3.0 111 0.0357 0.709 0.252 1.17 . T7.68 16.40
0.2 15.9 582.5 5.2 203 0.0323 0.716 0.465 2.14 5.98  9.33
0.3 15.2 557.0 10.3 378 0.0276 0.728 0.880 4,06 2.84  4.36
0.4 14.0 583.0 13.7 = 685 0.0205 0.748 1.638 T.77 1.93  2.89
0.5 12.4 416.0 16.9 1,140 0.0152 0.776 2.830  15.62 1.40  1.86
0.6 10.6 287.5 19.3 1,571 0.0127 0.807 4.030 30.90 1.20  1.19
0.7 8.7 152.0 20.0 1,107 0.0193 0.841 2.980 21.10 3.37  1.52
0.8 6.6 80.5 21.5 576 0.0354- 0.878 1.620 9.10 13.38 1.85
0.9 4.2 31.0 25.7 4O4 0.0650 0.921 1.190 6.23 - 48.60  1.67

g6
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As shown in Table 8, k2CgSg is certainly not a constant
as the @Gilliland and co=-workers (37) theory'requires. Hence
the seemingly good correlation of their equatioﬁ for the
over-all flow data obtained in this study (Figure 28) does
not stand up under a more critical test. Similarly the
thedfetically,constant KM in the Metzner and Smith theory is
‘not constant even for values of Cg less than Cp.

This same calculation approach can be used to obtain
the phenomenological coefflcilents appearing in the equation
'derivgd bj Barrer (41) by irreversible thermodynamics. Such
tests 1ndicate non—cthtant coefflclents and hence seem to
refute the proposed equation.

The surface diffusion coefficient, evaluated using
equation 25, is also included in Table 8. The surface
diffusion coefficients for run 11 were calculated in the
same manner. These calculatlons are summarized 1in Table 9.'
Dg is plotted as a function of Cg in Figure 32. The differ=-
ence between Dg values of runs 6 and 7 from those of run 11
at the values of Cg above 14 cc. (S.T.P.)/gm. 1s attributed
to the inaccuracy of the x-ray measurement at high concentra-
tions cbﬁpled with the fact that Dg 1s changing so rapidly
in thils range. The curve was drawn ﬁhrough the runs 6 and
7 points since this duplication of profile measurements
increased their accuracy. The curve was extrapolated to

zero as shown by the dashed line.



TABLE 9

Dy VALUES FROM THE CONCENTRATION PROFILE OF RUN 11

Lp Cg P '-Eg%’ - 9;% B Jex10%  Dyx105
0.1 16.9 610 2.9 29  0.7000  0.065 11.25
0.2 16.6 603 . 4.9 124  0.705  0.280 6.20
0.3 16.0 588 5.8 187  0.713  0.426 5.09
0.4  15.4 562 8.2 384  0.725 0.890 3.22
0.5  14.4 520 9.3 U455  0.741 1.079 2.69
0.6 13.6 473' 10.3 540 0.756 1.309 2.28
0.7 12.5 411 10.3 666  0.TT4 1.651 2,05
0.8 11.5 335 10.3 766 0.792 1.942 1.85
0.9 10.4 253  12.0. 889  0.810 2.300 1.38

00T
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The rapid increase in Dy above monolayer coverage
(11.5 cc. (S.T.P.)/gm.) may indlcate that the mobility in
the multilayer region is much higher than in the monolayer
regiong
. .If one comparés Figures 27 and 32, there appears to be
a considerable difference between a Dg evaluated from the
extérnal measurements and a Dg evaluated from internal plus
flow méasurements. A minof part of this difference is due to
the use of relatively large ACy values 1n the flow runs.
Even if Dg from internal measurements were averaged over the
corresponding ACg 1ntervals, there would still be a large
difference. Actually, the two ways of calculating Dg are
basically different. The Dg evaluated from external
measurements‘requires a linear dP/dL, constant Jg» no flux
~ Interchange and hence a constant Jg, a linear surface concen-
tration proflle, some average blockage factor, and no end
effect at the exlit end. The Dg evaluated from lnfernal and
flow measurements requires only that the gas phase flux be
described by the Knudsen mechanism, some sort of blockage,
and adsorption equilibrium at all points. The fabt that the
J;wo gets of Dg values are different merely reflects the dif-
ferénces in the assumptions required in their calculatlon.
The most important differences are duve to the fact that
dCg/dL continually increases and dPp/dL passes through a
maximum for the experimental profile Dg calculatlons. The

steady state pressure gradlent, dP./dL, would have been
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constant 1f there were no flux lnterchange as assumed in the
calculation'of the Dg from the external steady state measure-
ments. Hence thls non-constant gradlent lndlcates consider-
able flux 1nterchaﬁge. The shape of the curve of Figure 32
more closely resembles the Dg(Cs) curves found in most
investigations (12).

The primary assumptions which stlll must be made to
evaluate Dg, even wlth experimentally measured concentration
profiles, are some sort of a blockage factor of the gas phase
" flux by the adsorbed layer, adsorption equilibrium, and some
assumption regarding the mechanlsm of the gas phase flux.

The assumptlion of Knudsen type flow in the gas phase seens
somewhat questionable when pores of 20-303 radius are linvolved.
The usual essumbtion requires a relatively dense adsorbed
iayer with a vapor space, at the equilibrium pressure, above
1t. This idea of such a sharp boundayy may be acceptable

when large pores are involved, but in pores of 20-=30 K radlius,
1t seems rather unrealistic. If the boundary were not sharp,
gas phase Iintermolecular collisions could occur and the
Knudsen mechanism for the gas phase transport would not be
valid. Hence when the Knudsen mechanism 1s used to evaluate
the possible flow through a porous plug, the measured excess

flow may.or may not be entirely on the surface.
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End effect
An important new phenomenon was shown experimentally
1n.runs 6 and 7. Some sort of an end effect does exist at
the exlt side of the plug when the downstream pressure is |
maintained at essentially zero. This effect, which was
duplicated, 1ls shown clearly in Figures 21 and 22. The.sur-
face phase concentration measured near the end of the plug
corresponds to an edﬁilibrium pressure of about 15 mm.Hg
whlle the measured outlet pressure was 8 microﬁs. Hence
there 1s a tremendous concentratlon gradlent or a desorption
barrier at the exit end. As the unsteady state profiles
show, the methyl bromide seems to flow into the plug as a
slanted front moving from inlet to exit untlil the iéading
edge réaches the end of the plug. Then the methyl bromilide
seems to plle up from exlt to inlet as if some barrier or
additional resistance had been added at the exit end. This
apparent end effect was only observed for runs where the
downstream pressure was essentially zero. This end effect
was not found at higher.downstream pressures although the
sensitivity of the x-ray measuring system was not sufficilent
to show that it did not exist. Also, 1t should be pointed
out that at the end of the plug there must be a balancing of
the rates of adsorbed layer flow and desorption. Hence, in
the higher downstream preséure runs, the.adsorbed layer flow
may not have been highkenough to show the end effect.
In light of the end effect observed in this study, care



105
must be exercised in interpreting adsorbable gas flow studies
in other poréus materials where the exlt pressure 1s very low.

There are at least three possible explanations for the
end effect observed. One 1s that there is an external back
pressure at the exlt end due to flow through the exit tubing.
This exlt tube was 6 mm. and 10 mm. glass tubing. If the
Knudsen long tube formula (33) is used to calculate the
.minimum flow which could occur with the exlit equillibrium
pressure of 15 mm.Hg and'the pressure 0.008 mm.Hg measured
approximately 250 cm. downstreaﬁ, the minimum £low is 100
times the actual steady state flow rate. This calculation is
given in the Appendix on Calculated Quantities. Hence an
external back pressure seems highly unllkely.

Another possible explanation was offered in the dis-
cussion by Barrer and Dacey (50) in 1958 as given in the |
Related idterature Chapter. They speculated that an end
effect might occur due to the adsorbed materlal having to
obtaln the necéssary energy to desorb at the end of the plug.
This appears to be a possibility‘since the heat of adsorption
is generally higher at low surface concentrations. The rela-
tion between heat of adsorption with surface coverage has not
been measured for methyl bromide on Vycor. |

One other possilble explanation 1s that surface diffu~
sion coefficlents generally decrease wlth surface concentra-
tlion. Hence if the 1dea of a diffusion coefficient with a

concentration'gradient driving force 1is applicable, a very
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small diffusion coefflcient at low concentrations would
requlre a large concentration gradient.to maintaln a constant
total flow rate.

Sufficient information to determine the actual cause
of this ehd effect has not been obtained. This end effect
was not peculiar to only one end of this one plug as shown by

 the desorption concentration profiles in Figure 24.

Unsteady state concentratlion profiles

-The unsteady state concentration profiles were measured
in flow runs 6 and 7 since only these runs had concentration
differences which would givehlarge enough x=-ray absorptions
for reasonably accurate unsteady state measurements. The
~profiles obtained are shown in Filgures 21 and 22. As pre-
viou81y discussed, these profiles.certainly‘add to the end
effect pilcture. | |

The unsteady state profiles can also be used to
estimate a concentration dependent diffusibn coefficient.
- Crank (57) gives a number of solutions, for concentration
dependent diffusion coefflclents, to the unsteady state

equation

2 Cs o o Cg
3% " ‘Ef(DT'a'T) (2)

with the boundary conditions for a semi-infinite medium
Cg =Co, L=o0, t > o

Cg =0 , L>o0, t= o
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The solutions to equation 28 are given by Crank (57) as
reduced plots of Cg/Co versus_n/(ungt)l/é, where D; is the
diffusion coefficlent at Cg = O. Since it i1s difficult to
separaté gas phase and surface phase components of the total
flux, one might try to gain some 1dea of the nature of the
transport by empirically determining the total diffusion
coefflcient, Dj, a8 a function of Cg using the solutions to
equation 28 given by Crank (57). In order to do this, some
value of D° must be chosen. One way to obtain a D; value 1s

T

to determine D, as a function of Cg from the steady state

T
concentration profiles and extrapolate to Cg = O. (Dw)ss can
be evaluated by the equation‘25 1if Jg 1s omitted. A summary;
of such (Dgp)gg values for runs 6 and 7 are plotted in Figure
33. | |

Extrapolation of (Dp)gg to Cg = O leads to a D; value
of 1.6 x 10~5 cm%/sec. Using this value of D;, the reduced
plot of Cg/C, versus L/(MD;t)l/é, shown in Figure 34, was
calculated from the unsteady state profiles of runs 6 and 7.
Comparison of this plot with the plots given in Crank (57)

pp. 268-274, indicates the form of Dy to be

Dy = Dp/(1 = & Ca/Co) | (29)

where £ 1is a constant
‘The reduced curves from Crank (57) Figure 12.12 wilth
1/(1 -« ) = 5 and 10 are also shown in Figure 34. This
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plot indicates that the value of 1/(1l-o ) should be appraxi-

mately 9. Thus the total diffusion coefficient would be

Dp = 1.6 x 10"5/(1-0.889 Cs/Co) (30)

Equation (30) is plétted in Figure 33 for comparison to
(DT)SQ- Iet us designate the form of Dp of equation 30 as
form A.

If the value of Dg 1s arbitrarily taken as 0.8 x 1072
emZ/sec., another reduced plot of Cs/C, versus 1/(4D,‘I’.t)1/2
can be prepared. This plot is shown 1n Figure 35. Agailn
comparison with Crank'!s plots (57) indicate the form of
Dp to be
o eo( C5/Co

Dp = D
T = "p

(31)

where o 1s a constant |
The reduced curve from Crank (57) Figure 12.9 with e°f.= 10
is also shown in Figure 35. Thus the total diffusion
coefficlent would be o

Dp = 0.8 x 1072 e2'3cs/°f0 - (32)

Equation 32 1is also plotted in Figure 33 for comparison.
Iet us designate DT of equation 30 as form B.

Dp for forms A and B can be used to estimate the
steady state concéntration profile by solving the steady

state equation

d (DpdCg/dL)
ae - ° (33)
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with the boundary conditions
Cg = 0gy L=0
Cg = Cr» L = Ly
Equation 33 has been solved for both forms A and B as shown
in the Appendlx on Calculated Quantities. The equations for
the steady state concentration proflles for Dp of forms A

and B respectively are

( --L/ll'.:p
Cs/Co = 1-0-4) — "CE Co (34)
o3 mfl 4 e}

Equations 34 and 35 were plotted in Figure 36 for the values
of { previously giﬁen and Lp = 0,945 em., Cp = 3 cc. (S.T;P.)/
gm., and C, = 16.6 cc. (S.T.P.)/gm. The experimental steady
state profile for runs 6 and 7 is also given in Figufé 36 for
comparisbn. Both forms of Dqp give reasonable approximations
to the steady state concentration profiles.

The two forms of Dp can be used to predict the steady

‘state flow rate by solving the equation
. e

3600 /oapp Ap[ _ |
NT =, . iﬂp Cr, Dp dCs (36)

The solutions of equation 36 for the two forms of D
are given 1n the Appendix on Calculated Quantities. Dp
- forms A and B glven Np values of 1.357 and 1.096 cc.(S.T.P.)/

hr. respectively for runs 6 and 7. Hence form B estimates
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the steady state flow much close; to the measured value of
1.08 cc.(8.T.P.)/hr. for runs 6 and 7.

Inspection of (Dp)gg Plot in Figure 33 suggested still
another fbrm of the Dy equatlon. This shape 1s similar to a
translated hyperbola. The equation for a translated hyper-
bola (58) was fitted to (Dp)gg to give the equation (form C)

= [1.3c5 - 28.18 . _5 - .
DT ( FB = 10.7 )10 (37)

This equation is also plotted in Figure 33 for comparison
with (DT) g8 .

The general conclusion from this sort of mathematical
treafment 1s that there are probably many such forms of D
which will £it The data. The theoretical significance of
any of these forms is not undérstood. It 1s of interest that
"the unsteady State-data is consistent enough to gilve such
reduced plots of Cg/Co and L/(MD; t)l/2 and that these plots
lead to diffusion coefficlents which describe reasonably
'well the steady state data. This applicabilit& of unsteady
Btate data for predlcting steady state data seems to indicate
that the transient and steady state transport are very simllar.
Hence 1t appears that there 1s a negliglble effect of blind
or dead end pores which would be expected to effect only the

transient measurements.
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Time lag

The time lag of a flow system, as originally proposed
by Daynes (59), was the time axis intercept of the extrapola-
tion of the steady state portlon of the exit pressure to zero
pressure for a system having a congtant downstream volume, an
exlt pressure much smaller than the inlet pressure, and have
1ng'been subjected to a step-function inlet pressure at time
zero. Clausing (29) and Knpyer (30) have interpreted ty, to
be the average time requifed by a molecule to pass through a
porous material under steady staté two or three dimensional
Knudsen conditions. |

The time lag has been related to the total diffusion
coefficient by solving the unsteady state flow equation 28
with suitable boundary conditions. For a constant total
diffusion coefficient, |

Dp = k2L /6ty (38)
where k is the toruosity factor | |
Frisch (46) has solved equation 28 for any concentration
dependent diffusion coefficlent. His equation is

[
tL =Jo LCSdL

o ° Dp ACg (39)

These integrals were evaluated graphically by plotting ICg
versus L and D7 versus Cg for the steady state data of runs

6 and 7. The resulting time lag was 129 minutes. From
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equation 38, with X* = 6.55, (Dp) avg. was 12.5 x 10~ cm3/
sec. No direct experimental measurement of the time lag was
made, hénce no comparison between unsteady and steady state
flows can be made on the basls of time lag.

Qualitative discussion of excess
flow theory

The concentration prbfiles obtalned in this study seem
to Indlicate that for fthe system CH3Br porous Vycor the basic
assumptions ofipreviously proposed theories of surfaée trans-
port are not valid. The true nature of the excess flow is
undoubtedly much more complicated than these simple theories
can descrilbe.

One of the questionable features of these:theorles is
‘the approximation of the true density distributlion within
small pores as polnted out previously in this discussion.
This approximation involves assuming a relatively denSé
layer at the surface in equilibrium with a gas phase of a
radially uniform density corresponding to the equilibriﬁm
- pressure. The reél average denslty dlstribution is probably
some relatively smooth transition from the relatively dense
phase at the surface to.a less dense phase neaf_the center
of the pore. 1In fact, 1f seems concelvable that the denslity
near the center of the pore may not be the same as the
density corresponding to isotherm equilibrium pressure if the
pores are small enough that the molecules never effectively

leave the influence of the surface. In such small pores with
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heterogeneous walls, the ldeas of denslty and pressure
themselves, as normally used, become questionable. 1In light
of these speculations, 1t might be better to considef the
flow through very small mlcropores as single phase flow with
a velocity_profile due to the surface fileld. ‘ |

Even 1f one accepts the density approximation, the

aseumption of the Knudsen equation to describe the gas phase
' transport seems questionable. As Field et al. (15) point
out, the effect of the adsorbed layer on the type of molecular
reflection (assumed to be cosine law reflection in the
Knudsen equation) from the walls is unknewn.' The essumption
of a linear axial denslty gradlent 1n the Knudsen type
derivation also seems shaky on the basis of the non—lineaf
equilibrium pressure profiles calculated in this study.
Hence 1f this density profile-approximation is to be used,
much work needs to be done on the effect of the adsorbed N
layer on the gas phase transport. |

v~Iﬁ‘line wlth accepting the density profile approxima-
tion, soﬁe means of describing the surface phase transport
is needed. In order to describe thie transport, much more
information concerning the mobility of the adsorbed phase is
required. All physically.adsorbed molecules are probably
mobile to some degree. It would be expected that the
mobllity would lncrease non-linearly as the surface concen= -

tration increased due to the heterogeneity of the surface,
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the non=linear variation of surface forces with distance, and
the adsorbed molecule interactions. )

| The other féctor in describing the transport by a two
phase scheme 1s the net flux 1nterchange'indicated by the non-
linear surface concentration and equilibrium pressure pro-

flles. However, this factor cannot be understood until the

individual phase transports are more clearly understood.



CHAPTER VII
CONCLUS IONS

The following conclusions can be drawn from this study.

1. A system capable of measuring the steady and un-
steady state flow rates of gases through and adsorbed gas
concentration profiles within a porous solid plug has been
built and its usefulness has been demonstrated by investi-
gating the system CH3Br and porous Vycor glass.

2. The adsorbed phese concentration proflle as well as
the pressure prefile, calculeted assuming adsorption equilib-
rium, ane both ﬂonrlinear fef'the system CH3Br—porous'Vycor.

3. If the system CH3Br -porous Vycor is typical of
adsorbable gas-microporous solid flow systems, the present
theories presented in the literature do not describe the
measured internal concentration profiles even though they qO
correlate flow data for limlted ranges‘and systems. |

L. Some kind of an end effect, which acts as a barrier
to flow, can exist at the exlt end ¢of a porous medla through
which an adsorbable gas 1s flewing 1f the exlt pressure is
essentially zZero.

5. The non—linear.adsorbed phase concentration and

gas phase equllibrium pressure profilles indlcate gas phase-
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surface phase net flux interchange for the system CHgBr-
Vycor when a two phase transport theory is employed}

| 6. Steady state flow of methyl bromide through porous
Vycor 18 2 to M'times as large as predicted from the Knugsen
flow mechanism. | |

T+ The use of unsteady state concentration prof'iles
to estimate the steady state concentration profile and flow
rate 1ndicates a minor effect of dead end or blind pores in

porous Vycor.



CHAPTER VIII
RECOMMENDATIONS

It 18 recommended that the following information be
~obtained in order to gain a better understanding of the
results of this study and more generally a better understand- _
ing of the transport of gdsorbable gases through porous
materials. | |

1. Measﬁre the_adsorption and desorption lsotherms
for the CH3Br-porous Vycor.system at several temperatures.

2. Determine the heat of adsorption as a function of
"surface.coverage for the CH3Br-porous Vycor system.

. 3. Measure the pore size distribution of the porous
Vycor used in this study. _

| 4, Study the mobility of CH3Br on porous Vycor pos-
sibly by using a dynamlc desorption system simllar to that
used by Lacksonen (11).

5. Study the reflection of molecules from a surface
contaminatéd with an adsorbed layer, using a molecular beém
approach. | |

6. Study more closely the end effect observed in this
investigation.

121
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7. Determine the effect of a non-adsorbable gas, such
as hellum, on the CH3Br coﬁcentration profile in both co-
current and countercurrent flow through porous Vycor.
8. Determine if there 1s an effect of a non-
adsorbable.gas, such as heligm, on the CH3Bp Eransport.
9. Study other systems with uniform pore sizes such
as saran carbon with halogenatéd hydrocarbons.

10. Improve the accuracy of the x-ray concentration
profile measurements by installing sultable voltage
stabllizers on the x-ray power line and replacing the
varlable capacltance x-ray scamner position indicator by a
variable inductance coll type indicator.

11. Study the effect of pore size on adsorbable gas
flow through pofous Vycor glass of various average pore

Sslzes.
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CC.
c.f.m.
CPM

cm?

APPENDIX A

NCMENCLATURE

‘molecular. area, em?

cross-sectional area of porous plug, cme

=

cross-sectional area of reference detector pin

hole, ems

cross=-sectlonal area of sample detector pin hole,

em?

blockage factor, ratio of Knudsen permeabilitiles

'with and without adsorbed phase

cubic centimeters

cubic feet per minute

counts pef mlnute

square centimeters _
monomolecular layer concentration, ce.(S.T.P.)/gnm.
inlet surface phase concentration, cc.(S.T.P.)/gm.
coefficient of resistance, gm./sec.-cm®
concentration of adsorbed gas, cc.(S.T.P.)/gn.
concentration of adsorbed gas, cc.(S.T.P.)/cc.
Knudsen mechanism diffusion coefficient, cm2/sec.
diameter of porous plug, cm.

surface phase diffusion coefficient, cm%/sec.
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gm.
gm.-mole

hr.

(A1)
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total diffusion coefficient at Cg=0, cm%/sec.
total diffusion coefficient, cmS/sec.

steady state total diffusion coefficlent, cm2/sec.
average pore dlameter, cm.

attenuatlon factor defined by equation 9

fraction of molecules diffuseiy reflected

gram | T

gram molecular weight

hour

X-ray intenslty, CPM

incident x-ray intensity, CPM

reference x-ray beam lntensity, CPM

sample x-ray beam intensity, CEM

incldent reference x-ray beam intenéity, CPM
incident sample x-ray beam lntensity, CPM

sample detector x-ray intensity reading with no
methyl bromide present, CPM

CPM

same as IR except at base conditions,

same as Ié

except at base condltions, CPM

difference in X-ray beam lntensitles,

CPM

same as AL except at base conditions, CPM

difference in reference detector intensity
readings, CPM '
difference in sample detector intensity readings,

CPM



ma
mm.Hg

mv.
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difference of difference in x-ray beam intensitles,
CPM |
gas phase flux, cc.(S.T.P.)/bm?-sec.

- flux by Knudsen mechanism, cc.(S.T.P.)/bm?-éec.

fiux by Knudsen mechanism, mg.-mole/cmi-sec.
surface phase flux, cc.(S.T.P.@/cmg-sec.
total flux, cc.(S.T.P.)/cmS-sec.

a donstant in x-ray data correlating equétion,
cc.(S.T.P.)/gn.

tortuoslty factor

degrees Kelvin _

empiricai dimenslonal constant, cm,/hr.-mm.Hg-
(cc.(S.T.P.))2

a constant

kilovolts

length, cm.

plug length, cm.

molecular welght

square meters

milliampores

milligram molecular welight

mlllimeters of mercury

millivolts

Avogadro'!s constant

flow rate'by Knudsen mechanism, cec.(S.T.P.)/hr.
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molar flow rate by Knudsen mechanism, gm.-mole/sec.

surface flow rate, cc.(S.T.P.)/hr.

total flow rate, cc.(S.T.P.)/hr.

molar total flow rate, gm.-mole/sec.

gas phase preéssure, mm.Hg

arithmetlc average pressure, mm.Hg

vapor_presSure of pure material, mm.Hg.

‘gas phase pressure 1ln equllibrium with glven Cg,

mm . Hg
permeabllity through porous media,

mg .=mole=-cm. gm.~°K ) 1/2
em3-hr .-mm.Hg | gm.-mole

plug inlet pressure, mm.Hg

plug exlt pressure, mm.Hg.

£lux interchange, cc.(S.T.P.)/éec.-cmg
gas constant

ratemeter count rate, CPM

average pore radius, cm.

specific surface area, cmg/gm.
standard temperature and pressure

absolute temperature, °K

 time, sec.

temperature, ©°C
volume of gm.-mole at S.T.P., ce.(S.T.P.)/gm.~mole

welght of the porous plug, gm.
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thickness, cm.
a constant

porosity, cc./cc.

- ratemeter time constant, sec.

linear x-ray absorption coeffilcient, em.”t

density, gm./cc.
apparent or bulk density, gm./cc.

:_“true density of solid, gm./cc.

standard devlatlon of a slngle count rate reading,

%

standard devliatlon of a time averaged count rate

reading,%



APPENDIX B
EQUIPMENT DETAIILS

Porous plug imbedding

As stated 1in the Experimental Equipment section,
the sldes of the porous plug had to be sealed and gas 1niet
and exlt tubes attached. The epoxy resin whlch was used was .
a casting type resin and hence flowed fréel&. This presented
problems 1ln terms of keeplng the end facés of the plug open
and of keeping the epoxy in place while 1t cured. 'Conse-
quently a speclal clamp was made to hold the pleces together
while the epoxy was applied and cured. This clamp assembly
1s shown in Figure 37. |

The apparatus was assembled by first cutting two
3 inch long pleces of 10 mm. pyrex glass tubilng. Three
layers of.Kel-F ribbon pipe sealant were wound around the
10 mm. tublng so that the glass would flt snuggly into the
'split brass holders. The Vycor plug was cut, measured,
dried at 105°C with full vacuum, weighed, and then used to
£ind the correct position of the 10 mm. glass tublng in the
brass holders. The ends of the 10 mm. tublng were ground
flat and dises of 1/8 inch thick porous teflon having 55%

voids and'5 mlcron pore size were cut to fit snugly into the
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10 mm. glass tublng. The discs were inserted into the tubling
so that they extended about 1 mm. out of the tubing end. The
10 mm. glass tublngs were clamped in the brass clamp. Then,
4 inch long 7 mm. glass tubes, with both ends ground flat,
were inserted into the 10 mm. tubling. The porous plug was
placed between the Teflon discs and spring tenslion put on the
7 mm. glass tubing to press the Teflon discs tightly against
the faces of the Vycor plug. These Teflon discs prevented
epoxy from coating the plug faces. ‘

The Epocast 31A resin and hardner 9216-1 were weighed
out in the proportion of 100 to 19 respectively. After
thorough mixing in a crucible, the epoxy was left to polymer-
lze for abodt one hour; If one walts too long, the epoxy
will gel and be useless. The epoxy was'smeared on to cover
the plug and well out onto the 10 . glass tubing with a
gspatula. The whole plug assembly was then rotated by hand té
keep the plug coated as uniformly as possible. After about
20940 minutes, the epoxy set enough that 1t was no longer
necessary to malntain the rotation. The assembly was
allowed to room temperature cure for about 8 hours. This
was followed'by an oven cure at about 105°C for another
12 hours to complete the cure. Care must be used so that
the heating and cooling rates are no greater than 50°C per
hour 1n order not to cause cracks in the Vycor glass.

After the plug assémbly was_cqol and had been removed

from the holder, the Teflon discs were carefully cut out
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using the speclally made tool shown in Figure 38, The excess
epoxy was removed by sanding to a uniform dilameter. To
fécilitate the use of a belt sander, Teflon rings of the
desired thickness were placed on the 10 mm. glass tubes to
hold the assembly the deslred distance above the sanding
belt.

The plug assembly was completed by pollshing the epoxy
with Buehler Limited 1552AB Gamma Polishing Alumina No. 2 and
No. 3. The final assembly had a dlameter of about 0.425
inches. |

Extreme care must be used in handling porous Vycor
during and after imbedding as it 1s very éensitive to both
thermal and mechanical shock.

Pin hole window for scintillation

counter

| In order to avold smearing out the concentration
profile by the analytical system, 1t was desirablé to obtain
polnt x=ray absorption measﬁrements. As. a compromlse, a pin
hole with a dlameter of about 1% of the plug length was
chosen. This pin hole had to be made in 1/8 inch thick lead
with a diametef of 0.1 mm. Since drilling dld not seem _
practical, the apparatus shown in Figure 39 ®as bullt td
allow casting lead around a #40 gauge (.0031" diam.) wire.
The wlre was very 11ghtiy coated with Type N'Apeizon grease
to facllitate femoval of the wire after the - lead hardened.

‘The wire was installed in the apparatus as vertlically as
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pqssible‘and soldered in place. Thenmolten lead was poured
quickly into the mold. Aftef the lead cooled,  the wire was
carefully pulled out of the lead. -

The resulting pin hole was approximaﬁely round. The
diameter was measured with a 10X microscope using a mlcro-
meter eyeplece. .Two diameters were measured on each side
and found to have an average diameter of 0.00321 inches or
0.0816 mm.

Before instailing the pin hole window in the scanning
devlice, thin pleces of polyethylene film were taped over each
8lde of the pin hole to prevent any dust from cldgging the
hole. |

Electrlcal circults

The mailn electrical circult for the x~ray analytical
system'is Shown in Flgure 40. The cireults were designed to
give as much flexibility in the method of operation as pos-
slble. The relays assoclated with turning the x-ray beam on
were necessary in order to maintain the safety features
incorborated in the origlnal..x-ray power equipment, i.e.,
automatié shut down of the equlpment due to power or water
failure.

The electrilcal circult for the x-ray scan position
recorder is shown in Figure 41.‘ The 10 meg-ohm potentlometer
was necessary 1in order to minimize the current drawn from the

 Decker Delta Unit. For detalls, consult the Decker Delta
Unit instruction manual (60).
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APPENDIX- C
X-RAY SYSTEM VARIABLES AND EQUATIONS

Discussion and equations

Many variables effect the sensitivity, -accuracy, and
response of the x-ray absorpﬁion.measurements. Among tﬁese
are the x~ray source KV and ma, fthe quantit& of the sample
and reference beams reaching the detectors (size of pin
holes), and the rate meter time constant and count rate
scale. The x-ray kllovoltage detérmines both the quality
(penetrating power) and the quantity of the x~-rays while the
x-ray load current ma effects only the quantity of x-rays.
In general, for maximum sensitlivity, 1t is desirable to
operate at the lowest possible KV and méximum ma. This
generai scheme must be compromised So that an acceptable
quantity of x-rays reaches the scintillation detectsrs. This
acceptable quantity is determined by the largest pin hole of
X=-rays permissible without too much smearing of the concen=-
tratlion profile, by the statistical error in count rate; and
the dynamic response (characterized by the ratemeter time
constant) required.

The Picker Manual (61) shows that the statistical

error due to the randomness of the radiation process has a

138
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standard deviation 1in per cent given'by
o = 100/(20R")/2  (40)

Hence the higher the count rate, R' and the time constant,
'© , the smaller the statistical error due to the random
nature of the x~radlation. Thils error can be reduced by
recordihg the signal for a longer time and using the time
average of this recording. The standard deviation of this
“time averaged signal has been glven by Burgess (52) as

| - /2
{?'59- 1-§ +Re t/e} ()

Hence step scanning permlts use of a lower count rate and
time constant without losing too much accuracy due to the
statistical nature of the system.

Another variable which contributes to the accuracy of
' the measurements is the maximum count rate range between a
completely evacuated plug and one which 18 equlllbrated with
the adsorbable gas. The larger the range, the less the
measurement error. The effect of the system varlables on the
range can best be shown by deriving the equations for thé
x=-ray lntensity as seen by the scintillation detectors.

The following defivations lean heavily on the. excel-
lent books on x-ray technology by McMaster (63), Price (64),
and Liebhafsky (65). |
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Beer's law, which 1s applicable to the absorption of

X=-rays, 1l1s
I=1I,e - (42)

where I 18 the x-ray intenslty after absorption
Ié is the incildent era§ intensity |
y is the thickness of the absorbing material
« 1s the linear Xx-ray absorptlion coefficient‘-
This 1s strictly applicable only to monochromatic (single
wavelength) x-rays, buﬁ,may also be applled tb poly~=-
chromatic x-ray beams by.usihg an effective wavelength
characteristic of the polychromatic beam. |
For a composite absorber (more than one material), the
Xx-ray absorption of the componente of the composlte are
additive. Similarly, the absorption by each element in a
compound is the same as 1f the element were 1ln a pure state.
Hence the x-ray mass absorpﬁion coefficients for thegelements
may be comblined on a welght fraction basls to glve the mass
absorption coefficlent of a- compound.
Hence for the reference beam:

e‘zygﬂg

Ip = In, . (43)

wheré Z'yklz!refers to the x-ray absorption by the alr,

Vycor, epoxy, Aluminum foill and teflon in the path between

the x-ray tube and the reference detector.
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Similarly, for the sample beam

(X ys A4 - (-9‘“)0038")

Ig = Igo © (44)

The difference between the two lntensities is then

-2 In “(R - e"(z Yy '“5 -(y"‘)CI/,Br)

(45)

Al = IR - IS = IRoe Iso

In order to show more ¢1ear1y the effect of the system
variables on the quantity AI, which 1s what was recorded in
this study, we will assume that

Z)’R-“R =Zy;s—‘(s (46)

When ﬁhis 1s substituted into equation 45, and we employ
equation 43, equation 47 1s obtalned.

I .-(y,&l)gﬂr
AI=IR-IS=IR(1-E§-9'e S

- (47)

Since the same incident x-ray beam is used for both refer-

ence and sample,

= (48)

where Ag and AR are the areas of the pin holes passing the
~ x-ray beams respectively. Substitution of equation 48 into
equation 47 gives

, - A —()’»“)//8'- |
AT = Iy (1 - 75 e “sm) (49)
When the plug 1s completely evacuated, erH3Br is zero and

hence
AL = Ig (1 - Ag/AR) (50)
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Then the range of X-ray intensity from an empty plug to one
containing methyl bromide 1s obtalined by subtracting equations
49 and 50 | | | |

- Cy‘“)cﬂ.,lr

A(AI) ?.IR'%i (e -1) | | (51)

From equation 50, it can be seen that Ag/Ag should be as
close to one as posslble whlle equation 51 ilndicates that
for a maximum range, IR must be as large as possiblé. Since
Ag 1s limlted by previously giﬁen considerations, Ag is falrly
well specifled. Equation.51 also indlcates that the longest
allowable x~-ray wavelength should be used s:l.nce/(CH3Br is
strongly dependent on wavelength. Thus to obtaln a maximum
Ig, the highest x-ray tube load current, ma, should be used
in conjunctlion with the lowest possible excltatlon voltage
(KV). |

For the x-ray system used the assumption of Equation 46
did not hold. Consequently, use of a sgmi-empirical'equation
for correlatlng the concentratlon of methyl bromide in the
Vycor plug wilth the x-ray intensity or count rate was neces-
sary. In addltion, the x~ra& source beam varied somewhat
throuéhéut each experimehtal run and 1t was necessary to
correct all data to some base condltion. This base condition
was determined arbitrarily, and all data referred to this

base.
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rivation of this equation is as follows.
-y L)
Ip - I3 e (52)
(Ig)g + 8Ty - " (53)
(I3)p + OIg | (54)

is the reference beam intensity at the base
condltions |

is the difference between the reference beam

Intensity at the measuring and base conditlons

1! =

(I8)s
AT?!
S

(yM

- M
Iso © 2 Y5 Hs

is I; at the base conditions
18 the difference between Ié at the measuring and
base conditlons

) refers to methyl bromide

~(yu) |
AT = Iz~ ((I8)p + AL!)e (55)

" (1)g + AL (5)

However, since the base condlition selected was with the plug

evacuated

(I1)g = (Tg)g - (AD) (57)

It was shown experimentally, by varying the KV from 28 to 30,

that the relative effect on the sample and reference
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detectors was essentlally constant over the plug length. The

experimental data are_given in the Appendix on Orilginal Data

Tabulations, Table 27. Hence for small KV changes
ATg = 0.9 AIy (58)

within + 4%. For changés in the x-ray load current, Alg and -
'AIR would be the same.  Substltuting equations 53, 57, and
58 into equation 56

e—(y,a) _ Iz - AL (59)
0.9 Ig + 0.1 (Iz)p - (AI)g
or .
=-41n e ) (60)
I = a9 g + 0.1 (Tg)p-(AL)g

If we neglect the small amount of methyl bromide in the gas
phase compared to that on the surface (reported in Appendix

on Calculated Data), the relationship between y and Cg is

_ 22,&00 ry
Os = Pagp DM =K, Y (61)

where

’ denslty of adsorbed material

A
I

fapp = plug density
plug' dlameter

g
I

M = molecular welght of adsorbed material

K, = constant
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Substitution of equation 61 and since &7 1is essentlally
constant for small changes 1n x-ray'source voltage glves the
fihal correlation equation for convertlng the x-ray data to
concéntration data on a common base at each posltion along

the plug.

' Ip - AI
Cqg = ‘Kln(o.g Ig + O.,l(IR)B-(AI)B) = -KinF  (10)

where
K = constant

F = X-ray attenuation factor (defined in équation 9)
IR and AI are measured'quantities for each scan durlng each
experimental run and (IR)B and (AI)B were the initial base
conditions. '

The estimated variation of /e with KV for CH,Br is

shown in Figure 42. A sample calculation of &P is 2hown in
the Appendix on Calculated Quantities. The straight line
portion 1s given by 47 = (KH)O‘282. Hence for a KV vari-
ation from 28.5 to 29.5, the change 1n;4%2 jsljust over 1%.
Estimation of composite system

absorbtivity »

A computer program for estimating the x-ray absorp-
tivity maximum change, and brightness contrast in absorbtivity
of a porous plug assembly at varlous wavelenéths and plug
thicknesses was prepared. The results from thls program

were used to help specify the x-ray equlpment and may be

helpful if use of a different gas-solid system is considered
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in the future.

defined for this section only as they ape introduced.

The computer program solves the equations:

> 2 B W
1

w U =" K
I

Q
I

il

for thémporous plug at one wavelength.
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The symbols used in this computer section are

U+V+W
XY.+ T

e

100 (1-(1/8))

W

XY + T

eF

1100 (1=-(1/8))

‘A -B
E - F
oR

100 (1-(1/3))

x~-ray absorptivity per unit of plug dlameter
for the absorbed gas at one wavelength.
X-ray absorptlvity per unit of plug diameter

for the nonadsorbed gas at one wavelength.

Xx-ray absorptivity per unit of plug dlameter

x-ray absorptivity of the material coating the

the porous plug at one wavelength.
: plug diameter
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E = total x-ray attenuatlion with plug saturaﬁed
at a glven pressure.'

F = total x-ray attenuat;on with plug evacuated.

A = x-ray absorptivity with plug saturated at a
‘glven pressure.

B = x-ray absorptivity wiﬁh plug‘evacuated.

C = maximum‘difference in absorptivity'fof a plug
saturated at a glven pressure and an evacuated
plug.

D = brightness contrast.

Hence, a set of U, V, W, and T for the wavelengths in
_Angstroms of .1, .15; 2, 25, .3, A4, .5, .6, and .8 is the
data requlred for the computer to find A, B, C, and D for
each wavelength for the plug dlaméters .3, .5, 7, .9, 1.1,
1.3, 1.5, 1.7, 1.9, and 2.1 cnm.

The computer program was wrltten in SCATRAN language
for the I.B.M. TO090 computer at the Ohio State Numerical

Computations Laboratory and was as follows.

®
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APFENDIX D

OPERATING PROCEDURES

t

The followlng operating prqcedures have been based on
experience and the equipment manufactures! detailed opérating

manuals (60, 61, 66-72).

McLeod gauge operating procedure

The lnltial evacuation of the Mcleod gauge should be
done very carefully to avold violent bumping of the mercury.
This l1ls done by setting the alr leak, three-way valve so that
the mechanical vacuum pump can s8lowly evacuate the mercury
reservoir while at the same time the gauge itself is slowly
- evacuated by the system mechanical vacuum pump. These rates
must be balanced so that the pressure in the mercury
reservolr and in the gauge remain approximately equal. When
the gauge and the reservoir are both evacuated, the gauge 1is
ready for normal operatilon. The gauge and resérvoir should
always‘be left evacuated after the initial evacuation.

The normal procedure for taking a pressure reading 1s
itemlized in the following.

1. Turn the stopcockhto connect the ailr leak to the

mercury reservoir. This allows the mercury to rise into the

gauge . ‘
| 150
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2. As the mercury reaches the zero line, close the
stopcock slightly té stoplthe mercury. |

3. To read a 0-100 mlcrons, raise the mercury in the
open capillary tube to the top zero line and read the
pressure lndicated b§ the mercury level in the closed cap-
illary. |

4, To read 0-1.0 mm., ralse the mercury 1ﬁ the closed
capilllary tube tp the middle zero line and read thg pressure
indicated by the mercury level in the open cépillary.

,5. To read 0=10 mm., ralse the mercury in the closed
capllliary tube to the bottom zero line and read the pressure
indicated by the mercury level in the closed caplllary.

6. To lower the mercury, turn the stopcock so that
the mecﬁénical vacuum pump can evacuate the’mercury reservoir.
- Operating procedure for the dual

count rate meter and recording.
system .

1. Adjust the meter mechanical zeros by means of the
zero adjusting screws on the lower plastic meter fronts to
Zero.

2. Turn the power swltch in. theé back of the Speedomax
recorder to the @ position (chart drive switch off) and
allow the lnstrument to warm up at least one hour for stable
operatlion.

3.. Turn the rate meter Range swlitches to the 1,000,000
count per minute (CPM) range and the Time Constant switches
to the 0.03 Second Time constant.
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4, Turn the Control switch to the On position and
allow the instrument a few minutes to stabllize.

5. Adjust the small screw drlver adjusting screws
beneath the respective meters until the ﬁeter pointers lle
>exact1y‘on Zero.

6. Check the ratemeter circults by turning the
Control swltch to Test, the Range swltches to 10X, and the
Time Constant switchés to 1 second. The meters should now
indicate 3600 CPM. , |

T+ Check the recorder by swlitching each meter to indi-
éate on the recorder using the Recorder Varlable Selector
swltch on the maln panel. If the recorder does not indicate
36 on the O to 100 mv. scale, adjust the appropriate
potentiometer accordingly.

8. Turn the Range and Time Constant switches to the
desired operating conditions.

9. Turn the Control switch to the On positlon.

10. Turn the Hlgh Voltage swlitch on.

il. To shut down, merely turn off the High Voltage
switch, the Control switch, and the power switch in the
Speedomax recorder.

Selectlon of high volfage level for
“the scintlllation detectors
1. Turn on and adjust the ratemeter as given in the

preceding section.
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2. Set the Range Selectdr swiltches on a low scale such
as 1K and the Time Constant switches to 0.3 seconds.

3. Turn on the x-ray unlt at some low level such that
with the detector high voltage sét at 500 volts, no indica-
tion is showing on the ratemeter. |

4. Turn the Detector B Voltage to the extreme counter
clockwise position and slowly raise the high voltage until
detector A begins to count.

5. Turn the Detector B voltage dial_élowly ciockwise
until it also just begins to count. This should approxi=-
mately balance the two detectofs.

6. Determine the curve of the counting'rate versus
detectbr high voltage over the range 500 to 1400 volts for
each detector. | | |

7. Proceeding from low to high voltage, the counting
rate will increase rapildly at first, then level out in a
plateau, and finally wlll increase agalin very rapidl&ﬁas the
électronic noise of the_phototube becomes large enough to be
coﬁnted.

" 8. Set the high voltage at about the center of the

plateau.

System and plug degassing procedure
All valve numbers refer to Figure 1.
1. Fill the thermocouple cold junction dewar with ice.

2. Turn on the water for the mercury diffusion pump.
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3. Turn on the hood exhaust fan.

4., Set the alr bath temperature controller to 2.75 on
the fine control and the Powerstats to 37.5. _

5. Set the plug air bath temperature controller to
3.7 on the fine control and the Powerstats to‘25.

6. Open the air valve on the air bath air driven blower
to a pressure of 20 psig. -

7. Turn on the plug alr bath blower motor.

8. Set the air bath and plug alr bath swiltches on Auto.

9. Valves, 1, 2, 3, 6, 7, 26, and 27 should be closed.
The rest of the valves or stopcocks should be open.

10. Turn on the system mechanical vacuum pump.

11. Set the Varlac on the mercury diffusioh pump heater
to 82 and turn the heater on.

‘ 12. Follew the procedure for initial evacuation of the
McLeod}gaﬁge'given in the Mcleod gauge operating procedure.

13. Evacuate éll the stopcocks in the system.

14, Allow the system to evacuate for 8 hours. The air
baths should be stable at 40°C by the end of this period.

15. Slowly ralse the plug air bath temperature to
100-105°C by setting the plug ailr bath heéter Powerstats at
40 and the controller éoarse controluat'l.fs. o

16. When the temperature reachesl55°C, raise the plug
air bath heater Powerstats to 50.
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;7. When the temperature reaches 75°C, ralse the plug
air bath heater Powerstats to 60. The plug air bath tempera-
ture should then level out between 100 and 105°C.
| 18. Evacuate the plug and System under this condition
for at least 24 hours or until the system pressure is below
107 mm.Hg .
19. Isolate the plug by closing stopcocks 11 and 12.°
20. Slowly cool the plug air bath to 40°C by setting
the plug air bath heater Powerstats at 25. |
21. When the temperature reaches 73°%¢, set thé plug
alr bath temperature coarse control at the lowest possible
setting. The tempefature should then level out at MOQC.
22. The syétem and plug are now ready for flow
measurements .
Operating procedure for measurement
of hellum permeabllities at zero
. downstream pressure
| Thls procedure assumes that the plug and system 4
degassing procedure glven previously has been compleﬁed.
A1l valve numbers refer to Figure 1.
| 1. Close valves 8 and 25 to make the manometers
absolute. |
o 2. Close valves 14, 16, 20, 21, 22, 23, 24, 26, and 28.
3. Close the pinch clamps in the helium tank and Hg
bubbler lines.

4. Open valve 7 and evacuate the helium feed line.
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5. Close valve 7 and open the helium tank valve 5.
6. Adjust the helium tank regulator to about 5 psig.
and open the pinch clamp in the helium tank line.

7. Slowly open both valve 6 and.the pinch clamp on
the Hg bubbler line to fill the line with helium. Adjust
- the helium flow to glve a falrly strong bﬁbble rate through
the Hg bubbler.

8. Open valve 7 slowly to fill the system to about
600 mm. with helium. |

9. Close valve 7 and evacuate the system through
valve 28.

10. Repeat steps 9 and 10 two more‘times.

il. When the éystem is full of.helium for the last
flushing, set the syringe feeder on manual operation, dis-
engage the microswitch on the feeder by loosenling one screw,
and adjust the mercury level in the 25 ce. syringe to the red
mark. Re-engage the microswitch and check to-be’sure it is
set properly by manual feeding. Set the syringe feeder'back’
on automatic. '

12. After the system 1s evacuated, close the plug by~
pass'valve 15 and open valve 16. '

13. F1ll the upstream system with hellum to the desired
inlet pressure as 1lndicated by the upstream mercury‘manometer
and cloée valve 9. »

14. Turn on the upstream Thermocap relay but in the non-

control position.
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15. Close valve 13 and adjust the mercury level in the
differential pressure manometer to just actuate the Thermocap
relay. _

16. Calculate the required overpressure to fill the
1l cc. dead space between valve 14 ahd the porous plug.

17. Obtain this overpressure by elther adding more
helium through valve 6 or if the run will be fairly short, by
using fhe syringe feeder to feed in approximately 1 cc. If
the syringe feeder 1s used, the electronic counter power
switech must be tufned on. _

18. Close valve 5 and vent the helium regulator through
the Hg bubbler.

19. Open valve 26 to the Mcleod gauge, turn the Thermo-
cap controller to the control position (toggle switech to the
eaSt), and set the electronlc counter to zero and turn it on.

20. The system should now be ready to operate.

21. To start the run, simultaneously start the Time-it
electric timer and open valve 1l4.

22. Record the time and counts on the electronic
counter every minute for the firsf 10 minutes and every 10
minutes thereafter untll the steady state flow rate is
obtailned. -

23. During the operatlion the upstream and downstream
pressures as ﬁell as the operating temperature should be

recorded.
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24, To end the run, turn off the electronic counter,
electric timer, and the upstream Thermocap relay.

25. Open valve 13 to equalize the pressure on the dif-
ferential préssure manometer.

26. Slowly open valve 15 and evacuate the system.
Operating procedure for measurement
of helium permeabllities at some
downstream pressure other than zero

This procedure assumes that the plug and system
degassing procedure gilven previously has been completed.

All valve numbers refer to Figure 1.

| 1. Follow steps 1 through 11 of the procedure for
measuring helium permeabillities wlth zero downstream pressure
to purge the system.

2. Close valveé 19, 26, and 28 and open valves 22
and 23.

3. With the leveling bulb railse the mercury level in
the reservolr, to be used for downstream preésure control, to
the red line. This can be done by turning the solenoid valve
power swltch to the manual positlon. Needle valve 32 should
be throttled so that a vefy slow rate of mercury flow is
obtalned.

4, 7111 the system wilth heiium to the desired exit
préssureras indicated on the downstream mercury manometer and

close valves 14 and 15.
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5. Plug in;the downstream Thermocap and selector relays.
and set the Thermocap switch 1n'the middle or non-controlling
position.

6. Close valve 17 on the downstream differential mano=-
meter and adjust the mercury 1evel}to'Juét actua;e the sole~
noid valve. ' |

T. Turn the solenoid vaive power éwitch to the automatic
position and turn the Thermocap switch to the control posi-
~ tion. | |

8. The downstream system 18 now ready for operation.

9. Follow steps 13 through 19 of the procedure for
measuring hélium-permeabilities with zero downstream pressﬁre
to set the upstream pressure.

- 10. The whole system should now be ready for operation.

11. Foilow steps 21 through 23 of the procedure for
measuring helium permeablllitles wlth zero downstream pressure
to make the run. |

l2. To end thé run; turn off the electronic counter,
electric timer,'both Thermocap relays, and the downstream
selector relay.

13. Open valve 13 to equalize the pressure in the up-
stream'differential pressure manometer.

-14. Open valve 17‘to equéllize the pressure in the down-
8tream differentlial pressure manometer.

15. Slowly open valve 15 to equalize the pressure

throughout the system.
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16. Slowly open valve 19 to evacuate the system.
Operating procedure for measurement
of methyl bromide permeabilitles

Thils procedure assumes that the pPlug and system
degassing procedure glven previouSly has been completed.

All valve numbers refer to Figure 1. The hood exhaust fans
should always be running for proper operatlion of the air
baths and.mercury diffusion pump heater and because of the
high toxicity of methyl bromide.

The procedure for measuring methyl bromide permeablili-
tlies 18 the same as that for measuring helium‘pérmeabilities
with the following exceptions. Liquld No must be put in the
vacuum system cold trap. The system must be left to
equllibrate overnight after loading since methyl bromide 1s
somewhat soluble in étopcock grease. The loading procedure
is slightly different and 18 i1temized as follows:

- 1. Close valves 8 and 25 to make ﬁhe manometeré
absolute.

2. Close valves 14, 16, 20, 21, 22, 23, 24, 26, and 28.

3. Close the methyl bromide tank valve 1 and slowly
open the needle valve 2 té.purge through the Hg bubbler.

4. Intermlttently open the three-way valve 3 t§ purge
the feed line to the vent.

5. Adjust the needle valve 2 to glve a falrly strong
bubble rate through the Hg bubbler.



161

6. Open the three-way valve 3 to slowly fill the‘sys-
tem to about 600 mm. with methyi bromide.

7. Close valve 3 and evacuate the system through
valve 28. |

8. Repeat steps 6 and 7 two more times.

9. Follow the procedure used for helium runs to load
the system through valve 3 for either zefo or other down-
stream pressures. |

10. When the system 1s loaded, close valves 1 and 2.
Operating procedure for measuring
quantity collected in downstream
reservoirs '

All valve numbers refer to Flgure 1. "It is assumed
that downstreém reservolr B contalns collected gas and that
reservoir A 1s evacuated. When this procédure is used the
downstream pressure manometer is no longer used to measure
the downstréam pressure.

1. Simultaneously open valve 21 and close valve 22.
This switches the downstream pressure control to reservoir A.

2. Place the power switch for solenoid valve 31 in
the manual position and raise fthe mercury in reservoir B to
the red line by ralsing the leveling bulb. This procedure
may be speeded up by opening the needle valve 32 until the
mercury approanhes the top of reservolr B. When the mercury

level reaches the red line, shut the solenoid valve.
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3. Read the pfessuré“on the downstream mercury mano-
meter. Also record the measuring temperature.

4, Lower the mercury level back into the reservolr by
openlng the solenold valve and lowering the 1eyeling bulb.

| 5. Open valve 24 to slowly exhaust the collected gas
through the cold trap and vacuum pump. |
6. When the McLeod gauge indicates a low pressure,
close valves 23 and 24 and railse the mercury level in
reservolr B back to the red line usilng the 1eveiing bulb.

T- Place the solenold power qontrol switeh in the.
automatlic position.

8. The reservolr is now ready for collecting more
materlal. | »

9. A similar procedure is used for measuring the gas
collected 1in reservoir A.
bperating procedure for position
callbratlion of x-ray scanner }

Due to instabillify of the electronic gear and varia-
tion in the atmospheric conditions, the voltage signal
1ndication of the x-ray scanner positlion must bezcalibrated :
frequently. The following procedure was used for this
calibfation;

1. Turn on the ratemeter by turning the Control swltch
to the On posltion, the Range switches to 100,000, and the
Time Constant swltches to 0.3 sec. 'Allbw a few moments to

stabllize.
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2. Turn the Bausch & Lomb recorder on by turning the
control switch to Measure. Set the range dial to 1 volt.
Allow at least 1 hour for stabllization.
' 3. Turn on the Decker unit by turning on the precise
power supply. The power supply D.C. voltage should be et at
185 volts. Allew at least 1 hour for stabilization.

Y4, Set the main panel control switches as follows:

Manual Analytical System - off
X-ray Power - off
Program Tlmer - off
Flexopulse ) - off
Analytical System - on
Recorder Varlable Selector - open
Scan Drive - on

5. Prepare to operate the x—ray unit by turning the
Start-Stop switch to start, the timer dial off of zero, and
pulling out the Maln switch. These are 8&ll1l located on the
x—rey unlt control panelf Check to be sure water 1s now
flow;ng through the x-ray tube. Turn the Kilovolts and
Millliamperes dials fully counterclockwise.

6. Turn on the x-ray beam by turning the x-ray power
‘switch on the main control panel to the Ménual On position.
Slowly adjust the x~ray unit Kilovolts and Millamperes dials
to obtain"?9 KV and 37 ma respectively. Allow the x«ray unlt
at least 30 minutes to stabillze. '

T. Start the scanner in operation by turﬁing the Manual
Analytical System switch to the on positlon. When the

scanner pin hole passes from off one end of the plug to off
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the other end of the plug, the A ratemeter will start at
zZero, lilncrease rapldly as the pin hole approaches the end of
the plug, indlcate a fairly steady reading while on the plug,
rise sharply as 1t leaves the end of the plug, and then fall
‘sharply as the pin hole passes the end of the detector crystal.
By noting the reading of the Bausch & Lomb recorder at the
ends of the plug, adjust the recorder Zero Adjust to glve a
voltage range of about 0.15 to 0.75 volts. Be sure to record
this range. Determlnation of the exact range was easler
using the push button switch rather than the toggle swiltch
on the Manual Analytical System control.

8. With the scanner operating, set the recorder chart
speed at 5 lnches per minute and record at least 3 scans in
each dilrectlion by ﬁurning the recorder switch to the record
positlon.

9. The célibration curve was constructed by assuming
the scan drive was constant and hence the dilstance the chart
had gone was proportional to the distance down the plug. A
sample calculation 1s given in the Appendix on Calculated
Quantities.

Operating précedure for méking a
conséntration profile measurement

It 1s assumed that the ratemeter and recorder has been
properly adjusted as glven previously in this appendix. It

is further assumed that the positlon scammner callbration as
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glven previously has just been completed. Hence everything
is warmed up and the x-ray beam 1ls on.

l. Set the Flexopulse schedule for 1l seconds off and
1l second on. | |

2. Set the scanner just off one end of the plug with
the manual analytical system.

3. Set the main panel control swltches as follows:

Manual Analytical System ~ off .
X~-ray Power - Oon
Program Timer - off
Flexopulse _ - off
Analytical System - = Auto
Recorder Variable Selector - B-A
Scan Drive - Oon

4. Set the Bausch & Lomb recorder chart speed to
1 inéh per minute and turn the recorder control to Record.

5. Turn the Spéedomax recorder éhart}drive on to
record the base line for just a few seconds, then turn the
Flekopulse swltch to the on position and allow the Flexo-
. pulse to automatically step~scan the pin hole along the plug.
It is heipful in déta workup to mark both on the position
and concentration recorder traces where the detector first
indlcates that the pin hole is on the plug. It is also
helpful to mark on the concentration recorder trace at seve=
eral pointé when the scanner 1s moving. -

6. When the end of the plug is reached, turn off the

Flexopulse but record the base line for a few seconds.

.
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7. Turn 6ff the Speedomax chart drive, turn the
Bausch & Lomb recorder to Measure and turn the Recorder
Varlable Selector to open.

Thls completes one step-scan. Step-~scans can be made
in either direétion and sometimes if the concentration pro=-
file 1s changlng rapldly, scans in both directions may be
helpful. | |

X~ray system shut down proéedure

1. Turn off the x-ray beam by turning the x-ray power
switech on the main control -panel to the off position. Be
éure to leave the Maln power switch on the x~ray unitipanel on
for at least 15 minutes after turning off the x-ray beam S0
that the x-ray tube will be completely cooled. »

2. Turn off the Bausch & Lomb recordér, the Speedomax
power, the Decker unit power, and the scan drive.

3. Turn the Start-Stop swltch to stop, the timer dlal
to zero, and push in the Main power switch on the x-ray unit

panel board.



APPENDIX E
ORIGINAL DATA TABULATION

TABLE 10
THERMOCOUPLE CALIBRATION DATA

Reference junctions at O°C in ice-water bath.
Thermometer calibrated to 0.1°C by National Bureau of
Standards ‘

No. 5503110, Range -38 to + 2°c.

No. 5607004, Range +28 to + 52°C.

No. 5503107, Range +73 to 3102°C.

. Plug air bath " Alr bath
Thermometer thermocouple ' thermocouple
oc® _ mv.p . mv.
O 7 0.041 0.040
30.4 1.555 1.557
33.0 1.683 1.683
36.5 1.870 1.865
38.3 1.964 1.959
40.2 2.054 2.057
41.6 : ' 2.125 2.124
Ly,1 - - 2.255 2.255
46.0 ' 2.355 2.353
48.0 2.453 » 2.458
48.2 2.468 2.466
82.0 4,268 L4.275
82.0 4,267 4.280
86.8 ——— 4 .535
87.0 4.555 -—-

aThermocouples were taped to thermometer and 1mmersed
in a water bath.

bMv. was measured with a leeds & Northrup No. 8662
Portable Precision Potentiometer.
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TABLE 11
MANOMETER SCALE CALIERATION DATA

168

Upstream Manometer Scale

Manometer Scale, mn..

Cathetometer.Scale,a mm.

900
800
700
600
500
400
300
200
100

784.78
684.50
585.18
485 .23
385.28
285.29
185.50
85.75
off scale

Downstream Manometer Scale

Manometer Scale, mm.

Cathetometer Scale, mm.

980
880
780
680

- 580

- 480

380
280
180

80

940.03
840.16
T40.25
640.41
540,42
440.50
340.37
240.53
140.46

40.28

The cathetometer was a Griffin and George, Imt. Cat.
No. 831-950 with an accuracy of +0.015 mm. and calibrated

at 20YC.
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TABLE 12
SYRINGE FEEDER CALIBRATION DATA

Syringe feeder drive set on speed D
Temperature =-82°C. {

Specific volume of Hg. at 82°F -0.0739255cm3/gm.
Operating head - approximately 710 mm.Hg. gauge

Syringe Counter W-weight of o om3
reading reading Hg. displaced MW? A countsP SM x 10=4 _¢
ml. counts gm. _ gme. counts count -
21 0] - 30.4581 - - —
20 1,111 42,8013 12.3432 1,111 8.213
19 2,212  54.9316 12.1303 1,101 8.147
18 3,319 67.1663 12.2347 1,107 8.169
17 4,405 79.1560 11.9897 1,086 8.161
16 5,515 91.4084 12.2524 1,110 - 8.161
15 6,609 103.4699 12.0615 1,004 9.147
14 7,710  115,5753 12.1054 1,101 8.124
13 . 8,806 127 .7284 12.1531 1,096 8.198
12 9,906 139.8780 12.1496 1,100 8.161
11 11,012 152.1310 12.2530 1,106 8.191
10 12,106 164.2582 12.1272 1,094 8.191
9 13,199 176.3355 12.0773 1,093 8.169
8+ 14,312 188.6464 12.3109 1,113 8.176
New tare welght-30.4581 - —-— -
TS5+ 15,520 43.7710 13.3129 1,208 8.147
7 16,606 55.8138 12.0428 1,086 8.198
6 17,703 67.9237 12.1099 1,097 8.161
5 18, 808 80.1528 12.2291 1,105 8.184
4 19,902 92.2343 12.0815 1,094 8.161
3 21,006 104.4501 12.2158 1,104 8.176
24 22,102 116.5626 12.1125 1,096 8.169
1.75 22,614 122.2357 5.6731 512 8.191

Syringe feed shut off automatically

AW is the amount of mercury displaced by the syringe
plunger between two successlve readings.

bA counts 1s the number of counts between two successive
readings



TABLE 13
CALIBRATION DATA FOR SYSTEM VOLUME

Barometer Calculated

- Volume System menometer System Temp. Hg. fed Barometer Temg. " Volume@
mm. Hg. . °c counts mm. Hg. C.C.
'1b 319.45=152.32 : 27.5 0 862.5-118.1 25.7 -
1 289.55-163.79 27.5 7,303 862.4-118.2 25.8 86.10
1 . 255.71-177.01 2T.T 14,601 862.3-118.3 25.6 86.80
1 216.46-192.34 27.75 21,004 862.2-120.5: 25.6 86.69
2¢ g .32-153.06 - 26.9 0 859.9-120.5 24.6 -
2 93~160.31 27.15 7,302 859.9-120.5 24,7 139.78
2 278 68-168.30 27.4 14,600  859.8-120.6 25.2 - 139.10
2 256.85-176.76 27.45 21,903 859.8-120.7 25:5 139.15
3d ~ 315.98-153.67 - 26.2 0 858.7-121.7 26.5 -
3 300.01-159.99 - 26.2 7,307 -858.7-121.7 26.3 155.82
3 - 282.80-166.65 26.2 14,673 858.7-121.6 26.3 156.67
3 263.79~174.16 26.2 22,009 858.9-121.5 26.2 155.70
ye . T42.78-369.97F 25.3 0 - — ~-
it 749.68-152.45 25.5 7,349 - —_— 143.61
it 757.00-133.32 25.6 14,614 - R 142.8
it T765.18-112.25 25.6 22,008 - -- 142.8

ap sample calculation of the volume is given in the appendix on Calculated
Quantlties. - )

byolume 1 1s the inlet system between valves 9, 14, and 15 with valves 12 and
13 closed. Valve numbers refer to Figure 1.

CVolume 2 is the system between valves 9, 14, 16, 19, 21, and 22 with valves
12, 13, 17, and 18 closed.

0LT



TABLE 13--Cont1nued

dyolume 3 1s the system between valves 9, 19, 21, and 22 with valves 12, 13,
17, and 18 closed.
€Volume 4 is the system between valves 9, 10, 14, 16, 19, 22, 23, and 24

with valves 12, 13, 17, and 18 closed. Had valves 22 and 23 been open in place
of valves 20 and 21, the volume difference was estimaged as only O. o4 c.c.

fvolume 4 was calibrated using the closed end manometer on the exit side
and hence the barometric pressure had no effect.

T.T



TABLE 14
STEADY STATE HELIUM PERMEABILITY AT 40°C

| ] .
B8 Mr x10° _

Pyy  Pout AP Nx?gile mg.mole-om. _ @m. _ _.og 1/2 P
Run mm.Hg mm.Hg mm.Hg EE'h_r_ hr.~cme-mm.Hg . 'B-TM01e ) mm. Hg
H-1 TO4.O 0.0 TOL.O T.646 0.890 352.0
H-2 706.9 517.1 189.8 2.017 0.871 612.0
H-3 102.5 12.3  90.2 0.982 0.892 57 .4
H-4 = 101.0 11.9 89.1 ’0.979 ‘ 0.900 56.5
H-5  404.6 0.0 404.6 4.332 0.878 202.3

636.7 399.2 237.5 2.518 0.869 519.6

H-6

clT
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TABLE 15
HELIUM ORIGINAL FLOW DATA AT 40°C

Run H-1l

Inlet manometer
Atmospheric pressure
Exif pressure

34.1 mm.Hg at 26°C o
739.7 mu.Hg at 25,9°C
0.008 mm.Hg at 26°C

i

Time Volume Fed Time Volume Fed
sec. c.c. at Py Sec. c.c. at Py

0 0.00 6,600 3.348

650 0.046 7,200 3.689

810 0.169 7,500 3.892
1,200 0.428 8,100 4.419
1,920 0.802 8,700 4.691
2,520 1,147 9,300 4.983
3,000 1.387 9,900 5.318
3,600 1.722 10,500 5.718
4,200 2.055 11,100 5.992
4,805 2.384 16,200 9.270
5,400 2.701 16, 800 9.443
6,000 3.031 17,400 9.787
Run H-2

Inlet manometer
Atmospheric pressure
Bxit pressure

38.0 mm.Hg at 25°C
746.2 mm.Hg at 24.300
521.0 mm. Hg at 25°C

Time Volume Fed . Time

i

Volume Fed

sec. c.c. at Py sec. c.c. at Py
0 0.000 20,400 2.408
60 0.158 21,600 2.588
240 0.257 22,800 2.857
1,400 0.364 24,000 3.003
~2,800 0.612 25,200 3.196
3,600 0.705 26.400 3.380
4,800 0.863 30,400 3.034
6,000 - 1.066 31,800 5,163
9,600 - 1.213 33,000 4.354
11,275 1.231 34,200 4.528
11,800 1.252 35,400 4.740
12,600 1.350 36,600 4,903
14,200 1.554 37,800 - 5.084
15,600 1.736 39,000 5.258
17,400 1.977 40,200 - 5.457

19,200 2.265
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TABLE 15--~continued

Run H-3

Inlet manometer
Atmospheric pressure
Ex1t pressure

638.9 mm.Hg at 24.5°C
739.9 mm.Hg at 24, 5°c
13.9 mm.Hg at 24.5°C

nuu

Time Volume Fed Time ’ Volume Fed
sec. c.c. at Py sec. c.c. at Py
0 0.000 7,200 5.834
2,300 3.854 12,600 8.835
2,700 3.555 13,200 8.907
3,000 3.694 13,800 - 9.246
4,300 4.394 - 14,500 9.495
5,400 - 4,992 : 15,630 10.200
6,000 5.323 o 16,800 10.886 -
6,600 5 531 - 18 060 11.491

Run H~4

Inlet pressure = 103.0 mm.Hg at 25°C
Exit pressure = 13.9 mm.Hg at 25°C

Tlme Volume Fed Time Volume Fed
sec. c.c. at Py sSec. c.c. at Py
0 0.000 7,200 4.612

200 0.356 . 8,400 5.252

600 1.068 9,600 : H. 893
1,200 1.420 10,800 "6.530
1,810 1.770 12,040 7.186
3,010 2.390 13,280 7-T94
3,610 2.718 | 14,400 8.386
4,800 3.354 15,600 9.012

6 000 3.982 . 16,200 9.317
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TABLE 15~~Contilnued

Run H-§ '
Inlet pressure = 408.0 mm.Hg at 26°C.
Exit pressure = 0.004 mm.Hg at 26°C

Time Volume Fed Time Volume Fed
sec. ¢c.c. at Py -8ec. . c.c. at Py
o) 0.000 3,000 2.603
30 0.210 4,200 3.306
60 0.413 5,450 4,005
Q0 0.618 9,600 6.384

120 0.739 10,800 T7.088
180 0.824 12,000 7.788
240 " 0.863 . 13,200 8.472
300 0.909 14,400 9.178
600 1.138. 15,600 9.877
1,200 1.530 16,800 10.587
1,800 1.905 18,120 11.346
2,400 2.257 19,250 11.997
Run H-6

Inlet pressure = 641.0 mm.Hg at 24.3°C
Exlt pressure = 502.5 mm.Hg at 24.3°C

Time- Volume Fed Time Volume Fed
Sec. c.c. at Py sec. c.c. at Py
0 0.000 6,030 ' 2.115
60 0.372 : 10,000 2.965
30 0.572 - 11,500 3.250

120 0.242 12,600 3.483

300 0.902 . 13,800 - 3.752

600 0.965 = 15,000 4,016
1,200 1.083 16,200 4.276
2,400 1.342 17,420 4.527
3,000 1.489 18,600 4,785
3,600 1.617 20,000 5.081"

4,200 1.747 . 21,600 5.414




TABLE 16
STEADY STATE CH3Br PERMEABILITY AT 40°C

' _ (&) (Gslogs 405 T N b, X107 |
| Pin Poug AP F o ce(stp) cc.(g}ﬂé)- cc.(STP) cc.(STP) cc.(STP) _ﬂg.mole-cm (BEs -°K)l/2
Run mm.Hg mm.Hg mm.Hg mm.Hg —gm.  — gm. gi. gm. gm.  cmf-hr-mm.Hg &'0°1e 7

1 50.2 10.9 39.3 30.6 5.3 2.8 2.5 4,05 0.0796 3.66
2. 147.8 50.2 97.6 94.0 8.6 5.3 3.3 6.92 0.166 3.06
3 295.6 147.8 147.8 221.7 10.8 - 8.7 2.1 9.75 0.247 3.01
4 449.5 305.0 144.5 377.3 13.0.  10.9 2.1  11.95 0.258 3.21
5 60L4.4 457.9 146.5 531.2 16.7 13.2 3.5  14.95 0.259 3.19
6 602.5 0.0 602.6 301.3 16.6 0@ 16.6 8.30 1.081 3.24
7 599.2 0.0 599.2 299.6 16.5 - 02 16.5 8.25 1.079 3.24
8 613.8 588.4 25.4 601.1 17.0 16.2 0.8  16.60 0.0286 2.04
9 613.8 564.0 49.8 588.9  17.0 15.5 1.5  16.25 0.102 3.70
10 613.8 513.3 100.5 563.6 17.0  14.2 2.8  15.60 0.163 2.92
11 613.8 214.8 398.9 414.5 17.0 9.8 7.2  13.40 0.689 2.99
13 598.2 0.0 598.2 299.1 16.5 02 16.5 8.25 1.075 3.24

8¥-ray data indicate that Cout should be about 3.0 c.c.(S.T.P.)/gm.

oLT
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TABLE 17

METHYL BROMIDE ORIGINAL FIOW DATA AT 40°C

Run 1
Inlet pressure = 52.0 mm.Hg at 27.3°C
Exlt pressure = 12.5 mm.Hg at 26°C

Time Volume Fed Time Volume Fed
sec. cc. at Py sec. cc. at P1
0 0.000 11,400 11.869
7702 3.326 ' 12,640 12.512
900 - .3.750 13,800 13.082

~ 1,100 4,209 15,000 13.641
1,220 4.367 16,200 14.178
1,810 5,019 17,400 14.700
2,400 5.658 18,600 15.211
3,000 6.219 19,800 15.701
3,600 6.775 21,200 16.247

4,800 7.762 22,200 16.630
6,000 ‘ 8.647 23,400 17.099
(5,350 9.538 - 24,600 17 .556
7,800 . 9.823 - 25,800 A 17.995
9,120 10.612 ‘ 26,400 18.245
10,230 11.245 26,682 18.303

81nlet pressure controller start to control at this
time. )

Run 2
Inlet pressure = 150.0 mm.Hg at 26°C
Exit pressure = 52.0 mm.Hg at 27.3°C

Time Volume Fed - Time Volume Fed
sec. ~ cc at Pj ' sec. cc. at Py
0 . 0.000 - 18,060 10.577
360P 2.351 19,800 11.072
" 630 3.383 - 21,800 11.629
1,200 3.923 23,400 12.054
1,800 4.389 25,200 12.535
2,400 4. 777 - 27,000 13.030
3,600 . 5.450 28, 800 13.511
$ 4,800 6,069 30.600 14.003
6,000 6.595 . 32,400 14.476
7,290 7.121 - 34,200 14.958
8, 400 7.554 : 36,000 15.439
9,600 7.976 40,820 16.809
12,800 g9.040 42,200 17.177
14,400 - 9.546 43,050 17.411
16 200 10.082 43,800 17 .597

bInlet pressure controller had just started to control
at this time.



TABLE 17--continued

298.5 mm.Hg at 26.5°C
150.0 mm.Hg at 26°¢

Inlet pressure
Exit pressure

Time Volume Fed - Time Volume Fed
sec. cc at- Py sec. cc. at Py
0 0.000 12,020 5.318
i170¢ 1.077 -~ 13,430 5.617
360 1.706 | 15,010 5.960
630 - 1.930 16,800 6.317
950 2.137 18,600 6.690
1,510 2.427 20,400 7.050
1,840 . 2.553 22,280 T.434
3,000 2.989 23,540 7.689
4,470 3.458 28,960 8.707
5,360 3.692 : 30,040 8.962
- 6,000 3.869 31,200 9.195
8,400 - 4,485 33,940 9.729
9,600 4.759 : 37,000 10.368

10,800 5.059 - - ’

CInlet pressure controller started to control at
160 seconds. :

Run 4
Inlet pressure = 453.0 mm.Hg at 24.5°C
Exit pressure = 308.0 mm.Hg at 26.5°C

Time Volume Fed Time Volume Fed
sec. cc at Py sec. cc. at Py
0 - 0.000 12,600 2.962
1804 0.529 : 13,800 3.147
450 0.545 15,000 3.308
600 - ' 0.330 . 16,200 3.459
1,440 - 1.111 17,400 3.620
1,860 1.241 19,080 3.853
3,000 1.561 20,400 ' 4,005
4,200 1.838 . 22,600 4,328
5,520 2.045 ' 27,040 4.988
8,010 2.358 28,860 5.150
9, 040 2.491 29,400 5.320

10,860 2.758

dinlet pressure controller started to control at about
30 seconds.
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Run 5

Inlet pressure = 608.5 mm.Hg at 25. 5°C

Exit pressure

= 461.5 mm.Hg at 24.5°C

Time Volume Fed -Time Volume Fed
sec. ce. at Pyg sec. cc. at Py
0 0.000 9,000 2.291
120¢€ 0.755 10,800 2.485
180 0.852 12,600 2.634
240 0.919 14,490 2.839
360 1.016 16,200 3..009
480 . 1.060 18, 000 3.202
600 l.131 19,850 - 3.400
900 1l.221 21,760 3.580

1,800 - 1.406 22,200 3.629

3,000 1.599 28,130 4,244

4,200 1.780 30,010 4,483

5,400 1.935 _ 32,850 4,765
©€TInlet pressure controller started to control at 102

gseconds. '

Run 6

Inlet pressure = 607 mm.Hg at 26°C

Exit pressure

= 0,008 mm.Hg

- Time Volume Fed Time Volume Fed
sec. cc. at Py sec. cc. at Py
0] 0.000 7,800 9.133
360% 2.433 9,000 9.710
480 2.89] 10,800 10.565
600 3.187 12,600 11.359
720 - 3.429 14,400 12.149
900 3.750 16,200 12.911
1,200 : 4,209 18,010 13.723
1,800 4,953 20,090 14.612
3,000 6.069 21,600 15.232
4,200 6.987 22,800 15.736
5,400 7.762 24,100 16.285
6,600 8.489 25,200 16.753

fInlet pressure controller started to control at 350

Seconds.
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RUun ¢

Inlet pressure = 603.5 mm. Hg at 25.2°

Exit pressure = O. 008 mm.Hg

Inlet pressure = 618.5 mm.Hg at 28.9°C

Exlt pressure

593.0 mm.Hg at 28.9°C

Time Volume Fed Time Volume Fed
sec. cc. at Py sec. cc. at Pq
3008 2.026 - 8, 400 9.349
420 _ 2.490 9,650 9.930
- 480 2.665 10,930 10.503
600 2.995 12,000 11.002
900 3.566 13,200 11.519
1,200 3.996 14,400 12.036
1,800 4.754 15,600 12.545
2,400 5.425 16,800 13.083

- 3,600 6.475 18,000 13.592
4,800 '7.337 19,260 14.134
6,600 8.359 20, 400 14.581
&Inlet pressure controller started to control at 280
seconds.
Run 8

Time Volume Fed Time Volume Fed
sec. ce.s at Py sec. cc. at Py
0 0.000 3,600 0.205
60 . 0.057 4,950 - 0.222
180 0.105 6,800 0.279
240 _ 0.116 7,800 0.304
300 : 0.116 9,000 0.312
600 0.136 9,600 0.317
1,200 0.155 10,800 0.327
1,800 0.176 13,450 0.368
2,400 0.180 14,370 0.379
3,060 0.198 16,370 0.388
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e —

Run 9 .
Inlet pressure = 618.5 mm.Hg at 28.9°C
Exlt pressure = 568.5 mm.Hg at 29.5°C

Time- Volume Fed Time Volume Fed.
sec. . cc. at Py sec. cc. at Py
0 0.392 14,970 0.873

600 0.428 ‘ 15,600 0.909
1,390 0.473 16,400 : 0.945
1,800 .0.480 16,870 0.961
2,400 0.480 17,570 0.988
3,000 0.480 18,086 1.002
3,600 0.490 18,800 1.043
4,250 0.507 19,800 1.078
4,950 0.526 20,650 1.114
6,490 - 0.566 21,420 S1l.144
7,950 0.620
Run 10

Inlet pressure = 618.5 mm.Hg at 28.9°C
Exit pressure = 517.5 mm.Hg at 28.8°C

Time Volume Fed Time | Volume Fed.

sec. ce. at Pq sec. cc. at Py
0 1.183 37,800 3.848
600 1.248 38,480 3.885
1,240 1.280 39,300 3.925
1,800 1.325 40,200 , 4.004
2,700 - 1.380 40,930 4,048
3,200 1.414 41,500 4,086
3,600 1.443 ~ 42,310 4.159
36,400 3.761 43,270 4,218

37,520 3.834 4l 160 4.267
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TABLE l7-~=continued

Run 11 e O
Inlet pressure = 618.5 mm. Hg at 28.9°C
Exit pressure = 217.5 mm. Hg at 30.0°¢C

Time Volume Fed Time Volume Fed
sec. cc. at Py 8ec. cc. at Py
0 0.000 10,860 2.502
5,400 1.029 11,520 2.674
6,000 1.190 . 12,060 2.825
7,000 1.468 : 12,620 2.984
7,200 1.517 - 14,540 3.498
8,000 . 1.694 . 15,000 - 3.627
8,400 1.824 - 15,620 3.788
9,000 2.004 - 17,880 4,394
9,600 2.167 18,530 L,.569
10,200 2.319 _ 19,060 . 4,711

Run 13 :

Inlet Pressure = 602.5 mm.Hg at 25.6°C

Exit Pressure 0.008 mm.Hg
Rime Volume Fed Time Volume Fed
sec. ce. at Py sec. ce. at Pq

0 0 "~ 6,540 8,021

220 1.512 7,140 8;2'9,

350 2.206 , 7,780 8. %O

540 2.638 - 8,340 8.950

840 3.224 8,940 9.225
1,140 3.683 : 9,540 9.540
1,740 4,436 10,140 9.824
2,340 5.084 10,740 10.085
2,940 5.612 11,340 10.373
3,540 6.127 11,940 - 10.629
4,140 6.556 17,940 13.298
4,740 6.961 ’ 18,540 : 13.539
5,340 7.316 19,140 13.783
5,940 7.663 . 19,740 14.017




EXIT PRESSURE DATA FOR RUNS 6, 7, AND 13

TABLE 18
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6

Run 4 13
Time
- gec. EX1t Pressure, microns
2,600 - - 0.01
3, 040 -- 0.01 -
3,600 0.01 —e 0.01
3,630 - 0.01 —_—
4,800 - - 0.25
4,880 - 0.3 - -—
5,400 - - 0.73
5,470 —— 1.1 -
5:8 0 - 1.5 . -
6,000 - C e 1.9
6,600 3.5 - 3.3
6,630 - 3.8 —-—
7,200 - - 4.3
7,250 - 4.9 -
7,800 - 5.7 5.4
8, 400 - - 5.9
8,740 - 6.5 -
9,000 - - 6.5
9,145 - 6.6 -
9,600 - — 6.9
9,620 6.8 - ——
10,200 7.3 - 7.1
10,226 - 7.3 -
10,800 - - T.4
11,400 - —— TsT
12,000 7.8 7.8 -
13,200 8.0 - -
13, 400 - 8.3 -
16,200 8.2 - -
16,240 - 804 bandand
18,000 - -~ 8.3
20,400 8.3 — -




| TABLE 19
ADSORPTTON ISOTHERM DATA AT 40°C

P = 839.5 =~ 230.0 = 609.5 at 25. 600
Hence P = 605.2 mm Hg gt 0gm -He
Plug : :
Tempera-- Collected Gas
Time System Pressure  ture | Pressure Temperature
mmHg % mm.Hg o¢
"3:10 PM 0.043 . 40 0.043 26.6
- 3:15 PM 678.5=-647.0 = 31.5 40 - -
3:30 PM 686.0-627.0 = 59.0 40 - -
3:45 PM 687.0-623.0 = 64.0 40 — -
3:50 PM 690.0=-617.0 = 73.0 40 - -
4:30 PM 693.5-608.5 = 85.0 40 - -
7:00 PM 695.5-604.0 = 91.5 40 - -
7:35 PM 695.5-604.0 = 91.5 4o - -
8:10 PM 687.5-623.5 = 64.0 40 845.0-359.0 = 486.0 25.6
9:15 PM approx. 39.0 40 . 837.0-379.0 = 458.0 25.0
10000 PM 675.5-654.5 = 21.0 40 818.5-425.5 = 393,0 25.2
10:50 PM 670.5-666.5 = 4.0 40 - -
8:30 AM 671.0-666.5 = 4.5 40 - -
9:30 AM 671.0-666.0 = 5.0 40 779.5=526.5 = 253.0 26.0
- - 40 T84,0-513.0 = 271.0 25.8
- 4:00 PM 670.0~668.5 = 1.5 100 763.0=567.0 = 196.0 26.6
9:35 PM 670.0-668.5 = 1.5 100 731.5-646.5 = 85.0 25.7
10:15 PM 670.0-668.5 = 1.5 100 711.5-697.5 = 14.0 25.3

8T



TABLE 19--continued

P = 730.5 - 513.5 = 217.0 mm.Hg at 27.4°C
Hence P = 213.5 mm.Hg at 0°C
- : = Plug
Tempera- Collected Gas
Time System Pressure ture Pressure _ Temperature
mm. He: O¢ mm.Hg __O¢
1:20 PM 0.05 40 0.05 : ~—
2:15 PM 670.0=-666.5 = 3.5 40 859. 0-321 5 = 537.5 24,7
2:50 PM L0 - :
5:00 PM 670. 5-666 5=4.0 75 779, 0-525 0 = 254.0 24.7
8:30 PM ' ' 103.2 727.0-658.0 = 69.0 23.7
9:00 PM - , 103.2 720.0-674.5 = 45.5 23.5
10800 PM - 103.2 712.0~696.0 = 16.0 23.5
10:15 PM - 103.2 707 .5=706.0 = 1.5 22.8
8:45 AM - _ 103.2 714.0-%89.0 = 25.6 . 23.7
9:30 AM - : 103.2 710.0-%80.5 = 9.5 23.3
11:20 AM - 103.2 709.0=702.5 = 6.5 ’ 24 .1
1:20 PM -~ 103.2 709.0~702.5 = 6.5 23.8
2:45 PM - ‘ 103.2 708.5=704.0 = 4.5 23.7T
P-—ll-lSmmH%at27°C - -
Hence P mm.Hg at 0°C |
System Plug o
: Approx. Tempera- Collected Gas
Time Pressure ture Pressure Temperature
- mm.He og mm.HgSi °c
2:35 PM 0.0005 40 0.000 . -
3:45 PM 2 40 729.5-651.5 = 78.0 27.0
7:15 PM 2 102.4 731.0-647.5 = 83.5 25.9
9:45 PM 2 102.4 717.0-683.5 = 33.5 25.9
11:00 AM 1.5 102.4 713.5-692.5 = 21.0 25.9
4:45 PM 1.5 102.4 710.0=700.5 = 9.5 25.6
7:30 AM 1.5 102.4 707 .5=705.3 = 2.0 22.0

GoT




186

TABLE 20 I
SUMMARIZED EXPERIMENTAL ADSORPTION ISOTHERM DATAZ

Tempgrature ' Pressure Amountn Adsorbed
Cc mm.Hg cc.(S.T.P.)/gm.
40 , 605.2 - 16.60
40 , 213.5 9.62
140 | 13.0 . 2.57

@Mhe appendix on Calculated Quantitles contalns a sample
calculation of the 1sotherm points from the data glven 1n
Table 19. .

TABLE 21
CALCULATED ADSDRPTION ISOTHERM DATAZ

Pe, mng N Cs,cc.(S.T.P.)/gm. F

10 ' 2.65 0.760

50 5.27 0.583
100 7.36 | 0.471
150 8.73 0.410
200 9.48 ~0.380
300 . 10.73 ~ 0.334
400 S 12.15 0.288
500 - 13.89 -  0.242
600 _16.51 0.185

%Mis 1sotherm data was obtained by reading P, and Cg
values from Figures 8 and 9 at the gilven values of F.



TABLE 22
X-RAY DETECTOR POSITION CALIBRATION FOR X-RAY CALIBRATION PROFILES

Pressure, mm.Hg 0 o2 10.9 50.2 147.8
Span, in. 0.680 0.620 0.660 0.665 0.650 0.630 0.640 0.655 0.610 0.580
Volts % of Ly

0.08 — - — - — - - - — -
0.12 0.0 0.0 - - 0.0 0.0 - - - -
0.14 — - = - _— - — - 0.0 0.0
0.17 R — 0.0 0.0 == - -— - -— -
0.19 | m= =- - - - - 0.0 0.0 =~ -
0.20 13.2° 11.3 - - - 10.8 13.5 - - 13.1 '12.1
0.30 31.6 26.6 24,3 22.6 23.9 25.4 20.3 19.9 31.1 29.3
0.40 45.6 43.6 40.9  41.4 34.6 26.5 39.0 38.2 50.8 50.0
0050 ’ 58.8 57.3 57.6 5806 5000 49.2 55.5 5109 67.2 63.
0060 ‘ 71.3 690 7102 70-7 63.1 68.3 7003 6807 83.6 79.3
0.70 83.8 84.0 83.4 86.5 80.8 82.5 84,4 84.8 95.9 9l.4
0.74 - - - — . o - 100.0 100.0
0.77 91.9 93.6 == == 923 Q2.1 == == a= ==
0.79 --~ 22 100.0 100.0 ==  Z- - — - -
0.81 L em am — - —- == 100.0 100.0 == ==

0 082 100 .O 100 .O badd - 100 Ne 100 .0 - - - Ladad
0.83 _— - _— - -— T _— - -— -

" 8calibration after Run

18T



TABLE 22-=continued

Pressure, mm.Hg 305 457 .9 605.2 609.6

Span, in. 0.580 0.615 0.620 0.595 0.650 0.610 0.605 0.590
Volts % of Ly

0.16 - - -— - 0.0 0.0 == ==
0.17 - m= . ea aa R — 0.0 0.0
0.20 e -— - 8.5 343 == =
0.21 - 0.0 0.0 == == ROV — -— -
0.24 U — 0.0 0.0 == == — .-
0.30 13.8 13.8 12.1 10.9 25.4 24.6 24.8 23.8
0.140 : 34,5 33.3 29.0 27.7 41.6 39.4 39.6 37.3
0.50 50.0 50.4 48.4 46.2 56.2 58.2 56.2 57.6
0.60 66.4 65.0 62.9 61.3 T1.6 69.7 7T1.9 71.2
0.70 79.3 78.9 81.4 75.6 87.7 86.1 89.2 89.9
0.78 i _— - -~ - 100.0 100.0
0.80 S — 93.5 93.3 100.0 100.0 == ==
0.83 100.0 100.0 == = == R -— -
0.86 m= == 100.0 100.0 == = == - --

8gT
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TABLE 23
X-RAY CALIBRATION PROFILES

P = 0 (Initial Scan)
Iy = 99,000 (Ig)g = 97,500

WOO~NOWUIT &= =W

L AT x 10-3 (AI)gx10™3
% counts/min. counts/min. F
1.0 17.5 16.9 0.996
0.2 17.5 13.0 0.951
0.6 13.8 10.0 - 0.964
7.5 10.5 8.4 0.979
3.7 7.0 7.5 1.008
8.7 8.0 7.0 0.992
7.7 745 CTT 1.003
5.0 11.0 9.0 0.980
2.8 13.0 . 11.8 0.989
4.7 13.0 16.1 1.040
9.5 18.0 17.3 0.994
7.0 18.5 - 18.0 0.990
Avg.”= 0.990
P = 0 (After Run 5)
IR = 97,500, (Ir)p = 97,500
L AT x 1073 (A1)g x1073
% counts/min. . counts/min. F
1.7 18.0 18.0 . 1.000
9.5 18.0 17.3 0.992
17.7 11.0 - 14.2 . 1.039
22.8 10.5 12.0 1.017
31.8 9.5 9.7 1.002
42.5 8.0 7.7 0.997"
56.0 6.5 7.3 1.008
61.0 9.5 8.1 0.985
66.7 8.0 9.6 1.018
73.5 11.0 12.0 1.012
78.0 14.0 13.8 0.998
86.1 18.5 16.7 0.979
96.0 17.5 .18.0 1.006

Avg. = 1.00%
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P = 1009 m.H%

Iz = 97,000, :IR)B = 97,500

L AT x 10-3 (AI)gx 1073
% counts/min. counts/min. F
16:8 38:8 17:8 8:438
21.0 35.0 12.7 0.736
27.8 31.8 10.7 0.756
35.3 3105 809 ’ 0.743
41.6 31.5 7.8 0.735
48.8 30.0 7.0 O.T44
55.0 30.5 Tl 0.740
65.2 32.0 9.1 0.752
77 .6 35.0 13.7 0.T45
86.5 33.0 16.7 0.797
o4,.2 37.0 18.0

Ang_g:%%?ﬂ9

P = 50.2 mm.Hg

Iz = 93,000 (Ig)p = 97,500

L AT x 1073 - (aI)p x 1073
4 counts/min. counts/min. F

4,3 49,5 18.0 - 0.578
11.0 u8.5 16.9 0.582
19.0 46.0 13.7 0.590
22,4 45.0 12.2 0.591
32.0 n2.5 9.7 0.603
Ly .9 43.0 7.3 0.593
54,8 41.0 7.0 0.613
57T 43.0 TT 0.595
66.3 45.5 9.5 0.578
73.8 U5 .5 12.0 0.596
80.0 45.0 14.8 0.610
88.3 u7.0 17.0 0.602
96.6 47.5 18.0 0.604
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OO~I~JUINLEWWROHE

P = 147 8 mm.Hg
IR = 94,500, (IR)B = 97,500
L AT x 103 ((AI)gx 1073
% counts/min. counts/min. F
3.1 64.5 18.0 0.401
3.0 62.5 16.2 0.411
8.3 63.0 14.0 0.406
4.2 62.0 11.7 0.406
4.0 62.0 9.2 0.395
9.0 60.5 8.1 0.407
8.8 60.0 7.0 0.408
6.3 60.5 Te3 O.404
9.6 62.5 8.4 0.386
0.0 61.5 10.7 0.396
9.2 63.0 14.3 0.395
3.8 23.0 16.0 0.304
9.0 .0 17.3 0.425
Avg. = 0.403
P = 305 mm.Hg
=92,000, (IR)p = 97,500
L AL x 10-3 (AT)px 10=3
4% counts,/min. counts/min. F
5.3 67.0 17.9 0.335
12.6 68/0 16.4 0.315
21.3 67.0 12.6 0.313
27.7 66.0 10.7 0.318
37.3 66.5 8.4 0.303
46.5 65.0 T.1 0.316
51.6 63.5 7.0 0.333
59.2 64.0 T-.9 0.331
6702 ’ 6500 908 00326
73.0 65.0 11.8 0.334
80.2 65.0 14.9 0.348
86.5 66.0 16.7 0.343
96.5 65.5 18.0

Avg. E?%§£%§§
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P = 457.9 mm.Hg

Ig = 93,500, (Ig)g = 97,500

L AT x 1073 . (b6I)g x 1073
% counts/min. counts/min. F
T 73.0 - 18.0 0.270
13.2 73.0 16.0 0.263
21.6 T4.0 12.4 0.240
26.7 T72.0 10.9 0.259
35.0 70.5 9.0 0.271
43,1 T70.5 7.6 0.267
48,0 T70.0 7.0 0.270
56.2 T1.0 T3 0.260
66.4 71.5 9.5 0.249
72.1 T1.5 11.4 0.255
79.9 T1.5 14.9 0.266
85.3 72.0 16.3 0.272.
90.0 T72.5 17.3 0.2

Avg. =_'(')-._2'%§

P = 605.2 mm.Hg -

Iz = 95,500, (Ig)g = 97,500

L AL x 10°3 .. (AI)px 10=3

% counts/min counts/min. F
3.3 81.0 ' 18.0 00187
10.3 81.0 17.0 0.184
16.7 81.0 14.9 0.180
25.2 80.0 11.3 - 0.184
32.7 80.5 | 9.4 0.174
39.3 80.0 8.0 0.177
ur .2 80.0 7.1 0.175
55.0 80.0 7.1 0.175
61.2 80.0 8.2 ° 0.177
78.3 T9.5 14.0 0.196
86.8 80.0 16.5 0.196
92'7 78'0 17-8

0.1554
AVg. = 0.1 3
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TABLE 23~=continued

P = 609.6 mm.Hg
Ig-= 97,000, (Ig)p = 97,500

L AT x 103 (AI)g x 1073
% . counts/min. counts/min. F
0.0 82.0 ) 18.0 ' - 0.190
-10.5 84.0 17.0 0.163
22.5 81.3 12.2 0.185
30.7 82.0 ' 10.0 0.172
41.0 82.0 7.8 0.168
5T7.2 81.5 T.4 0.173
65.0 82.0 9.0 0.171
76.5 83.0 13.1 0.167
85.7 83.0 16.4 0.174
93.0 83.0 17.9 0.176
98.2 82.0 18.0 0.190
Avg. = 0.175




TABLE 24

X~-RAY DETECTOR POSITION CALIERATION FOR CH3Br PROFILES

100.0 100.0

100.0 100.0

1 2 3 4 5
Steady State Ste§dy State Steady State Steady State Steady State'
Span, in 0.630 0.620 0.610 0.590 0.580 0.615 0.595 0,640 0.615 0.620
' % of pr '

0.0 0.0 0.0 0.0 - - - - 0.0 0.0
0.0 0.0 —— - 0.0 0.0 0.0 0.0 - ——
14-3 1601 24.6 250“ ' 1308 1308 1600 15.0 19.5 21.8
33.4 34.7 42.6 40,7 34.5 33.3 35.4 32.5 39.8 38.5
47.7 48.4 59.8 59.3 50.0 50.4 48,8 48,4 52.8 54,
65.2 o7. 73.8 T72.9 66.4 65.0 64.8 63.4 T72.4 71.8
80.2 79.9 95.1 0l1.5 79.3 78.9 82.4 78.4 88.6 85.5
- - 100.0 100.0 - - - - - -—
87.4 90.4 - - - — o4.1 o4.2 — -

100.0 100.0

6T



TABLE 24=-~continued

Run ‘ 6 6 7 T 11

Scan Inlet to Exit EX1t to Inlet 1Inlet to Exit Exit to Inlet Steady State
Span, in. 0.600 0.615 0.615 0.655 0.590 0.625 0.650 0.630 0.585 0.605
Volts . | | % of Ly

0015 —— - b d - OoO 0.0 0.0 0.0 Ladd "'"
0016 0.0 0.0 0.0 0.0 bndad - - - - bk
-.0.17 - - - - - - - - 0.0 0.0
0.20 5.8 7.3 8.9 g.2 8.5 10.4 10.8 11.1 — —
0.30 24,2 27.6 25.2 24.4 26.3 28.8 26.9 26.2 19.7 21.5
0.40 40.0 43.0 44,7 42.8 44,1 43.2 44,6 45.2 39.4 38.8
0.50 58.4 '61.0 64.2 62.6 - 61.9 62.4 64.6 65.1 55.6 57.0
0.60 Ti.7 T4.0 T7 .2 T7.9 80.5 76.8 80.0 82.5 71.9 T73.5
0.70 90.0 95.2 89.5 91.6 93.2 93.6 95.4 95.2 88.1 90.9
0.75 —— —— - - 100.0 100.0 = 100.0 100.0 —— —
0.77.' -100.0 100.0 100.0 100.0 . - - . — - 100.0 100.0

 G6T



TABLE 24-=--continued

Scans 1-6 Scans 1-6 'Scans T-9 Secan 10

Scan Inlet to Exit Exit to Inlet 1Inlet to Exit Inlet to Exit
Span, in. 0.555 0.590 0.615 0.645 0.585 0.610 0.585 0.545
Volts % of Ly

0015 0.0 0.0 0.0 0.0 O-O 0.0 bt -
0.16 - - - - - - 0.0 0.0
0.20 10.8° 7.6 9.0 10. 9 8.5 9.0 9.4 5.5
0.30 . 28.0 28.0 23.6 27.2 23.1 23.0 29.1 27.5
0.40 46. 9 48,3 44,8 U6.5 36.0 36.1 .45.3 44,0
0.60 80. 3 83 9 76.5 84.5 64.2 65.6 79.5 B81.6
0.70 - —-— - - 82.1 80.4 100.0 100.0
O . 71 100 . 0] 100 . O 100 . O 100 . O - hndend - -
0.80 - ~-— - - 100.0 100.0 - -
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TABLE 25-=-continued

Run 3

Iz = 92,500
L AT x 1073 Cq. Pe
cnm. counts/min. cc.(S.T.P.)/gm. mm. Hg
0.024 67.5 10.80 298
0.142 650 - ‘10.11 237
0.223 : 64 .5 10.92 266
0.312 64.0 10.52 273
0.37 60.5 9.57 198
0.456 61.5 9.95 225
0.527 59.0 9.20 177
0.582 - - 60.0 9.38 185
0.635 59.0 8.98 165
0.708 - 59.0 - 8.60 147
0.730 ' 58.0 8.20 130
0.803 58.0 7.84 117
0.911 - 59.0 |  7.60 .. 108
Run 4 _

- Ir = 95,000
L AT x 1073 Cs Pe
cm. counts/min. cc.(S.T.P.)/gm. mm.Hg
0.01 ' T4.5 12.95 qyr .5
0.066 T4.0 12.76 435
0.113 73.5 12.65 430
0.214 13 .5 13.20 : 460
0.281 2.0 12.80 ‘ 438
0.314 | 72.0 | 12.87 uL2
O.411 T70.5 12.49 426
0.488 "70.0 12.31 408
0.501 7040 . 12.31 _ 408
0.586 70.0 12.17 400
0.674 68.0 11.10 . 323
0.701 70.0 ' 11.73 o 367
0.784 68.0 10.56 276
0.860 69.0 10.66 ‘ 285
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201 -
| TABLE 26
UNSTEADY STATE CONCENTRATION PROFILES FOR CH3Br RUNS

Run 6 = Scan 1 t = 0.88 = '3.54 minutes
Ig = 95,500 ~ Exit to inlet |
L AT x 1073 Cs | | Pe
cm. counts/min. . cc.(S.T.P.)/gm. mm.Hg
0.016 T3.5 12.33 ' - 411.0
0.154 35.5 2.85 . S 13.0
0.222 14.0 - 0.25 0.5
0.321 A 14.0 0.53 . 1.0
0.389 7.0 0.000 0.0
0.449 9.0 0.21 0.5
0.500 6.5 0.00 0.0
0.567 10.5 0.38 1.0
0.636 11.0 0.12 0.5
0.696 12.0 0.00 0.0
0.781 13.0 0900 0.0
0.834 18,5 0.15 0.5
0.877 18.0 0.03 0.0
Run 6 - Scan 2 t = 4.73 .- 7.30 minutes
IR = 96,000 Inlet to exit
L AL x 10=3 Cs Pe
 cm. counts/min. cc.(S.T.P.)/gm mm.Hg
0.016 T4.0 12.38 | 414.0
0.107 60.0 T.75 113.0
- 0.178 37.5 3.33 18.0
0.211 16.0 0.43 1.0
0.292 13.0 0.32 1.0
0.364 T.0 0.00 0.0
0.409 - 8.5 0.10 0.5
0.497 8.0 0.10 0.5
0.555 15.0 0.82 1.0
0.612 13.0 - 0.43 1.0
0.683 14.0 0.29 1.0
0.752 15.5 0.12 0.5
0.803 19.0 0.32 1.0
16.0 0.0

0.922 0.00
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TABLE 26-=continued

‘Run 6 - Scan 3 t = 13.1 » 15.7 minutes
IR = 92,500 _ Exit to inlet

L AL x 1073 Pe
cm. counts/min. ce.(S. % P. }/gm. mm.Hg
0,043 79.5 14.55 530.0
0.107 T4 .5 .12.28 407.5
0.190 6240 8.46 140.0 .
0.286 46.0 5.18 48.5
0.348 23.5 1.75 5.0
0.415 12.0 0.45 1.0
0.499 7.0 0.00 0.0 .
0.576 9.5 0.12 0.5
0.648 10.5 0.00 0.0
0.705 13.5 0.l1l2 0.5
0.781 15.5 0.00 0.0
0.840 19.5 0.22 0.5
0.885 18.0 O. OO ‘0.0
Run 6 - Scan 4 t = 16.7 -~ 19.3 minutes
Iz = 98,000 | Inlet to exit '

L AL x 1073 . Pe
cm. - counts/min. cc.(S.T.P.)/gm. mm.Hg
0.005 81.5 15 .44 | 566.0
0.314 44,0 4,85 42,0
0‘393 2400 ’ 1.88 600
0.485 7.0 0.00 0.0
00527 8-5 0.10 005
0.599 ~ 13.0 0.43 1.0
0.691 13.5 0.15 0.5 .
0.759 13.0 0.00 0.0
0.822 15.5 © 0.00 0.0
0.920 19 0.10 0.5
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TABLE 26=-continued

Run 6 - Scan 5 t = 25.9 - 28.7 minutes

IR = 94,500 Exit to inlet

L . AL x 1073 G Pe
cm. counts/min. cc.(S.T.P.)/gn. ‘ mm.Hg
0.036 80.5 ~ 16.68 605.0
0.119 77.0 . 14.66 535.0
0.172 T1.5 12.34 411.0
0.260 62.0 0.27 183.5
0.349 43,0 5.07 46.5
0.1449 25.5 2.33 | 8.5
0.508 14.5 0.90 2.0
0.567 11.0 0.33 1.0
0.668 12.0 0.12 0.5
0.734 12.5 0.00 0.0
0.771 15.5 0.03 0.0
0.851 15.0 0.00 0.0
0.900 18.5 0.03 0.0
Run 6 - Scan 6 . t = 29.1 - 32.1 minutes

Ir = 95,000 Inlet to exit

L AT x 1073 Cg . Pe
cm. counts/min. cc.(S.T.P.)/gm mm.Hg
0.024 80.0 16.03 586.5 -
0.095 ' 80.0 16.16 590.0
0.189 73 .5 13.10 : 457.0
0.245 67 .5 10.93 313.5
0.324 60.5 8.98 167.5
0.456 35.0 - 3.67 23.0
0.539 22.0 1.75 5.0
0-623 l 13.0 0043 1.0
0.684 14.0  0.30 1.0
O.745 12.0 . 0.00 0.0
0.828 ‘ 12.0 0.00 0.0
0.868 . 18.0 0.02 0.0
0.931 19.0 o 0.12 0.5
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TABLE 26-~continued

Run 6 - Scan 7 < t = 40.5 = 43.1 minutes

Iz = 97,000 Exlt to inlet

L AL x 1073 Cs Pe
cm. counts/min. ce.(S.T.P.)/gm mm.Hg
0.093 82.0 16.34 596.5
0.134 78.0 - 14.20 557 .0
0.236 73.0 13.56 482.0
0.301 69.5 11.30 342.5
0.388 0.0 8.62 148.0
0.441 52.0 .77 85.0
0.500 37«5 4.03 ' 28.5
0.576 29.5 . 2.65 ' 1l.5
0.647 1T7.5 . 0.85 | 1.5
0.697 12.0 0.00 0.0
0.775 15.0 0.00 0.0
0.829 . 18.0 0.10 0.5
0.884 19.0 0.10 0.5
Run 6 = Scan 8 : t = 44 - 46.6 minutes

I = 99,000 Inlet to exit

L | AL x 10-3 Cs Pe
cm. counts/min. cc.(S.T.P.)/gm mm.Hg
0.024 83.5 16.17 590.0
0.121 . 84.0 16.67 , 605 .0
0.198 78.0 13.80 494.5
0.244 T35 12.10 397.0
0.333 69.5 10.89 310.0
0.394 62.0 8.81 158.0
0.485 3.0 6.75 84.0
0.539 36.5 ‘ 3.70 23.0
0.631 ' 24.5 1.75 5.0
0.714 16.0 0.30 1.0
0.730 14.0 0.000 0.0
0.808 17.0 0.00 0.0
0.896 20.0 0.00 0.0
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TABLE 26=~continued

Run 6 -~ Secan 9 t = 60.5 - 65.5 minutes
Ir = 95,500 Exit to inlet
L AT x 1073 Cs Pe
em. counts/min. cc.(8.T.P.)/gm. mm.Hg
0.066 | 82.0 17.10 615.5
. 0.128 80.5 16.28 594,0
00221 76 .O lLl' .'2’4 516 -5
0.320 TO.0 11.93 386.5
0.397 67.0 11.02 321.0
0.1466 63.0 9.83 ~ 222.0
0.525 58.0 8.40 137.5
0.607 48.0 5.90 64.0
0.705 36.0 3.27 17.5
0.772 23.0 0.98 2.0
0.815 20.0 0.43 1.0
0.884 18.0 0.00 0.0
Ir = 91,00 , Inlet to Exit
1 AT x 10=3 Cs Pe
cm. : counts/min. cc.(S.T.P.)/gm mm.Hg
0.004 TT7.0 16.25 593.5
0.077 78.0 ‘ 17.00 613.0
0.118 5.0 .. 15.13 559.0
0.276 71.0 13.70 489.0
0.323 68.0 Q.44 196.5
0.416 63.0 9.12 175.0
0.496 . 56.0 T.43 103.0
0.560 - 51.5 6.33 T74.0
0.635 L3.5 4,60 37 .5
0.711 34.0 2.74 12.0
0.764 29.0 1.73 5.0
0.825 . 22.0 0.53 ‘ 1.0
0.909 19.5 0.12 0.5
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TABLE 26-=continued

Run 7 = Scan 1 t = 60.6 - 63.0 minutes
Iy = a8, 000 Exit to inlet
L AT x 103 Cs Pe
cm. counts/min. _cc.(S.T.P.)/gm. mm.Hg
0.866 15.0 ' 0.00 ‘ 0.0
0.804 19.0 0.33 0.5
. 0.661 32.0 2.73 12.0
0.574 15,0 5.18 | 48.0
0.491 54 .5 .20 96.5
0.442 61.5 «93 164.0
0.381 63.5 9.70 ' . 215.0
0.300 70.0 11.25 338.0
0.146 78.0 13.90 500.0
0.076 82.0 15.78 578.0
Run 7 - Scan 2 t = 65 = 67.4 minutes
I = 96,000 Inlet to exit
L AT x 10-3° . Cs - Pe
cm. counts/min. ce.(S.T.P.)/gm mm.Hg
- 0.101 79.0 15.60 ’ 572.0
0.220 - T1.0 13.80 Lo5.0
0.312 67.0 11.87 282.0
- 0.425 61.0 9.90 - 230.0
0.506 555 8.35 136.0
0.582 48.0 6.33 : T4.0
0.645 41.0 4,73 39.5°
0.730 29.0 2.20 _ T+5
0.803 21.0 0.68 1.0
0.900 15.0 0.00 0.0



TABLE 26--continued
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Run 7 - Scan 3

t = 98.2 = 100.6 minutes

Iz = 95,000 Exit to inlet r
L AT x 1073 Cs Pe
cm. counts /min. cc.(S.T.P.)/gm. mm. Hg
0.852 ' 30.5 1.93 6.5
0.767 41.5 3.93 27 .0
0.693 ~47.0 5.36 52.0
0.630 52.0 6 .80 86.0
0.515 57.0 8.18 128.0
0.456 61.0 9.34 188.0
0.410 66.0 11.78 375.0
0.350 70.5 12.74 437 .0
0.262 5.0 14.60 532.5
0.196 T( .0 15.47 567 .0
0.128 78.5 15.80 578 .5
0.055 T9.0 16.02 589.0

Run 7 - Scan 4 t = 102.2 - 105 mlnutes

Iz = 94,000 Inlet o exit

L AT x 1073 - Cs Pe
cm. counts/min. cc.(S.T.P.)/gm. mm.Hg
0.093 79.0 ' 16.02 589.0
0.170 78.0 15.80 578.5
0.253 T2.0 13.07 455.0
0.336 T2.0 13.30 468.0
0.410 68.0 11.83 380.0
0.507 63.0 10.15 251.0
0.565 59.5 9,00 168.5
0.64T 57.0 8.07 125.0
0.789 46.0 u.77 42.5
0.872 40.5 3.52 21.5
00928 28.0 1.38 300
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TABLE 26~=continued

ouama—p—
—

It

Run 7 - Sean 5 t = 156 - 158.2 minutes
Iz = 96,000 Inlet to exit :

L AT x 1073 Cs Pe
cm. counts/min. cc.(S.T.P.)/gm. mn.Hg
0.056 82,0 - 16.83 609.0
0.110 80 15.70 576.0
0.197 79.0 15.54 570.0
0.270 78.0 , 15.26 ‘ 559.0
0.370 73.0 13.13 458.5
0.451 69.5 11.88 382.5
0.532 67 .0. 10.97 317.0
0.616 65.0 ‘ 10.10 247 .0
0.745 57.0 T +25 98.0
0.825 51.0 5.54 ’ 57 .0
0.898 43.0 - 3.80 : : 24.5
0.945 27 .5 1.27 3.0
Rum 7 -~ Scan 6 t = 196 - 198 minutes
IR = 100,000 Inlet to exit

L AT x 1073 Cs Pg
em. counts/min. - cc.(S.T.P.)/gn. mm . Hg
0.109 82.0 _ 16.52 ' ' 601.0
0.278 80.0 15.50 568.0
0.345 - T73.0 13.04 453.5
0.435 T72.0 12.64 431.0
0.507 | 70.0 11.88 382.5
0.598 67.0 10.33 266.0
0.661 62.0 ‘ 8.95 ' 165.5
0.745 - 56.5 ' T .36 100.5
0.803 - , 53.0 6.05 ' 67.5
0.863 49.0 4.80 41.0
0.945 38.0 2.80 : 12.5
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TABLE 26-~-~continued

Run 12 - Scan 1 t = 55 = 3.1 minutes
Ig = 99,000 Inlet to exit
L AI x 10-3 - Cg : Pe
cm. counts/min. cc.(S.T.P.)/gm. - mm.Hg
0.921 77 .0 ‘ 12.73 436.0
0.858 795 13.97 502.5
0.803 81.0 14.90 545.0
0.701 82.0 15.94 4 584.0
0.649 82.0 : 16.18 591.5
0.568 82.0 16.42 598.0
0.479 82.0 16.53 602.0
0.345 82.0 16.30 594 .5
- 0.168 . 84.5 17.23 618.0
0:119 80.5 14 .60 532.5
0.035 74.0 11.50 356.5
Run 12 -~ Scan 2 t = 3.8 = 6.2 minutes '
Ig = 99,000 . Exit to inlet
L AT x 10-3 Cs P
cm. counts/min. cc.(SeT.P.)/gm. mm;ﬁg
0.063 71.0 - 10.42 273.0
0.120 78.0 _ 13.40 474.0
0.211 80.5 15.10 : 519.5
0.284 82.5 ' ' 16.51 . 600.0
0.356 83.0 17.00 : 613.0
0.536 81.0 15.93 583.0
0.668 - 83.0 16.70 606.0
0.74 80.5 , 15.00 549.0
0.80 77.0 12.97 : 450.0

0.879 T1.0 10.b2. 273.0



TABLE 26-=continued
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Run 12 - Scan 3 t = 12.7 - 15.3 minutes

IR = 96,000 Inlet to exit

L AL x 1073 Cs Pe
cm. counts/min. cc.(S.T.P.)/gm mm.Hg .
0.025 59.0 T.30 99.0
0.111 69.0 - 10.57 2725
0.192 74.0 13.00 451.5
0.248 76.0 14.16 512.0
0.337 719.5 16.30 594.5
0.418 80.0 16.67 604 .5:.
0,474 80.0 16.67 604 .5
0.519 80.0 16.58 602.5
0.642 79.0 15.90 582.5
0.699 TT 0 14.56 530.0
O.7TT7T7 T4.5 12.93 447.5
0.846 " 69.0 10.50 280.0 -
0.908 61.0 7.88 117.5
Run 12 - Scan 4 t = 24.6 - 27. minutes

Ir = 100,000 Inlet to exit

L AL x 1073 Cs = Pe
cnm. counts/min. cc.(S.T.P.)/gm. mm . Hg
0.000 55.0 - 5.84 63.0
0.082 66.0 8.65 149.5
0.165 68.0 9.61 207.5
0.220 TOH 10.67 : 202.5
0.312 73.0 11.83 380.0
0.399 73.0 12.00 391.5
0.457 73.0 12.07 395.0
0.551 73.5 - 12.17 401.0
0.635 73.0 11.78 375.0
0.699 - 73.0 11.53 = , 358.5
0.785 69.0 Q.TT 220.0
0.348 67 .0 8.97 166.5
0.924 58.0

6.50 78.0
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'TABIE 26--continued

Run 12 = Scan 5 t = 42.5 - 45.1 minutes

Iz = 100,500 Inlet to exit

L AL x 1073 . Cs Pe
cm. ‘counts/min. cc.(S.T.P.)/gm mm. Hg
0.006 50.0 4.75 40.0
0.101 : 58.0 6.54 79.0
0.184 62.0 T.95 120.0
0.232 66.0 9.22 | 181.5
0.310 68.0 10.07 245.0
0.482 69.0 10.60 285.0
0.578 68.0 10.23 T 257.5
0.627 66.5 9.60 207 .5
0.716 65.0 8.80 - 157 .5
0.769 63.0 8.00 122.0
0.939 49.0 4.60 37.5
Run 12 - Scan 6 t = 90.4 -~ 92.8 minutes

Iz = 102,000 Inlet to exit - |

L AT x 10-3 | Cs " Pe
cm. counts/min. cc.(S.T.P.)/gn. ‘mm.Hg
0.026 48.0 4,25 32.0
0.110 49.0 4,60 37 .5
0.192 51.0 5.39 52.5
0.257 54.5 6.32 T3.5
0.337 56.0 - 6.84 87.0
0.425 58.5 T ST . 107.
0.517 59 .0 T.71 111.5
0.602 5T «5 T.18 96.0
0.682 55.5 ' 6.47 TT 5
0.755 55.0 5.96 65.0
0.786 51.5 : 5.18 48.5
0.877 48,0 4.27 32.0
0.945 42.5 3.15 16.5
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TABLE 26--continued

Run 12 - Scan 7 t -~ 113.6 = 118 minutes
Igr = 94,500 . Inlet to exit
L AT x 10~3 : Cq P
e
cm. counts/min. cc.(S.T.P.)/gm. mm.Hg
0.036 . 44,0 4,10 29.0
0.130 44,0 4,36 33.5
0.204 470 5.40 53.0
0.277 52.0 6.71 83.0
0.375 53.0 ' .22 97 «
0.454 53.0 -T«35 101.5
0.523 53.0 T.35 101 .5
0.602 52.0 6.90 88.5
0.670 - 50,0 6.17 T0.0
0.763 48.0 5.27 50.0
0.811 46.0 L.64 38.5
0.891 uy .0 4.10 29.0
Run 12 - Scan 8 t = 150.2 - 153 minutes
Ix = 92,000 Inlet to exlt
L AT x 10~3 Cq . Pe
en. counts/min. cc.(S.T.P.)/gnm. mm.Hg
0.061 40.0 " 3.54 21.5
0.152 40.5 3.97 27 .0
0.229 43,0 .91 43.0
0.289 45.0 : 5.52 56.0
0.461 46.0 6.08 68.0
0.516 45.0 5.82 62.5
0.594 45,0 5.67 59.0
0.662 43.0 5.03 46,0
0.724 43.0 4.75 40.0
0.787 42.0 4.17 30.0
0.864 41.0 3.73 23.5
16.5

0.915 38.0 -~ 3.15
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TABLE 26m-continued

Run 12 - Scan 9 t = 180.5 = 182.9 minutes
Iz = 98,000 Inlet to exit
L AI x 1073 Cs - Pe
cm. counts/min. ce.(S.T.P.)/gm mm.Hg
0.078 38.0 2.85 : 12.5
0.173 u2.,0 3.97 27.0
0.241 43.0 4.44 34.5
0.295 u3.5 4.70 39.0
0.376 44,0 5.00 45.0
0.461 . 44,0 5.11 47.0
0.515 44,0 5.11 4r.o
0.594 43.0 4.76 40.0
0.661 - 43.0 4.52 - 36.0
0.702 43.0 4.33 33.0
0.796 ' 42.0 3.72 23.5
0.864 : 41.0 - 3.33 18.0
0.945 36.5 2.55 10.0
Run 12 - Scan 10 t = 262 - 264 minutes
"Ig = 99,000 , Inlet to exit
L AL x 10-3 Cg ' Pe
cn. counts/min. ce.(S.T.P.)/gm. mn .. Hg
0,088 35.5 2.40 . 8.5
- 0.216 39.0 3.60 22.0
0.300 38.0 3.7T0 23.0
0.378 37.0 3.72 23.5
0.450 36.5 3.74 24,0
0.541 35.5 3.68 22.5
0.611 38.0 3.75 | 24,0
. 0.681 38.0 3.50 20.5
0.759 37.0 2.92 13.5
0.801 37.0 ' 2.7T7T - 12.0
0.886 35.0 2.24 8.0




TABLE 27
X-RAY INTENSITY VARIATION WITH KV. CHANGES

Load current - 37 ma.

(NelVolVaNe'sYooXo o LT N Vo Yo, oI =S S W VNN

L - Ig x 1073 IR x 1073 AIg x 10-3 AIg x 10~3 AIg
% of Ly KV. counts/min. counts/min. counts/min. counts/min. g
005 28 L”" 05 ’ 54 .O —— ’ i b —
0.5 29 59.5 71.5 15.0 17.5 0.857
lo3 28 48- O 54 05 hasiend it b
1.3 29 64.0 . 71.5 16.0 17.0 0.942
1.3 30 82.5 91.5 18.5 20.0 0.925
2.5 28 52.0 56.0 : - - -
2.5 29 69.5 75.0 17.5 19.0 0.922
2.5 30 87.5 94.5 18.0 19.5 0.923
106 ' 28 50 O~O 54 .O : —— bt -
1.6 29 67.0 72.0 17.0 18.0 0.944
1.6: 30 - 86.0 94.0 19.0 22.0 0.865
3.5 28 47.5 535 - == ==
3.5 29 62.5 70.5 15.0 17.0 0.883
3.5 30 81.5 92.5 . 19.0 22.0 - 0.864
4.2 28 47.5 55.5 - - oo
L‘-2 29 6305 73-5 1600 ’ 1800 00889
4.2 30 78.0 90.5 14.5 17.0 0.853
7 .2 28 45 . O 55 .O - - -
T.2 29 61.5 735 16.5 18.5 0.892
7.2 30 78.0 91.5 - 16.5 18.0 0.917
Avgs= 0.897

hTe



APPENDIX F
CALCULATED QUANTITIES
Sample calculatlon of system
volumes of Table 13
Sample caleulation of volume 1 |
| The volume was obtainéd by measuring the change in
'preséure when a known volume of mercury was added through the
syringe feeder. The equatlon for the origlnal volume, Vl, is
then obtalined as follows. | | |
Volume of Hg féd = Vp: 7,303 counts x 8.171 x 10~4 ce./6ount
Vp = 5.9673 ce. o
Volume correction, Vg, due to.movement of Hg below the red
reference mark on'thé manometer leg, AHh, is gilven by:
Vo = T D2/ | |
Ve = HX 02000 (31 ou5 - 28.955)
V ="0.2367 cc.

” Température correctlonsof the barametric pressure was made
by using the tables, given in the "Handbook of Chemistry and
Physics," 35th ed., Chem. Rubbér Pub. Co., as follows.

At 25.7°C, p = 862.5-118.1- 3.1 = T41.3 mm.Hg

At 25.8%, P = 862.4-118.2- 3.1 = T41.1 mm.Hg

Temperature correctlon of the manometer reading was made for

215
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the expansion of mercury and cathetometer scale as follows:

Corrected manometer reading = M.R.

= (M.R.)(1-17x10"6(t-20))

(1~-.000181792t)
At 27.5°C,
M.R. = (319.45;152.32)(0.9948738) = 166.3 mm.Hg
M.R. = (289.55-163.79)(0.9948738) = 125.1 mm.Hg

The 1lnitial pressure, Pj, and the final pressure, Pp, was

obtained by subtracting the corrected manometer readings from .

the corrected barometric pressure as follows:
= 741,3~166.3 = 575.0 mm.Hg |
= 741.1-12501 = 61600 mm-Hg

The original volume was then obtained from the following

equation which is based on the ideal gas law.

Vy = (Vg = Ve) / (1 = (P1Tp/P2T1))
vy = (5.9673 - 0.2367) / (1 - (BRI )
Vq = 86.10 cc.

Calculation of surface to gas phase
concentration ratilo

For P = 615 mm.Hg, the quantity'of gas phase CH3Br per gm.

is given by:
22,400 vpe P

vV, = )
g RT Papp
(22,400) (0.408x0.945) (0.301) (615)
Vg = ~(62,361) (313)(1.541) = 0.0569

ce.(S.7.P.)

gme.
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The dquantlity of CH3Br in the adsorbed phase per gm. is
cbtalned directly from the adsorption lsotherm of Figure 10:
Cg = 17.08 cc.(S.T.P.)/gm. )
Hence'ﬁhe minlmum ratlo of surface to gas phase éoncentra-
tlons was: |
Cs/Vg = (17.08)/(0.0569) = 305
Sample calculation of CH3Br mass
absorptlion coefficlents
- The x-ray mass absorptlon coefficient of.a compound can be
estimated by adding the ness absorption coefficilents of the
elements making up the compound on a welght fraction basis.
For example for CH3Br, the coefflclent can be obtained for
an x=-ray wavelength of 0.5 3 as follows:
Carbon: welght fraction = .y, = 12.0i/94.95 = 0.1264
mass absorption coefficient = (x2/7=)c = 0.3357 em.”1
Hydrogen: weight fraction = Yy = 3.02/94.95 =.0.0318
mass absorption coefflclent = («/°)y = 0.3660 cm."1
Bromine: welght fraction = ygp = 79.92/94.95 = 0.842

mass absorption coefficilent = (#/P)p. = 30.78 cm.~1

I

(M/'ocu,aé = Y (.a/,-a)c + Yy (.a//)H + Ya, (et /P)g,

‘4”’)CH3Br = (0.1264)(0.3357)~ (0.0318)(0.3660)
- (0.842)(30.78) = 26.05 cm.”*



Sample calculation of scanner position
callbration curve '

The scanner posltion was callbrated by measuring the distance
the position fecorder chart had moved during the voltage span
from one end of the plug to the other. Assuming that the
scan rate was constant and the recorder chart drive was con-
stant, the distance the chart had moved was proportional to
the éxial distance along the plug. Hénce if the first call-
brétion point for run 1 in Table 24 1s taken asuan example,
the total chart distance was 0.630 inches and the voltage
span was 0.86 volts. The distance the chart has moved ﬁhile
the voltage at the plug 1n1et; 0.21 volts, has changed to
any other voltage can be meééured with a scale having 0.0l |
inch divisions. The ratid of the measured distance, i.e.,-
0.09 inches to the total distance, 0.630 inches, i1s the same
as the fractlon of the axial dlstance down the plug. Hence
(0.09/0.63) = 0.143 or 14.3% of the distance down the plug
corresponds to a voltage of 0.3 volts. Simlilar calculations
give the scanner position calibration. |
Sample calculation of reductlon

of x-ray data

As an example, the first concentration measurgd in the steady
state concentration profile for run 1 (glven in Table 24) will
be calculated. '

AI = 50,500 counts/min.

IR = 96,00 counts/min.
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For % of L, = (0.038/0.945)100 = 4.02%, (AI)y can be obtained
from Figure 6, (AI)g = 18,000counts/min. (Ig)g is 97,500
counts/min. for all scans. Then using equation 7, the
attenuation factor can be obtalned:

F = (Ig - &I) / (0.9Ig + 0.1 (Iz)g~ (AI)p)

F = (96,000~50,500}/(0.9(96,000)+0.1(97,500)=(18,000))-

F=0.58 | |
Using F = 0.582, Cg can be obtained from Figure 9 and Pe can
be obtalned from the isotherm, Figure 10.

Cg = 5.27 cc.(S.T.P.)/@m,
Pe = 50 mm.Hg

Calculation of A /d ratlos
Calculation of minimum mean free paths '
The mean free path, A , can be calculated from the

equation given by Kennard (73).

A = 34 |TTRT
2P

—2M
For hellmm:
T = 313°K
o _ (615 mm.Hg) (1.013 x 10° dymes/atm.-cm2}
(760mm.Hg/atm. ) |
P = 0.82 x 106 dynes/bmg
A = 194 x 16§poises (from refereﬁce (74))
M= 4 gm./g-mole
N (3) (194x10-6) [T (8.314x107) (313) _ 5.58 x 10™ on.

2(0.82x100) (2) (4)



Similarly for CHzBr, with 4 = 143.8 x 10~6 poises
(reference (75)): A = 5.41 x 100 cm.

Calculation of minimum A /d ratios
For helium: A /d = 3580/43.6 = 82.0
For methyl bromide: A /d = 541/43.6 = 12.4

Sample calculation of helium permeability
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As an exampié, the helium permeabiiity for run H~6 was cal-

culated as follows. . First the measured pressures had to be

corrected to 0°C and for the meniscus error due to use of

different size tubing in the arms of the manometer. The

meniscus error was a constant 1.5 mm.Hg too high.
P at 0°C = Py( Pt/ APas)

PHe = 13.5955 gm/cc. at 0°C

Prg = 13.5340 gm./cc. at 250¢

= 5 4O _ =

Pout = 13.5 %-553-9-;% -1.5 = 11.9 mn.Hg

The quantity of helium fed was plotted against'time elapsed.

After steady state was reached, the slope of the
calculated.
N = (slope) (Pyn)(273)( 1)

(760) (313)(22.4)

plot was

8.2-1.8 101.0 -
N = 137875-0.5 W%i‘}{'z‘e—ﬂ'}— 9.796 x 1073

-mole/hr.
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P

0B =

\/_n-lgsB\/_

p

- - -0 1/2
00x10'3 mg .~=mole-cm. gm.-°K )
2 ~ em?-hr.-mm.Hg \ 8m.-mole

Sample calculation of CH3Br

steady state permeability

As an example, the CH3Br permeabllity for run 1 was calculated
as follows. FIFirst the measured pressures had to be corrected
to O°C_and for the meniscus error of 1.5 mm.Hg too high due to.
‘use of different size tuﬁing in the arms of the manometer.
P at 0°C = Py ( Pt/ Ao) |

Pug = 13.5955 gm./cc. at 0°C

PHg = 13.5274 gm./cc. at 27.3°C

PHg = 13.5315 gm./cc. at 26°C.

Py, = 52.0 {}3°B5kat - 1.5 = 5052 mm.Hg
13.5315) _ _ |
Pout = 12.5 %T%T%§§§% 1.5 = 10.9 mm.Hg

AP = Py, = Pup = 50.2-10.9 = 39.3 mm.Hg

The quantity of CH,Br fed was plotted against time elapsed.
After steady state was reached, the slope of the plot was
calculated.

_ (Pin)(273)( 1)
N = (slope) 1oy 313 )

’ 18.1-14. 0.2) (273 1 - F -3ne .- .
N = {7 a5-T.5 255 %5%5%'{§§Tﬁ%' 3.554 x 1079mg.-mole/hr
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| ? - N L
MLT = D
pg. | IP;K_P J MT

. -3) (0. '
[ = 1320 R0l 0:98) (94,95 x 313)Y/2

(e
Q-

e
Q-

fM—T = 0,0366 mg .-mole-cm. ( gm.-°K )1/2.

cmes=hr . ~mm.Hg gm.-mole
Sample calculation of adsorption
isotherm point
‘The isotherm point at P = 605.2 mm.Hg 18 given as an example
of these calculations. All measured pressures had to be
corrected to‘OOC in the followlng way:

P at 0% = Pr (Py /Po)
the CH3Br removed from the equiiibraped plug was coliected in
the 500 cc. reservoirs and compressed into a known volume.

Only one of these 8 collections will be calculated here.

Equilibrium Pressure = 609.5 1 :59% ~ 1.5 = 605.2 mm.Hg

Collecting Temperature = 25.6°C

Collecting Pressure = 486.0 1%:5925 - 1.5 = 482.2 mn.Hg

The collecting volume included one leg of the measuring
menometer and hence the collecting volume had to be corrected
for the dlstance of the Hg level above the calibration mark

as follows:

D2 -
V =10 - 5~ (Pman. - 207.5)

V = 10 - 0.007917(359.0-207.5) = 8.800 cc.
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This volume collected was reduced to S.T.P. as follows:

v = (8.850_)(578%—5—?-)(%3—5) = 5.105 cc.(S.T.P.)

The eight collections yielded a total of 20.823 éc;'(S.T.P«).
There was a dead space on both 8ldes of the Qlug between the
inlet and outlet silde valves. This dead space was orlglnally
fllled with CH3Br at the eéuilibrating pressure and tempera-

ture. Hence this quantity of CH_Br must be subtracted from

3
the total quantity collected to obtain the true amount of

CH3Br removed from the plug.

V in dead space = (16.7) -6—.?%6—2-)(%) = 11.599 cc.(S.T.P,.

-V adsorbed = 20,823 -'11.599 = 9,224 cc.(S.T.P.)
Wp = 0.5557 gm.
Cs = 9.224/0.5557 = 16.60 cc.(S.T.P.)/gm. at 602.5 mm.Hg

Material balance for run 2 steady state
Volume fed over a period of 5 hours of steady state operatilon
was:

Vin = (22,280-16,304) coﬁnts x (8.171x10"%)ce./count

Vip = 4.88 cc. at 147.8 mm.Hg and 40°C

Vip = 4,88(%)(%) = 0.826 cc.(S.T.P.)

Volume collected at exlt was calculated the same way as the
volume collected in measuring the adsorption isotherm polnt
gilven in thils Appendix. |
Vout = 10 = (0.007917)(432) = 6.60 cc. at
94.0 mm. Hg and 26.0°%C
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Vous = 66 ( 985) ( 55 ) = o-7a6

There was one s8light correction due to a caplllary tee which
was evacuated before the collectlon and hence was fllled
during the collection. This volume was estimated as

0.942 cec. at 50.2 mm.Hg and t = 26.0°C.

Vree ='o.942(%6—2)(%) = 0.058 cc.(S.T.P.)

Vout = 0.746 + 0.058 = 0.804 cc.(S.T.P.)
Net difference = Vin-Vout = 0.826 - 0.804 = 0.022 cc.(S.T.P.)

Estimation of CH3Br molecular area
Emmett and Brunauer (53) gave the following equation for
calculating the molecular area based on close packing (12
nearest neighbors) and the normal solid or 1liquid density.
A = 1.091 (4/AN)?/3
The denslty was obtalned by extrapolatling to 40°C the follow-
ing data glven by Dreilsbach (56).
T, °¢ __gm. /ec.
0 1.732
20 1.676
25 1.662
From this data /2 = 1.618 gm./cc. at 40°C

[N
2
A=1.091 (94,.95/1.618x6.023x1023)ag = 23.1 3
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Estimation of average pore radlus
and surface area from helium
permeability
Wheeler (76) gives the equation
r = 2Vg/Sg
where Vg = €/ /5, = pore volume per gm.
Sg = specific surface area
T = average pore radius
=2 € /T Mpp
T can be obtained from the experimental helium permeability

by using equation (15) with certain assumptions. Equation
(15) is:

-3 '
3! _% nmT7o ( 2-f ) dp
= T 2
£ J2T RTHM kodL

For parallel pore model nTT T2 = € Ap
2 —
Substituting fornw?T and solving for r:

E:gNl'(/(-g EefrPRT (ef) deL)

Né is related to the modified permeability pé JMT by the

equation: i
na, S - o STF [T
k¥ “pdL — g V ‘

" Wwith approprlate units.

Substitution yields

e V(52 \/ﬁ'>(
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-5 gm.=-mole=cm. gm. =K 1/2
p! \/ = 0. 883x10 ( ____)
& Hy .-cmS-mm.Hg gm.=-mole

€ = o0.301
Assume f = 1 and k2 = 6.55 as given by Barrer and Barrie (9).

-5 (8)(1333)(3600)(0.301) |

T
r = 34,2 x 10~8 cnm.
Since ,pn = 1.441 gm./cc.

(2)(0.301)
(34.2x10~0) (L.441)

Estimation of average pore radius
from measured surface areas

As stated previously Wheeler (76) gives the‘equation
T = 2V,/Sg
Vg = 6//0‘3pp = (0.301)/1.441) = 0.209 cc./gm.
From the N, - B.E.T. measurement, S5 = 192 mg/gm.
- 8, 4y M
= 2 (0.209)10° /(192 x 10") = 21.8 A

Estimation of tortuoslity factor

- As shown previously in this Appendix on Calculated Quantities,
the following equation can be obtained from euation 15.

-5 ® /(5 e ()



Dividing both sides of this equation by k°T and inverting
8 T € 2—f)
ke = ===// p* JMT
3 "J2TR T p

T =21.8 x 10 em.

=1
- —~mole-cmn. M=K 1/2
' JWT = 0.883x10"5 B0 g
p%, M 3 hr.—cm?-mm.Hg gm.-mole .
€ = 0.301

2 (8)(21.8 x 10~8)(0.301)(3600)(1333)
(3)(27 x 8.314 x 107)/2(0.883 x 1072)

k2 = 4,18
kK = 2.04

Sample calculation of B and Ds
for Table 6

- For run 6, ACg = 16.6-0 = 16.6 cc.(S.T.P.)/gm.
Hence Cg - 16.6/2 = 8.3 cc.(S.T.P.)/gm.
f%pp =*i.441 gm./cc;
M = 94.95 gm./gm.-mole
A = 1.618 gm./cc.
€ = 0.301

From equatlion 4:

| { PappMCs ] 3/2
B = [1 -(zz. koo 7E Le)
[. 1.441)(94.95) (8. ] 3/2
i- 22,400)(1.61 Q. 0l

B = 0.848

B

227
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The average permeability, pé MT was 0.883 x 10™%

Np = [(0.883‘/_%10'2 ) (22.4 Ap) %E] cc.(S.'I‘.P_.)/hr.

(94.95 x 313)1/2 = 172.44
Ap = 0.408 cm?

7

AP = 602.6-0 = 602.6 mm.Hg
Lp = 0.945 cm.-
_'(0.883 x 1072)(22.4)(0.408) (602.6)
Ng = (I72.00)(0.005)
Nk = 0.301 cc.(S.T.P.)/hr.

BN = (0.848)(0.301) = 0.255 cc.(S.T.P.)/hr.

Np = 1.081 ce. (S.T.P.)/hr.
Ng = Np = BNk
Ng = 1.081~0.255 = 0.826 cc.(S.T.P.)/hr.

Ds = Ns Aapp/ 3600Ap (AC/Lg)

0.826) (1.441
Dg = 00) (0.508) (16.6/0.985)

Dg = 4.62 x 1072 cm2/sec.

Calculaticn of CRr

From Figure 28
| 3600 RT /pphp

2]
22,400 k=CgSgLy,

slope = 0.86/260 =

- | 2
COg = 48.6 RT Papphp / K Sgly .

o3|
I

8.314 x 107 dyne-cm./mole-°K
T = 313%K |
Papp = 1.441 gm./cc.
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Ap = 0.408 cm.
k° = 6.55
Sg = 192 x lo*cm./gm.
Lp = 0.945 cm. |
_ (48.6)(8.314 x 107)(313)(0.408)

(6.55) (192 x 10%)
Cr = 0.6 x 10° gm. /sec .=cm%

Sample calculation for Tables 8 and 9
For runs 6 and 7
. Np
JT = 3008p = 1.08/(3600}(0.408)
Jp = 735 x 10'”;cc.(S.T.P.)/sec.-cmg
At L. = 0.1 em., Cs’= 16.3 cc. (S.T.P.)/gm.
Pe = 59455 mm.Hg-

dCg

—-ai‘- = —3.0 CC.(S.T.P.)/gm.—Cm.

9Pe = ~111 mm.Hg/cm.
L

dCg

—= = 0.0357 cc.(S.T.P.)/gm.~mm.Hg
dPe

From equation 4:

| 1.441)(ok. 16.3 3/2
B = - {22,400)(1.618) (0.301

B = 0.709
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From equation 24:
(22, 4)(0 709)(0.887 x 10‘2)( 111)
(3600) (94.95 x 313)7/<

Jg = 0.252 x 10™"

Jg =

From equation 26:

2 =

kecRsS = 1.17 x 103 gee.”?

From equation 27:

(7.35 - 0.252) 10~%
[1.637(16.3)(594.5)(0.00357) + (16.3)%(-111)

.KM = T.68 x 10f7gm%/cc.(S.T.P.)—cm.-sec.-mm.Hg

Ky

From equation 25:
Dg = (7.35-0.252)10""/=(1.441)(~3.0)

D, = 1.64 x 1074 cm%/sec.

Estimation of minimum flow 1In exlit tube

From Loeb (33)
= _8mr AP

3,/21‘RTM.iE

= 0.2 Ch.

N

™= -

8.314 x lO7 gm. -cm./gm -mole— K-sec.
313°%K

94.95 gm./gm.-mole

(15-0.008)(1333) = 20,000 gm./cm.—sec?
250 cm.

=z 13 = 8|
f

AP

l."
I
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Nt (8T)(0.008)(20,000)
5= (3)(2 x8.314x107x313x94.95)1/2(250)

1.31 x 106 gm.-mole/sec.

'
NK

i

The measured flow was

Np = 1.08 cc.(S.T.P.)/hr.
(1.08)/(22,400) (3600) = l.36x10"85gm.—mole/9ec.
therefore Ni/NA = 100

1
NT

Solutions of equation 33
Equatlion 33 is

d [Dp(dCg/AL) ] 4
di =0 | -~ (33)

The boundary conditions are
Cg = Co, L =0
Cg = Cp, L=1p
Integration of equation 33‘tw1be gives

[ Dpacg = AL + B
where A and B are constants

Substitution of equation 29 for Dp and Ilntegration gilves

—D% Co‘

In (1- of C3/Cy) = AL + B

From the two boundary conditions

_ _ DS co
B = T In (1 -o)
& Ip |
D° ¢ 1- o '
b= L7 ‘1n'(3b'o(CL/Co )

- N
=
o)



232
Substitution for A and B followed by algebraic manipulation

glves equation 34
| 1o W
P.S_ a 1-(1-« )('1_ e CL/CO) (34)
Co -

Simlilarly substitution of equation 31 for DT into the doubly

integrated equation 33 and subsequent lntggration gives

o -
D g(CS/CO
g°( e = AL + B
o

From the two boundary conditions

DO
B = 'go(eJ
o
A= DR o L0

e - e
CoLp (e o} | )

Substitution for A and B followed by algebraic manipulation
gives equation 35 o -

: 3 «£ Cy/C | |
§é=§_‘1n{1;%(el/°—e"’>+ef‘} BN

O

Solution of eduation 36
Equation 36 is: .

N

D, dC, ‘ (36)

36000 Papphp f Co

L

Substitution of equation 30 with C, = 16.6 and Op, = 3.0
(3600) (1.441) (0.408) [ 16-6
RT 053508)dc

Np =7 (0.945)
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Integration gilves

_ (3600)(1.441)(0.408) (1.6 x 1072 16.
N 1‘ X (0. 93%)(_@ %é35) X ) [1n(1-0.0535C§H3

Substitution of limits glves
= 1.357 ce.(S.T.P.)/hr.
Similarly, substitution of equation 32 into equation 36 with

the same 1limits glves

16.6 . |
(3600)(1,441) (0.408) ,  0.8¢105 -1385Cg acq

N = (0.5m5)

Integration gives

- OO)(l 441)(0,408) (0.8%x10~2)
Lo (0.9%5)(0.1385) = [

e0.1385081:35.6

Substitution of limits gives

Np = 1.096 cc.(S.T.P.)/hr.
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