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- ABSTRACT

SECTION I

AN EXPERIMENTAL METHOD FOR THE MEASUREMENT OF

EFFECTIVE GAS DIFFUSIVITIES IN POROUS PELLETS,

AND THE LONGITUDINAL DISPERSION COEFFICIENT
IN PACKED BEDS

Present methods of measurement of effective diffusi-
vities are not generally adaptable to the pellets in a
packed bed, for example a catalytic reactor. An unsteady
state pulse method has been developed employing simple
gas chromatographic rate theory.

The method is generally applicable to pellet sizes
down to about. 2mm. ' With homogeneous pellets reasonable
agreement was obtained on comparison of effective diffu-
sivities measured by a steady state method. For aniso-
tropic solids the unsteady state diffusivity can. be
quite different from the steady state value due. to
differences in diffusion path.

Pulse dispersions measured in beds of non porous
pellets have revealed a laminar flow regime where the .
dispersion coefficient is dependent -on the square of the
velocity. This regime was reported for flow in straight
pipes but has not previously been- demonstrated in packed
beds.

SECTION II

DEVELOPMENT OF AN UNSTEADY STATE FLOW METHOD
. FOR MEASURING BINARY GAS DIFFUSTON COEFFICIENTS

Effusion measurements of one gas from a packed bed
of known geometry (por031ty and tortuosity) into a
second flowing gas have been evaluated as a versatile
technique for the determination of binary gas dlffu31on
coefficients.

The molecular diffusivities measured~(t 10%)
approached the scatter encountered by other methods
Cf 5%) and satisfactory results (f 3%) are envisaged
by optimising parameters in the method.
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ARSTRACT
SECTION T

AN EXPERIMENTAL METHOD FOR THE MEASUREIENT OF EFFECTIVE GAUS DIFFUQIVIHILQ
IN PORCUS PELLETS, AND THE LOGITUDINAL DISPERSION COBFFICIENT IH PACKLD BIDS

Present methods for measuring effective diffusivities in emall porous
particles arc not applicable to assemblages of such pelleis, for example, as
in catalytic reactors, and require special techniques or apparatus. A pulse
technlgue has been developed vhich can successfully yield a reasonable value
of the diffusivity by analysis of pulse dispersion in bterms oi simplce chrcomato-
graphic rate theory. A non-adcorbing pulse gas 1s nccesseary, and hydrogen 1s
nearly idcal. Because of the high molecular divfusivity of hydrogen Lhe
smallest size of particle which can be testea with this gas is aboul. 2 mn
glameter., The unsteady statce pulse effective diffusivity measurcment which
should be more realistic for catalytic studlies was compared with a conventicnal
steady state method and good agreement obtained in a spherical isolropic pellet
(h%); however, as may be eipected agreement. was poor with anisotropic pellets.
A regime was found in a study of beds of non porcus pellets wherce
the dispersion coefficient is vroportional 1o the square of the velocity. This
regime is reported [or pipes bul has not been recalized as & separate roegime in
N
packed beds. This dispersion data is compared with the limited deva of otner
workers al@hough the ranges of cxperimental conditions do aot overlap.
SBECTTON IT

DEVELOPMENT OF AN UNSTEADY STATE FLOY METHOD FOR MBASURING BINARY GAS
DIFIUSION COLFFICIENTS

iffusion of one gas from a packed bed of knovn geometry inbto a sccond
floving gas has been evaluated as a versatile technique for deiermination of
binary gas aiiffusion coefficients having few limitations of pressure, temp-i..
craturc and analysis method. Oplimization of experimental parameters should

. - n e ) et
yvield satisfactory results (F 3%).
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INTRODUCTION

A, THIELE MODULUS

The rate of reaction in a porous solid catalyst can be limited
by the rate at which reactants and products can diffuse in and out of the
solid. Thiele (1) quantitatively described this effect with a mathematical
treatment which is applied to a simple case of an infinite slab in the deriv-~
ation belowv, In Fig. 1.1 a single pore of radius r and length L is shown.

A first order gas phase reaction with rate = k Cp moles/(sec)(em?) is
assumed to be taking place isothermally on the pore walls, and a constant

concentration Cpn moles/cm® is maintained at each face of the slab at the

pore mouth., A material balance around the element dx yields,

-D dCp T r2 - (-D)[ dCA + dzCpn 8x |wr® -kC, 2Mr §x =0 (1.1)
EE_ dx dxz

which may be simplified to,

doCp = 2k Cp (1.2)
dx2 rD '

The boundary conditions, Cp = Cpq 8t x = 0, and dCy/dx = O when x = L,
may be applied to the solution of (1.2) to give the concentration in the
pore,

(-8 -
Cp = Cpo coshl h L (1.3)
cosh h

where h = L ,gg, commonly known as the Thiele modulus.
Dr

The rate of reaction is given by the rate of diffusion of A

into the pore mouth, which in turn is given by,

-D (ﬂ) mr2 (1.4)
ax X=0

rate/pore

D Cap h tanh (h) T r°
T



Cao

Figure 1.1

Pore lodel For Derivation Of BEffectivencss Factor

‘s
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If the whole pore contains gas at the surface concentration,

Caps the rate of reaction will be a maximvm, given by k.C » 27rL moles/

AC

sec. The ratio of the rate given by equation (1.4) and this maximum rate is

defined as the elfectiveness factor, E,

rate/pore =E=yD h tanh h = tanh h (1.5)
meximum rate 2k12 h

The effectiveness factor is a function of the Thiele modulus
only, and can be used to calculate the rate of reaction when diffusional
resistances are controlling.

rate of reaction/pore = k Cpg 2Tr L E (1.6)

Additional equations can be derived for other orders of
rcaction, (2) other assumed pore geometries (3), or for cases where the
' stoichiometry does not allow equimolar counter diffusion to occur (1)(4).

In practical caseé it is very difficult to deline accurately
the pore geometry of a porous solid, and rate constants are more commonly
based upon unit mass of catalyst. It is convenient mathematically to treat
the porous solid as a homogeneous medium having an effective diffusivity,
rather than attempting to use the true interstitial diffusivity together
with the void fraction and suitable assumptions about the pore geometry.

B. DIFFUSION MECHANTISM3

There are two basic gas transport processes which occur in
porous solids, and which obey PFick's laws of diffusion, namely, molecular or
bulk diffusion which occurs through intermolecular collisions, and Knudsen
diffusion, which depends only upon wall collisions. In addition, a phenomenon
known as "surface diffusion" can take place, but this is not & well understood
process., vurface diffusion is believed to result from multilayers of gas
molecules condensed to a liquid-like state, which flow from the areas with
severél layers to tﬂose of lower surface concentration. This process results

in diffusion rates much larger than those possible by collision mechanisms.
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Gases above their critical temperature are less likely to display this

phenomenon, because of the reduction in surface adsorption under these
conditions.

Molecular Diffusion in Pores

This mode of diffusion predominates when the ratic of the pore
radius to mean free path is greater than about 10, Tick's law, or the one
dimensional flux equation for steady-state molecular diffusion in a btwo

component mixture takes the form,

a

CA 4 (m, + ) Ca (1.7)

I‘TA = - DB T

m

where the last term accounts for bulk fiows wvhich may be caused by non-
equimolax coﬁnter diffusion rates of the two gases with rcspect Lo stationar
coordinates. In order to apply the eguation to & porous structure the

flux is taken per total unit area of solid and pore, rather than unit

area of pore only,

Np* = Mp€p = - [DB e,)_] aca + (Np* + Npl) Ca (1.8)
.A' X em

where X is the "tortuosity" which corrects for the fact that the pore length
)

is greater than the geometric length of the structure. The werms vhich are

grouped with the diffusivity lform the definition of an "effective diffusivity"
s ;

which will be discussed later.

Fick's second law which describes the unsteady state oiffusion

process is usually expressed as,

e 1

dcCy _ by 02 Ca 1.9)
ot 0x2

In a porous solid, introducing the coucept of an effective diffusivity, this

equation should be modified as shown below:
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In unit area of a porous infinite slab, a mass balance over
the element 8x when no chemical reacbtion is occurring and allowing for a net
bulk flow gives the rate of change of gas content in terms of the elfective
diffusivity, Dy, as,

dCs

e 2t

Bx = + D <_§g2_CA_) §x — d(* °a) sx (1.10)
X 0 x

vhere u is the superficial bulk velocity.

Simplication of 1.10 givés,

0% = + D j,cp -1 Jula (1.11)
at eP aXz eP ax

For equimolal counter diffusion, this reduces to the usual form of Fick's
second- law, that is, equation (1.9) except that the molecular diffusion
coefficient is replaced by the effective diffusion coefficient divided by
the porosity.

If equimolar counterdiffusion occurs then equation (1.8) for
theé.. steady state reduces to

Np* = -Dy 9Ca (1.12)
dx

The bpinary molecular diffusion coefficient of a gas is
proportional to the absolute temperature to about the 1.7 power, and inversely
proportional to the pressure.

Knudsen Diffusion

[}

~

This mechanism predominates when the mean free path of the gas
molecules is greater than the pore radius, and because wall collisions
contribute primarily to the process in these circumstances, the diffusion
coefficient is independent of the presence of other gases. Bulk flow is
not distinguishable from diffusion in this case, and so Fick's law in the

form of equation (1.12) applies.
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The Knudsen diffusion coefficient in cylindrical straight
pores 1is given by,

D =2/3r 7 (1.13)
where v is the average velocity of the gas molecules, and r the pore radius.
In consequence, the value of this coefficient is independent of pressure,
and proportional to the square root of the temperature.

Intermediate or Mixed Diffusion Coefficient

In the intermediate range between molecular and Knudsen
diffusion there is & region vwhere both the above diffusion mechanisms occur.,
The ratio of pore radius to mean free path lies approximately between the

following limits in the intermediate zone:

Knudsen . Intermediate lolecular
0.1 < r < 10
A

By assuming round capillaries, rigid sphere kinetics and
dilfuse molecular reflection from the walls, Scott and Dullien (5) derived
the following relationship for the flux in & binary gas mixture in the
intermediate region.

Ny= - P Wa 1 (1.1k)
RT  dx 1-Jdva+ 1

Dy Dya

vhere j = 1 + NA/NB, and y, is the mole fraction of A.

If the term in brackets is con;idered as the diifusion coef-
ficient, 1t is obvious that in this region the coefficient is dependent upon
the concentration and flux. A diffusion coefficient defined by an equation
of the form of (1.12) and measured in this region is not velid for use in
the Thiele modulus as defined previously, as the stoichiometry of the
chemical reaction imposes a flux ratio which is unlikely to be the same as

the Tlux ratio- obtained in an independent non-reactive determination.
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Bffective Diffusion Coefficient

An effective diffusion coefficient is defined in equation (1.8)
for molecular diffusion vwhere two factors are used to modify the true or
interstitial diffusivity. The porosity, or void fraction, is a fairly
easily defined and measured absolute gquantity, and in a granular bed may be
of the range of 0.3 to 0.5. However, the tortuosity is a dexrived gquantity,
and is therefore usually a less well-defined property, especially in non-
uniform pore structures. Although a value of around 1.5 might be expected
from simple pore models, it can vary from 1 to 100 when calculated from
experimental results. Thus, a typical simple structure may have an effective
diffusivity about 4 times less than the interstitial value.

The large range of tortuosity values can be atirivuted to tvo
sources. First, the pores are not necessarily open-ended and so the mass
transfer may be only occurring in a limited number of passages. woecond,
the pore radius is liable to vary along the length of the pore, and it has
been shovn (6) (7) that the rate of diffusion is smaller through a pore of
varying radius than it is through a cylindrical pore of equivalent volume
to surface ratio.

The effective diffusivity can sefve as a simple correction to
the diffusion mechanism so that the diffusion equation describes the transport
behaviour in a uniform porous structure. On the other hand, porous structures
can be so haphazard that any of tﬁé mechanisms described may occur at the
same time in series or in parallel in the same solid. The use of an
effective diffusivity in this case amounts to forcing the behaviour observed
to fit one of the diffusion equations, and so the result cannot be used to

predict the diffusive behaviour under other conditions.
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C. EXPERIMENTAL ESTIMATION OF THE EFFECTIVE DIFFUSIVITY

Prediction

The basis for the prediction of the effective diffusivity has
been briefly outlined in the previous paragraph, and clearly rests on sonme
physical idealization of the pore structure. Prediction methods based
upon porosity and experimental tortuosity values are often not too
satisfactory due to the non-uniform nature of many porous solids. However,
a variety of catalyst pellets can be approximated by the "pile of bricks"”
structure which yields a model consisting of a honeycomd of connected
passages. This approach has been described in detail by Whecler (2), with
rules for predicting the effective diffusion coefficient defined by this
model.

Other simple pore models include unconnected parallel
cylindricel pores (8) (9), and pores with "ink bottle" capacities (10)
vhich are used t0 explain the hysteresis in certain adsorption-desorption
curves.

Possibly of more general application to the problems involved
in catalytic kinetics is the bidisperse poré structure model proposed by
Wekao and Smith (1)) and Mingle and Smith (12). In the latter paper, a
concept of larger macro pores in series with micro pores is used. In the
former, three parallel mechanisms are considered; first, diffusion through
the macro pores between the basicrfarticles from which the pellet is pressed,
second, diffusion in the micro pores of the basic particle, and finally,
series diffusion from micropores to macro pores or vice versa. The model
does not require empirical constants, or assumptions regarding the mode of
diffusion in any of the pores, but porosities and g pore size frequency

distribution function are required in addition to tortuosity values. -

\
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oteady btate Sxperimental ilcthoc [or Measuremen® of Diffusion in Solids

In this method, a cylindrical catalyst pellet is fitted into a
tube and two test gases'of knovm composition arc passed continuously across
the ends., The two exit streams are analyzed, and from an appropriate
solution of the diffusion equation the effective diffusivity can be computed
(13) (5).

This method has also been used to obtain molecular diffusivities
(14), becausc calibration of the porous péllet by a gas pair of known
diffusivity allows calculation of the diffusivities of other gas pairs by
making the assumption that the tortuosity is independent of the gas system.
As a technigue for measuring molecular diffusivities it has the advantage
that it is a flow method, and so analysis in situ is not required. On the
other hand, care must be taken that a narrow pore size distribulion exists
and that Knudsen diffusion does not occur.

Vhen used as a method for measuring the effective diffusivity in
porous pellets one must be sure that the correct diffusion equation has been
used (e.g. egn. (1.8) or (1.12)). The method can be applied to the mixed
diffusion range if measurements are made at varying total pressures.
However, it has the limitation of being tedious if a representative average
value is needed, because each pellet must be tested scparately, and cracks
and fissures have an overvhelming influence on the result. The technigue
is not convenicnt for use with otﬁer than cylindrical shapes, and there-
fore other shapes must be machined to cylinders. If the pellet is not

isotropic, this procedure may result in a faulty value of the diffusion

coefficient.
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The result obtained by the steady state method in a bidisperse

pellet weighs the diffusivity in favour of the largzer pores, but in the
chemical reaction case most of the conversion takes placc in the micro
pores. 'This bias is frequently not serious as the micropores are generally
short, and s0 a micropore effectiveness factor of unity is common (11).
Hence, the dilfwsional resistance to reaction is in the macropores, and

the steady state effective diffusivity value may be quite adequate.

Chemical Reaction Method

It is obviously possible to carry out a chemical reaction of
known kinetic behaviour at constant conditions using successively smaller
sizes of pellet until the reaction rate becomes constant, indicating that
an eflectiveness factor of unity has been reached, From these effectivcness
factors the Thieie modulus, and hence effective diffusion coefficients,
can be calculated providing the kinetic behaviour is not complex. This
method is not easy to apply experimentally, and is subject to many errors.

Unsteady State Methods

A typical procedure for measuring the molecular diffusivity of a
gas (Loschmidt method) consists of flushing two cylinders with the test
gases, and then bringing them together at time zero'with the lighter gas
on top. One or both of the cylinders is removed at a given time, and the
total contents analyzed. 'The diffusion coefficient is then calculated
from the solution derived from Fick!s second law (equation (1.9)). It is
difficult to achieve accuracy in this experiment due to the tendency for
eddies to be created either when the cylinders are fitted together or by

the action of temperature gradients,



- 11 -

For porous pellets the analog of the above experincni cannot be
readily applied due to the rapiaity of the dirffusion process in jases.
For cxample, if a one cm. diameter pellet of typical pore struciture is
initially bathed in one gas, and at time zero the surface is flushed with
another gas, then 98.8% of the first gas in the pellet is removed by
Jiffusion in 10 scconds if the diffusivity DE/EP is 0.0l cm?®/sec.

(See Appenaix III for details of this calculation.) Thus, it is obvious
that some means to extend the time scale in experiments with small
rellets would be very desirable.

Currie (6) has deveioped a non-I{low apparatus of this type which
can be used only at normal temperatures and pressures for measuring
diffusivities in soils and other granular beds. Only rather complex -
frequency response techniques, discussed below, are presently available for
the mcaéurement of effective diffusion coefficients by transient response
nethods.

Frequency Response and Pulse Methods

McHenry and Wilhelm (15) have described a method for measuring
the eddy diffusivity in packed beds, and this apparatus has been used also
by Deissler and Vilhelm (16) to measure both the effective diffusivity and
the eddy diffusivity in packed beds., The method is based on frequency
response techniques using a concentration sine wave generated in the feed
to the bed, with amplitudcs and phase angles recorded at the entrance
and exit of a test section,

In the same way, Van Deemter, Zuiderweg and Klinkenberg (17) have
applied‘the delta function (that is, an ideal pulse) to packed beds in

the form of gas chromatography columns and ion exchange beds. Hougen (18)
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has pointed out that there is no real difference belveen the results

o

obtained by a delta fuaction or by a Ireguency respoase method.
In the work of Von Deemter et al the dispersion effects due 1o

o

rolecular diffusivity, eddy dilfusivity and a mass transfer coef{iicient

2

are each found, on the basis ol the theory developed, to have a different

¢

velocity dependence, which allows sepasation of the ialluence or each
factor on the delta function. ihe mass transfer coefficicnt can be derived
in terns of the effective diffusivity of the porous pellet, zud hence,

if this quantity cen be evaluated, an effective diffusion coefficient may
be calculated feom it. The thoeory on which this approached is bascd is

dealt with more fully in succceding sections.

Comparison of Various Mcthods

‘In porous so0lids there 1ls a basic dilference petireen the applicallion

in

)
of diffusion coefficients to the stealy state and the unsteady stat:. "Yhis

-3

difference is the result of the capacitance.effects which manifest themselves

in the unsteady statc. In other words, the time of diffusion from a Bporcus

solid containing dead end pores vould be much greater thnan the effective

H

diffusivity measured by a stcaay stale method would indicate. This effect i

n

alloved for in equation (1.11) because instead of the effective diffusivity
.

alone, the effective diffusivity divided by a cepacitance lerm {(the porosity)

is utilized. -Similarly, il adsorption occurs on the surTace of the solid

then the volume of gas adsorbed must be added to the percus volume or

Dorosity in the divisor. (This last statement regarding adsorption assumes

that the adsorption process is effectively at equilibrium and ihat Lhe

[N
1

isotherm is lincar, otherivise the simplc dilfusion equation would no

longer hold.) With the correct diffusion equation, there should be no

2
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hasic difference bebween effective dizfusivity in an isotropic solid determined
by a steady state or unsteady state method.

If bulk diffusion is the transport mechanism there i1s no difficulty
in correctly defining the effective coelfficient for either the steady state
or unsteady statc methods. However, this is not true when Knudsen diffusion
predominates. Consider a simple model of dead end pores of égual longth in
parallel in which Knudsen diffusion is taking place. The total composition of
cach pore (after a step change in surface concentration) will vary according
to its radius. Initially, the large pores will yield the major flux, but
after a time the lower flux in the smaller pores will result in larger
concentration gradients, which will eventually result in the flux [rom the
smaller pores equalling or exceeding that from the larger pores. Hence, an
unstcady state experiment in the Knudsen regime may yield a diffusivity
which varies with time.

An interesting aspect of this latter conclusion arises because
the majority of.a‘solid-surface catalyzed chemical reaction occurs in the
smaller pores (due to the large surface area), and if these pores are long
then they may not be fully effective. The steady state method is insensitive
to the'resistange which may occﬁr in dead end pores, while the unsteady
state method is potentially capable of allowing for this resistance. The
unsteady state method vill give a diffusivity vhich is some average value
of all pore resistances, and the ability of this value to describe the rate
of a éiffusion limited chemical reaction may depend upon the weighting by
the experimental procedure or the experimenter. For exemple, most unsteady
state methods involve an initial period before readings are taken in
order to allow the application to the data of simple solutions of the

diffusion cquation applicable at longer times. Thus, in this case, the
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ciffusivity obtained from such experiments mey be expccied 1,0 be veighted

in favour of the small pores if Xnudsen dilflusion predominates,

D. OBJECTIVLLS OF THE PRESENT WORK

On the basis of the [loregoing comparison of methods for obtaining
a value of the elfeclive difTusivity, it is apparent that, in most cases, a
&ifiuéionlﬁo@fiiéiéﬁt obtained from an unsteady-state experiment in vhich
all the pores centribute to the diffusional process may well bc a hetter
value for use in chemically reacting systems. In many instances, steady-
state experimenls may also give sultable values, but this cannot be assumed
without considerable knowledge of the particular porous structure.

It would be useful to develop a method using a pulse technique,
vwhich woulcd avoild most of the experimental difficulties of freguency-
response neasurements, while giving the advantages of an unsteady—étate
method and which could be applied to a representative sample of pellets
wvithout requiring special shaping. It might be possible to make use of
such a technigue to follow changes in catalyst diffusional behaviour with
age. Recent advances in the theory of transport processes in chromatographic
columns suggest that it might be possible to interpret pulse dispersion
results in such a way as to yield anm effective diffusion coefficient.

The primary objective of the present work was to attempt the
development of a pulse method as a means of measuring effective diffusivities
of gases ia porous pellets, a technigue not previously reported. A
secondary objective wvas to be the investigation of the use of unsteady state
flow methods for measuring the binary diffusion coefficient of gases. The
fiow methods possess the advantage of allowing analysis outside the apparatus,
by any convenient means. Further, the use of a porous bed of unit tortu-

osity would also allow such a measurement to give absolute values of the
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ciffusion coefficient without any calibration being necessary. Freedom

Trom convective effects would aild in making possible measurements at
widely varying temperatures and pressures, as does the freedom in chcice

of concentration measurement.



II

THEORY

A, DERIVATION OF VAN DEEMILER EQUATION

Height Equivalent to a Theorciical Plate

The performance of a chrometograph column is éen@rally measured in
terms of & "height equivalent to a theorctical plate" (HETP). In a gas
chromatograph column a narrow band of sample gas is injected into a stream
of carrier gas which passes through the column to a detecting device. The
components of the sample have di{fering retention times in the column
depending upon the properties of thé gas component and the liquid stationary
phase in the column. It is obvious that a column which results in a
broadening of the pulse is detrimental to the separation desired, and the
height equivalent to a theoretical plate (HETP) which is defined below is
a measure of the degree of longitudinal dispersion.

The HETP is obtained by postulating that the mechanism of pulse
wroadening is caused by equilibratien of the stationary material in a given
plate with the mobile gas phase which then passes on to the next plate.

A linear avsorption isotherm wcn = C

\

concentration, CLn = stationary phase concentration) is assumed and a

?
Ln(where C, = mobile phase

material balance around the nth plate (see Figure 1.2) with an increment of
gas flow dU ylelds,

au(Cy-y - C,) = (V +¥y)dC (1.15)
from which is obtained,

dCy = Cy1 - Cn (1.16)
¢U V + Wy
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no Ry !
Cn=-t | Cn VC@-{%E'

\w | : @[LFM'B

Cun

Figure 1.2 °

Mbdeleor Derivation Of Plate Theory
wheré V = volume of mobile phase in plate and v = volume of plate statiounary
phase.
Assume that all the pulse gas is initially in stage 1 yielding an
initial gas concentration CI. Applying n = 1 to‘equation (1.16), ¢, = Ca,

and Cn—l = O,

-dCs = al ‘ (1.17)
Ci Vp : ’

where V,, = Volume of plate = (V + Wv). On integration, (1.17) gives,
P )

Cy=Kexp /- U , (1.18)
Vb. : . ' '
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’
When U =0, C; = C , and therefore K = ¢’ in (1.18). Hence,

Cy = ¢ exp ( - U ) o {1.19)
VP
Now applying the above result to equation (1.16) with n = 2,
dCz 4 Ca = Yl exp (—'g_ (1.20)
aU Vb Vp Vb
guation (1.2C) can be solved by use of the integrating factor, exp( + U_
Vp
7 ’
CoexpfUY=s C exp -U_+U_ dU = C U_ + K (1.21)
v V. v V. v
b P D b
When U= 0, C2 = 0, and so K = 0, yielding the result,
?
C2=C U_exp{ - U_ (1.22)
V. Y
1Y Y

Hence by continuing this process to the nth stage

C, = ¢’ Un_l exp (- U > (1.23)

(n-1)Tv 1
D
This is a Poisson distribution function, and for a large number

of plates this distribution approaches a Gaussian or normal distribution.

The mean of the above distribution is U_ and the variance is U_ (that is,
Vo V.
U p
T - 2 P 2 2
o= Vb- so that the (Mean)®/(standard deviation) =(g_) /U_=1U_
Y \ v
P P D

Now U is the total volume of gas which has flowed, and Vb is the volume of

a theoretical plate, so that when the mean approaches the end of the column

the (mean)®/6® = no. of theoretical plates.
/

By definition, therefore,

EETP = L[ o 2 (1.24)
mean )

where L is the column length.

)
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Measurement of HETP

For & large number of stages the output can be assumed to oe a
Gaussian distribution, and the mean and variance may be rcad direcily
from the record of the output at the end of the column by using the

properties of the Gaussian distribution shown in Figurel’. This represent-

ation is not sbtrictly correct, in that the output is Gaussian vith respect
to position in the column, wnile the recorded profile at the end of a

column 1s with respect to time. However, if the time of purge of the

pulse is small relative to the time of the mean, the error in reading

this time distribution compared to the distance distribution is negligible.

e et A Tv e % s cer e e e i vems e e PR w

\

; MEAN —=

i

PULSE — 236 ¢ |—
INJECTION |

Figure 1.3

Gaussian Distribution Properties



- 20 -

Inasmuch as 90 of @ normal distribution lies beiwecn I limits,
then the time ol purge which is approximately k4 d, must beKmean to achicve
a2 Gaussian distribulion, If now both sides éf this inequelity are squared

and multiplied by L, on rearranging

16 Lo ¢« L or L » 16 HUTP
mean= '

Hence, a column must contain much more than 16 plates to saiisfy an
assumption or a Gaussian distribution in the output record.

Input Pulsc Distribuiion

The derivation of the IETP assumed that all the pulse is ia the
first stage at the start, however, it is obvious that if the pulse
extended over several stages an effect would be noticed in the oulput.

It has been shown by Van Deemter (17) that the effect of the initial

disvribution can be ignored if,

A ’ .
\—/:ijﬁ < 0.5 (-L-25)
vhere A5 is the volume of gas in the initial pulsc and n is the number of
theorcetical plates,
Rate Theory

The theoretical plate modcl does not atiempt to explain the rate
processes occurring in a chfomatograph column, out relies on the fact that
the sum of several distribulions tend to approach a normal Gaussian
distribution, having a mean made up of thc sum of the independent means,
and having a variance made up of ihe sum of the independent variances (19).

One ovvious mechanism wvhich occurs to cause & pulse to broauen

is molecular diffusion in the mobile phase. Longitudinal diffusion in the
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stationary phase can generally obc ignored as the stationary phase is

discontinuous in a packed bed, and, in addition, the diffusion coeflficient
is small in this phase.

There 1s a group of little understood processes which cause a
pulse to disperse due to the {low pattern in the packed bed. Fortunately,
in a‘deep bed these aberrations arce of a statistical neture whieh tend to
result in a Gaussian distribution as obtained for molecular diffusion, so
that they can be grouped together in a term described as the eddy diffusivity.
In the vork of Van Deemter et al (17) the eddy diffusivity (velow a
particle Reygolds nuriber of 1) is considered to be caused by the difference
in flow paths between particles. These concepts arc discussed in the
following sections.

A pulse broadening mechanism analozous to the theoretical plate
mechanism described earlier can also occur in the chromatograph column.

If a resistance exists preventing equilibrium between the mobile and

stationary phase, then the degree of pulse broadening caused by the capacitance
of the stationary phase is increased due to the fact that althougn less
material enters the sfationary phase the time taken to get out again causes

the pulse to broaden more than would be the case for the equilibrium

situation.

Lapidus and Amundson (2) have derived an expression based on a
diffusion model to describe the concentration profile for the condit;ons
vhere a pulse gas passes tnrough a packed bed containing a stationary
phase with a linear absorption isotherm between the gas and stationary
phase. ‘[The pulse is not assumed to be in equilibrium with the stationary
phasc, due to a resistance defined by a mass transfer coefficient, &,

Longitudinal diffusion including molecular and eddy contributions is
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characterized by a dispersion coefficient, DL

the mobile phase, but not in the stationary phase. The model is shown in

, and is assumed to occur in

Figure 1.k,

A material balance around the element §x yields

Fy1 dCy = FoDp 920y - FiU dCp + o0¢(WCz - Ci) (1.26)
at dx= 0x

Fp 9C2 = ©o¢(Cy - WC2) : o (1.27)
o . .

Where W is the equilibrium constant between the mobile and
stationary phases, If the stationary phase is a porous solid W can be

replaced by .1_ .
€

O
O
o

| ¢ - . o
g—% uCi

MOBILE STATIONARY
PHASE ~ PHASE

Figure 1.k

Mathematical Model for the Column
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For a small pulse injection tine, to, and an inivial pulse concentration
CO, Lapidus and Amundson (20) obtained tihe following solution to the

above equations,

, 2
Ci = x tq exp (x - ut)® -t \+ ] __xt exp f - Lgiutl% )
G- b | v ( b Dt Fy ) |2t e L DLt X

F(t%) att (1.28)

P

where

FiFo(t-t* Fa Fa

F(t)* =< 2 gt )l/zgx-p( oW (4 - t¥) -et? )Il o [ 2 yitiad)
) Falp
(1.29)
wnere t is time, to, time of initial pulse with concentration CO, X is
distance along the column, and I3 is the hyperbolic Bessel funciion.
It has been shown by Van Deemter et al (17) that the above

solution can be reduced to a Gaussian distribution under certain conditions.

These conditions are that the height of a transfer unit Fiu«L, the height
X

of the bed, and the longitudinal nmixing stage 2 D, & L. Essentially,
. u

these requirements state that the column must contain a large number of

theoretical plates, in which case the concentration profile reduces to,

Ci= Bty exp ;/u - Bt
Co  ARTM(o" + 02%) 2 (012 + 02°)
vhere 2 ' 5 5
1=1+FaW, 03" =2DL and 02° = 2 p° Fo'L (1.%0)
] Fi —us” Flw"%zi

This is a Gaussian distribution with mean L/u or Bt and variance
2 . . . ) . . .
oy + 022. As mentioned above, the variance of a Gaussian distribution
is composed of the sum of the individual variances, so equating the ratio

_ 0? for the above solution yields the following which can be combined
mean

with the HETP derivation of cquation (1.24).
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02+ gpf =2 DL (uE) + L\ 2 FL (f_>=_._zca
TAE -3 | 12 1+ Fp | «Fw2u { L2 mean® (1.%1)

FL W
. 2 2 . ,
=2D + 1 2Fwm = o xL = HETP (1.32)
- 1+ WFy o mean®
Fz

The diffusivity D; in equation (1.%2) refers to any axial mixing
meshansgm vhish oeéuds in the mobile phase,so that it can be called a
dispersion coefficient, including the eddy diffusivity. It was pointed
out by Van Deemter that in the laminar region the eddy diffusivity in a
packed bed is probably created by the difference in flow patterns in the
bed. A perfectly uniform bed thus conceivably has no eddy tern.

The molecular diffusivity corrected for the path lengthening
in a packed bed by a tortuosity factor, and the eddy diffusivity DL*are
commonly assumed to be additive, so that the dispersion coefficient DL

is given by, D, = Dy + Dp* (1.%3)
A

where Dp> depends on the axial dispersion caused by the flow patuerns.
This assumption is discussed by Klinkenberg and Sjenitzer (19) and they
concluded that this approach is Jjustifiable if~the theory adequately
describes the results. The abundant work on gas chromatography appears
to lend support to the assumption of addativity of coefficients. At
high flow rates, the molecular dispersion becomes negligible compared
to the turbulent dispersion, so that the overall dispersion is the same
as tne flow dispersion and can be called the eday diffusivity.

At low flow rates, e.g. particle Reynolds numbers 1, thc eddy
diffusivity can be represented according to Van Deemter et al by the

expression DL* = ud Thus equation (1.%2), after introducing the

Po
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concept of adaitive coefllicients stated in (1.35), taxes the form,

HETP = 2¥a_ +2Dg + [ 1 J%2ry (1.30)
A 1+ WFy o<
Fa

The quantity ¥is reported to decrease with larger diameter pellets,
having a value of about 8 for 200 mesh, and practically zero for %0 mesh,
partleles. :

tass Transfer Coefficient and Effective Diffusivity

Diffusional resistance to mass transfer from the mobile phase to
the interior of the pellets (stationary phase) is madc up of two parts,
the first being due to resistance in the mobile phase and the second to
the resistance within the pellets. The solution of Lapidus and Auundsen
(2) used by Van Deemter et al (17) (equation 1.28) treats the resistance
in terms of a mass.transfer coefficient.

Van Deemter et al treated the two resistances as separate mass
transfer coefficients which could be combined by the resistances-in-
series rulc. (A mass transfer coefficiesnt is really a conductance
rather than a resistance hence the reciprocals.are the additive property.)

1L = 1_ +W_ = + M (1.35)

1
e oKy X klAp kgAP

Where o is the mobile phase coefficient/unit vol. of bed, oe is the
stationary phase coefficient and ocis the overall coefficient with ki énd
k2 being the corresponding surflace mass transfer coefficients. W is the
partition coefficient, which is necessary in gas chromatography because
the diffusion in the stationary phase occurs in a liquid and the liquid-
pnase concentration Jgradients are expressed in terms of equivalent

equilibrium gas phase concentrations in order to makc equation (1.35)
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consistent. In diffusion in porous solids, the effective dilfusivity is
derined on the basis of the interstitial gas concentrations and so the
partition coefficicnt becomes a quantity relating interstitial counceantrations

to stationary phasc concentrations, that is 1, wvhere &

is the pellet
69 )

P
porosity.

External Maos Transfer Coerficlent

Based on the work of Ergun (21) Van Deemter et al sugzesied the

use of the folloving correlation for the mass transfer coefficient in the.

mobile phase,

ky =25 by A, cnm. /sec. (1.26)
6 Fi
Where ki is the mass transfer coefficient per unit area and A is the
b
surface area per unit volume of bed,
T -1 P
oy = Ap k1 sec. (1.37)

In a bed of spherical particles of diameter dp, the surface

area per unit volume, Ap’ is given by the following, if the bed porosity

is Fa,

A, = 6{1 - gl)/dp - (1.%8)

Internal Mass Transfer Coefficient

In this work it is desired to obtain the effective diffusivity
in the porous pellet, and so it is necessary to find a reclationship
betwveen the mass transfer coefficient, ek = ko Ap, and the effective
diffusivity. ©Such an expression was given by Van Deemter et al without
derivation, but it can be obtained in a pellet of radius R as shown belov.
Let

DE< Qg) = ka2 (Cg - Cayy) (1.39)
orl r

where Cg and C are the surface and average concentrations in the pellet

avg

respectively.
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Crank (22) (page 2%3) has obiainea solutions of the diffusion
equatbtion For & spherical pellei of radius R which give the concenvration
Cp at any radius r and time t vhen the surrface concentration changes step-

wise firom O to C

< H \
. " o0 n -
Cp = C, +2RC, (-1) sin{ ol r exp - Dsn 1%33
Tr n R R
n=1 (1.50)
similarly tie average concentration is given by:
C =C.,-6¢C 2 1 exp [ =Dp n®mr2 %
avg S S = VI
e :E; n® R% (L.51)
n=1

If ©t is large then only the first terms of the series solutions
need be considercd. This amounls to suggesting that CS approaches Cavg
and in viev of the rapidity of gas diffusion as demonstrated in the
example given in the introduction, this assumption would appear to be

reasonable.

From (1.40),

CA -1=0j-Cg=-2R Sin(‘l_]'_;)exp(-Dﬁr[‘_e_g (1.42)
Cs Cs Tre : : R=
From (1.41),
Cavg -1 = Cayg - Cs = -6 exp( - D M3t (1.43)
g Cs e R
Divide (1.42 by (1.43)
Cp - Cg = 2RM 3in Wr = Cg - Cy (1. k)
“Cavg~ Cs 6 r R Cs - Cavg
Let Cg - C = Jig) , thensubstitute in equation (1.39)
Ar dr/y = R
DE E‘l_T Sin Ir_r_ CS - Cgvcr = Kp (Cs - cavg)
3‘(‘ R Ar
Taking the limic as AT —=0
Limit | - DpW2 fsin TE | 1 o 2 (1..15)
Jko —— | Ar
mTr

R



or 2JT2)E = 1 wvherc dy=2R
kgdp
thercfore k2 = 2 72 DR (1.16)

2
5 Iy

The mass transfer per unit volume of bed e is obtained by
multiplying ks by the surface area per unit volume Ap given by equation
(1.36).

The two mass transfer coefficients could be combined using
equation_(l.35). However, at this stage, the conditions of the present
work differs from that of Van Deemter el al. If k3 is large compared to
ko, then vhen the inverse is summed in eguation (1.35), ki may be ignored.
The expression for ki suggested by Van Deemter et al applies only to the
laminar flow region, but in the turbulent region the value will be
greater rather than less, and so if reason can be found to neglecct k3
in the laminar region, it need not be considered in evaluating wass
transfer in the turbulent flow region.

If we assume the effective diffusivity in the porous pellet is
1/5 of the molecular diffusivity as suggested in the introduction, and
assume a bed porosity of O.k, then the ratio of kl/kz from equations
(1.36) and (1.45) is around 28. Thus, at most, the resistance outside the
pellet makes a 3% contribution and can be ignored.

The derivation for ks was made on the assumption of a step
change in the surface concentration, but in this work a Gaussian curve 1s
expected to describe the surface conceantration., It would be desirable to
have a derivation applicable to other surface functions, or at least ®o
the Gaussian function. An attenpt to obtain an alternate expression for

\

k2 using a ramp surface function could not be made to reduce Lo the

expression of (1.46), because the exponential functions would not cancel
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out as is tne case in the step yielding equation (1.kh). Thus, a further
degree of approximation results from using (1.k6), but it is prouable »
tnat an experimental constant other than 2/5772 can be Touad wvhich would
vield a satisfactory diffusivity from a pulse experiment.

Van Deenmter's Egquation

The expressien Ter the mass transfey coaffieient eza nevr he
substituted in equation (1.3%). Ignoring ki, and combining (1.35) (1.38)

and (1.46)

o¢ =2/3M2 D5 6 (L= Fu) (1.57)
E{p d.p
Substituting (1.47) into (L.34), .
2 L 2
HETP = 2¥d, +2Dg  +|_1 | 2Fad,u
Py 1 +VWE,y T2 Dg (I-Fif (1.43)
Fo

Meking the substitutions, Fi= €p

1
(A —
€p
HETP = 2 ¥4, +2 Dy + 1 2 2¢,a
' L)
Au 1l + . éﬁ_______ ) 2“ , \ (l. ?)}
EE e 4Tosl- €y

Ihis is the equation derived by Van Deemter et al (17) and it
nzy Le observed to be of the general form
HETP = A + B/u + Cu (1.50)
where A, B and € would be constants for a glven packed Dbed and a given
system.
A sketch of the behaviour of this equation is shown in Figure

1.5 indicating the physical significance of the constants A, B anda C.
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The magnitude of the A wverm, vhich may be called the =ddy

clifusivivy term, depends largely on the valuz o7 ¥, s poinved oui by
Vg Deemter et al, ¥ is expected to be quite small Tor larie packing sizes,
z.g. 30 mesh diameter or larger. Therefore, it is likely that <the cddy
d1ffusivity term may not seriously mask the other terms.

At low flow rates, the quantity B/u, or molecular diffusivity
term, may be expected to dominate, while at high flow rates the effecltive
diffusivity, or Cu, term will predominate.

The effective diffusivity, or Cu term, 1s of primary interest
and so this term will be considered in more detail. It was mentioned

earlier that a lower mass. transfer coefficient or effective diffusivi-

C

M
causes the pulse to broaden, and in the effective diffusivity term a
lower effective diffusivity does indeed result in a larger HETP, vhich is
a measure of the amount of pulse dissipation. ©Similarly, a non porous
pellet will have zero porosity (Gp), and so the pellet capacity term
becomes zero. This implies that for a bea of non porbus pellets the
following equation should apply:
HETP = A + B/u

The influeace of the ted porosity GB on the magnitude of the
effective diffusivity term is very small over the range of porosities
commonly found in randoi pellet packings. Ona the other hand, the pelliet
cdiameter vhich has an exponent of 2 has a strong influence on the value of
the effective diffusivity term, and suggesﬁs that this term will be much
wore easily evaluated for dlarger peliets.

Typical VYalues of the Iffective Diffusivity Term (C)

In Table 1.I folloving,some values of the effective diffusivity

term are calculated for some typical porous pellet properties and dimensions,
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and for a range of possible e{feccrtive diffusivities. The velocities where

“he molecular diffusion term equals the effective diffusivity term in

eguation (1.49) (i.e. the minimwas shown ia Figurc 1.5) ares also calculated.
L=

‘\J‘-‘

for an effective diffusivity of 0.0l cw®/sec, an assumed uolccular diffusion
coefficient of 0.2 cmz/sec, and a tortuosity factor of 1.33. It can easily

be shown that, . '

2 Dp 1/2 B l/2
— =
. = = C
unlln 1+ eB 6_3 O..p 2
€,(1-€;3 2 2Dyl - &)

Because the velocity at the minimum is proportional to l/dp the particle
Reymolds number, dpufD/F, at each of the minima obtained for different
particle sizes will be the same, and has a value of around 6 if a value

of 1/6 is taken for the kinematic viscosity.

TABLE 1.1
THE EFFECT OF PELLET DIAMETER AND EFFECTIVE DIFFUSIVITY ON THE EFFECTIVE

DIFFUSIVITY TERM (C) IN EQUATION(1.50) (&g = 0.k, E, = 0.33)

d) CLiS.
Eff.Diff. 1 .5 .25 .1
.1 cm®/sec L0375 . .00938 . 00235 . 000575
.OL " <375 .0938 .02%5 . 00375
.oor ¥ 3.75 .938 235 L0375
Velocity at minimum
from Upin = (g)i2ﬁ sec .895 1.79 3.16 8.95
C

From the first three lines of calculations in Table 1.I, it is

obvious that for high effective diffusivities and small pellet diameters

a pulse dispersion method may break down because the effective diffusion
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term becomes too small with respect to the other terms unless extremely
nigh flow rates can be used. For example, assuming the [igures given

above, the constant B = .15 and A& = 4. if the quantity 2¢ = 1 is used.

D
At very high flow ratés, the description of eddy diffusivity suggested by
Van Deembter et al (17) would not be expected to hold. However, if the
"perfeet mixer" model (Aiscusred in the [olloving secbion ) applies, s
suggested by McHenry and Wilhelm (15), then the eddy diffusivity Dp* is
siven by DL* = 1/2 udp for superficial Reymolds numbers from about 10 to
L00., This expression compares favorably with that suggested by Van Deemter
et al (DL“ = 3'udp). However, the constant given as 1/2 actually variec
with Reynolds number from 1/1.8 %to 1/2.2 in McHenry and Wilhelm's
experimental work, and this drift would tend to cause errors in determining
the effective diffusivity term in equation (1.50) if pellets with high
diffusivity and small diameter were used.

As mentioned earlier, the velocities at the bottom of the
vable 1.1 show the location of the minimum in Figure 1.5, and correspond
to a consiant particle Reynolds number of about 6 which is well above the
flow range considered by Van Deemter et al. Nevertheless, it is appareat
that if the effective diffusivity term is to be maxinised relative %o
the other terms, higher flow rates and Reynolds numbers must be used.

Least Oguare Error fit of data to Van Deemter bguation

Consider an eguation of the type

H=A+B/u + Cu (1.512)
Given an adequate number of experimental points relating H to w for a
given packing bed and gas system, the best values of the constants A, B

and C can be determined by a "least squares error" fit.
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[hree simultancous equations involving A, 8 aal € can b ohtaincd in the
asual way, that is,

1. woum all the n aata points:

<1 . .
nA + 2E + (,Zu =2r1 (1.510)
2. Multiply by the coeflicient ol 3:
1 12  .c=S4 =
Azu+BZu + nC _Zu (1.51c)
3. Multiply by the coelficient of C:
AJu + nB + u® = Siu (1.51d)

Eliminating A and B from (1.51b), (1.5lc), and (1.51d)

(H) - n S{H) <zn - 5
A DY - I
C = Z(u) {_& Z(i/w" nS‘ l'g (1.516)
ST - ndF R
_ 20 - <Z 5) .
L ~ n2 L\2
Xe) Fu L) “—————Zz(é‘)l)
Hence, Z H)
T a ) . n2
R 1 'b(zli ] ﬁ) (1.517)
Z(i_) - 0 2(g)”
. 2(@)
A=Jn- (% - Bl (1.51g)
a
B. LONGITUDINAL DISPERSION COEFFICIENTS

There are two models generally used to describe the longitudinal
dispersion In packed beds of non porous solids. The dispersed plug flow
model superimposes co-ordinates moving at the average stream velocity, u,
on the appropriate solution of the diffusion equation., Thus, the variation
of axial concentration profile C with time * and axial distance x of a

gquantity M per unit area of gas with diffusivity Dj, initially on a plane
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at x = 0 is given vy (22)

CAo= __ M  exp ( -x2 ) (L.52)

Q(EDLt)
which is a Gaussian distribution with mean O and variance 2 D, t,

L

With plug flow at a velocity u this becomes

Cp = M exp - (L - ut)® (L.53)
AT ( 2(2Dt) )

with mean L = and variance 2 DLt.
A second model is the "perfect mixers in series” which can be
developed by applying the theoretical plate derivation described earlier,

again ylelding a Poisson distribution, with a mean of %_ and variance

L

U _, vhere U is the volume of gas which has passed through, and VL the
VL

volume of each mixer. The number of perfect mixers in series is eguivalent
to the number of stages and is given by U/VL as Dbefore.

Eyuating the ratio (mean)2 = number of mixers, N, for both

variance
models,
2
(%) : ~
V1, = N = L = _ub (1.54)
2 Dt 2 Dy,

A
VL,
If one mixer is assumed to correspond to each layer of particles, then
the number of mixers = L/dp, and therefore,

Dy, = 1/2ud (1.55)

b

The only wvork, (apart from a few data points in the laminar
flow regime obtained by Carberry and Bretton (23)) which has been carried
out with gases for the purpose of investigating dispersion models in

packed beds has been done by McHenry and Wilheln (15), using a frequency

response technique., They found that over a particle Reynolds number
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(based on superficial velocity) range of 10-LOC the above relationship
held reasonably well.,

Other factors which influence the axial dispersion ccelficient
are buoyancy effects which may be expected when flow rates approach
laminar conditions, and wall effects which Hiby (24) has shown greatly
increase the apparent dispersion coefficient.

Velocity Profile Contribution

Taylor (25) has separated the velocity profile contribution to
the dispersion coefficient in pipe flow. Taylor found'that four dispersion
regimes exist in pipe flow. The first is due to molecular diffusion which
predominates at low flow rates. As the velocity increases éhe parabolic
profile contributes to the longitudinal dispersion of a pulse, odut the
molecular diffusivity is able to largely remove the radial concentration
profiles., This yields an eddy diffusivity,

Dp* = K u?R? (1.56)
Dy

where u is the mean velocity, Dp the molecular diffusivity, and R is the
pipe radius. It may be noted that high molecular diffusivity gases »
reduce vhe eddy diffusivity in this region. The constant K is lﬁg for pipes,
but Aris (26) has shown that the constant depends upon the geometry of the
system. The range of application of the above regime is described by

furner (27) as,

1;3_13 L u < L_*_QI%L_I (1.57)

where L* is the length of test section containing most of the pulse.
¥ithin the above limits the molecular diffusivity contribution is negligible
so Di¥* = DL' Since a Gaussian distribution is assumed we can say that

95% of the pulse exists in four standard deviations.
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If L is defined as 4o then,

Substituting for Dy froa (1.56) and setting t = %, vhere L is
the length of column (or mean), the upper limit becones,

uk216° x, =P
RZ

For pipes K3 = 1 giving an upper limit of
jres)
u << 10 LDy

I_{E—

apparently because of the omission of a factor of 2 in defining L .

The residence time is introduced if the velocity is replaced by L then,
T
LD R2
L = u K103 ort>» R (1.58)
t R® 10 Dy

In other words, a pulse must be alloved to flow for somc finite
time after the injection before the eddy diffusivity is defined by
equation (1.56). If the dispersion is measured very shortly after
injection (a time less than R2/lO DB), then the eady diffusivity is given
by some undefined function. This latter function does not include the
molecular diffusivity, and so resembles the function for the turbulent
regime.,

Longitudinal dispersion in the turbulent flow regime in pipes
has been dealt with by Taylor by use of the universal velocity profile.

This approach yielded

D% = 7.k Ru T (1.59)

where £ is the Fanning friction factor.
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The application of the Taylor derivation to packed beds has been
somewhalt limiltcd, although Bischoff and Levenspcelil (28) have consiGered
“he overall profile in a packed bed. Inasmuch as the velocity profile in
packed beds approaches plug flow the contribution of the overall profile %o
axial dispersion is small.

Saffman (29) has develoved a model based on a network of
capillaries of length which are joined in a random manner. Assumptions
rmust be made regarding the length and diameter of the capiliaries. osaffman
cerived the following expression to cover the transition from laminar to
an eddy fegime and by assumming a capillary length to diameter ratic of 5
the experimental results of Hivy (24) for liquid were fitted
+ 4D

< ~B

+ Ojpg | (1.60)
fu

D;, « ul | Loge 3 ul - 17 -1R> ulL [+
6 2 Dy 12 8% Dy

Dy
Et
The value of the tortuosity;\ obtained oy Saffman from this model approaches

5 ta b, considerably higher than the tortuorities normally encountered
in deds of spheres.

Saffman's model appears to show the most potential at present in

Jescribing the axial mixing in packed beds, but as in Taylor's work on
pipes assumptions made concerning the nature of the flow lcad to different
solutions. Hence, the basic flow mechanism must he understood before one

can apply the appropriate solution from the model.
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A, DZVELOPMENT
The initial work to test the calculation of’effective ciffusivities
by means of the Van Deemter eguation was carried out on an apparatus based
on a gas chromatograph as shown in Figure 1.6. A cyclopropane pulse was
injected by a chromatograph sample valve into a helium carrier :xas and was
détected on a GOW MAC model 9238-D thermal conductivity cell. The flow
rate was measured with a soap bubble flow meter at the cell outlet, and
the detector output was recorded on a Leeds and Northrup -1 to 10 mv
recorder. The test section vas mounted in a vertical plane, although
initially a set of results were taken with a horizontal bed, but the setti-
ing of thec packing resulted in a channel along the top of the bed. The
first vertical apparatus suffered fromlthe following defects:
1. The detector would only operate within a limited gas flow range (about
50 mls/min. ).
2. The small ports in the sample injector restricted the flow of gas.
3., No provision existed for adjusting the recorder chart speed, and at
the available chart speed the pulse output was not broad enough to

make accurate measurements of standard deviations possible.

B. DESCRIPTION OF APPARATUS

The apparatus with which the bulk of the results were taken is
shown in Figure 1.7. The shortcomings of the earlier apparatus vere

climinated in this set-up by the following modifications:
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4 cartesian manoslat was Tithed on the columa exii —o mainnain a
s51light positive pressure in he colwan (1/2 o 2 1nghas of nmercury).
T™is pressure made it possible to direct a side stream through a
capillary 1o supply the detector at a rixed flow rate. At gas flow
rates less than the amount necded for the detector the manostat -
supplied additional gas, thus reversing the flow direction tebween
the manifold and the manostat.

A sample or pulse injection valve was constructed having largce poris
as shown in Figure 1.8. This Figure also shows an experimental pulse
injecction system which was used to test the effect of varying pulse
size,

A Bausch and Lomb O- 10, 100, 1000 mv recorder with chart speed
adjustments from 0.05 to 20 inches/min. allowed the pulses to be
recorded in such a way that good accuracy could be obtained in
measuring the dispersion of the pulse.

The apparatus was set up with the test bed mounted in a vertical
plane, ani resting on a manifold block at the discharge end. The side
stream for the detector was taken from the manifold, and the main
column effluent gas discharged through the manostat. A port connected
to a mercury manometer indicated the manifold absolute pressure.

Air carrier gas was taken at either 30% RH from the building
supply or from & cylinder of dry air. The air passed through a
regulator set for 22 psig. dowvnstream pressure, and then to a flow
meter consisting of a sp. gr. 1 oil manometer and capillary tube. A
series of capillary tubes were calibrated using soap bubble flow

meters or a wet test gas meter, so that a wide range of flows could
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- be covered. No attempt was made to size ihe capillaries so that they

remained in thelr linear range. From the flow meter, the carrier gas
|
passed through a Moore Constant Differential gas flow control and
by-pass loop Lo the pulse injector. The pulse injector was mounted
on a vertical rall so that it could be adjusted over a six footvrange
to allow for varying column lengths. Polyethylene tubing was used to
supply the carrier gas, as well as the pulse gas to the injector. The
flexibility of the polyethylcne tubing allowed the injector <o he
ad justed anywhere on the rail without the neca of piping alterations.
A microswitch mounted on the injector was either opened or

closed at each movement of the injectors. This action operated an

event marker on the recorder to indicate the start of each run.

c. DETECTORS

bhvdrogen Flame Ionisation Detector

In cquation (1.49), it was evident that lover effective diffusivities
increased the magnitude of the C term. To take advantage of this, the
hydrogen flame lonisation detector was selected, as it allowed the use of
air and hydrocarbons of any convenient molecular weight, as opposed to the
need for hydrogen or helium (which have high diffusivities) as one of the
sases in thermal conductivity detectors if high precision is desired. In
adéition, the hydrogen flame detector is linear over a 5 decade range, and
the high sensitivity allows the use of eﬁtremely small pulse volumes.

The detector was constructed from the circuit described by Harley,
Iels, and Pretorius (30) and is shown in Figure 1.9. A power supply was
also constructed to supply the detector, however, the AC filament supply
vas found to creatcexcessive noise in the output so the detector tube was

powered from & & volt accumulator.
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No output could be obtained initially from the civecuit as
deseribed, anc on investigation the voltages on the 6 SN 7 tube were found
tp be outside the range in which a response could be expected. To correct
this problem it was necessary to change the tvo load resistors from 10 KJLL
to 100 Kn , It is concluded that a misprint has occurred in the orizinal
publication. The actual ionisation or combustion chember was constructed
o minimize the holdup time of the primary eir containing the traces of
pulse gas from the manifold. The air entered through the annular space in
the glass tubes and joined with the hydrogen before passing throuzh the
stainless steel orifice which Fformed one electrode. Hydrogen was supplied
from a cylinder via a Moore flow controller and a rotameter at a rate of
about 150 mls/min. wer Tlow rates increased the detector output but in
the extreme, the flame became unstable. Air and pulse gas arrived through
the capillary at the rate of about 0.7 mls/sec. The volume of the detector
air side and supply tubes from the manifold was estimatea at 0.2 mls, giving
a time lag-of avout 0.3 seconds.

Initially, the flame orifice was made flush with the metal
electrode, but the heat from the fleme caused the glassware to crack‘and
so the orifice was modified by adding about 1 1/2" of 1/8 inch stainless
steel tube. The whole assembly was held on a rubber bung, thus supplying
the insulation for the platinum electrode which was supported by a heavy
wire inserted in the rubber. ©Shielded cable connected the detector to
the electrical system, and a grounded copper chimney shieldeld the flame
from draughts.

Other modifications to the reference circuit (also shown in

Figure 1.9) included a fourth position on the selector switch with a
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10 meg resistance te ground, and a coarsc and fine zero sctting using 2C K
and 50 K variable resistors in parallel. The 10 megohm position was used
on all runs.

Fibre glass filters were fitted in the hydrogen tune and the
manifold to reduce the noise in the detector caused by dust. The detcctor
5till gave occasional characteristic Jjumps 1n output, prohbably caused by

4

aust 1a the secondary air, but no attempt was made to correct this.

Thermal Conductivity Detector

A "Gow mec" model 9238D tungsten wire thermal conductivity
Getsctor was used with the recommended conventional auxiliary circuits.
A 6v. bvattery supplied the current for the detector and the event marker
on the recorder. The output to the recorder was fitted to an attenuator
having 1, 2, 5, 10, 50, 100 and 500 ratios, but only the 1, 2.and 5
positions were needed in the pulse apparatus.

The reference side of the detector was supplied through a
needle valve from the 22 psig air linc, and a small blced maintained.
‘The capillary supplying the measuring side of the detector from the
manifold vas sized to give approximately 46 mls/min. of air at 1/2" Hg

gauge manifold pressure,
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Iv

EXPERIMENTAL PROCEDURE

A. OUTLINE OF EXPERIMENTAL INVESTIGATION

The experimental work was carried out in three parts to (a) test
the applicability of Van Deemter's equation with large pellet diameters
and higher flow rates; (b) measure the effective diffusivity in some
samples of porous pellets using the pulse method, and (¢) compare the
effective diffusivity obtained with the pulse experiment to those obtained
by an independent method. Part (a) was carried out by inJjecting methane
and hydrogen pulses in beds conteining non-porous pellets, while (b) was an
obvious extension of (a) to porous pellets. The well-tested steady state
method was selected to obtain an independent effective diffusivity value.
It was convenient, however, to develop & specific solution of the diffusion
eqﬁation to fit péllets with curved faces. The details of this section

of the work are recorded in Appendix 1.

B. NON POROUS PELLETS IN PULSE APPARATUS

A simple gas chromatograph assembly was used for some early
exploratory runs with a cyclopropane pulse iﬂ an helium or air carrier
gas flowing through beds of 2 mm. glass spheres. These results were
discarded due to limitations of the apparatus, vhich included a limited
supply of the 2 mm. glass beads necessitating short beds, as well as the
defects already listed.

With the development of the more sophisticated apparatus, a
series of runs using methane pulses in air was carried out with various
bed diameters and‘lengths packed with three kinds of non porous pellets:
0.208 ecm. No, 9 lead shot, 0.568 cm, glass beads, and 1 cm. diameter ceramic

beads.
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Because the value of the quantity "C" in equation (1.50), HETP = A + B + Cu

[

was not found to be zero in the exploratory work with non porous pellets,
runs 50 to 55 were designed to determine the magnitude of this term, and
to investigate ways of minimizing it. Io check the possibility that this
effect was caused by a high velocity "by-pass" flow at the wall, run 50
vas made with a 5 cm. diameter column packed with the 0.208 cm. lead shot,
and having a maximum particle Reynolds number of 2, Run 50 was cifferent
from the other runs in that a higher pressure was used, giving a lowver
diffusivity. Run 51 was made with a 2.5 cm. column packed with the lead
shot to see if particle to tube dieameter ratio had much influence on the
wall effect., Run 52 duplicated run 50, but used a higher Reynolds number
range, and normal column pressure. A run designated 51D was also made on
the 2.5 cm. bed, but five doughnut rings were distributed evenly down the
column in an attempt to eliminate the wall effect.

Run 53 was made with & 6.27 cm. diameter column packed with the
1 cm. ceramic spheres. The experimental sample injection system using a
solenoid valve, which allowed varying pulse sizes, was introduced in this
column. Run 54 was made oﬁ a 1/u" polyethylene tube packed with 3 mn.
zlass spheres, and run 55 was made with & 1.2 cm, diasmeter bed packed with
the 1 cm. balls to see if a tube/pellet diameter ratio < 2 could eliminate
the wall effect. This latter case has been designated as a "single pellet"
bed. In all the foregoing runs, the test system used was a methane pulse
in air as a carrier gas.

Following these tests, runs 56 to 62 with porous pellets were

carried out. One of the porous pellets, an activated alumina, gave
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abnormally low values for the effective diffusivity. PFurther investigation,

which is summarized in Appendix IV, showed that methane was adsorved to a
significant degree on the activated alumina. The need for a non-adsorbing
system resulted in further runs usging the non porous pellets being carried
out with a hydrogen pulse, as well as the methane pulse, in air system.
Runs 63 to 66 were carried out with 0,568 cm. glass spheres, both gas
systems and two column dismeters, including one for a single pellet
diameter. Runs 69 to 72 were a similar set of results with the 1 cm.
diameter spheres, two column diameters and two gas systems. Runs 6S and 72
using methane are duplicates of runs 53 and 55, but covered a wider range
of Reynolds number. Table 1.II summarizes the values of the variables

pertaining to each run number.

TABLE 1.II

SUMMARY OF '[HE PELLET AND I'UBE 'fO PELLEY DIAMETER RATIOs COVERED
BY THE EXPERIMENTAL RUNS ’

Tube/Pellet
Ratio
Pulse
Gas Pellet
Diameter 1 > 6 12 22
) o1 50
Methane . ?08 cm. Sh* 51D | &2
.568 cm. 6k 65
5 72 69
1.0 cm. 55 5
.567 cm. 63 66
Hydrogen
1.0 cm. L 70

*pellet diam. 0.29 cm,
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C, POROUs PELLETS IN PULsE APPARATUS

Three .samples of porous spherical pellets were acquired for
testing., These included 1/8" and 1/4" diameter H151 Alcoa activated
elumina pellets, and 1/2" diameter Norton Alundum catalyst supports.

The physical characteristics of these pellets are summarized in Appendix
III. One of the difficulties experienced in setting experimentel
conditions vas that the activated alumina test pellets could not Le
adequately dried in the steady state apparatus, as the epoxy resin holding
the sample could not stand the necessary drying temperature. In view of .
this problem, the pulse investigation waes attempted on the "wet" pellets,
vecause it was found that the moisture content of the pellels which had
been open to the atmosphere was quite stable even though the atmospheric
humidity varied from 30% RH to 100% RH, The only problem remaining
concerned the true porosity of the wet peilets, but the manufacturcr's
literature (31) indicated that the water existed as liquid water, and
hence could be assumed to have a density of 1. Thus, the porosity could
be computed from the dry pellet porosity and the moisture content. The
details of these calculations and other confirming experiments with
respect to the porosities of the pellets are included in Appendix III.

The pulse technique was first applied using a methane pulse, in
run 56, to the 1/4" diameter H151 activated alumna pellets in a four
foot long single pellet diameter bed. The pellets were in equilibrium
with air at room temperature., Unexpectedly high dispersion of the pulse
(HETP) caused some doubt about the number of transfer units, so the bed
was lengthened for run 57 by adding two bends and two further four foot

lengths to create & trombone configuration. A 20% change in C was found
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between the long bed and the short. As shown later in the "Results', the

short column was found to contain insufficient transfer unils Tor a Gaussian
Gistrivution., In run 58, the samc bed as that used in ruan 57 vas employed
but the pellets vwere previously dried, At this stase, the possibility of
surface adsorption of methane by the alumina was appreciated, and run 59
was conducted at higher flow rates in the hope that the adsorption was a
slow process and would not occur to a signilficant extent under thesc conditions.
In run 60, a methane pulse was used in & single pellet diameter
trombone bed, which was packed with 1/2" diameter Norton catalyst carrier
pellets. In run 61, the use of a hydrogen pulse was tested on the same
dry 1/4" diameter H151 activated alumina pellets from runs 58 and 59,
while in run 62 the same bed was wetted back to the normal moisture content,
and the hydrogen pulse applied again.
Run 73 was carried out on a four foot long by 3/L" diamcter bed

packed with 1/8" H151 activated alumina pellets and using a hydrogen pulse.

D, INDEPENDENT EFFECTIVE DIFFUSIVITY MEASUREMENT

A conventional steady state method was selected for a second
determination of effective diffusivity, but the technique was adapted
for use with spherical pellets., This modification consisted of mount-
ing the pellets with epoxy resin in a hole in a plate about 0.75 pellet
diameter in thickness. The two spherical caps on each side of the plate
were ground off when the resin had dried. The solution for the differential
diffusion equation with this geometry is included in Appendix I, along with

the results and details of this experiment. Only the 1/4" and 1/2" pellets
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vere tested. On the basis of the manufacturcer’'s data Knudescn diffusion

vas expected in the 1/4" alumina pellets, while molecular diffusion was
expected in the 1/2" Norton pelletis.

The major problem with this part of the investigation was the
nioisture content of the pellets., The activated alumina could only be
dried in situ, but the epoxy resin would not survive the drying temperature.
Since the moisture content of the "wet" pellets remained relatively
constant, as mentioned previously, it was decided to test the pellebs wet

and correct the porosity accordingly.

E. PREPARATION OF THE TEST COLUMNS

The packed beds (columns) were constructed from glass tubing with
rubber bungs or tubing in the ends. The dimensions of the beds were
generally obtained with & metric rule except for small diameter tubes,
where & caliper rule was used. The bed porosities were obtained either
by weighing the beds full and empty if the pellet density was knovn, or
by addition of water and weighing. FPor the single pellet diameter beds,
the porosity was calculated by counting the number of péllets in a given
length of bed, and calculating the pellet volume from the mean pellet
diameter,

The mean pellet diameter was meaéu;ed by placing & known number
of pellets in line and measuring the overall length.

For the porous pellet beds, the porosity was calculated as for
the single pellet beds above, or from the weight of pellets in the bed
with the characteristic data of the pellet, All the columns were then
mounteé in a verﬁical plane.

.Joints in trombone columns vwere made with rubber tubing.
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OPBRATICN OF PULsE APPARA'TUS

One of the four calibrated flow meter capillaries vas sclected and
fitted.

The column was assembled, (after taking the nccessary data for the
porosity calculations), and fitted to the apparatus.

The air supply was turned on with the flow capillary bypess open, and
the column pressure was set at a convenient level (usually around
0.5" Hg), using the cartesian manostat.

The column was tested for lesks with soap solution.

The appropriate detector was started up as described below.

The appropriate pulse gas was set to flow at a l6w bleed rate using
the cylinder regulator and valves. The gas was bubbled in water at
the exit to estimate the flow.

A suitable air flow rate was passed tﬁrough the column using the flow
meter and control., The flow meter manometer reading was recorded.
The recorder chart was started at any speed (unless previous
experiments suggested a specific chart speed), and a pulse injected.
When the pulse was produced, the height of the pulse was adjusted
on the attenuators (recorder attenuator for Hz flow or attenuator
box for thermal conductivity detector) and the width noted. Using
the initial pulse, the equipment was adjusted to give a convcnient
peak height (e.g. 0.75 scale), and a pulse width on the chart of

at least 1.5 cm.

A series of pulses were injected, each at a different gas flow rate,
to give about ten results covering the flow range desired.

During the course of each run the room temperature, atmospheric

pressure and column pressure were recorded.,
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Hydrogen Flame Detector

1.

The detector was connected to the manifold with the correct capilléry.
Hydrogen flow was started at around 150 mls/min (using rotameter) and
the flame was ignited, |
The power supply vwas turned on and connected to a 6v battery for
filement and event marker.

The recorder was turned on and the zero of the recorder and detector
adjusted, The selector switch on the detector amplifier was always

set at the No. 4 position for all runs.

Thermal Conductivity Detector

1'

2.

The manifold was connected with the correct capillary.

The reference air bleed was turned on and adjusted to give a slow
positive flow (e;g. by bubbling in water).

The filament current was adjusted to 100 ma, after connecting to 6v
supply along with event marker leads.

The recorder was set to zero and the detector to zero signal.



- 56 -
v

RESULTS

A, NOI POROUS PELLETS

“reatment ol Data for Non Porous Pellets

For each pulse input the primasry data consisted of: tlie [lov
rate of carrier gas, Q mls/sec, at 3TP, which is acfually recorded as a
manometer rcading and transformed using the calibration charts in Appendix
II to a flov rate, the width of the pulse at hall the height (WIDTH)
taken from the recorder chart and also the "mean" or distance [rom the
pulse inJection to the peak of the pulse (Gesignated TOTAL). Thesc dals
points are printed (in cm. units) in columns 8, 6 and 7 respectivzly of
‘he tables of results in Appendix II,

In addition to thec above raw data, each table in Appendix II
is headed with details of the columns pertinent to the individual run.
Mese include a "Run number" which starts at 50 for the sophisticatcd
apparatus, but a run (No. 1) from the preliminary results obtained on
the initial simple apparatus is included. The column length (L),
diameter (dy) and porosity (Eg) are included in the heading along with
pellet porosity (Ep) and diameter,(dp), and the carrier gas temperature
(TOK), molecular weight and pressure (P). The pulse gas-carrier diffusivity
is also printed for the run temperature and pressure.

The values for the molecular diffusivity of the pulse-carrier
gas systems are taken from the following sources:

The diffusivity of h&drogen in air was taken from the experimental

results of Currie (6). Currie found a temperature dependence of
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diffusivity to the 1,715 power for thils system, and this vas uged to
interpolate from the experimental results a aiffusivity of 0.755 cu?/sec
at 298% and 1 atmosphere.

The diffusivity of methane in air was calculateda Trom the
Hirschfelder equabion using the force constants tabulated in Bird, stewart
and Lightfoot (32). The computation, which is shown in Appeadix III,
yielded & diffusivity for methane in air of 0.212 cm®/sec at 298% and 1
atmosphere.

Values corresgonding to the table headings were fed Jirectly to
the computer except for the pulse gas-carrier gas diffusivities which were
modified to the run temperature and pressure assuming an inverse pressﬁre
dependence and & temperature dependencg to the 1.7 power.

Provision was included to read in the carrier gas viscosity,
put in the computations shown in Appendix II the viscosity value read in
has been over-ruled in the progrem by a viscosity for air computed from
the .Sutherland equation (33),

¥ =o.017o9[215+11h]( i )2/3 (1.61)

T r 11k 273

The carrier gas density was calculated assuming the perfect

gas law
P =Mol.Wt. 273 x P (1.62)
22400 T
Finally, the hydraulic diameter was calculated from the following

eguation,

hp = 4 Free Volume = dp € (1.63)

i Wetted Area (1 dr (1 - €3) + 1)

2 dp

As mentioned earlier the primary data of flow rate at STP,

WIDTH (= 2.%60) and TOTAL (mean) are given in columns 8, 6 and 7,
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respectively, in Appendax LI, o e Luen ane b o ia the

Leading of cach table, the follo-i.y calculatea wate are pra. .« .
In column 1 the interz.icial viloerldy was caleulaow . ooa fabo

Liameter dp, and the flow rate o, corrcel.u for Lemperabure I an. pressure

u= @ I
273

g

. 1 (1.64)
[TT“EZ] ky

The HE(P was calculated as defined by eguation (1.26)

KETP = Lo = L [umm) 271 1 2 (1.65)
mean c.%6 TOTAL

Three Reynolds numbers were calculated for comparing the axial
¢ispersion data with data of other workers and are defined as follows:
the particle Reynolds number shown in columa 4 of the table of results in

Appendix II is given by u dp @, the superificial Reynolds number shown
'/

in column 11, uegrfpf’ , and the hydraulic Reynolds number based on the

rydraulic diemeter, u hpP /M , in column 13.
“he dispersion coefficient Dy, was obtained from eguation (l.Bh),
vhich for non porous pellets reduces to,

HETP = 2 Dy, (1.66)
u

so Dy, = HETP u
2

and this value is printed in column 9 under the heading of "eddy
Giffusivity". In fact, it is the sum of the molecular and eddy
Giffusivities as given by equation (1.33).

The number of transfer units (NTU), defined by ulL_, must be larze
2Dy,

for equation (1.30) to be satisfied, however, the values calculated and


http://ij.nl
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recorded in column 5 are bascd on the molecular diffusivity rather than

the dispersion coefficient Dj. Inspection of the term shows that the NTU
is smallest at low velocities, and since low velocities imply the existence
of the molecular diffusivity regime, the NTU's based on these diffusivities
are an adequate test. The use of "long" beds has generally eliminated the
NTU a8 & limiting criterion in this work.

o make possible comparisons between the eddy diffusivity
computed from this work and the correlations and results of other workers,
the Peclet and Schmidt numbers were also calculated.

The molecular and so-called "eddy" Peclet numbers are recorded
in columns 3 and 10, respectively, and were computed from the following
definitions,

Molecular Peclet number u dp
D3

Eddy Peclet number u dB
L

This eddy Peclet number should.probably be called the dispersion
Pecclet number, however, because the eddy diffusivity Dp* has not been
separated from the dispersion coefficient D1, in this work the eddy Peclet
or dispersion Peclet are interchangeable.

The Schmidt number based on the dispersion coefficient is

recorded as the inverse Schmidt number in column 12, that is,

1 = DL(74r/ .

ochmidt
At the base of each table the least square error fit of the HETP
vs. u data to equation (1.50) is computed and the best values of the
constants A, B and C are printed out. The span of certain runs vas
restricted to the eddy diffusion regime, and the scatter of the data points

could cause anomalous values of the B, or molecular diffusion, term, which
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vas a relatively small guantity in this ranse. To offsct this provlem a

second least squarces conputation is carricd out on the data to fit the

eguation,

’
HETP = AA + (Cu (1.87)

’
vherce HETP = HETP - B .
u

The value of B is set at 2 x .75 x Vg, where 0.75 represents the inverse
of the tortuosity 1/X. in equation (1.49).

From the value of B derived from the three constant equation
(1.50), the inverse of the tortuosity has been calculated for each run.
Since A varies from 1 to e0 as discussed in the introduction, then the
inverse ranges from 1 to O, The usual value expected in a packed bed is
about 0.67 to 0.8. The result printed on the computer sheet (Appendix III)
is in the nomenclature originated by Van Deemter (17)and so the inverse
tortuosity computed from equation 1.49 as 1 = €~2§ is given under the

A B
neading GAMMA.

Similarly, the value of the constant characteristic of the eddy
diffusivity which has been designated X’is computed from the value of the
eddy diffusion term A using equation (1.49), that is § = A/2dp. Van
Deemter et al (17) suggest that ¥ varies from about 8 for 200 mesh
particles to about zero, for, say, i/8 inch particles. The computer has
printed the values of ¢ under the heading LAMDA (from Van Deemter et al.)
in Appendix III.

Results for Beds of Non Porous Pcllets

Some typical curves of the HETP vs, velocity are shown in
Figure 1.10 and 1.11. Figure 1.10 shows the results for run 52 which
covered both the molecular and eddy diffusion regimes while Figure 1.1l

shows the results for runs 51, 69 and TO. The five straight lines shown
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" on the plots represent the equation HETP = A + Cu, using values of A and

C determined from applying equation (1.50) to the data. Runs 69 and 70
vere made in a bed with a tube to particle diameter ratio of 6 containing
the 1 cm, spheres, but a methane pulse was used in run 69 and a hydrogen
pulse in run 70. It may be noted £hat both sets of data have the same
intercept, indicating that Van Deemter's definition of the eddy diffusivity
given by DL* = Y u dp is valid, but a further mechanism which depends on
the gas diffusivity and has a velocity exponent of 2 must be added to
account for the presence of a "C" term.

Van Deemter et al (17) suggested that the eddy diffusivity term
in equation (1.49), A = 2)%&” decreaséd with increase in pellet diameter,
due to the decrease of the coefficient ¢ . In Figure 1.12 it may be noted
that with the larger pellets and generally higher flow rates in this work
the trend has been reversed, and "A" increases with pellet diameter. If
a straight line is put through the points in Figure 1.12 a slope around
unity is obtained, making a’: 1/2 corresponding to the value obtained by
McHenry and Wilhelm (15) with gases at Reynolds numbers greater than 10,

Of the early runs, only run 1, which was carried out on a 134 cm.
bed with a cyclopropane pulse in an air carrier gas stream is included in
the data. The results of this run together with additional results from
initial tests with methane pulses in beds of non porous pellets (runs 50
to 55) are summarized in Table 1.III. The most significant feature of
these results is that over a range of pellet diameters from 0.2 cm. to
1 cm., with tube to pellet diameter ratios from 1 to 25, the wall effect
or "C; term, which might mask the dispersion effect due to pellet porosity,

gave results which varied in value only from 0.0k to 0.08.
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In Runs 50 and 52 the C term calculated from tests in the lower
Reynolds number range (run 50) is considerably higher than the value
ovtained in the same column at higher Reynolds numbers (run 52). This
suggests that either the wall effect term is not constant or that the
exponent of the velocity in the dispersion coefficient is less than 2.
The plots of the dispersion coefficient vs. u given in Figure 1l.13 would
appear to substantiate the latter view,

Comparisons of Runs 51 and 51D demonstrate that artificial
mixing devices or wall barriers do not reduce the wall dispersion effect.

No data in the regime in which molecular diffusivity is important
vere taken in run 51D, so that the comparison is best made using the CC
value from run 51D, which was calculated using equation (1.65) as described
previously. The value of B found from the results of run 51D represents
a molecular diffusivity more than double the normasl gas diffusivity
(GAMMA = 2,07), demonstrating the failure of equation (1.50) when results
in the eddy regime only are used in the least squares evaluation of the
three constants A, B and C. Values obtained in run 54 also demonstrate
this point.

The large diameter pellets in runs 53 and 55 show & large
intercept, or A term, compared to the other runs which show essentially

zero intercept. Inasmuch as A is approximately proportional. to d this

p’
difference is to be expected. It is rather interesting that a bed with
a single pellet diameter (run 55) has essentially the same or less slope
(i.e. C value) at high Reynolds numbers as the bed six particles in
diameter of run 53. This, as well as other results given in Table 1.III,

indicate that the dispersion due to the wall effect is not a function of

Lube diameters.



TABLE 1.III

DISPERSION RESULTS WITH BEDS OF NCN POROUS PELLETS

Column to
Pellet Range of
Pellet Column Column Diameter Reynolds
Run Diameter Length Diameter Ratio A B C . AA cC Number
1 0.22 134.6 2.61 11.9 0.13 0,18 0.07
50 0.208 111.8 5.0 2l -0.07 0.35 0.07 0,28 -0.150 C.5 - 2.,k
51 0.208 118.1 2.6 12.5 0.050 0.31. 0.052 0.0k 0.053 0.29 - 31.3
51 D 0.2C8 118.1 2.6 12.5 -0.27 0.87 o.071 -0.037 0.06% 2,6 - 32.6 '
52 0.208 111.8 5.0 ol 0.001 0.37 ©0.04L - 0.032 0.037 C.8 - %3.0 2
1
53 1.03 186.3 6.27 6.1 0.68 0.36 0.071 0.72 0,06k 5.0 - Ll,C
5k 0.297  185.4 0.k15 1.b -0.22 3%.88 0.079 0.177 0.069 16.0 - 75.0C
55 1.C05 121.0 1.15 “1.1 0.601 0.16 0.060 0.260 0.122 3,0 - k8.0

Continued...



Run

50
51
51D
52
53

25

TABLE 1.III (Continued)

Number
of
Points
10
9
15
8
30
13
10

10

Ganma

Remarks

Deughrit rings in column

Very small diameter (and hence plate volumc) and high flow rates

-99—
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The cxperimental pulse injector shown in Figure 1.8 was used in
run 53 on the six particle diameter bed containing 1 cm. sphercs. Methane
pulses are used and the effect of pulse size (as mcasured by peak height) at
a particle Reynolds number of 62.4 is shown in Table 1.IV. Over a 13 fold
range different pulse sizes resulted in essentially the same HETP values.

It must be pointed out, however, that these values are not included in the
data for Run 53. At the time when the data were taken a maximum particle
Reynolds number of 35 was employed in the hope that Van Deemter's assumption
regarding the eddy diffusivity could be extended to a Reynolds number of 35
without serious crror. This limitation was later discarded, and the four
points in Table 4 were included with those of Run 53. However, they were
found to change seriously the constants of the least square equation (1.50),
indicating an inconsistency. Run 60 repeated the. conditions of Ruan 53, but
employed the normal pulse injection, and these data were consistent with
the results at low flow rates in Run 53, but not with the four points in
Table 1.IV. It is concluded that the inconsistency was created by the
experimental injector at high flow rates because of the failure of the pop
valve in the injector to close cleanly. The requirements suggested oy

Van Deemter to ensure that the feed pulse size does not influence the exit
distribution (equation 1.25) were easily satisfied in this work, particularly
with a large diameter column such as that used in Run 53.

TABLE 1.IV

EFFECT OF PULSE SIZE (PEAK HEIGHT) ON HELP
at Particle Reynolds number of 62.k

Run 53

HETP PEAK HEIGHT
1.65 ) 27.5 units
1.66 59

1.75 56

1.59 19



TABLE 1.V

FURTHER DISPER3ION RESULIS WITH BEDS OF NON POROUs PELLETS

Colunn to
Pellet
Pellet Column Column Diameter Inverse
Run Diameter Length Diameter Ratio Pulse A B Tortuosity C AA cc
63 0.568 421.0 0.66 1.16 Ho 0.12 1.88 1.25 0.019 C.51 -0.021
64 0.568 421.0 0.66 1.16 CHy -0.06 0.79 1.88 0.081 0.24 0.048
65 0.568 119.5 2.175 3.83 CH, C.12 0.37 0.901 0.057 €.18 (C.ChS
66 0.568 119.5 2.175 3,83 Ho 0.12 0.87 0.59 0.027 -0.1%  0.03¢
- ]

69 1.03 186.3% 6.27 6.1 CHy 0.7C- 0.32 0.76 0.063 0,703 0.063% A
70 1.03 186.3% 6.27 6.1 Ho 0.68 €.86 0.57 c.02% 0.54 0,030 '
T1 1.005 122.0 1.15 1.1 Ho 0.31 1.1k 0.79 0.028 0.34  ©.027
72 1.005 122.0 1.15 1.1 CHy 0.64 0,17 0.h1 0.06 0.59 0,062

All Dimensions, cms.

Continued.ceeeeocans



Table 1.V (Continued)

Range of

Reynolds
Run Numbers
63 6 - 35
6l 6 - 33
65 L, . 28
66 0.6-125
69 5 -180
70 7 -130
TL L -183

T2 10 -181

Number
of
Points

10

1L
20
- 16
13
1k

12

Remarks

-69..
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Table 1.V shows the laber results with non porcus pelliets which

extend. the range of the earlier data, and allows comparison of the
hydrogen pulse technigque with methane pulse resulis. Once agair the wall
Gispersion effects (C value) For the methane vary only from 0.057 %o
0.081 with pellet sizes from C.56 to 1.0 cms. For the hydrogen pulses,
the value of the C term varied from 0.019 to 0.028 in the same beds.
These data confirm the previous conclusions regarding the effects of tubve
¢ iameter and pellet diameter.

Runs 63 and 64 show hizh B values (inverse tortuosity),
indicating that insufficient data has been obtained in the molscular
diffusivity region, and the AA and CC values are probably more meaningful
than the A aqd C terms.

The values of AA and A for all the data are plotted versus
pellet diameter in Figure 1.12, which indicates, in spite of considerable
scatter, the approximately linear dependence of the packed bed eddy
daiffusivity on pellet diameter for a wide range of Reynolds numbers, as
suggested by Van Deemter., The deviation from linearity could be ascribed
to variation of the constant ¥ in Van Deemter's eddy diffusion expression.
However, the data from this work aligns itself well with the typical
values of ¥ quoted by Van Deemter (17), as shown in Table 1.6, except
that the trend is reversed with larger pellets, and ¢ increases with

pellet diameter.

TABLE 1,VI
VALUES OF THE EDDY DIFFUSIVITY TERM CONSTANT, ¥=u 4
Pellet diameters cms, X
Van Deemter (17 .003% - L0074 &
" .015 - . 025 3
" .035 - . (83 0
This work .2 0.06
.6 0.13
1.0 0.37



e
~

Q
o

o
G

INTERCEPT OF H.E.T.P vs VELOCITY(A)
o

Ta [aa] 78
H, | X A ) 8
\ 0.
cH,| O v /A
van Deemter O A //
/
// A
// X
v,
@ //A
X 7 9
\ 7
-—g—h—\"_ﬂ /1/ 2 1 A N 3 2 2
o 03 05 o7 09 |0
O PELLET DIAMETER CMS

Flgure 1.12

fldy Diffvsion lerm, A, (Equation 1.50) Vs. Pell-t Diamcter




.—72—
B, LONGTIUDINAL DISPERSICN COLFFICIENT

5

The data obtained in the beus of non porous pellets were computed
as overall dispersion coefficients (that is, eddy plus molecular coefflic-
ients) and are compared wiﬁﬁ the correlations and thedfies of other workers
in Figures 1.1, to 1.17. In Figure 1.1% all the data cxcept those from
run 1 are plotted as dispersion coefficients vs. the interstitial velocity
(u). The data points form smooth curves hut the slopes in the turbulent
region vary, showing an exponential velocity dependence of 1.5 for the
larger 1 cm pellets, increasing to an exponent of 2 for the smaller

-
packing sizes. AL lov velocities, the dispersion coefficients approach
the value of the molecular diffusivity. In fMgures 1.1k - 1.17, the
smoothed data from Figure 1l.1% has been used, and is shown as a continuous
curve vwith identifying symbols marking the start and finish of the line.

In Figure 1l.1!' the inverse dispersion Peclet number Dp is
ud
P

plotted vs. the superficial Reynolds number uGdeP / lv to ‘conmpare the

- results with those of McHenry and Wilhelm (15) obtained by the freguency
response method in a bed of C.3 cnm diameﬁér spheres. The data from this
Wworx are nob entirely consistent with Mclenry and Wilhelm's, but the lack
of apgrecnent is provably due to a differenée in_the schmidt number §ince
licHenry and Wilhelm used a 50% hydrogen stream vhile the pulses in this:
work used only a trace of hydrogen. The Reynolds number avove is thus not
o complete criterion, particularly in the transition {low regimes as
pointed out by Hiby (24). The data of Cairns and Prausnitz (34) for
liquids cre also included in Figure 1.1hk. Hiby (24) suggested that at low
{flow rates (approaching the molecular regime) the inverse dispersion
Peclet number is bebiter plotted against the molecular Peclet numbers as .-
shown in Figure 1.15. Unforilunately the molecular Peclet numbers could not

be ¢alculated from dellenry and Wilhelms'puolica'ion withou® acecess to
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primary data and so a comparison could not be made, but it may be noticed
that in Figure 1.15 the results from this work are not so scottered as in
the previous illustrations. The data for liquids published by Hiby (204)
are also included in Figure 1.15, but the values are lower than the
results from this wofk. This decrease was to be expected because Hiby
took pains to eliminate the ﬁigh porosity wall section, and thus remove
the dispersion due to wall effect. It is also significant that Hiby
considered the results of McHenry and W1lhclm t0 show lower values of the
eddy diffusivity or dispersion coefficient than would be expccted in a
bed with wall effects.A

In Figure 1.16, the correlation suggested 5y Bischoff and
Levenspiel (28) is examined by plotting the data as inverse dispersioﬁ
Schmidt number vs. the Reynolds number based on hydraulic diameter. The
covergence qf the data is no better than in the other plot

The Saffman model {29) could not be testeda Lecause the boundaries
of the dispersion regimes in packed beds are not known as they are in
the case of dispersion in pipes. lowever, it would appear that the
Saffman model may have the greatest poﬁential in providinz a correlation
for eddy diffusion in packed bedé.

.

In the absence of a more logical correlation, an empirical
correlation has been developed below, which is an extension of the simpler
Tform proposed by Bischoi{f and Levenspiel (28).

+ 0.02 u® np°-e (1.68)
0.75 Dg + 0.022u D

Dy, = 0.75 Dy + 0.6 u Iy,
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This correlation is plolted in Figure 1.17 as experimental ve.
calculated values of axial dispersion ccefficicnt, ane altnough the
agreement is not good, the mcthod is sufficientily accurat: to allcy a
correction to be calculated for the "C" term in equation (1.50), which
will correct the value of this To¢.wm in porous pellet tests vhere any
efects of eddy dispersion arce not allowa? [or in the eddy diffusion, or

"A", term.

C. POROUS PELLETS

Porous Pellet Samples

The properties of the bthree porous pellet samples testen are
summarizec in Table 1,VII., Howecver, there vas originally some qusstion
about the pellet properties, the Jetails of which are discussed in
Appendix III. A knowledge of the pellet porosity is essential for this
work, but the manufacturers' data supplied with the pellets seemed to be
somevhat inconsistent.

The data on the 1/2" Norton catalyst support pellet wers
generally satisfacﬁory. However, in the trade literature a 41% porosity
was quoted for these pellets. In a private communication, a value of
%6-40% was given, and & ‘simple experimental measurement described in
Appendix III found a 36% porosity. A value of 38% has thus been accepted
as a reasonable average.

With the activated alumina pellets, in addition to the inconsistency
of the manufacturer's and supplier's data, the amount of moisture contained
in the pellet presented a problem. As discussed earlier, the cpoxy resins

used to mount the test pellet in the steady state diffusion apparatus
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PROPERTILS OF PCROUS PLLLE" SANPLES

Pellel
Moisture
Manufac -urers’ Conlent so0lid
Trade Pelletl Pellet in 6C)5 RH Porosiiy of Pore Densi'ly
Description Diameter  Porosiily Air Moist Jample Diame ter gin/ml
1/2" Nor:'on Calalyst 90% of
suppor - JA 203 1.30 cm., 0.38 negligible 0.38 por :s 3.5
mixture 2-4C microns
0
1/1" Alcoa ac'ivated 0.597 cn. 0.50 12% 0.31 al 12% wet 50 A 3.2
sive. 1151 0.3k at 105 wet .
o ™
1/8" Alcoa activated 0,32 cm. 0.50 12% 0.31 a+ 12% veti 50 A 3.2 f>

slumina I 151
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could not stand the drying temperature necessary, and so it was decided to
make the diffusion tests on the wi i pellets. The noisture content of the

wet pellets was found to be stable, and not sensitive to atmo:pheric

humidity, remaining between 10-14% by weight. In addition, the manufacturcr's
literaturc (31) suggested that adsorbed water existed in liquid form, so

that if the dry pellet porosity could be found, the porosity of the wet
pellets could be calculated, -

The suppliers quoted a dry pellet porosity of 60-65%, while the
manufacturer's literature stated 50%. The moisture content in equilibrium
with 60% R.H. air was given as 20-2h4%, but at no time could more than 15%
water actually be found in the pellets, ILxamination of some of the
manufacturer's drying data indicated that after 6 months a 12-15% moisture
content was normal. In oxrder to obtain a better value of the dry pecllet
porosity, special measurements were carried out. One of the experiments
for this purpose described in Appendix III involved putting pellets under
vacuum and then flooding them with water, This test suggested that the
50% porosity was correct, and this value was later verified more exactly
by plecing dry pellets in a chromatograph sample loop, and measuring the
resulting reduction in sample volume of the loop. Hydrogen gas was used
at the sample gas in the loop. This experiment gave a 50% porosity for
the dry pellets and yielded 28% and 33% porosities for wet pellets having
& 12% moisture content, A porosity of 31% corresponds to a 50% dry
porosity in a pellet containing 12% by weight water in the liquid state,

In addition, the alumina pellets are not homogeneous in that
they are apparently manufactured by seeding a colloidal solution.
Examination of a slice of pellet on a microscope slide showed pores up to

0
150 microns in the centre core, compared to a pore diameter of 50A in the
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outer shell. 'These pellels provide an excellent example of an instance in

vhich the steady state method of measuring diffusivities would give a
poor result for use in catalysis work, while the unsteady state method
wvould yleld an average diffusivity wvalue which would be more likely to be
suitable. N

oteady State Apparatus Results (Appendix I)

The effective diffusivity of hydrogen and nitrogen in 1/2" Norton
SA203 spheres was found to be 0.0667 cm2?/sec. at 23°C and 760.7 mm. Hg.

The effective diffusion coefficient of hydrogen in 1/4" diameter
Alcoa H151 activated alumina pellets containing 12% by weight of sater vas
found to be 0.0067 cm2/sec. at 26°C.

“reatment of Data for Pulse Apparatus

For the porous pellets, bthe same measurements and computations
are recorded in Appendix II as for the non porous pellets, except that the
eddy diffusivity calculations in columns 8, and subseguent columns are
omitted. Column 3 contains the inverse velociity rather than thc molecular
Peclet number which was used with the non porous pellet results.

Equation 1.50 was fitted to the data, and the guantity C found
thereby was correctéd using the differential of the last term of the
empirical correlation equation (1.68) to remove the eddy diffusivity
contribution as follows,

Correction = dHETP = 0.3 D hp °°® . (1.69)
du (C.75 DB + 0.2 u* hp)

vhere u* is the mean velocity from all the data points and allows the

correction to be made in the middle of the velocity range of interest.
The correction is subtracted from the slope C and the corrected

slope C applied in the calculation of the effective diffusivity from

equation 1.49 and 1.50 using the form,



Dg = eB dp, (1.70)

Porous Pellet Results

In Table 1.VIII, runs 56 to 62 were made with 1/L" Activated
Alumina pellets, except run 60 which was made with the 1/2" Norton Catalyst
support, and run 73 in which the 1/8" Activated Alumina pellets were used.
All the results were taken in single pellet diameter beds, except run T3
which used a bed having a T:1 diameter rat;o.

Runs 56 and 57 differ only in the length of column, while in
58 the same bed was used as in 57, except that the pellets were dried.
Run 59 was essentially unsatisfactory, but it shows the results of an
attempt to eliminate the adsorption effect with extremely high flow rates,
Run 61 repeated 58, and 62 repeated 57, except that hydrogen pulses were
used. The hydrogen pulse was also used in run 73. Run 60 employed a
methane pulse in the single pellet diameter bed packed with the 1/2"
Norton Catalyst supports.

The results for porous peliets are summarized in Table 1,VIII,
It may be noted that there appears to ve an end effect in comparing runs 56
and 57. However, under Table 1.VIII the values of the criterion for

Jaussian dispersion, Fiu are given, and for run 56 these are greater than
o

the column length due to the large dispersion caused by the adsorption of
the methane pulse. Thus Van Deemter's solution (17) to obtain equation
(1.31) would not hold.

The effects of adsorption on a catalyst pellet have been
mentioned in section C of the introduction under "Comparison of Methods".

The adsorption of methane on dry Alcoa 1/4" Activated Alumina pellets was

3



Run
56
5T
58
59
60
61
62
[p)

Run Number

Pellet

1/4" activated
Alumina

1/L" activated
Alumina

1/4" activated
Alumina

1/L" activated
Alumina

1/2" Norton

Calalyst Support

1/4" activated
Alumina

1/4" activated
Alumina

1/8" activated
Alumina

56
60
61
T3

TABLE 1,VIIT

DISPERSION RESULTs FOR POROU3S PELLETS

Moisture
Content

wt., %
12

12

10

12

Pellet

Porosity

0.31
0.31
0.50
0.50
0.38
0.50

0.3k

0.31  119.h

166 cn.

Column  Colunmn
Length Diameter Pulse
Ca. Cm. Gas
129 0.66 CH,
L2 0.66 CHy
Loy 0.66 CH,
ey 0.66 CHy
k20 1.6 CHy
421 0.66 Ho
421 0.66 Hz
2.17 Hp

3.38 cm.
20,2 cim.

5.38

cm,

Height of Transfer Unit Fumu_ « L at max, velocity
o<

Pellet
Diameter

0.597
0.597
0.597
0.597

A
-0.26
-0.22
-2.2
68

0.29
0.6
0.328

-0.015

B c
-0.64 1,32
0.58 1.61
4,65 1.699
-592 -C.33
0.50 O.Lk
0.87 0.22
1.5 0.237
1.43 0.096

Continmield,sesese



TABLE 1.VIII (Continued)

Dispersion Results for Porous Pellets

Run
56
57
58

59
60

61
62

73

Slope

Correction

0.061
0.062
0.061
0.019
0.12

0.019
0.019

0.01L7

Corrected

Slope
1.26
1.54
1.63
0.71
0.32
0.20
0.22

0.079

Diffusivity

0.00085
0.00069

0.0012

0.019%
0.0102
0.0056

0.00k5

Diffusivity
Assuming
Equilibrium
Adsorption

0, 0045

Bed )
Porosity

0.4k71
0.471
0.L71
0.171
0.522
0.LT71
0.471
0.39

Reynolds
Range

3-48
2-h2
2-42
47-318
5-33
3-95
7-86

1-19

-gg-
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measured, and the procedure, which involved taking pressure and volume
neasurements of a gas pellet sample trapped in the leg of a mercury
manometer is described in Appendix IV. The results of this experiment,
which showed methane adsorbed to the extent of 1.37 mls/ml of pellct,

are utilized in run 58 to calculate the effective diffusivity assuming
equilibrium of the adsorbed ges in the pulse apparatus. If equilibrium
had been attained, then the diffusivity calculated with the increased
capacity due to adsorption in the pellet taken into account, should be
equivalent to the diffusivity found in run 61 using a hydrogen pulse with
iry pellets (;fter correcting for the different gas system).

In Table 1.IX the diffusivities adjusted.to those equivalent to
hydrogen diffusion are compared for all the runs. The effective diffusivity
with a hydrogen pulse in run 61 lies between the two diffusivities calculated
from run 58 with the methane pulse, (a) assuming no adsorption and (b) assum-
ing equilibrium adsorption. This result would indicate that the mcthane
probably does not approach equilibrium adsorption closely in the pulse
apparatus.

The values of the constants A and B from equation 1.50 presentec
in Table 1.VIII would appear to represent a breakdown of the theory and/or
an inconsistency with the results from the eday diffusion runs ~7ith non
porous pellets, but if the fact that the C terms are extremely large due
to the adsorption of methane in runs 56 to 58 is considered, tuen the A
and B terms are negligible, and correction of them has very little
influence on the slope, or C, term. For the remaining runs, the C terms

are smaller but at the same time the values of the A and B terms are within

the expected range.



Run

56
57
58 .
60
61
62
[p]

*For 1/4" pellets

Interstitial Diffusivities

Pulse

Gas
‘CH4
CHy
CH,
CHy
Hz
Hp

Ha

Dp Nitrogen and Hydrogen

COMPARISON OF EXPERIMENTAL EFFECTIVE DIFFUSION COEFFICIENTS

TABLE 1.IX

Pulse Method
Experimental

Result

0.00085
0.00069
0.00127

0.0193

0.0102

0.0056

0.0045

Diffusivities cm®/sec units

Factor *to

to Hydrogen or
Ho-Np Diffusivity

T
=

2l
-5

| o

Dx Hydrogen in 50 A pores =

at 296°K

Convert Result as a

0.002k
0.00195
0.0036
0. 069k
0.0102
0.0056

0.0045

0.755 cma/sec. at 1 aim. and

x 25  x 1.84500 x 2$6
108 %

}

2
3

n)
-

Assuming
Bydrogen  Adsorption at
Diffusion Equilibrium

0.0L7

296 °k

= 0.019 cn®/sec.

A.from

Column S

3.02
2.6k
.1k
0.93
1.05

1.31

Steady
otate

0.0067

0.0067

0.067

0.0067

0.0067*

_Lg_



- 88 -
Comparison of Steady State and Pulse Apparatus Results

In order to comparc results, Table 1.IX presents the pulse data
converted to the equivalent hydioueca diffusivity (or hyarogen-nitrogen lor
bulk diffusion). If the resulte ith the 1/2" Hortoa pellets ia run 60
ar. examinea, it is scen that the pulse ncthod agiees witly tho wioauwy
state value within 4%,

Run 62 should give the same dilifusivity [or hydrogen in the 1/L"
Alcoa activated alumina pellets as the steady state apparatus, uv the
latter result is 20% higher than the pulse result. If the diffusivity
in the 1/8" pellets could be expected to be the same as that in the 1/4”
size, the steady state result is 52% higher than the result from run 73.

. In view of the lack of homogeneity of the alumina pellets these results
are not surprising.

The pellet tortuosity values calculated from the true interstitial
diffusivities and the pellet porosities shown below Table 1.IX also indicate
that the Alcoa activated alumina pellets are not homogeneous, as the
tortuosities are mﬁch lower than would be expected for this type of
material. The steady state results should be even more influenced by the
macroporous pellet centre or seed because of the removal of parf of the
microporous shell, and i1f the tortuosity is calculated from the steady
state result an impossible value of 0.88 is obtained. The reason for this
anomalous result is because the pore size has been assumed to be S5CA in
the calculation of the Knudsen diffusion coefficient, when in fact the
centre core has some pores up to 150 microns in diameter as measured

under a microscope.
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VI
DISCUSSION

A, NON_POROU:s PELLETS

—

IETP vs, Velocity Results

The HETP vs. velocity curves shown in Figures 1.10 and 1.1l
appear to fit Van Deemter's equation (1.50)well. However, o velocity
Jdependent, or Cu term, was not to be expected with non porous pellcts on
the basis of Van Deemter's analysis. From Figures 1.10 and 1.11, as well
as from the results in Tables 1.III and 1.V, the magnitude of this term can
he seen to e indcpendent of particle diameter, but inversely proportional
to the molccular diffusivity of the gas systom. If the Cu term (vhich
is a velocity dependent axial dispersion offect) in non porous pellets

5\

causea by the higher velocity annulus vhich reeults from the high

4]

packing porosity at the wall, then by analogy with van Dsemter ¢ tresalment,
the relative velocity between the flow in the wall annulus and in the
packing core could create & term vhich would be inversely proportional to
the molecular diffusivity. This reasoning implies that this acditional
dispersive effeet for non porous pellets is caused by a wall elTect.

On the other hand, the above model becomes less satisfactory if
single pellet diameter beds are considered, so it would appear that another
but similar mechanism occurs in single pellet beds, or that the above
physical explanation is guestionable.

The intercept, or A term, (which is a dispersion due to the mixing
effect of the packing) of equation (1.50) depends on pellet diamcter at
Reynolds numbers less than 1, according to Van Deemter et al (17), and a
similar relationship for high Reynolds numbers based on the mixing stage

model has been obtained by McHenry and Wilhelm. The results from this
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work as shovm in Tables 1.III and 1.V, and in Figure 1.12, also show that

the interccpt A is an approximately linear (¥ 50%) function of the packing
ciameter for diameters from about 0.2 to 1 cm., and for a wide range of
tube: pellet diameter ratios.

Axial Dispersion Coefficient

If the seme deta as above are considered in terms orf ke dispersion
coefficient (i.e. the data for non porous pellets are not fitted to equation
(1.50)) as defined by equation (1.66), then it would appear that the wall
effect is not the major contribution to the mixing due to packing geometry.

Figure 1.13 shows that the smaller pellets tend to yicld a
diépersion coefficient proportional to the square of the velocity which
vould correspond to the Cu term in equatlion 1.50, but the larzer pelléts
shov a lower exponent of 1.5.Hiby (24) obtained the following empirical
correlation for liquids,

D = 0,67 Dy + 0.65 (wa) "
7 ,DB + Iu (lp

and at low flow rates where 7’DB :; ,u up this expression has a velocity

exponent to the 1.5 power. In the same work (24), the resuits of other
workers with liguids are summarizol. In general, the axial dispersion
coefficient found by other workers is a little larger than that obtained
by Hiby, who eliminated the wall effect, but Hiby points out that the data
of McHenry and Wilhelm, who worked with gas systems, gives the appearance
of having the wall effect removed. This effect may be due to the fact that
end corrections were applied to the bed data by McHenry and Wilhelm,
because in their work relatively short beds were used (1', 2' and 3' long),
with only the largest being comparable to the bed lengths in the pregent

work.
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In Figure 1.14, it may be seen that the data from this work shows

higher dispersion coefficient values than does that of McHenry and
Vilhelm (15), so that the data from this work would appear to be consistent
with those of Hiby (24).

The use of the hydraulic diameter to describe the system as
proposed in Bischoff end Levenspiel's work (28), and as shown in Figure 1.16,
does not appear to improve the correlation. The hydraulic diameter would
only be expected to account for the wall effect, and if the wall effect is
not predominant, as suggested by Hiby, then & major improvement in
correlation would not be likely to result.

As mentioned in the "Theory", Saffman's model (29) of a series of
interconnected cylindrical capillaries would appear to show the most
potential for describing the longitudinsl dispersion in a packed bed.
oince the results presented here were generally obtained between particie
Reynolds numbers of 1 and 100 (i.e. in the intermediate region between
laminar and turbulenf flow), then it is quite conceivable that a velocity
profile meéhanism equivalent to that described by Taylor (25) occurs,
resulting in regions where the dispersion coefficient is proportional to
the squares of the velocity and inversely proportional to the molecular
diffusivity.

The upper limit of the region was found to be, from (1.57)

ud 10L Dy/R® ‘
where u is. the gas velocity, L the tube length, R the radius and Dp the
molecular diffusivity.

Let the capillary length be K;dp and radius Kgdp in the Saffman
model, which should be & reasonable assumption for packings of uniformly

sized spheres,
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Then,

u K 10 Kidp Dp
Kadp ]
or u& KsDp
dp
where Ka = K;/Ka
Thus, the smaller the pellet diameter, (dp), the larger the right hand side
of the above equation,

This model would explain therefore, why the smallest pellets
showed a velocity exponent of 2 as compared to 1.5 or 1.7 for the larger
pelléts. A large molecular diffusivity would also increase the upper
limit of the region, and may explain why a maximum is seen in McHenry and
Wilhelm's results at a superficial Reynolds number of about 100 in
Figure 1l.1l4,

It would appear that at least two mechanisms are operating here;
1.) the velocity dependent dispersion described by equation (1.55) which
is caused by the difference in flow paths between adjacent parts of the
bed, and which can also be described by the mixing stage theory, and 2.) the
effects of velocity profile (equation 1.56) in the individual channels,
vhich yield a velocity exponent of 2 within the flow limits derived by
Taylor, given in equation (1.57). Thus, the resultant dispersion coeffic-
ient has a velocity exponent between 1 and 2. As pointed out above, a
high molecular diffusivity would result in a higher upper limit of
significance for the velocity profile range. Nevertheless, McHenry and
Wilhelm's results for eddy diffusivity using hydrogen approach a velocity
dependence of 1, possibly because although the molecular diffusivity is
high, the magnitude of the contribution to the dispersion due to the

velocity profile in the capillaries is smaller with higher diffusivity
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gases (equation 1.56), and so the mechanism of equation (1.55) would

Y

predominate.

In pipes, when the flow becomes turbulent, the profile
contribution changes from the velocity squared dependence of equation (1.56)
to a function of velocity and friction factor. In this turbulent region,
the dispersion coefficient is independent of the molecular diffusivity
and the same independence would be expected in a packed bed.

Correlation of the Axial Dispersion Coefficient

As may be seen from Figures 1.13 to 1.16, several attempts were
made to obtain a correlation for the dispersion coefficient., In addition
to these efforts, dimensional analysis and a least square calculation bvased
on the resulting expression using all the non porous pellet results yielded

the following correlation,
0,81 0.4 ¢

0.24 .
DL = _1 u hp u? M (1.70)
uhp 0,495 Dy g hp hp u @

where p and 0 are the carrier gas viscosity and density. The above

correlation shows an exponent for the hydraulic diameter of nearly unity,
and a velocity exponent of 1.67, which is an average of the values shown
in Figure 1.13. Equation (1.70) does not provide a particularly good fit
to the data, which is not surprising because the velocity exponent is
obviously not constant, a fact clearly evident in Figure 1.13. Of the
correlations of the above type, that of Hiby recommended for the transition
region and shown in Figure 1.15 seems to be most satisfactory, but due to
a dependence on the packing diameter squared, the degree of correlation is
less satisfactory than that given by equation (1.70).

Bischoff and Levenspiel (28) suggest the following expression,

which does have the virtue of ellowing for the experimental fact that the
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velocity dependence is 2 for small pellets and approaches 1.5 for larger

ones, The expression is based on the Taylor transition regime in which
velocity profile effects are significant, but the molecular diffusivity is
replaced by a radial diffusivity which includes a velocity dependent term.
Ky u® a2
DI, = DB + |DB + Ko u dp
A X

Although better than equation (1.70), a further considerable

improvement in fit was achieved by reducing the packing diameter exponent

from 2 to 1. However, the equation then becomes dimensionally inconsistent.
The correlation finally utilized essentially mgkes the longitudinal

dispersion coefficient a summation of a molecular term, a mixing stage

term as nggested from McHenry and Wilhelm's work (15) and a velocity

profile term as suggested by Taylor (25) or by Saffman's model (29).

DL, = 0.75 Dg + 0.6 u hp + 0,02 u® hp©-8
: (0.75 D + 0.0212 u hp)

The above expression is plotted in Figure 1l.17 as experimental vs.

calculated results,

B. POROUS PELLETS3

The effect of gas adsorption on the measured diffusivity presents
interesting features of significance in any type of unsteady state
diffusion measurement. The method used %o measure the degree of adsorption,
described in Appendix III, has been developed since this work was done and
reported as a technique for determining adsorption isotherms for gases on
solids (40), If the amount of gas adsorbed from a methane pﬁlse were close
to equilibrium, methods of estimating the diffusivity could still be worked
out. Unfortunately, the adsorption is not indicated to be at equilibrium
on the alumina pellets in this work, but as the adsorption data were derived
for laerge concentrations (1 atm.) of methane, while the pulse apparatus

uses trace concentrations in the presence of air, the state of the

¢~ by . [N -
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equilibrium cannot really be claimed to be conclusively known.,

Inconsistency of Steady State and Pulse Results for Activated Alumina Pellets

The results of runs 62 and 73 with 1/4" and 1/8" activated alumina
. 11lustrates the potentially serious errors possible with non homogeneous
pelleted materials in measuring the unidirectional diffusion through a part
or ali of a pellet, as, for example, in the steady state apparatus, when
in thé actual reaction diffusion occurs towards the centre and out agasin.
There are, of course, other potential reasons for differences in the results
from steady state and pulse methods, which have already been discussed.

The pulse method in this work maintains either bulk equimolar
counter diffusion or Knudsen diffusion in the pellet so that equation 1.13%
is valid no matter what mechanism occurs. In the case of the alumina
pellets, the outer shell has a uniform structure with 50°A pores so that
Knudsen diffusion occurs, and settles the choice of equation for the steady
state apparatus. Thus, the discrepancy between the steady state and pulse
apparatus must be caused largely by tﬁe macroporous seed which carries a
disproportionately large portion of the diffusion flux in the steady state
apparatus.

The 1/4" alumina pellets were examined under a microscope and
the seed in the centre was seen to be approximately 1/8" across with pores
up to 150 microns, as compared to the 50°A pore size in the deposited outer
layér. The seed in the 1/8" pellets was not visible by eye and it is
possible that these pellets either had an extremely small seed or none at
all. This would account for the lower diffusivity of the 1/8" pellets

compared to the 1/4" ones.
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If the interstitial Knudsen diffusivity is calculated for 50fA

cylindrical pores, the extremely large pores in the seed would account for
the tortuosity value of less than unity obtained by the steady state method
and given in Table 1.IX, Another factor which could account for the
difference in diffusivity values from the pulse and steady state apparatus
is that the alumina pellets were prone to break down in annular layers.
With caps ground off each side in the steady state apparatus, the strata
of these layers are exposed and may represent a low resistance diffusion
path through the pellet.
Porosity

One of the critical factors in applying the pulse technigue is
an accurate knowledge of the pellet porosity. A 1% change in porosity can
result in a 4% variation in diffusivity. As a check on the manufacturer's
data, an experiment was carried out using a gas chromatograph and a 15' by
1/2" diameter empty tube as a dispersing system. Samples oS the 1/8"
"wet" alumina pellets were placed in the sample loop of the chromatograph
and a hydrogen pulse injected in an air carrier gas. The height of the
pulse output compared to the height obtained in the same way from the empty
sample loop gave a good measure of the solid volume of the porous pellet.
The sample gas of hydrogen had to be diluted with air to keep the detector
in the linear range, buf it would appear reasonable that if a pulse
apparatus was to be utilized, & porosity measuring device of this type
would be very useful, so that the porosity of the pellets as tested is
neasured.

Non Spherical Pellets

There should be no reason why the effective diffusion coefficient

of granular pellets of almost any form could not be measured by applying an
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approﬁriate shape factor, and a surface-to-volume pellet diameter as used

for effectiveness factor charts (3). A derivation was attempted to expfess
the mass transfer coeffiéient for cylinders in terms of an effective
diffusivity, (as in equation (1.46)) but no simplified approximetion could

be made, due to the presence o6f Bessel-functions in the solution. Thus,

for shapes other then spheres, a constant based on experiment would seem to
be required to relate the mass transfer coefficient and effective diffusivity
if the simplified form of equation (1.49) is to be preserved.

Methane Pulse

The use of & methane pulse seems to be of little value. The
correction to the dispersion measured for a bed of porous pellets wvhich is
due to eddy diffusion effects is no higher for hydrogen than the correcticn
term for methane. The desirable amplification of the pellet capacity
dispersion term can be achieved by a high velocity, rather than attempting
to use a gas of lower molecular diffusivity. The hydrogen flamec detector
could conceivably have a lower response lag as comparcd to the thermal
lag in a hot wire detector (thermal conductivity), but this does not
appear to ve a problem in this work.

Errors

The errors in the result caused by the mathematical manipulations
are not readily estimated, however, the effects of inaccuracics in the
measured values are considered below. The effective diffusivity 1s given
vy,

1 17 26 (a2

Dg =|T % B ] FF=c (4 - e

g, (1- &)

where C is the term from equation (1.50).
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The overall potential crror may be estimated by adding the effects
of individual errors for a given Lypical set of valuce.
In the following table typicel variable magnitudes are given along

with the estimated error and the effect on the resultant effective diffusivity.

TABLE 1.X
PO Ty ITAL ERRORS
Variable Magnitude Degree of Percentage error in
Uncertainty Effective Diffusivity
c 0.375 + S 5%
cm/sec
dp 1.0 + 2% %
€, 0.33 + 10k 16%
€5 0.40 * 5% 2%

27%
It is fairly obvious that more accuracy in the pellet porosity

values would radically improve the results, but at the same time it is
extremely improbable that all the errors would be in the same sense and
yield the above overall error. It should be mentioned that the above
error estimates apply to inaccuracies in mean values obtained from a
reasonable sample. For example, although the pellet diameters could show
50% variation between individual pellets, the mean of 20 to 4O pellets was

not found to vary when a grab sample was taken.
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VII

CONCLUSIONS
1. 'The effective diffusivity of gases in porous pcllets can be adequately
measured using a hydrogen pulse technique. A 27% random crror is conceiv-
able due to errors in the measured variables; however, this can be halved
with better methods of measuring the pellet and bed porosities. In
addition, a probable error exists from the mathematical derivations. This
latter error should be a relatively constant percentage, thus lending itself
to elimination by calibration.
2. An eddy diffusion mechanism exists in the transition region between

laminar flow and turbulent flow in packed beds such that the axial dispersion

coefficient is proportional to the square of the velocity.

VIII

RECOMMENDATIONS

The method for the measurement of the porosity of pellcots by
injecting a pulse of hydrogen wiich has been purged from the samvle locp
of a chromatograph containing the test pellets, should be developed further
and incorporated into the pulsc apparatus. The main problem to overcone
is that of minimizing the interparticle volume by packing in as many pelietls
as possible,

By extending the flow ranges covered in this work, the range of
the region where eddy diffusivity is proportional to the square of the

velocity may be determined. The results may then be compared with the

results obtained in empty pipes by Taylor (25).
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SECTION 1T

DEVELOPMENT OF AN UNSTEAULY STATE FLOW METHOD FOR MEASURING
BINARY GA: DIFFUSICH COEFFLICIRN'US

I 2

WPRODUC MTON

The bulk, or molecular diffusion coefficient of bvinary gas
mixtures is not readily measured experimentally. One of the oldest
techniques is the Loschmidt method which is based on bringing two cylinders
containing the gases (lighter on top) together ani measuring concentration
variation with time. However, this method is sensitive to convection or
thermal eddies.

In Stefan's method the rate of diffusion of a vapour in a
vertical glass capillary tube is measured by following the drop in level
of a liquid meniscus as evaporation occurs. The open top end of the glass
tube is flushed with the second component. This method obviously cannot
be used for gases above the critical temperature, and, in practice, is
limited to narrow ranges of temperature and pressure.

The longitudinal dispersion coefficient in a straight tube,
within the limits described in Section I on Taylor's work (25), is a
function of the molecular diffusivity. Thus by measuring the dispersion
in a straight tube by a method similar to that described in Section I, the
molecular diffusivity may be obtained. Chromatography apparatus can also
be used for this type of work. Good results can be obtained, although the
apparatus is not simple, and experimental conditions feasibly are

limited (35)(36).
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The molecular diffusivity at high temperatures has been measured

by Walker and Westenberg (37) by a point source technique in vhich é trace
of one gas is fed through & capillary which is mounted in the centre of a
tube in which the second gas is flowing. The profile of the trace gas in
the bulk stream is measured downstream from the source, and the molecular
diffusivity can be calculated using the appropriate solution of the
diffusion equation. Very careful experimental technique is required to
obtain accurate values by this method, although wide temperature ranges
can be covered.

Other methods, such as measurement of diffusion rates through
porous barriers, have been employed by numerous workers, but these do not
give absolute values, and require calibration, and a correct interpretation
of results. In particular, there appears to exist no absolute methods
which can be used to give acceptable values of the binary diffusion
coefficient over wide ranges of both temperature and pressure, and which
will 'allow some investigation of concentration effects also. The present
work is an attempt to develop a measurement technique which will satisfy
all these requirements.

An unsteady state flow method similar to the Stefan technique
was selepted, as offering the possibility of analysis of an effluent stream
remote from the diffusion cell by any convenient means and at any necessary
conditions. The cell itself could be maintained at any temperature and
pressure desired. By varying flowing and cell gas compositions, concentration
effects might be studied. However, convection effects in the cell must be
absent, and so some form of packing to produce caﬁillary channels would

also be a part of the construction.
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II

THEORY

A,  SIMPLIFIED SOLUTION OF A DIFFUSION EQUATION
It has been shown (6) that for equimolar diffusion in a porous

solid Fick's second law of diffusion takes the following form,

8Ca = - Dp bg CA (2.1)
res €& 9x°

where Dg is the effective diffusivity, €p the porosity, C the concentration
and t the time. The absence of significant surface adsorption is also
implied by the above equation.

The relationship between the effective diffusivity Dy and the

true binary diffusion coefficient Dy of the free gas D is given by,

Dg = D Ep (2.2)
A

where A, is the tortuosity with values varying from 1.0 for straight parallel
pores to about 100 for a structure containing dead end pores. If Dy from
equation (2.2) is sﬁbstituted into (2.1), then for & bed with tortuosity
1.0 the solution of (2.1) would yield the molecular diffusivity Dy of

the gas.

A simple solution of the diffusion equation (2.1) for the model
shown in Figure 2.1 is obtained il the assumption is made that the vessel
is initially bathed in a gas concentration Co and then at time zero the
plane at x = L is maintained at zero concentration.

Mathematically, the boundary conditions are:
=0

x =0,

oac
ox

Cp = Co for all x when t € 0

Cho=0 whenx =1L for t20

<
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Crank (22) (p. 97) has given 'he soluticn oo oquation (2.1) with “hesc
woundary conditions, except that his solution applizxs frow . = L to +L
2 0 z
CA =1k Co (-1) exp - bg (Fn + 1)%W2c o0l (Cad)TTx
T e (2n + L) B T £ L
n=0 (2.3)

In order to find the flux from the end of the vessel “he above
golution must be differentiated with respect to x, and the resulbting
expression solved to give the concentration gradient at the end (x = L).
This gradient may then be applied in conjunction with Fick's first law of
aiffusion,

aCy (2.4)
dx

Ny=-Dy |

where Ny is the flux of gas A in moles/(sec)(cm®) under conditions of
equimolar counter diffusion, vwhich must exist in the model of Figure 2.1l.
The series solution for the concentration gradient given by (2.3)

when x = L is,

c = exp |- DE (ens)Z 3¢ | (2.5)
R

dx n=0

This solution can be simplified by taking into account only times
sreater than the time when the second term of the series is less than 1%

of the first, or in other words,

In 0.01L - D et = - 9 Dg T3t (2.6)
é% I "€y L

If a molecular diffusivity of 0.75 cm®/sec (e.g. hydrogen-
nitrogen) is assumed, and & diffusion pathxof unit tortuosity and length
of 10 em., then solving 2.6 gives t = 31 seconds. Similarly if the gas
diffusivity is taken as 0.1 cm®/sec then the time before the second term

can be ignored becomes 232 sec.
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If now the boundary condition requiring that the end of the bed

at x = L should be at zero concentration is achieved by sweeping the end
rapidly with a second gas, then the concentration of the displaced gas in
the exit stream will be proportional to the flux at the end of the bed.
If, in addition, sufficient time as calculated above is allowed to elapse
before concentrations are recorded so that the second and higher terms
become negligible, then the flux equation from (2.5) reduces to the form,

Ln Cexit =In 2 - _Dg “2'@2 (2-7)
&, L L

where Z is a constant including the unwanted terms from the material balance,

and from equations 2.4 and 2.5.
Z=4A3Dg, 2C¢C, (2.8)
Q L

Q is the displacing gas flow rate in mls/sec., and AB the area of bed

!

A semi-logarithmic plot of exit concentration vs. time for a

constant flow rate should yield a stralght line with slope Dg leé i
: B VL

the bed is packed with parallel tubes the tortuosity should be 1, and the

slope of the plot becomes DTl 2 , thus providing a means for measuring
. L
the free gas molecular diffusivity without calibration of the apparatus.

B. MORE RIGORCUS SOLUTION

A problem with the above experimental model arises, in that if
a displacing gas flow rate high enough to satisfy the boundary condition
that Cp = O at x = L is maintained, then by the time analysis is started
the concentration is so small that an extremely sensitive analytical

method is required. Possibly this very hisgh gas flow rate could be used
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anyway, but a second problem due to turbulence caused by the high velocities

entering above the packed section could arise and cause eddies in the
aiffusion zone.

In order to minimize the displacing gas flow rate, the end zone
through which the displacing gas flows must be as small as possible, but
too narrow an end zone would result in pressure drops which could causé
bulk flow in the diffusion section.

Experimentally, it was not found possible to achieve the voundary
conditions described above, but a solution for the diffusion equation with‘
a well mixed fluid at the end of the diffusion zone (i.e. a finite end zone)
has been obtained by/Carslaw and Jaeger (%8) for heat conduction froﬁ a
solid. Essentially, the solution expressed in terms of the mass diffusion

case discussed above is for the following boundary conditions,

dCy = O at x = 0 for all ¢
Tdx )
CA = Cq for all Zatt = O

ané a material balance around the well mixed end zone yields,

- DpAg |_dca - QCp = LAz 0o (2.9)
a X x=L b't ' .

where Agis the area of the end of the bed, £ is the height of the end zone,
and Cpg is the well-mixed end zone concentration. As before, Q is the gas
flow rate, so that the loss of displaced gas from the system is proportional
to the concentration in the end zone and also the gas flow rate.

The solution obtained by Carslaw and Jaeger in terms of heat
gives the tcmperature v at time t in the region 0 x <L with initial uniform

temperature V, and no heat loss at the plane x = 0. At x = L, contact is

'
assumed with a mass of well stirred fluid M per unit area of contact, and |

\

\\
\

A

\
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specific heat ¢® which is cooling by & radiation mechanism at H times its

temperature, The initial temperature of the fluid is taken as zero.
The latter boundary condition is not compatible with the apparatus proposed
for this work but this does not influence the solution at large tiues

which is the region of interest in this work.
o0

v = 2V Z exn [~ X088 ) (1 ~ keen® I son (oepnx ) (2.10)
n=l  [L(h - kp2) +&n2 (L + k) + h) cos & L)

where h = B/K' , k = M ¢ and o, are the consecutive roots of
6 :

o tan XL =h = ko< (2.11)
In the above equations, @ is the density of the bed, with heat capacity ¢
and thermal diffusivity K'cma/séc. The thermal conductivity is K cals/sec
cm2 (°K) /en.
The above solution has been transposed to the equivalent diffusion
case, and the tabulation which'follows may assist in explaining the

diffusion parameters.

Heat Trapnsfer Mass Transfer
3
vpe cals/cm C, concentration moles/cm®
pc cals/em3 ©K 1.0, unless in a porous bed when
equals porosity €y
K cm®/sec DE) effective diffusivity cm2/sec
& )or D if €y 1.0
Y .
K = KQc cals/sec cm®(°K/cm) Dg
Hv cals/sec em® Q Cpo/Ap moles/sec ecm®, where Q is

the gas flow rate, cm3/sec, and Ap
the bed area, cm

Other quantities appearing in equation (2.10) when written for the diffusion
case are,

v/V = C/C,, where C, is the initial concentration in the bed.
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h= g (2.12)
Ag Dy
x=apk @ = £ (2.13)

€z Oy 8 €
where @) is the molar density and £ is the length of the end zone.
Rewriting equation‘SQ.lO) and setiing x = L yields,

D"\
E(ex ;
CAO = 2 Co Eﬁ_ (h - 1§0(n2) exp | - EE( H)ZLJ \ (2-14)

L (h-ket )® + e ? (L+k) +h
If the time, t, is large then the second term in the series becomes
negligible compared to the first, and equation (2.1h4) becomes,
o o:% ]

Cpo = 2. Co (b - ko%3®) exp [— B
L(h-ke32)2 + 32 (L+k) +h

(2.15)

or
Ln(Cp) = L, (2) - Dgp e¢3% ¢ (2.16)
p
B

where Z = 2 C, (h - k ¢, 2)
ITh-kexX17) +l32 (L + k) +h

Thus a plot of Ln (cAo) versus t.for large times should yield a
straight line of slope - Dﬁo(;,a/eB. It is also of interest to note that
an absolute value of the concentration is not needed. For example, the
peak height of a chromatograph is proportional to the concentration at low
concentrations, and so the logarithm of peak heights rather than
concentrations may be plotted versus time.

Equation (2.16) must be solved simultaneously with the auxiliary
equation (2.11) in order to obtain a diffusion coefficient from a set of
exit gas concentration versus time data. Examination of the equations
shows that an'analytical solution is not possible. In order to obtain &
trial and error solution the following itereative procedure wvas appliea

using the Newton-Raphson method (39).
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The first root of eguation (2.11) must lie betweeno = O and

TF/ 2L. GSelection of an initial value approaching zero could result in a
break down of the iterative operation because the second approximation
falls outside the zero to7]/2 L range. A further reason for selecting a
root close to TT /2 L is apparent, because on substitution of & = T/ 2L
back in (2.16) the simplified solution glven by (2.7) is obtained. Because
the apparatus was designed to approach the simpler boundary conditions,
it is reasonable to assume thate< = I /2 L will be close to the actual .
root. Also, due to the iterative nature of the solutions to (2.16) and
(2.11), the time when the second roo‘é can be ignored cannot easily be
derived, but as the more rigorous solution approaches the simplified
solution 1t is reasonable to suppose that the time calculated frbm the
simpler solution (2.6) and (2.7) is an adequate criterion.

From the assumed value of X3 = J[/2 L and the slope of the
semiloéari‘thmic concentration vs., time plot one gets, '

Slope = DE o P (2.17)
€3

and so an initial value of the diffusivity DE/CB is obtained. Eguations
(2.12) and 2.13) may then be substituted in equation (2.11), but since
the value of DE/EB is an initial approximation, equation (2.11) is corrected
by a term for the resulting error, & ,

A =h - kxX1® + oG tan oL (2.18)

Differentiating (2.18) with respect to &,

dA = -2ke; - K1 L - tan ©¢3L (2.19)
dexy (Cosoc;l,)2

The second approximation for the first rootel; can then be
obtained from the first approximation, and equations (2.18) and (2.19).
X, = oL, (first approximation) - A (2.20)

dA
(<,

[oN)
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With the second approximation the process can. be repcated from

equation (2.17) until a satisfactory result is obtained.

C. COMPUTATION OF 3LOPE OF DECAY CURVE WITH A RESIDUAL CONCENTRATION

In cases where the gases are not pure, or where there are dead
zones in the apparatus which are not easily purged, a plot of experimental
data according to equation (2.7) may yield a curve. A problem was
exper;enced in finding the value of the steady state (or infinite time)
concentration which the data should approach with time. This value must
be subtracted from the results to yield a straight line. It was {ound
that on a log plot a slizht change in the steady state value caused a
large change in the slope, and hence uncertaihty in the resulting value
of the diffusivity.

To eliminate the need for Jjudgment on the part of the experimenter
in deqiding on a value of the steady state level a least squares solution
was prepared for the equation Y-C = A.e;Bt where A, B and C are the constants
to be determined, Y represents the concentration (or pesk height), and t
is the tine.

There is reason to guestion the use of an equation of the above
form as it tends to weight the solution in favour of data at short times.
However, as there is evidence that the so-called steady state value is
dependent on the gaé flow rate in this apparatus, weighting in favour of
shorter times where the steady state value is negligible would seem to
be justifiable. The derivation of the expression for evaluating B is

given below.

g2 =Z[Yi AR b (2.21)
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vhere C represents the value of Y approached at infinite time and A and

. B are constants of the systcm when equation (2,16) is fitted to (2.21);
with E being the error to be minimized.

Differentiating 2.21 by A, B and C yields.

a2 =2 [Y,- S he PR ] (-~ (2.22)
dA :

2 a2 10 a7 Cag (2.2
aB

ag2 -_-22[ Y, -C - Ae'Bt" ] (-1) (2.2L)
ac

Setting (2.22), (2.23) and (2.24) equal to zero and eliminating A and C

yields the following, vhere A represent the error resulting from assuming

an incorrect value of B.

~Bte . - - -Bt - -Bt -2
A = «2le 2 ta Bt ze.B’c +2Ye z‘te 2Bt + Zte 2Y¥2e Bt
. u ‘

n
-iY e-BtZe-EBt Sy oBty -8Bt +ZYte-:Bt(ze—B‘c22 (2.25)
n n

To apply the Newton-Raphson method (39),

} Bt 2 - - - - -Bt
do = 2Ye Bt [(Zte Bt) + 2e B 5 te Bt} +2 te Btze BES yee
dB n n

- QZYe'BtZ‘Gze"QB-t -Zte—QBtZYte-Bt s Sy Ye Bt FpemBt
n

2Y Ze—QBt 2t2e~Bt 2>y te~Bt > te2BY ‘ +Ze-23t ZY te~2Bt
n

“Bt<. o - ~2Bt - -Bt - Bt
20y Se 0T BBY vy St SheBt - 23y 1e7PP T T 5 FE

n n n
- (ZeTPH® Zys® f (2.26)
n
Hence Bg = By =~ A ‘ ' (2.27)
aa

In (2.27), Bz represents a better value of B than the previous assumed

velue, that is, Bai.



- 112 -
II1

APPARATUS

A constant temperature air bath was fitted with the hardvare
for a gas chromatograph, and a vessel containing the bed for the diffusion
measurement., The test vessels were saldered from pieces of brass or copper
pipe and were filled to the brim with the packing material. A rubber
gasket vas uséd to provide t@e spacer for the "well mixed end zone" as
shown in the sketches in Figure 2.2. [wo entrance flow patterns were
used in the beds, a tangential entry in the 5 cm. dia. vessel, and a
direct sweep across the bed in one direction in the 2.5 cm. cell.

A schematic diagram of the apparatus is shown in Figure 2.2,
Moore constant differential flow controllers were used to maintain constant
gas flov rates, while a soap bubble meter was used for measurement of the
effluent stream flows. In order to reduce the hold up of the apparatus
due to valves and fittings, the two gas feed systems vere connected to
the diffusion cell with 1/4" polyethylene‘tubing, and switching from one
gas to the other was done by disconnecting one tube at the entrance to
the constant temperature zone and connecting the second. A bypass valve
at the entrénce‘to the constant temperature bath allowed gas to flow
directly to the flow meter. The use of 1/8" tubing to connect the test
vessel to the chromatograph sample valve provided sufficient resistance
to flow to make the bypass valve effective without shut-off valves.

Test gases used in diffusion runs were:

Nitrogen Prepurified Matheson Co. 99.9%
Ethane CP " - 99.0%
Hydrogen Prepurified " 99.,9%

Butane CP " 9%
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The details of the packed beds tested are shown in Table 2.1.
The chromatograph columns were packed with 25% Nujol on
chromasorb, “he separation of nitrogen and ethane was accomplished with
a 9" x 1/4" diam. column using a helium carrier. Hydrogen and nitrogen
were analyzed on the same column hul with a«hydrogen carrier so that only
nitrogen showed as a pgak. Butane and nitrogen were analyzed b»y an 18"

column with helium carrier gas. Ten psig carrier gas pressure was used in

the long columns but the short column needed only 2 psig.

Iv

_PROCEDURE

A, SELECTION OF THE DISPLACED AND DISPLACING GAS

In the selection of displaced and displacing gas from a gas pair
two factors must be considered. The tail normally encountered in gas
chromatography peaks tends to mask a following peak, and this effect may
be particularly serious when the coluns are made as short as possible
1o reduce analysis time, Tﬁus, it was necessary to meke the displaced gas
the first peak to appéar on the chromatograph. The second effect to be
coensidered is that the lighter gas should be placed on top, and if the
end zone is also at the top of the bed then this latter requirement is
contrédictory to the first, as the lighter gases usually tend Lo appear

first in the chromatographic trace.



TABLE 2.1

DIFFUSION CELL PROPLR [IES

Parallel Tube Packing Porous Solid Packing Spherical Packing Spheres
Bed Length, cms. "10.0 7.0 7.0
Bed Diameter, cms. 5.0 2.61 2.61
Length of "End Zone", cms. 0.27 0.27 : 0.27
Porosity 0.52 0.59 0. 39 i
}_J
}—l
u
1
Properties of "Kimex" melting point Selas Ol Microporous Borosilicate Glass
tubes 10 em. long x synthetic ceramic
Packing material 1.2 mm 0.D. x 0.8 mm I.D. average pore size U.5

Specific surface area
0.577 m2/cm®
or 1.10 m?/cm>
by B.E.T,
Ref. (5)
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Three gas systems were tested on each ved, hydrogen-nitrogen,

ethane-nitrogen and butane-nitrogen. The problems described above were
overcome for the first pair by using a hydrogen carrier gas so that the
hydrogen peak was lést completely. For ethane-nitrogen, it was hoped
that because of the identical molecular weights density effects would not
be significent, however, this system does represent a more difficult
separation if chromatography is used for analysis. If the bed packing is
Tirmly held then obviously an inverted bed can be readily used also with
gas chromatography for the analysis. Butane and nitrogen were readily
separated in the analysis, providing butane was used as the displacing

gas.

B. OPERATION OF EQUIPMENT

v

To start a run the constant temperature air bath was brought
up to its control temperature, (95°F), the carrier gas was put on stresm,
and a purge of about one ml/sec. of the displaced gas was passed across
the bed (by-pass closed). When the bed had been thoroughly purged, a
sample of the purge gas was taken.

After purging, tﬁe bypass was opened, and the displacing gas
line connected and put on stream. The displacing gas was allowed to
purge for about 10 minutes while the flow rate was measured on the soap
bubble meter and édjusted t0 the desired range. The stop watch was started
at the same time as the bypass valve was closed. Samples were taken and
injected into the chromatograph at convenient times, until the displaced
gas peak had become too small to give a satisfactory analysis, or until

sufficient results had been obtained. In general, the highest concentration

v
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included in a run was about 25% by volume cof the displaced gas and

calibrations of the chromatograph indicated a linear response up to about
LObh. Therefore, absolute values of concentrations were not usually used,
but rather peak height readings.

At the end of the run the flow rate was checked. If any
discrepancy’from the inltial value was found, the later measurement was
utilized because the Moore flow controls were found to drift for the
first few minutes after a setting change. .No flow measurements were taken
during & run as the soap bubbles caused a visible increaselin pressure in
the system. The room temperature and atmospheric pressure were recorded

for each run, and the temperature of the air bath was checked.

RESULTS

A, TREATMENT OF DATA

The raw data, computer program and computed results are recorded
in Appendix V for each run. The value of the diffusivity recorded is
actually the DB/;L value which is obtained by this experiment. The
diffusivity value is for the temperature of the bed, but is corrected
to one atmosphere assuming no pressure drop in the vent lines. The
effective diffusivity is computed for the same conditions.

The data for each bed are printed along with the constants
and sums for the least mean square line computed from the data. Ten
iterations were used for this least square calculation, but 4 or 5 were
zgenerally sufficient to obtain four figure accuracy. The number of

iterations for the diffusivity calculation was set by a test of the
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magnitude of the error, and this number is recorded. Certain data points

were rejected as described in the following. These points are recorded,
but they were not usgd by the computer.

The results were calculated by a two-part computer program. A
subroutine used the Newton-Raphson (39) iteration described in the
"fheory" to compute the least mean square fit of the equation ¥-C = A
exp(-Bt) to the data of peak heights (¥) vs. time, (t). Then using the
solution of the diffusion equation described in "Theory" (equation 2.16),
the main program calculated the diffusivity from the slope of the least
squares line with a second Newton-Raphson iteration.

The least squares fit of the equation in the form Y-C = A
exp (-Bt) weighs the line in favour of the small time (large Y) points.
Thus, if the first or second point was inconsistent with the rest of the
results, the computed slope showed this inconsistency in spite of all the
other points. From the plot of Log ¥ vs. %, points which appeared to be
inconsistent when plotted have been discarded before arriving at the
values in the following tables,

The residence time of analysis gases in the chromatograph was
extremely short for the butane-nitrogen system, with the result that the
recorder was not able to follow the sharp narrov peaks. The lag of the
recorder caused the peak heights to be non-linear with composition unlesg
small peak heights were used. Thus, computétions for the butane-nitrogen
system are based on considerably longer times than the minimum for
ccceptable data indicated in the discussion of theory. Other reasons
for rejectiﬁg data points are discussed vhere applicable.

In order to compare the data, the tortuosity of the beds as
calculated from each data point offers a convenient parameter. This

calculation requires a knowledge of the value of the molecular diffusivity
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for each gas pair used, and the values in {able 2.V show that available

published results are not reliable beyond T 5%, Because of this
discrepancy the tortuosity only gives a good indication of the consistency
of the method, but its absolute value depends upon the value of molecular
diffusivity selected, The tortuosity is shown in the following tables,

but in Table 2.V the computed valué‘DB/>; for each set of gas sysiems and
beds are averaged, and then ratioed with the results for the ethane- )
nitrogen system. These ratios may then be compared with the same ratios of
the published experiments and calculated values, and give a comparison less

dependent upon experimental error.

3.  PARALLEL TUBE PACKING

The first experiments were carried out on a bed packed with 1.2 mm
diameter melting point tubes, thus providing a bed with unit tortuosity
parallel to the tube bundle. The details of this bed are given in
Table 2.I, while the diffusion results are summarized in 7able 2,11 and
shown graphically in Figurés 2.3, 2.4 and 2.5 as plots of the log peak
heights vs. time. In some of the runs shown a Millipore Type HA filter
(80% porosity) was placed over the bed of tubes to prevent eddy currents
ia the diffusion channels due to the flowing displacing gas. The results
shown suggest that such currents are not significant.

An inspection of the tortuosities in Table 2.I1 shows that the
results scatter over a T 9% range. Turning the bed on its side so that
gravity effects became influential increased the diffusivity by‘50%. The
reason for the scatter can be seen in the run with the hydrogen-nitrogen

system at a flow rate of 0.563 ml/sec. Three data poinﬁs had to be

discarded because the recorder automatic standardization operated and thus



Displacing
Gas

Nitrogen

Hydrogen

Ethane

Nitrogen

Displaced
Gas

Hydrogen

Nitrogen

Nitrogen

Butane

TABLE 2.I1

RESULTS FOR_PARALLEL TUBE BED

Bed Temp. 306°K

Flow Rate Sloge
o

em>/sec. se
0.510 0.00364
0.5k4 0.00406
0.563% 0,00L3L
2.81 0.0115
Average
0.485 0.00200
1.h61 0.00295
2.27 0. 00300
2.9k 0.003557
- 3,08 0.00%29
Average
0.460 19.001u5
0.903 '0.00158
2.05 0.00202

Average

Molecular

Diffusivity

Used for A
Dp/A Computation Tortuosity
cm?/sec. cm2/secc.
0.551 0.82 1.k9 -
0.715 .82 1.15
0.873 0.82 0.940
0.7176 0.82 1.05
0.788

0,135 0.151 1.11

0.148 0.151 1.02
0.140 0.151 1.08
O.lhg 6.151 1.015
0.1505
0.0817 0,095 1.16
0.0766 0.095 1.2k
0.0905 0.095 1,016
0. 084

Remarks

Bed on side

Mdllipore

Millipore
Millipore

Millipore

Millipore
Millipore
Millipore

- 02T -



PEAK HEIGHTS

—— 3

FLOW RATE mis /sec.j 500

V 054
A 056 |
o 28

x  POINTS NOT |ogq
INCLUDED IN CALCULATIONS

1100

=~ TeT -

500 1000
TIME  (SECONDS)

Figure 2.3

Results Yith Parallcl ™ube Bed. Hydrogen-llitrog-n



400

PEAK HEIGHT

" FLOW RATE mis/sec.

9

200

100}

- a3t -

40}

20}

2000
TIME (SECONDS)

Figure 2.4

Results With Parallel Tube Bed. Ethane-litrogen



PEAK HEIGHT

TO00}

400

200

100}
70}

20}

40|

PARAMETERS: FLOW RATE mls/bac!

i
- ¢2T -

0 T 000

2000
TIVE  (SECONDS)

Figure 2.5

Results With Parallel Mbe Bed. Butane-liitrogen



- 12h -
caused a shift in the peak height proportionality with concentration.

Removal of these points caused the least square line slope to change from
0.004k6 to 0,0043Lk with a resulting change in the D/ value from 1.0C8
to 0.873 cm®/sec. The three discarded points are not in error by more
than 4%, yet in a total of 15 points these threec cause a 3% variation in

the slope, whieh in turn eauses & 1LB) differenes in the airfusivity,

C. POROUS SOLID PACKING

The results of the runs using parailel tubes were initially
calculated by hand from slopes obtained by graphical means. The sensitivity
of the method to slight errors was not appreciated at the time, and errors
were tolerated in the iterative calculation as well as those caused by the
" uncertainty of placing a straight line through a slightly curved set of
points to obtain the slope.

Because 1t was originally felt that these errors could also be
due in some measure to eddy diffusion within the relatively coarse-pored
tubular packing, additional experiments were carried out using {ine porous
solids as a diffusion medium.

A Selas OL ceramic filter medium solid rod was fitted tightly into
a 2.6l cn. diameter vessel thereby halving the former bed diameter, but
the pore diameter was also reduced from 0.8 mm (800 microns) to 4.5 microns.
The details of this bed are given in Table 2.I, and the results are
sumgarized in Table 2.IIT.

Because of the smaller diameter end zone, the flow pattern was
changed from the former tangéiial inlet arrangement to one having flow in

one direction across the chamber.



- 125 -
TABLE 2,111

RESUL'TS FOR POROUS SOLID PACKING
Bea Temp. 306°K

Molcecular
Displacing Gas  Displaced Flow + Dg . DE Diffusivity )\
Gas Rate Slope X €& ce?/sec
cm3/sec - secs * cm®/sec

Hydrogen Nitrogen 0.362  ©.01L3%9 0. 565 0.82 1.b5
0.79%  0.C159 0. 596 0.62 1.37
0.928 0.0LTL 0.533 0.82 1.54
1.25 0.0191 0.538 s.82 1.52
1.83 0.0245 0,651 c.82 1.26
Average 0.577 1.43
Ethane ‘ Nitrogen  ~0.39  0,00450  0.11h4 151 1.3k
‘ 0.82 0.00490 0.108 0.151 1.L0
1.32 0.00525 0.112 0.151 1.35
1.90 0.0052% 0.108 0.151 1.39
Average 0.1105 1.37
n Butane Nitrogen 0.5%4  0.00337 0.0747 C.C99 1.32
1.1k 0.00380 0.0802 0.099  1.23
2.06 0.00k00 0.082% 0.099 1.20
Average 0791 1.25

An examination of the results in Table 2.III. shows that the

"tortuosities are failly consistent, with each gas system showing about a T 5%

scatter from the mean. Howeve}, the butane-nitrogen system tortuosities
are lower than those obtained from the other gases, indicating that a true
diffusivity value higher than that used would be appropriate., In order to
avoid the "tail effect" mentioned eérlier, nitrogen was made the displaced
gas. The fact that butane is almost double the density of nitrogen would
probably lead to gravity effects and could cause an apparent increase in

the diffusivity. The difference between the average tortuosity of the

hydrogen-nitrogen and ethane-nitrogen systems is not significant as it
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depends upon bthe assumed value of the diffusiviby. For example, if a value \
of 0.80 cn®/sec is assumed for the hydrogen-nitrogen diffusivity rather than
0.82 cm®/sec, both systems give an average tortuosity of 1.37 to 1.38.

The result at high flov rate for the hydrogen containing system
is ineluded in the averages. If this result is ignored it would appear
that this system is showing about 5% lower diffusivity relative to the
ethane syétem. The average pore diameter of the Selas Bed is k.5 microns,
vhile the mean free path of hydrogen at NTP is 0.13 microns. It is unlikely
that the pore size distribution is so narrow that some percentage of the
pores are not smaller than, say, 1.8 , at which pore‘size the resultant
of the mixed Knudsen and bulk diffusion rates could be 5% less than the
bulk diffusion alone.

Thus, in spite of the fact that the results look fairly good, use -
of the Selas Ol bed is questionable with high diffusivity gases at room
temperature., ©Such a packing also suffers from the need to calibrate the
bed to find the tortuosity bvefore it can be used on gases of unknown

o

diffusivity.

D. SPHERICAL PACKING

The relationship of porosity to tortuosity has been published (6)
for beds of spherical particles, and this provides an obvious means of
overcoming the need to calibrate a porous solid type of packing to first
determine its tortuosity. The bed vessel was the same as that vhich hela
the Selas 01, but it was packed with h2,/ diameter glass spheres, However,
the porosity obtained with the spherical packing was considerably less than
for the porous solid, and the resulting reduced bed capacity led to a decay
curve that rapidly decreased below the range of analysis by chromatography.

The hydrogen-nitrogen results were most influenced by this effect.
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TABLE 2.1V

. RESULTS FOR SPHRRICAL PACKING

Displaced

Bed Temp. 306°K

Flow

Molecular

O5=DF A
Gas Rate 3lope A B Diffusivitvy
cm3/sec  sec”* cm®/sec, cm2/sec
Hydrogen Nitrogen 0.456 0.0L64 0.682 0.82 1.20
0,832 0.0218 0.687 0.82 1.19
1.25 0.0242 0.661 0.82 1.2k
Average 0.677
Ethane Nitrogen 0.604 0.0052% 0,117 0.151 1.29
0.919 0.00521  0.112 0.151 1.35
1.36 0.00520  0.109 0.151 1.39
Average 0.113
Butane Nitrogen 0.596 0.0036k  0,0795 0.099 1.25
0.979 0.00370 0.078L 0.099 1.26
1.2k 0.00%369  0.0775 0.099 1.28
Average 0.0785

The graphical plots of the data in Figures 2.6, 2.7, and 2.8 shows
a sharp change of slope at longer times. It is possible that the diffusion
flux measured is the resultant of two decay processes, one due to the
diffusion from the bed and the other due to diffusion from stagnant portions
of the piping. This latter contribution would normally be negligible for a
diffusion cell with a sufficiently large capacity. It may be noticed that
for the hydrogen data with this bed (Appendix V), the least square computation
has shown the decay curve to approach a value higher than the data for
larger times. For this reason, the slope and hence the diffusivity (see

Table 2.III) is higher for these runs, giving a lower tortuosity.
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TABLE 2,V

COMPARISON OF RESULTS

PUBLISHED DIFFUSIVITIES REF 40 EXPERIMENTAL RESULTS FROM THIS WORK
Calculated Experimcntal Melting Point Selas Ol L2 Micron Spheres
Tgﬁp. Diff. Ratio Temp. Diff. Ratio Dp Ratio DB Ratio Dp Ratio
OK _ — —
Hz=Nz
273.2  0.656 27%.2 0,674
288.2 0.718 288.2 0.743
293.2  0.739 293.2 0,76
306% 0.790 5.27 0.814 5.28 0.783 5,24 0.577 5.22 0.677 5.99
CoHg-No
298.2  0.1kk 298.2  0.148
306% 0.1498 1.0 0.154 1.0 0.1505 1.0 0.1105 1.0 0.113 1.0 ,
nCsH30-No \:;_‘,‘,
298.2  0.0986 298.2  0.0908 .
306% 0.1025  0.685 0,094k 0,613 0,08k 0.567 0.0791 0.716 0.,0785 0.695

’

*Extrapolated Values
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Again the use of the heavier gas as the displacing gas in the

butane-nitrogen experiments may have caused the diffusivity to be relatively
somewhat higher than that of the ethane-nitrogen system, similar to the

effect apparent in Teble 2.1II also.

v

DISCUSSION

The overall potential error of the method cannot be estimated by
the conventional methods due to the iterative nature of the solution.
Nevertheless, the extreme sensitivity of the procedure to errors is
indicated by the example in the "Results" section (for the hydrogen-nitrogen
system in a bed of parallel tubes) where a 3% change in the slope causes a
15% change in the diffusivity. An understanding of the potential accuracy
of the method may be aided by examining the first root of the auxillary
equation,

tanXL = h - k = Q - At = QA - Ll

If the right hand side (RHS) of the equation is large, then <L
approaches TI/2 and o becomes independent of the flow rate (Q), bed
porosity (€p), bed area (Ag), end zone length (!) and gas diffusivity (Dg).
Thus in order to reduce the present 10% scatter of the experiments, it
would appear to be necessary to achieve a large value of XL, that is to
increase hfe, and minimize k &,

Both h and k are inversely proportional to the porosity, so if
h/x>> ko, a porosity decrecase will increase the RHS, however, the

reduction of bed capacity which results, decreases the time available for
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analysis of efiluent concentrations., It is noticeable that the results from

the low porosity 42 micron bed are less scattered.

The term h increases as the bed area decreases, but experimentally,
reduction of the area has the same limitations as a decrease of the porosity;
except that the benefits do not depend upon the relative magnitude of h and
k. |

The gas diffusivity has the same influence as the bed area, and so
high diffusivity geses are most susceptible to error. The parallel tube
bed with the hydfogen-nitrogen system would be expected to have most scatter
of the experimental results. Unfortunately, there are not enough data
points to carry out any form of statistical comparison.

High flow rates of the displacing gas increase the term Q and
therefore h, but once again experimental factors will restrict the maximum
flow rate because of the turbulence, which can enter the bed packing to
some extent, thereby increasing the effective diffusivity and making the
result flow dependent. Coppled to this is the effect of pressure gradients
- from friction losses, or changes in kinetic energy at the entry port,
which could cause bulk flow in the bed. Even the parallel tube bed is
susceptible to bulk flows as the tubes are no£ sealed ét the blank end.

An increase in the end zone length will have the deleterious
effect of increasing k and hence decreasing the RH3. In the experimental
apparatus used in this work, k was negligible, so that the end zone depth
could probably be doubled without too much influence on the magnitude of <.
This depth increase might assist in minimizing another potential source of
error, in that the solution to the differentiel equation assumes perfect

mixing in the end zone. The use of a deeper end zone would allow larger
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scale eddies to increase the mixing, but at the same time the larger eddies
should not be able to penetrate too far into the bed. The millipore filter
used to discourage eddy penetration does not show any influence on the
results, but this is probably to be expected because the added resistance
would not amount to more than 0.3% of the total while the results scatter
to + 10%. The millipore filter may help to reduce the penetration of
eddies into the bed but it would not be expected to stop the bulk flow.
effects discussed earlier.

Finally, the length of the bed, L, may be increased to make Xsmall
and hence h/d large. On first inspection this is an obvious improvement,
however, there are limitations., The dead time, before the second term of
the series may be dropped, is increased four fold by doubling the bed
length., In the case of the 0,1 cma/sec diffusivity gas the dead time was
found to be 232 secs for a 10 cm bed (see introduction). In a 20 cm bed a
15 min dead time would be required.

At the same time the effluent gas concentration must be considered.
From equation 2.7, the effluent concentration would change only linearly,
with bed length. Thus, at the time when the second term represents 1% of
the first, the 10 cm bed after 232 secs would have doubled the concentration
of the 20 cm bed after 928 secs. The longer bed thus has the effect of
lengthening the time scale, and would allow more gas chromatograph analysis
to be carried out before the samples are too dilute, but at the same time
would start from & lower concentration.

The use of the three constant equation to fit the curved data
would not appear to be responsible for the variations in the results

because the data for the butane-nitrogen system as shown in Figure 2.5 for
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the tubular bed are not curved, yet the diffusivities calculated are badly
scattered. It may be noticed, hovever, that at a flow rate of 0.903 mis/
sec the points at 20C and 300 seconds in Figure 2.5 deviate slightly from
the other points, and since thé least sguare equation favours the lower
times the scatter may be caused by the small deviations of the {irst two
points,

Nitrogen decay was followed in most of the runs, and so the trace
of air in the gas systems appeared as nitrogen, resulting in & curve

Y = AQ_Bt + C instead of ¥ = Aﬁ'Bt (

vhere Y and t are the variables), which
can be plotted as a straight line. The use of high purity gases might
simplify the interpretation of results.

In summary, there are at least three major sources of error which
may influence the diffusivity obtained by this method: (a) eddies from the
~ end zone penetrating the bed to increase the diffusivity (b) bulk flow in
‘the bed caused by pressure gradients in the end zone, which also act to
increase the diffusivity and (c¢) poor mixing in the end zone causing a
lowered diffusivity.

There is some indication of the presence of the last of these
errors in the large diameter parallel tube bed (see Table 2.II). Examination
of the data in Tables 2,II, 2,III and 2,.IV shows that for the parallel tube
bed (Table 2.II) there was no significant increase in diffusivity with
increasing gas flow rate. The other beds used, which were more isotropic
in structure, do tend to show such an increase with flow rate. As the
range of flow rates used in all beds was comparable, there appears to be a
slight'effect of the first two sources of error mentioned in all but the

parallel tube bed. The results for this latter bed (see Table 2.II) also

indicate that there may be some evidence for poor mixing in the end zone.
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VII

CONCLUSTON

The method as used in the present apparatus is satisfactory for
measuring gas molecular diffusivities for binary systems within plus or
minus 10%. Analysis of sources of error suggest that by redesigning the

apparatus a probable accuracy of 2 1/2% could be readily achieved.

VIII

RECOMMENDATIONS

On the basis of this work, it is apparent that a bed of the
foliowing dimensions could minimize the potehtial sources of error encountered
in the present experiments.

Parallel tube packing 1 mm or less OD.
Length 20 to 30 cms.

Diameter 5 cms.

End Zone length 0.25 - 0.5 cms.

The sealing off of the tubes and prevention of bulk flows through
the bed is also advisable. It would be advantageous to be able to invert
the bed and also much time could be saved if the displaced gas could be
purged through the bed, particularly if the dead ?ime is increased to

15 mins. or half an hour by the larger bed.

Further Study

The advantages of the larger bed should be experimentally
verified and the magnitude of the flow effects, like bulk flow and turbulence,
should be investigated 1f the larger beds are used to reduce the scatter.

The effect of the end zone length on the mixing should also be investigated.
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O CLATUR
A,B and C,Constants in least squarc cyuabion.

Ap Aresa. of bed, cm?

A, Specific surfacc area/unit volume of bed, cm™>

A . Sample or pulse volumec, mls,

Co Initial gas concentration in section II, molcs/cm®

Cn Concentration in stage n, moles/cm®

Ca Concentration in mobilc phase, moles/cm®

Cz Concentration in stationary phase, moles/cmS

Cp Concentration of component A, moles/cm®

Cao End zone concentration, molcs/cn3

Cq Concentration at pellet surface, moles/cm®

Cavg Average concentration, moles/cm’

¢’ Initial concentration, moleg/ci.>

D Diffusion coefficient, cn®/sec

Dy Molecular diffusion coefficient, cm®/sec

Dk Knudsen coefficient, cm®/scc

Dg . Effective diffusion coefficient, cm®/scc

Dy, Longitudinal dispersion coefficicnt (Overall including molecular
term contribution), em®/scc

Dp* Eddy diffusion coefficient (excluding molecular diffusion) sz/SCC

E Effectiveness factor

¥y Area Traction of nobile phase = €5 )

Fo Ares fraction of stationary phése = (1 - €3,)

H HETP, cms.

HETP Height eqguivalent to a thcorctical plant, cms.

He Constants

L Length of bed, cms,
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Iy viclar flux, moles/sec of component A per cm?
R s £ - g mnt . . e Y2
iy liclar flux per unit zeometrical arca, moles/(cui)® sec.
P Pressure, ain.
] Total flux, moles/sec., or gas flow rabe, mls,/sce. or pellel volune
2 2 (4 J

in Appendix IV
R Gas consiant or radius dimension
T Tenperaiure, °K '
U Velwae of pas, nls,
% 17 .. = N ) N T [ . 3
V Volume of gas phase in ‘theorctical plaie, on
Vp Volwme of theoreiical plate crns3
Y Adsorp icn or pariition coefficients.
%4 Coefficlent of exponential,
d Pellet cdiaometer, cums.
%
dip Column diameter, cns.
T Fanning {riction faclor.
by Hydraulic diameter, cms.
h ‘fhiele modulus or in section II h = Q/Ay D,
J 1+ Np/ilp

s . -1
k First order rate constant, sec,.
-

. . . e . /oo
<1 Mass transfer coefficicn®t in mobile phase, cm/sec.
ko Mass transfer coelficient in stationary phase, cm/scc.
ﬁ. End zonc. length, cms.
n Kumber of theoretical plates, or number of term in serics scolutlon.
r Pore radius, or radius variable in differential eqguation, cas.
t Time, seconds
u Interstitial velocity, cm/sec.

. 4 ~ L _— ‘. " I3

v Volume of liquid sidc of theoretical plote, em®™
v Average velocity of a gas molecule, cms/scc.
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Distance in direction of [lux or {low, cms.
Mole fraction or peak height.

Mass transfer cocfficient, sec."l (3ection 1)

. Consecutive roots of equation (2.11) (scction?)

Error in equality ol equation.
Pellet porosity

Bed porosity.

Molar density, moles/ml.
Density, grams/ml.,

Viscosity, cps

Eddy diffusivity coefficient.
Tortuosity

Standard deviation,
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DETERMITATION OF THE EFFECTIVE GAS DIFFUSIVITY IN A POROUS SPHERICAL
PELLET BY A STEADY 3TATE METHOD

INTRODUCTICH

In order to evaluate the results obtained by the pulse technique
an apparatus wvas constructed to measure the effective gas diffusivity in the
test materials by a well established procedure. The steady state method
described by Weisz (13) was selected.

THEORY

Different diffusion rezimes, Knudsen and bulk, were anticipated
in the two samples which were examined and so two solutions are needed
Tor the dilfusion equation.

Knudsen Diffusion

The molar flux Np is given in terms of the Effective Diffusivity
Dr and the concentration gradient by Fick's first law,

Ny = - Dy 4 CA at any plane x,moles/sec cm®

dx
Referring to Figure A I.1,
2
The total flux Q is given by Q = Ny (Area of plane) = Ny T (R° - x®) moles/sec

QA = DE kil (Rz—xz) C}_C__A.
dx

2
- Dp =Q 1 L'n[R+t]
2TR  Cpp, - Cp, R-1t

Since Cp = fa ¥y, Wvhere y is the mole fraction and fh the molar degsity

2
Dg = __Qa In [Rtt 1 cm2/sec
2TTRPm IR -t Yo, =V Ap
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BRASS BLOCK

Figure A 1.1

Sample Mounting In Steady State Apparatus
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Bulk Diffusion

Fick's law 1s again applied but with a correction for the bulk

flow caused by non-equimolar counter diffusion.

Ny = - D dng + (lp + Ng) yu moles/sec en®
X
Qa = Np (Area) = - DgT(R® - x®) acy + (Qy + Qg) vy
dx
Dg T (R2 - x2) Pn dya = - Qa + Qayp + Qgyyp
dx
dva = _Q, dx
1+ gﬂ) yp -1 DpllPm (B2 - x%)
("
Yan +t
S N VRO K e,
1+g1_3_) W@ DETTC, 2R R-x/),
Qa o
YA, 5
R+t
In
Dy = s <l'+ > <R - t> em?®/sec
2T R Py Qa .VA2(1+~'51_1§>-1
in 94
YAl(l + @E -1
Qa

APPARATUS

| The apparatus shown in Figure A I.2 wvas assembled around a pair
of brass blocks between which a third block (shown in Figure A I.l)
containing the sample pellet was bolted. The brass blocks were constructed
in such a way that two different gases could be flushed through mirror
image passages across the two faces of the sample. Streams of hydrogen
and nitrogen from their respective cylinders flowed through their
respective cylinder pressure regulators and "Moore" constant differential
flow controls to the reference sides of a pair of "GQW Mae" NI3 model 9220

thermal conductivity cells. From the reference cells the gases could be
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diverted either across the sample faces, or via a by-pass to the measuring

side of the cells, and from herec the gases were vented to atmosphere through
a needle valve and soap bubble flow meter.

Manometer taps in the sample blocks were located opposite the
centre of the sample faces and werc connected to an inclined oil filled
manometer. Polyethylene l/h" Qiameter tubing was used for connecting the
apparatus, and this allowed flushing of dead end lines by 1bosening of the
fittings.

The test samples were mounted by bathing them in epoxy resin, and
then fitting them into the brass block which was drilled with a clearance
hole., After the resin had set the faces of the pellet were ground by
meens of sand paper od a glass plate.

Two "DORION" potentiometers were used to measure the output of
the cells which formed part of a coﬁventional bridge circuit.

PROCEDURE

Calibration of Thermal Conductivity Cells

These "diffusion-type" cells have the property of being relatively
independent of flow rate, and at low concentrations a& linear output with
concentration can be4assumed. In order to calibrate the nitrogen cell a
fairly high flow was set through the cell and sample block by-pass. The
nitrogen flow rate was measured with the bubble meter and the cell zero
adJjusted electrically. A flow of hydrogen was set through its system and
measured on the appropriate bubble meter. The polythene tube from the
hydrogen was then disconnected and recomnected into a point on the by-pass

3

of the nitrogen system so that the hydrogen now appeared in the measﬁring
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side of the nitrogen cell. The system was allowed to come to equilibrium

and the output measured on the potentiometer. The concentration was
calculated from the flow rates of the two gases,
Operation

The two gas flows were set to convenient levels and measured
while passing through the sample by-pass system. The outputs of the two
detectors were set to zero, and then the flovws were diverted to pass across
the sample faces. The manometer legs were bled and the outlet measuring
valves were adjusted to be at maximum opeqiné but maintaining zero pressure
difference across the pellet. The system was allowed to come to equilibrium,
and then detector outputs were taken at convenient intervals over a period
of twenty minutes. The gas streams were set back on the by-pass and the
zero drift of the detectors in the course of the experiment recorded along

with the flow rates of the gases.

RESULTS

Calibration of thermal conductivity detectors

Nitrogen content in hydrogen cell

Nitrogen flow: 25 mls in 72.0, 72.2 seconds = 0.346 mls/sec.

Hydrogen flow: 50 mls in 8.2, 8.2, 8.6 seconds = 6.1 mls/sec.

Mole % nitrogen = __0.346 x 100
6.1 + 0.34

Output of detector 9.56 millivolts or 1.78 mv/1% nitrogen

5.3T%

Hydrogen content in nitrogen cell

Nitrogen flow: 50 mls in 7.5, 7.5 seconds 6.66 mls/sec.

-Hydrogen flow: 25 mls in 68.0, 68.5 seconds 0.367 mls/sec,

Mole % hydrogen = 0.367 x 100 5.22%

6.66 + 0,367

Output of detector 11.205 x 5 millivolts or 10.72 mv/1% hydrogen
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., It is of interest to compare the above result with the calibration

of Cox (4l)who obtained several points with a similar apparatus and
verified the linearity of the response, He obtained & slope of 10.85 mv/1%
hydrogen.

Activated Alumina Pellet 1/4" Diameter

Pellet Characteristics
"Alcoa H151 Activated alumina sphere" having 42 A mean pore
diameter.

Diameter of pellet used in test

0.255", 0.262", 0,262"
Average Dia. = 0.66 cms
Thickness of mounting plate, i.e. across flats of pellet = 3/16" =
0.476 cns.

The mean free path of hydrogen at 0°C and 1 atmosphere = 180 x 1077
cms. (Ref.42) = 1800 A versus 42 A pore size hence Knudsen diffusion will ve
the predominant mechanism.

The amount of nitrogen which diffusgd into the hydrogen stream
in this experiment was so small that with the lower semnsitivity of this
detector the output was of the same order as the zero drift during the
course of the experiment. For this reason the diffusivity is calculated from
the hydrogen flux,

Bydrogen flow rate: 50 mls in 20.5, 20.5 sec. before test

22.0, 22.2 sec., after test

Nitrogen flow rate: 50 mls in 18.8, 18.8 sec. before test

19.0, 19.0 sec., after test
Room témperature 26°C

Atmospheric Pressure 755.6 mm Hg.
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Analysis of Streams

Hydrogen in nitrogen mv: 1.47, 1.4k, 1,42, 1.h1, 1.405, 1.405,
1.405 zero drift add 0.17 mv yielding
1.575 mv.
Nitrogen in hydrogen mv: 0.07, 0.07, 0.07, 0.095, 0.07, 0.08,
0.08 zero drift add 0.0k5 mv yielding
0.12 nv
Subscript A refers to hydrogen

Q=50  x _1.575fm_ = .00382 Pr moles/sec
19.0 10,85 x 100

YA, = 1.0 - ,125 x8.01 = 0,999% mole fraction
1.7

YAp = L.575 = O0,147% = ,00147 mole fraction

10,72

2

Dg = __Qa Ln {QR + Et] 1

2R Pm 2R - 2t Y1~ Yy2

2
= 005820 Ln [.66 + 176 - 1
’ 066 - OEF{E 009995 = coolll-'?

i

0.0067 cma/sec

Knudsen diffusivity of hydrogen in pellet = 0,0067 cm®/sec at 26°C

"Norton" Catalyst Support 1/2" Diameter (Alundum)

Pellet Characteristics

i

0.55"

Minimum diameter of pellet = 0.525"

Maximum diameter of pellet

Mean diameter = 0.53%8" or 1.365 cms.

Thickness of samples plate 0,90 cms.

Pore diameter 90% in range 2 to 40 microns. Hydrogen has a mean
free path around 0.18 microns (Ref. L42) so that bulk diffusion will be the

predominant mechanism,
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Nitrogen flow rate 50 mls in 28,0, 27.0, 27.5 seconds before test

28.1, 28.0 seconds after test
Hydrogen flow rate 50 mls in 27.2, 27.1 seconds before test
29.8, 30.0 seconds after test
Room temperature 23°C
Atmospheric pressure T760.7 mm Hg

Analysis of streams

Hydrogen in nitrogen - Nitrogen in hydrogen
millivolts millivolts
17.495 x 5 17.44 x 5 3.91 4,09
17.485 17.46 3.95 .10
17.401 17.45 3.97 4,10
17.46 17.k4 4,00 4,10
17.47 17.37 4,02 4,13
17.45 17.35 L, 04 L,13
17.43 17.3%9 4,07 k.15
17.39 17.46 L,10
4,10 .
Average = 17.421 mv - 4,103 nv
Zero drift: add 0.0 add 0,22
17.421 x 5/ 10.72 = 8.11% ' 4,32/ 1.78 = 2.425%

Subscript A refers to hydrogen

Y, = 0.081 Ya, = 0.97575
Qa= 50 _x .0811Q, = 0.1445 Py moles/sec
28.05
Qg = 50 x .02k250, = 0.0405 @, moles/sec
29-9
[23 + 2 t]
D- Effective = Qp 1+ 825 2R - 2t
2T R ¢y QA m%lﬂ%>-l 1
Lo y 1 +Q§B 1
N QBY -
i ‘( QA) J
= 0.1445 1 -0,0405\ 1 (Ll.365 + 0.90V
> 32 ( o.lhﬂ5> § (1L365 - o.9o>
T 1.265 £ n (0.0811 (795 - 1 )
2. 0.97575 (.7A9L) - 1

0.0667 cm?®/sec
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Effective bulk diffusivity of hydrogen and nitrogen in the 1/2"

Norton catalyst supports was found to be 0.0667 cm®/sec at 2%°C and T760.7 mm
Hg pressure.

3cott and Dullien (5) pointed out that the ratio of fluxes of
two gases diffusing at constant pressure in capillaries should be inversely
proportional to the ratio of the sqguare root of their molecular weights.

In this experiment a ratio of 3.57 was obtained as compared with a value
of 3.T4 for the square root of the moleculgr weights., The difference is
probably caused by the difficulty in keeping the pressures identical across
the pellet.

No absolute pressure measurements were taken in the test cell and
so the actual pressure of the measurement may be expected to be slightly
higher than the ambient atmospheric pressure. However, care was taken to
operate with the valves wide open except to balance the different pressure
drops caused by the difference in viscosity of the gases., Results on other
equipment at similar flow rates indicate that a 1/L" tube at flow rates
such as used here, the pressure drop is not measurable on a mercury

manometer.

CONCLUSION

The diffusion coefficient for éhe Knudsen diffusion of hydrogen
in a 1/4" dia. Alcoa H 151 activated alumina spheres was found to be
0.0067 cm2/sec at 26°C. The moisture content of thc pellet is taken to be
12% by wt from analysis of similar pellets, hovever, the actual moisture
of the test pellet during the test was not obtainable.

The diffusion coefficient for the bulk diffusion of hydrogen and
nitrogen in 1/2" dia, Norton SA 203 Alundum catalyst carrier spheres was
found to be 0.066T cm?®/sec at 2%°C and 760.7 mm Hg. No moisture adsorption

was found in these pellets.
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RUN COLUMN  COLUMN PELLET BED PELLEY DIFFUSIVITY
N0 LENGTH OfAMETER OIARETER POROSITY POROSITY
cns cns cns
: S0 111.8000 $.0000 0.2080 0.3660000 O, 0.162381388
CARRIER Mu  TEMP KELVIN PRESS aTm  vISCOSITY HYD DIA  DENSITY
29.00000 294, 70000 126900 0.,01815486 0.076695% 0.0019219
1 3 . L ] [ 7 8 9 10 13

VELOCITY HETP MOLECULAR PELLET RE NTU wioTH TOTAL Q@ EDOY OLFF PECLET EMPIY RE

CR/SEC cns PECLET (4] cn MLS/SEC .
137719  0.2%5976  1.76410  2.40141 (303 2.1500  18.9000 12,7000 0,179 0.62¢ 0.879
132840 0.26547 1.701%9  2.31632 (11 0.4600 4,0000 12,2500 0.176 0.639 0.848
126875 0.28648 1.62519 2.21232 436 0.5000 4,2000 13,7000 0.180 0.68¢ 0.810
1016031  0.34151  1.48829 2.0232) 399 0.6000 4,6000 10.7000 0,198 0.821 0.741
1.04045 0.35333  1.34044  ),.B52469 380" 0.8700 5.0300 9.63500 0.18% 0.869 O0.668
0.92174 0.38881 1.18069 1.60724 nr 0.8100 $.8200 8.5000 O0.179 0.935 0.%88
0.80246 0.44057 1.02790  1.3992% 10 1.0000 6. 7500 74000 C.177 1.0%32 23,3512
0.45003  0.06467 0.57646 Q.78471 154 2.2200 12,2000 4.1500 0.130 1.%98 0,207
0.29279 1.1%811  0.37504 0.51054 100 4.9000 20,4000 2.7000 0170 2.78¢ 0.187

a 8 [4 siona L]
~0.06964026 0.34%37887 0.07176007 0.02973078 9
AAs 0.2799876 CC=-~0.1%02027

GANMA=

1.063480

LANDA® ~0.106740¢

s o ——

12 13

2/73CH RE HYD

1.499 0.085
1.478 3354
1.51) J.815%
1.661 2. 765
1.850 J.673
1.502 2.993
1.482 3.51%
1.254 J.289
L1421 ,J.188

LY 3 O

*



— i oy ek Wttt it kb0 o b @ n Pl

*137-

séz°tt
fen e
ciz2°g
ss€d
[ 2{ 3¢
o5t
st g
424°C
151°¢
22¢°0
126°¢
U1l
119°1
cee°1
L34 bet 4

09C 49
€211
198 °%9
¥98°6€
110°22
2€9°01
Q90°1
82€°1
a2C°y
[ {154 ]
6€9°1
2922
266°2
205°¢
€LY

QiAn 3> HIS/Y

041021°0 s¥ONYY 6991€2°0 =VHWVD
i
0548250°0 #33 R0£5L€0°0 =¥ !
$1  970288%0°0 091502600 €008190€ >0 180666%0°0
[ wols 2. __ .. e v _
COS°T1 STL°Z  €I$°21 000E°9% O00SE°E  COGE°T 829  SZU96°0F 62LE1°22 €2621°1  29892°%2
1%€°6  191°7 6Z2°C1 O0000°6E 0009°F  OOSE"Y  OLZS  ¥SZL6°SZ 94995°81 BLEYI®Y  06919°8%1
SUE*0  G01°2 9I6°9 0009°ZC O00s5°%  00SS°T  90v%  BEOLL°1Z O066IS°s! 1/€68°0 EHTT9S1
26€°1  €90°Z C€96°6 0000°62 005%°9  0004°1  616E  T6ZIE*6T SOV0B°ET 9Z8GB"0  §6L8R°EY
9666  9I¥°l  €€2°C COSE°ST 0004°Z  00§9°0  SSI€  22086°S1 S29TT°I1 1068S°0 0ZZ61°11
C99°¢  2¢0°1  O0S$°T OCOSE*ST 0001°% 00090  e€61  95955°6  191€B°0  TIVEY°0  91248°9
STT°0  6SS°€  €91°C  00SY°0  0009°¥2 0008°9®  OF 89662°0 €2912°0 1408%°1! 0§&12°0
920°C  461°1  ¢41°0  0029°1  0098°9  00S0°T  $22 QIZIT*l  90S61°0 1I96¥°0 S1661°0
8S1°0  1€9°2 1SI1°0 0029°0  0CSI*61 00O1° €8 06Z14°0  9IE62°0  €0ZEO°1  16962°0
A2€°0  €19°1  €21°C 0022°1  O0098°6€ 00§9°9 121 LISYR°0  19409°0 61066°0 0Z809°D
€26°0  S00°T  §0Z°0 Q0S9°T  0098°€2  00SE°€E  1€¢ 19169°1  2€991°1  00BYI®*0  62€21°1
BI1°1  S€1°0 BEE°0 0029y  0069°21 000§°1 29 $L910°€  S9661°2 €BSOL°0 6%212°2
028°1  9€9°0 299°0 0CSE°9  00CY*6  ©OO1°T  Es8 98822°  $OC20°€ 1€062°0 E60%0°€
COL*1 SE2°0 S96°0 O0O0GS°2  ODOS*Z 00060 9001  29196°%  €2996°C  9E€SOE°0 21298°€
699°2  T%:°C  6CL°C  0009°6  002Z°9  0O0SL°0 1621  SZE6E°9  BZ0L$°y OEROC0  GEL6SY
33875 (] w3 13134 WY J3s/wd
3p AlaW3 131734 3410 ACO O  Wica HI0IN AIN 3¥ 13134 AINIION d13%  AL1907M3A
" o1 s ® ] ° 3 v € 2 1
6212100°0  20822610°0  6912810°0  00020°1 00000°962 0000062
ALISK3C  VIQ OAM ALISOISIA  WIV $S3¥¢ NIATAX aW3L AW ¥ITUWYD
*96£€2602°0 °0 0000£8E°0 0802°0  0009°2  00OI°BIT 1§ =
swd Swl ™)
ALISO¥DA ALISONOd ¥313WVI0 ¥313WVIQ HIONAY  ONW °
ALIAISN4410 137134 038 13193d  NWNI0D  NWATDD NN

e —y e -



sl e Adetaem bow om s 2 an e W eimmee e e et ————— i

e hd s b 1

'S

/UN CoLuMN  COLUMN PELLET BED PELLET DIFFUSIVITY
[ ] LENGTH OIAMETER DIAMETER POROSITY POROSITY
cns cns cns
$1D 118.1000 2.6000 0.2080 0.3330000 O, 0209233964 - - .
CARRIER ®mw  TEMP KELVIN PRESS ATM  VISCOSITY HYD DIA  DENSITY
29.00000 296.00000 1.02000 0.0182169% 0.0792282 0.0012179
13 3 3 [ 7 [ 9 10 11
VELOCLITY KNETP MOLECULAR PELLET RE NTYU wiDTH TOTAL Q EDOY DIFF PECLET ENPTY RE
CH/SEC (4,13 PECLEY cn 4] NLS/SEC
13,64831 0.69431 13.58801 18.9799) 3851 0.3800 2.1000 20.%000 4.738 1.6%7 T.269
1709655 1.17395 16.99572 23.77486 4824 0.4000 1.7000 3%.7000 10.035 2.822 9.106
22602917  1.16293 21.89925 30.63427 6217 1.3700 5.8500 46,0000 12.8%9 2,796 11.733
23.46585  1.66875 23.32746 32.63216 6622 1.4500 52000 49,0000 19.345 3.963 12.498
8.85956 0.47236 8.80731 12.,32031 2500 0.5000 3.3500 18.3000 2.092 t.13% e.T719
S.20784 0.34159 5.23678 7.325%9 1486 0.6600 $.2000 11.0000 0.900 0,821 2.80%
191538 0.31747 1.90428 2.6638% 940 1.4300 11.8500 4.0000 0.33¢ 0.763 1.223
10.91881  0.58901 10.85441 15.1839%4 3081 0.4500 2.7000 22,8000 3.216 l.416 S5.815
A 8 c SIGMA L]
~0.26517320 0.86951987 0.07300184 0.11639287 @
AA==0.07054%0 CC= 0.0640317
GAMNA=  2,077865 LANDA®s =0,637436

12 93
L/SCH RE HY)
31.678 7.2%
67.092 9.0%5
85.639 11.66)7

129.333 12.43)
13.990 4.693

S5 2.7
2.333 L1.215
21,699  S.70¢

~8¢1=
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RUN COLUNN  COLuMN PELLET (11] PELLEY DIFFUSIVITY
NO LENGTH DIAMETER OIAMETER POROSITY POROSITY
cns cns cms
32 111.8000 5.0000 0.2080 043720000 0. 0.209233924 _ P
CARRIER MW  TEMP KELVIN PRESS ATM  VISCOSITY HWYD DIA  DEWS1TY
29.0 296. 1.02000 0.0182169 0.0786661 0.0D12179
1 2 3 4 S 6 7 [} 9 10 i1
VELOCITY HETP MOLECULAR PELLEY RE NTU WIDTH ToTAL Q EDDY DIFF PECLET EMPTY RE
CN/SEC (<. 13 PECLEY (4] cn LS/ SEC
23.99802 1.04873 23.85649 33.37219 6411 1.2000 $.250D 180.0000 12.556 2.521 12.616
21433157  0.88594 21.20577 29.66417 5699 1.2500 5.9500 160.0000 9.469 2,130 11.035
20.33165  0.76573 20.21175 28.27367 5431 1.2500 64300 132.5000 T.786 1.8¢0L 10.518
18.66512 0.84071 18.,55504 25.95615 4986 1.3200 6.4500 140.0000 7.846 2.021 9.656
17.33190 0.75738 17,22968 24.10214 4630 1.3500 6.9530 130.0000 o.%63 l.821 8.366
16.39864 0.63871 16.30193 22.80433 4381 1.3200 T7.4000 123.0000 %.237 1.535 8.48)
14.606585  0.54689 14.57896 20.39412 3918 1.3700 8.3000 110.0000 4.010 1.315 7.587
10.646578 0.47057 10.60288 14.83209 2849 1.6000 10.450D0 B80.0000 2.3519 le131 5.518
14.33215  0.65127 14.24762 19.93062 3829 1.4500 8.0500 107.5000 4.667 1556 T.416
11.00575  0.50526 11.00049 15.38829 2956 1.6500 10.406D 83.0000 2.796 1.21% 5.72¢
8.86593  0.43273  8.81365 12.32917 2368 1.8%00 12,6000 66.5000 1.918 1.06) 4,585
7486602 0.33131 1.81963 10.93866 2101 18500 14.4000 59,0000 1.303 0.795% 4.069
T.86602 0.37977 781963 10.93866 2101 1.8500 13,4580 59.0000 1.43¢ 0.913 4.269
7.7993%  0.36079 7.75336 10.84596 2083 1.8300 13,6530 38,5000 1.407 Q.857 4.235
26607  0.35437  7.22321 10.10436 1941 1.9000 14,3000 54,5000 1.287 0.852 3.759
726607 0434946 7,22321 10.10438 1941 1.9000 14,4000 54,5000 1.270 0.840 3.759
6653279  0.33579  6.49427  9,08465 1745 2.0300 15.8560 49.0000 1.097 0.807 3.37)
8.13283 0.32216  6.09666 8.52045 1638 2.3500 18.%5500 46.0000 0,988 0.77¢ 3.173
5.82618 0.29331 5.79182 8.10203 1556 0.5500 4.5500 43.7000 0.83% 0.735 3.01¢
$.01292 0.26218 4,98335 6.97108 1339 0.6000 525030 37.6000 0.657 0.63) 2.593
5.01292 0.26218 4.98335 6.97108 1339 0.6000 5.2500 3T.6000 0.6357 0.63) 2.593
4,23298  0.2675%¢  4.20802 5.880648 1130 0.7100 641500  31.7500 0.%566 0.643 2.190
3.62037  0.24645  3,80498  5.04291 968 0.8000 Te2208 27.2000 0.447 0.592 1.87
2.73311 026082 2.71699 3.80072 730 1.1000 9.6500 20.3000 0.3%56 0.627 l.614
1.06653 0.29271 1.65670 2.31751 443 1.8500 15.3200 12.%000 0.2¢4 0.70¢ 0.882
1.67986 0.28845 1.66995  2.3360S 443 1.9000  15.8500 12.6000 0.262 0.693 0.869
143933 0.30345 1.43139 2,.00233 384 22500 18.30080 10,8000 0,218 0.729 0.745
1.19990  0.36092 1.19282 1.66861 320 29300 22.0030 9.0000 0.217 0.858 0.521
087993  0.50323 0.87474 1.2230693 235 0.9500 6.0000 6.6000 0,221 1.21) 0.455
0.61995 0.58414 0,61629 0.86212 165 1.43%00 8.5020 4.6500 0,181 le#d¢  0.321
A 8 [ 4 SIGma N
0.001536806 0.36652558 0.04075330 0.03271169 30

A= 0.0327542

GAmmA= 0.8758735

CC» 0.03891381

LAMDA

0.003694

12 13
L/SSH RE 4Y)
84,130 12.621
63.175 11.213
52,246 13.593
52.6%56 9.817
43.881 .115
35.013 6.625
206.811 1.713
16.778  5.51)
31.203 T.534
18.690 $.820
12.825 4.663

8.712 4.137

P.986 4.137

.407 ¢.122

8.607 3.321

8,468 3.821

Te333  3.438

6.605 3.225

S.712 3.36¢

$.393 2.636

$.393 2.%3%

3.786 2.226

2,980  1.307

2.383  1.437

f.631 J.875

1.620 J.884

1.451 . 757

1.448 J.531

1480  J.¢83

1.211  0.328

651~
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RUN COLUMN  COLUMN  PELLET BED PELLET DIFFUSIVITY
0] LENGTH OIAMETER DIAMETER POROSITY POROSITY
cns cns CHS
$3 186.3000  6.2700 1.0300 0.4050000 0. 0.20923336¢
CARRIER M¥  TEMP KELVIN PRESS ATM  VISCOSITY MYD DIA  DENSITY
29, 296. 1.02000 0.0182169 0.3947390 0.0012179
3 2 3 4 'y r 8 9 10 1
VELOCITY HETP MOLECULAR PELLET RE NTU WIDTH TITAL Q@ EDDY DIFF PECLET ENPTY RE
CH/SEC [ PECLET cn (4] NLS/SEC
0.73928  1.24573  3.73771  $5.228%8 338 2,2000 11,4000  9.7500 O0.473 0.635 2.118
1038227  0.92379  6.80454 9.51869 615  S.7500 34,6000 17.7500 0.633 0.468 3.853
2.06368 1.01514 10.15890 14.21101 918 3.8500 22.1200 26.5000 1,067 0.493 S5.755
2.94650 1.01455 12.53570 17.5358% 1133 3,1000 17,8000 32.7000 1.292 0.432 7.102
3.05268 0.99830 15.,02750 21.02157 1359 2.6000 15.0500 39.2000 Le%24 0.48% 8.51¢
3.54329 1.12271 17.44266 24,.40003 1517 24000 13.1000 45.5000 1.989 0.56¢5 9.882
3.91320  1.21205 19.26357 26.94729 1742 2.2500 11.8200 50.2500 2.371 0.588 10.31¢
4236098 1.03526 21.46786 30.03081 1941 1.9000 10.8000 56.0000 2257 0.533 12.162
4.69194  1.08964 23.09712 32.30993 2088 1.8500 10.2500 60.2300 2.956 0.329 13.386
3.8198% 1.00200 18.78438 26.27696 1698 22500 13.0000 49,0000 1.912 0.486 10.562
4.59460 1.02629 22.61792 31.63960 2048 1.8%00 10. 7300 59.0000 2.358 0.433 TZ.81¢
$.45122  1.10811 26.83482 37.53851 2426 1.7200 9.4500 70,0000 3.020 0.533 15.203
6.30784  1.18432 31.05172 43.43742 2808 1.5900  8.4500 81,0000 3.73% 0.575 17.592
'y 8 c SIGMA L)
0.68256506 0435607676 0.07118107 0.06606999 13
_AA® 0.72640111 CC> 0.0641448 y .
GAMMA®  0.850906 LAMDA= 0.331342

12
1/5CH ¢

3. 162
4.269
7.003
8.636
10.187
13.298
15.855
15.092
17.090
12.781
15.763
22.193
26,973

i3
HYd)

2324
3.648
S. 645
$.723
8.356
9.351
13,321
11.599
12.383
12.37
12.12%
14.38%
16.667

091~
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RUN CoLunn  COLUMN PELLEY 8ED PELLEY OIFFUSIVITY
L] LENGTH DOIANETER DIAMETER POROSITY POROSITY
cns cns cns
54  185.4000 0.415%0 0.2975 0.6300000 0. 0.209233964 °
CARRIER Mw  TEMP KELVIN PRESS ATM  VISCOSITY HYD OIA  DENSITY
29.00000 296.00000 1.02000 0.0182169 0.1473621 0.0012179
1 ) 3 [} 6 7
VELOCETY HETP MOLECULAR PELLET RE NTY wiDTH TOTAL
Cu/SEC cns PECLET (4] 4] MLS/SEC
8.34203 0.87373 11.8611% 16.5922¢4 3693 1.4500 8.9500 0.7300
13.82720 1.12957 19.66026 27.50220 6126 1.0500 5.7000 1.2100
17.59826  1.44479 25.02214 35.00280 1796 1.0000 ¢.8000 1.5600
22.74061 1.33151 32.333681 45.23089 10073 09200 4.6000 1.9900
25.14037 1.8672% 35.74592 50.00400 11138 0.9000 3.8000 202000
29.82562 2.,19378 42.40766 59.32293 13214 0.8600 3.3500 2.6100
38.28193  2.82904 S54.43129 76.14240 16960 0.8600 2.9500 3.3500
28.56860 2.53873 40.62036 56.82273 12657 0.9500 3.4400 25000
21.02649 1.698446 29.89659 41.82153 9315 0.9600 €. 2500 1.8400
1279874 1.15076 18.19792 25.456%8 5670 1.1100 5.9700 1.1200
A e 4 SIGRA [J
~0.22893924 3.808134199 0.0788272% 0.18221123 10
AA= 0.1867108 CC= 0.0688373
GANMA=  9,275124 LANDA® ~0,384100

3.664

7.809
12,713
15.140
23.472
32.71%
54,150
36.266
17.8%6

T304

PECLET ENPTY RE

o458
1.898
2.428
2.238
3.138
3.687
¢, 755
4. 257
2.855
1.93¢

11 82

10.453
17.325 S2.211
22,952 8%.99%
20.649% 101.219
31.503 155.325
37.373 218.725
¢7.370 362.033
35.798 262.6469
26,369 119,382
16.238 &9.23¢

26.36%

13

B/S3n g 4vD

8.219
13.523
17.338
22.40%
2%. 169
29.38%
31.71%
28.145
22.71%
12.6%)

19t~
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RUN COLUMN  COLUMN PELLET 8ED PELLET OIFFUSIVITY
NO LENGTH OIAMETER OIAMETER POROSITY POROSITY

CHS CMS cns
535 121.0000 1.1500 1.0050 0.4540000 0. 0.196699211
CARRIER MW TEMP KELVIN PRESS ATNM vISCasITY HYD DIA DENSITY
29.00000 296.00000 1.08500 0.0182169 0.2695177 0.0012955
1 2 3 4 5 ] 7 8 9 10 11 12 13
VELOCITY HETP MOLECULAR PELLET RE NTU WIDTH TOTAL Q EDDY DIFF PECLET EMPTY RE 1/SCH RE HYD
CM/SEC CMS PECLET (4] cn’ MLS/SEC

6.67826 1.10204 34.12138 47.73147 2054 1.2500 5.5500 3.4400 3.602 0.548 21.670 26,170 12.80)
4.69804 0.81204 24,00399 33.57854% 1445 1.4500 7.5000 2.4200 1.908 0.40¢ 15.2¢5 13.566 9.005
4.69808 0.92790 24.00399 33.5785% 1445 1.5500 7.5000 2.4200 2.180 0.6452 15.285 15.501 9.005
3.%7209 0.86016 18.25097 25.53079 1098 1.9500 9.8000 1.8400 1.536 0.428 11.%31 19.326 6.347

2.65024 0.79122 13.48985 18.87058 812 2.5000 13.1000 1.3600 1.065 0.39%% 8.587 T.428 S.261
2.09666 0.75765 10.71253 14.98546 6404 3.1000 16.6000 1.0800 0.794 0.377 6.803 5.549 4.219
1.70839 0.79877 8.72872 12.21038 525 3.9500 20.6000 0.8800 0.682 0.337 5.5%06 4.852 3.275
1.0483) 0.88864 5.35626 T.49273 322 7.2000 35.46000 0.5400 0,465 0.642 3. %02 3.313 2.009
0.75713 0.91842 3.86861 5.41142 232 2.2000 10.7000 0.3%00 0.348 0.457 2,657 2.473 1.451
0.43680 0.93106 2.23178 3.12197 134 5.9000 28.5000 0.2250 0.203 0.453 1.6L7 lobbbd 0.837

A 8 c SIGMA N

0.60157888 0.15542669 0.06020300 0.05700413 10

AA=* 0.4058721 CCa 0.0954678

GAMMA=  0.395087 LAMDA= 0.299293

791~
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RUN COLUMN  COLUNN PELLEY 8ED PELLEY DIFFUSIVITY

NO LENGTH DIAMETER ODIAMETER POROSITY POROSITY

(4,31 (4.} cns

83 421.0000 0.6600 0.5680 0.4970000 O. 0.781496230
CARRIER My  TEMP KELVIN PRESS ATM  VISCOSITY HYD OIA  DENSITY

29.00000 296.50000 0.98300 0.0182409 0.1T767648 0.0011718

|3 3 [ s ® ? 8

VELOCITY HETP ROLECULAR PELLET RE L1 wioTn TavAL Qe

9 10
€00Y OIFF PECLET EMPTY RE
CH/SEC cns PECLES cn th NLS/SEC
9.46495 0.49963  7.05990 34.53528 2818 1.0000 12.3200 15900 2.354
8.63156 0.49816 6.43828 31.48443 2388 1.1000 13,5500 144500 2.150
Te91722 0.49359 5,90545 20.88800 2188 1.2000 14.8500 13300 1.95¢
T7.20289 0.49283 5.37263 26.28156 1991 1.3000 16.1000 1.2100 1.77%
672666 “0.49366 5.01742 24.5439% 18%9 13900 17.2300 11300 1.680
$.95280 0.53257  4.44019 21.72030 1648 1.6200 19.3000 1.0000 1.58%
$.29799 0.54366 3,95177 19.33107 14564 1.8700 22.0500 0.8900 1.6440
3.9288% 0.64628 2.93053 14.33540 1086 2.7000 29.2000 0.6600 1.270

2.67876 0.9156) 1.99809 9.77413 740 | 0.9300 8.4500 0.4500 1.226
1.66678  1.24344 1.24325 6.08168 460 9.3500 72.9000 0.2800 1,036
A 8 [4 SIGRA L
0.10653326 1.87872805 0.01889421 0.022¢9600 10
Ad= 0.5070601 CC=-0.0209654

GANMA=  1.233577 LAMDA= 0.093779

0.44)
0,439
0,436
0.63¢
0.435
0,459
0,479
0.569
0.836
1.09%

17.16%
15.653
14.357
13,062
12.198
10.79%
9.608
T.125
4. 858
3.223

12 13
1/5CH RE YD
15.189 10.5627
13.818 9,691
12.552 8.889
11.402 6.007
12.666 T7.59%3
13.183 6,986

9,251  S.9¢9

S.1%56  4.611

T.878 3.008

6.657 1.87

=91~




RUN COLUMN  COLUMNN PELLEY B8ED PELLEY DIFFUSIVITY
L1} LENGTH DIAMETER DIAMETER POROSITY POROSETY

(4.1 ns Cns
56 421.0000 0.6600 0.5680 0.4970000 0. 0.200754303 o
CARRIER My TEMP KELVIN PRESS ATM  VISCOSITY WYD OIA  DENSITY
29.00000  297.00000 1.05000 0.0182648 0.1767848 0.001249%
) 2 3 4 L] & 14 [ L 10 (3]
VELOCITY METP MOLECULAR PELLET RE NTU uIDTH 1AL Q EDDY DIFF PECLEV ENPTV RE
CM/SEC ns PECLEY cn cn MLS/SEC

837353  O0.T1677 "23.69146 32.53779 8780 1.3000 13.3500 1.5000 3.000 0.53%F 16.171
Te81529 0.67042 22.11203 30.3686) 0194 1.3500 14,2500 1.4000 2.651 0.597 15.093
T.14541  0.64067 20.21671 27.76558 1492 1.4500 15.7500 1.2800 2.289 0.56¢ 13.799
6.36388 0.59639 ]18.00551 24.72872 6672 15500 17.4500 1.1400 1,898 0.525 12.290
$5.5823% 0.52179 15.7943F 21.69180 5853 1.6700 20.1000 1.0000 1.456 0.459 10.781
40.63335 0.46804 13,10928 18.00424 4858 19200 24.4000 0.8300 1.08¢ 0.412 0.948
3.628%3  0.47013 10.26630 14.09971 3806 2.5000 31.7000 0.6500 0.8%3 0.41¢ 7,008
2445023 0.47348  6.94950  9.54442 2575 3.7000 46.7500 04400 0.581 0417 4.746
1.50723 0.58603 4.26446 5.8%5680 1580 1.4000 15.9000 0.2700 0.442 0.516 2.911}

[) 8 < SIGNA ]
=0.05827764 0.7932362% 0.0813202¢ 0.01178047 9
Ad= 0.2393774 CC= 0.04860%8

GAMNA=  1.975639 LAMDAS -0.051301

12

20.530
18.13
15.659
12.982
9.9664
T.618
$.835
3.976
3.021

13
1/SCH RE NYD

10.333
9.343
845606
1.612
6.675
5.5
¢339
2.937
1.802

“991=
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RUN  COLUNN  COLUMN  PELLEV BED PELLEY  DIFFUSIVITY
( NO  LENGTM DIAMETER OJAMETER PQROSITY PDROSITY
, cns cns cus .
s 65 119.5000  2.1750  0.5680 0.4630000-0. 0.196749071 ) o o
CARRIER MW  TENP KELVIN PRESS ATW  VISCOSITY HYD OIA  DENSITY
29.00000  293.30000 1.05000 0.0180970  0.2455515 0.0D12664
1 2 3 . s ® ? s 9 10 1
VELOCITY NETP MOLECULAR PELLET RE  NTU wIDTH TOTAL Q@ EDDY DIFF PECLEV EWPTY RE
CH/SEC  CMS .  PECLEY cn ] WLS/SEC
7.08854  0.60342 20,45409 28.131%2 2152  2.7000 16.1000 13.0000 2.139 0.531 13.225
6478866  0.55490 19.59830 26.94134¢ 2061  2.7300 17.1000 12.4500 1.88¢ D.e88 12.47¢
6.70685  0.54847 19.36218 26.6167% 2036  2,7500 17.2000 12.3000 1.839 0.483 12.32¢
6.18884  0,5385) 17.86673 24.56098 1879  2,9000 18.3000 11,3500 1.667 O.47¢ 11.372
5.61631  0.51662 16.21386 22.28882 ~ 1705  3,1500 20.3000 10.3000 1.450 D.455 10.320
9434367  0.48800 15.42678 21.20686 1622  3.2300 21.5500  9.8000 1.304 0.430 9.819
477113 0.47337 1377391 18.934680 1448  3.5500 23.9000  8.7500 1.129 O0.617 B.767
449850  0.47137 12.98883 17.85270 1366  3.7500 23.3000  8.2500 1.080 O0.413 8.266
3.57153  0.42841 10.31075 14.17396 1084  .5500 32,2000  6.5300 0.785 0.377 6.563
2.90085 0.41559  8.37¢5¢ 11.51228 880  5.4000 38.8000  5.3200 0.63% 0.386 $.330
2.13747  0.40666 6.17071  B.48274 649  7.2000 32.3000  3.9200 0.43% 0.358 3.928
2.26288  0.43767  6.53277  8.98043 687  1.6000 11.2000 4.1500 0.695 0.385 4.138
1.55403  0.44896  4.48636 6.16729 471 2.3000 15,9000 2.8500 0.3¢9 0.398 2.885
0.98149  0.5590¢  2.83349  3.89513 298 4.1000 25,6000  1.8000 O0.2T¢ 0.492 1.803
A ] c SI1G "
0.12397321 0.37161307 0.05709327 0.01086156 L&

AAs 0.1831933 CC= 0.0491840

GANNA=  0.94438) LANDA® 0.109131

B e

16,943
13.160
12.6858
11.649
10.136
9.110
7.890
T.408
5. 343
‘. 212
3.036
S.462
2.437
1.917

13
1/SCH RE uYD

12.218
11.59¢
11.55¢
10.661
9.575
9.20%
8.21
T 749
8,152
4. 907
3.582
3.898
2.877
1.891

£o1~
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RUN CoLuMn  COLUMN PELLET 8ED PELLET DIFFUSIVITY
NO LENGTH OlAMETER DIAMETER POROSITY POROSIVY

CHsS CHS Chs
66 119.5000 2.1750 0.5680 0.4630000-0. 0.732060581
CARRIER Mw TEMP KELVIN PRESS ATH vISCOSITY HYD DIA DENSITY
29.00000 293.50000 1.00500 0.0180970 0.2465515 0.0012102
] 2 3 L] 5 6 7 8
VELOCITY HETP MOLECULAR PELLET RE NTU WIDTH TOTAL Q
Cn/sec CMS PECLET (4] cr MLS/SEC

9

139

EDDY DIFF PECLET EMPTY RE

33.04188 1.08620 25.563693 125.50986 2696 0.9000 4.0000 58,0000 17.945
26449047 0.95624 20.55375 100.62429 2162 0.9500 4.5000 46.5000 12.666
21.79055 0.72807 16.90711 82.77159 1778 1.0500 5.7000 38.2500 7.933
16.09367 0.59599 12.48695 61.13196 1313 1.2000 7.2000 28.2500 4.796

8.26047 0.37585 64540923 31.37747 674 1.8000 13,6000 14,5000 1.552
7.40594 0.37903 S5.74621 28.13152 604 2.1000 15.8000 13.0000 1.406
T.14958 0.40062 5.54730 27.15774 583 2.2000 16.1000 12.5500 1.432
6.57989 0.37821 5.10529 24.993717 537 2.3500 17.7000 11.5500 1.244
5.78233 0.39897 4.48666 21.96423 4N 2.7000 19.8000 10.1500 1.153
5.32658 0.39289 4.13285 20.23306 434 2.9500 21.8000 9.3500 1.066
5.01325 0.40014 3.88974 19.064288 409 3.1000 22.17000 8.8000 1.003
3.81691 0.42907 2,96151 14.49855 XN 4.2000 29.7000 6.7000 0.819
3.30419 0.45182 2.56369 12.55099 269 $.0500 34.8000 $.8000 0.745
2.53511 0.52718 1.96697 9.62964 206 6.8500 43.7000 4.4500 0.668
1.70906 0.71956 1.32605 6.49189 139 12.0500 65,8000 3.0000 0.615
2.07936 0.54927 1.61336 7.89847 169 2.0000 12.5000 3.6500 0.571
1.39573 0.82132 1.08294 5.30171 113 3.6000 18.4000 2.4500 0.573
0.82605 1.36681 0.64092 3.13775 67 7.9000 3t.3000 1.4500 0.5565
0.48423 2.11930 0.37571 1.83937 39 3.3000 10.5000 0.8500 0.513
0.17091 5.09239 0.13260 0.64919 13 13.3000 27.3000 0.3000 0.435

A [ c SIGMA

0.12011538 , 086630061 0.02745608 0.07473090

AAx-0.1297124 CC= 0.0396874

GANMA= 0.591686 LAMDA®* 0.105735

0.95%
0.842
0.661
0.529%
0.331
0.336
0.353
0.333
0.351
0.346
0.352
0.378
0.398
0. 454
0.5633
0.4%48¢%
0.723
1.2)3
1.866
4.483

58.111
46.589
38.323
28.30%
14,523
13.02%
12.57¢
11.572
10.16%
3.368
8.817
6.713
5.811
4.659
3,006
3.5657
2,655
1.453
0.852
0.301

12 13
1/S2H RE AYD
120.008 54.48)
864,701 43.578
53.069 35.9329
32.072 26.536
10.381 13.520
.386 12.211
3.578 11.783
8.321 1J2.343
7.71¢ 9.534%
6.998 8.783
6.708 8.26%
5.676 6.293
€992 5.648
4.469 4.18)
6.112 2.318
3.819 3.%28
3.833 2.301
3.775 1.362
3.431 3.738
2.910 0.282

991
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RUN  COLURN  COLUMN  PELLEY BED PELLEY  OIFFUSIVITY
NO  LENGTM DIAMETER DIAMETER POROSITY POROSITY
s cns ons
89 186.3000  6.2700  1.0300 0,4050000 O, 0.209233964
CARRIER WM  TEMP KELVIN PRESS ATM  VISCOSITY HYD DIA  DENSIVY
29.00000  296.00000 1.02000 0.0182169 0.3967390 0.0002179
1 2 3 4 ° ? s °
VELOCITY HETP MOLECULAR PELLET RE  NTU WIDTH TOTAL Q@  EDDY DIFF
CH/SEC  Cns PECLET tn e NLS/SEC
26.08798  2.35665 128.42380 179.84859 11616  2.1500  8.1000 335.0000 30,740
23.90749  2,09059 117.68987 164.63318 10643  2.2500  9.0000 307.0000 26.990
21.641551  2.08198 105.42252 167,47272 9534  2.4200  9.1000 275.0000 22.293
18.61202 1.93579 91.62175 128.16720 8285  2,5500 10.6000 239.0000 18.01¢
15.57491  1.81694 76.67092 107.25289 6933 2.8900 12.4000 200.0000 16.149
1557691  1.65182 76,67092 107.25289 6933  2,8000 12.6000 200.0000 12.88¢
12.45993  1.66300 61.33674 B5.80231 5567  3,3000 14.8000 160.0000 10.350
8.7219% 1.21502 42.93572 60.06162 3882  4.1000 21.0000 L12.0000 S5.560
3.58223  1.00956 17.63431 24.66816 1594  2.0500 11.6300 46,0000 1.808
4.63354¢  1,03063 22,80960 31.90773 2062  1.6500  9.4000 $9.5000 2.388
3.95213  1.02576 19.45525 27.21562 1759  1.9000 10.8500 $0.7500  2.027
3.32916  0.92915 16.38861 22.92530 14862  2,2000 13.2000 42.7500 1.567
2.60880 0.92915 12.84238 17,96486 1161  2.8000 16,8000 33,5000 1.212
2.12208  0.95168 10.44661 14.61321 944  3,5000 20,7500 27.2300 1.010
1.46015  1.11456  2,18790 10.05496 650  1.1500  6.3000 18.7500 0.816
0.79821 1.16091 3.92938  S5.49671 353 2.0500 11.1000 10,2500 0.43%
A s 3 SIGRA "
070091049 0.31820413 0.06312766 0.07076120 16

AAs 0.7032348

GANNA®

0. 760498

CC= 0.0630176

LANDA®

04340248

1

PECLET ENPTY RE

leléé
1.015
1.011
0.9¢0
0.882
J.822
0.807
0.619
0.492
0.500
0.498
0.451
0.451
0.6452
0.581
0.5%¢

12 13
1/5CH RE 4¥D

72.758 205.519
66.576 167.278
59.726 169.046
S1.908 120.439

3,637
3,437
34,750
26,325
92.991
12.923
H.d22
9.28%
T.278
S.918
4,372
2.228

94.598
86.201
69.267
3T.175
12.089
15.96¢
13.551
10. 340
8.103
6.751
3. 440
3. 046

68.849
63.29¢
55.548
49.219
41.10¢
41.19¢
32.083
23.218
9.49%¢
12.220
10.43)
8.78%
6,805
5.603
3.89%3
2.107

{9t
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RUN COLUNN  COLUMN PELLEY 8€D PELLEY DIFFUSIVITY
NO LENGTH DIAMETER DIAMETER POROSITY POROSITY
cns cns cns
70 186.3000 6.2700 1.0300 0.4050000 Q. 0.748550010
CARRJER My  TEMP KELVIN PRESS ATM  VISCOSITY . HYD DIA  DENSITY
29.00000 296.%0000 1.00000 0.0182409 0.3947390 0.0011920
1 2 3 . [ 7 8 1"
VELOCITY HETP MOLECULAR PELLEV RE Ty wIDTH TOTAL Q@ EDOY DIFF PECLET ENPTY RE
n/sec (4. I PECLEY (4] cn nLS/SEC
4.63473 0.92915 6437736 31.19642 sTe 1.6000 9.6000 58,2500 2.153 0.451 12.635
336167  1.00033 4,62566 22.02745 418 2.3000 13,3000 42.2500 1.681 0.486 9.16¢
2.88428 1.00200 3.9687¢ 19.41408 358 2.7000 15.6000 362500 1.443 0.48p 7.963
2.40688 1.10577  3.31185 16.20072 299 3.4000 18,7000 30.2500 1.331 0.537 6.561
1.69078 1.19846 2.32650 11.38067 210 $.3000 20.0300 21.2500 1.003 9.582 4.50¢
0.,99458  1.58213  1.368%3  6.69451 123 10,2000 46.9000 12.5000 O0.787 0.788 2.711
3.34178 1.011T0  4.59827 22.49356 415 204000 13,8000 42,0000 1.690 0.431 9.110
10.98014 0.98300 15.10859 73.90740 1368 3.0000 17.5000 138.0000 So397 0.477 27.932
14.00366 1.11385 19.26892 94,2%871 1742 2.5000 13,7000 176.0000 7.799 0,541 36.175
17.82286  1.20315 24.52608 119.96563 2217 202000 11,6000 224.0000 10.722 0,586 408.568
2132375 1.12845 29.36131 143.53031 2653 1.8000 9.8000 268.0000 12.031 0.568 S8.130
24.062575  1.16736 33.88484 165.75609 3064 1.7000 9.1300 309.5000 14.37¢ 0,367 o7F.131
19.61416 1.33798 26.71373 130.67085 2415 2.1000 10,5000 244.0000 12.988 0.650 52.92¢
A 8 c SIGnA L
0.67549519 0.85581619% 0.02323083 0.06795941 13
Ads 0.5390088 CC= 0.0297571
GaniA=  0,371649 LAMDA= 0.327910

12

1/75Cn E HYD

1.7
10.968
9.443
8,896
60621
%.162
11.0¢7
35.268
5%.966
10.0060
18.62%
93.930
86,875

11. 958
8.672
Te$8d
$.209
4.362
2.56%
6.520
20.32¢
Jo.12¢
45,975
$5.007
63.52%
$J.0081

L1 O

-




-

PR

11

8 9 10
QO EDDY DIFF PECLET ENPTY RE

RUN  COLUMN  COLUMN  PELLEY BED PELLET  DIFFUSIVITY
M0  LENGTH DIAMETER DIAMETER POROSITY POROSITY
tns Cns cns
7L 122.0000  1.1500  1.0050 0.4540000 O. 0.725219570
CARRIER MW  TEMP KELVIN PRESS ATM  VISCOSITY HYD DIA  DENSETY
29.00000  290.00000 0.99400 0.0179282  0.2695177  0.0012114
1 2 3 4 H s 7
VELOCITY HETP NOLECULAR PELLET RE  NTU WIDTH TOTAL
CR/SEC  CnS PECLET 3 tn NLS/SEC
26.98967  1.10046 37.40195 183.28539 2270  1.3000  $.8000 13.0000
26.47066  1.05343 36.68268 179.76067 2226  1.2500  5.7000 12.7500
26239451 1.04817 33.80560 165.66179 2051  1.4000  6.4000 13.7500
20.76129  1.01516 28.77073 140.98876 1746  1.5800  7.2000 10.0000
18.16613  0.88690 25.17439 123.36516 1527  1.8500  8,2000  8.7500
14.53290  0,8068]1 20.13951 98.69213 1222  1.9000  9.9000  7.0000
11.93774  0.74504 16.54317 81.0685¢ 1006  2.2300 12,2000  $.7500
8.82355 0.73362 12.22756 $9.92022 742 2.8000 13.3000  4.2500
5.70935  0.89510  7.91195 38.77191 480  4.4000 24,7000  2.7500
1.55710  1.01222  2.15780 10.5741s 130 15.8000 73.5000  0.7300
$.50174  0.62926  7.62424 37.36202 462  1.0000  5.9000  2.6500
3.32181  0.77561  4.60332 22.55820 219 17500  9.3000  1.6000
145329  1.11689  2.0139%  9.86921 122 4.9000 21.7000  0.7000
0.57094  2.34815  0.79119 3.87719 48 3.6000 11.0000  0.27%0
A 8 ¢ S1GwA "
0.30983941 1.13807026 0.02831543 0.03608801 16
Ads 0.3436004 CC= 0.0267854
GANNAS  0.784838 LANDAs  D.154149

14.850
13.9¢2
12.785
10.538
8.0%6
S.8063
4,447
3.237
l.’a‘
G.788
1.731
1.288
0.812
9.670

0.547
0.52¢
0.521
0.533%
[ 2X 13}
0.401
0.371
0.365
0.348
0.52¢
0.313
0. 388
0.556
1. 157

12

1/SCH RE HYD ,

83.212 100.345

al.611
75.210
64,009
$6.208
64,806
36.835
27.2064
17.602
¢.801
16.962
10.241
¢ 481
1.760

9. 212
86.389
T1.207
56,434
39.615
33.350
21.870
13.408
5.32%
11.697
8. 705
S.48¢
4.526

$9.153
48,208
6. 027
37.312
33.38¢
26,457
21.741
16.069
12.398
2.838
10.222
6353
!.“'
1.0800

~691e
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RUN COLUMN  COLUMN PELLET 8ED PELLEY OIFFUSIVITY
NO LENGTH DIAMETER DIANETER POROSITY POROSITY
Cns Cns Cns
72 122.0000 1.1500 1.0030 0.4540000 O. 0.210973011
CARRIER My TEMP KELVIN PRESS ATM  vVISCDSITY HYD OIA  DENSITY
29.00000  294.00000 1.00000 0.0181210 0.2695177 0.0012022
1 2 3 4 L & 7 8 9 10 11
VELOCITY HETP MOLECULAR PELLET RE NTY wi0TH TOTAL Q EDDY DIFF PECLET EmMPIY RE
CN/SEC Chs PECLEY Cch cn ALS/SEC
2119777 2.35064 129.56047 181.33542 7863 1.9000 5.8000 13.0000 31.966 1.169 82.326
2667474 2.13912 127.06892 177.84820 1112 2.0000 6.4000 12.7500 28.530 1.006 80.743
25.62867 2.17880 122.08583 170.87376 7410 2.0500 6.5000 12.2500 27.920 1.086 77.577
24.05957  2.21762 114.61119 160.41210 6956 2.1000 6.6000 11.5000 26.677 1.123 T12.827
21.96743 1.93606 104.64500 146,46322 6351 2.2000 7.4000 10.5000 21.265 0.953 66.49¢
19.87530 1.87034 94.67851 132.5143% 5746 202500 T7.7000 9.5000 18.587 0.931 6D.162
t7.78316 173712 84.71262 118.56546 Sisl 2.4500 8.7000 8.5000 15.4486 0.886 53.829
15.69102 1.57376 T4.74643 104,.61659 4336 2.6000 9.7000 T.5000 12.367 0.783 47.496
12.02978 1.39214 57.30559 80.2060% 3478 3.0000 11.9000 5.7500 8.374 0.693 36,616
8.36855 1.15284 39.86476 5%,79551 2419 3.9000 17.0000 4.0000 4.82¢ 0.57¢ 25.331
523036 0.99599 24.91548 34.87220 1512 5.8000 27.2000 2.5000 2.60% 0.496 15.832
1256910 0.845%) To6T406 10.66160 453 16,7000 83.0000 0.7500 0.663 0.42) $.75
A L] c SIGHA N
0.66111141) 0.17188688 0.06044230 0.05391870 12
AAs 0.5882204 CC= 0.062%3084
GANRA=  0.407367 LANDA= 0,318961

TINE 16HRS &IMIN 12,6SEC

13

1/75CH RE HYD

212.367
189,273
185.22¢
176,981
161,275
123.307
102. 469
8l.911
55.551
32.002
17.280

4.401

€8.63)
47.695
45.82¢
€3.919
39,279
35.537
3l.T97
28.0%%
21.509
14.963

2.32%

0Lt~




A

8 DAViS
!

es
s

10
¢

FORTRAN SOURCE LIST GAAA 0s/72v/83 PAGE )
SOURCE STATVERENT

PROGRANW FOR COKPUTATION OF RESULTS FROM POROUS PELLEY RUMS
READSS¢NDyCL(LO,0P +EB EPyDOSS
FORNAY {15¢3F10.442F10.T7oFL2.9 § .
IF INO) B4,83,5¢
CALL SKIP D 1)
PRINT S6
OFORMATIBN COLUNN¢2X¢ GNCOLUNN, 3Rs GHCOLUMN, 4K ¢ GHPELLET ¢ SX o SHBED 68
LOMPELLET 4Ry 1 IHDIEFYSIVITY _ )
PRINT $7
OFCRNAT(4Xs2HND X o6HLENGTH, 2K ¢ SHDIANETER ¢ 2K ¢ SHDTARETER ¢ 2K 4 8HPOROS
LITY42X48HPOROSETY  /11X,20MCNS (33 [0 )
READ 81,GRoT,TOBSsPyVISL 4ADS
FORMAT(4F12.5,2F12.7 )
mmgugpunnqu . R
PRINT S50,ND,CL o vOP o EB o EPs O
'DRIA!(llolS.S'lOoQo!’lD-!cl H
PRINY 63
FORMAT(/SIN  CARRIER mu  TEMP KELVIN PRESS AT  VISCOSITY
L 120 WYD DIA  +10M DENSITY ’
WD sEBeCD/(3.eC00(1.-EB)/(2.0DP)e).) . .
VISCe 0.017090¢ (273, 10116, 1717801400001 Y7273 00013
RHO829. 0273, 0P/ (22400.9T)
PRINT 644G o T oP o VISC  oHDoRHO
:2:!‘111!.)'!!.5.!'!2.1 7”)

_SNSe_ 0.0
SN e 0.0
SV« 0.0
Suss 0.0
Su = 0.0

60
FORMATIT4M VELOCITY MHETP ALCEP VEL L] W ugo
1™ Tom Q ’
2284 CM/SEC  CnS SEC/CNa 2R JOHCR CR o IR.6MCC/SEC )
CRE "o DPeCN #100./TZ2400.oVISL o716 275.09

CUL = CL/i2. » 0)

READ 39,Q0,4IDTN, TOTAL

FORMAT(3F12.9 |

1F(Q) 5.6,93

HN =(2.300 TOTAL/ WIDTMIeeR [

" = CL/HN .

Us Q04./713.14139¢E80PeCDr02) o7/290,

¥ = 1./0

REsCRESY

NTUe Cutey
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COLUMN COLUMN  COLUMN PELLEY BED PELLETY DIFFUSIVITY
NO LENGTH OUIAMETER DIAMETER PQROSITY PORUSITY
Cus Cus CNS
$6 129.6000 0.6600 0.5970 0.4710000 0.3100000 0.207605682

CARRIER Mw TEMP NELVIN PRESS ATM  VISCOSITY HYD DIA  DENSITY
29.00000 296.00000 1.02800 0.01821869 0.1655945 0.0012275
VELOCITY HETP RECIP VEL RE NTV WIDTH TOYAL Q
CN/SEC cms SEC/CHM Cr ™ CC/SEC

0.95941 0.58797 1.04231 3.85938 299 2.7500 17.3000 0.1600
1.31919 1.00155 0.75804 5.30665 411 23900 11.5200 0.2200
2227860 2.14265 0.43887 9.16602 711 1.7600 $.8000 0.3800
2.8782) 2.85963 0.34744 11.57814 898 1.5600 4. 4500 0.4800
3.05812 3.40638 0.32700 12.30177 4954 1.7000 19.9500 0.5100
4.7970% 5.35024 0.20846 19.29689 1497 5.8500 12.2000 0.8000
S.75646 7.97958 0.17372 23.15627 1796 1.1700 2.0500 0.9600
6217620 T.30867 0.16191 24.84475 1927 $5.1000 9.1000 1.0300
Te37546 9.87107 0.13558 29.66898 2302 4,9500 T.6000 1.2300
797509 10.41804 0.12539 32.08109 2489 4.5500 6.8000 13300
8.63469 12.80894 011581 34,7364} 2695 4.6000 6.,2000 1.4400
B8.75461 11.75458 U.11423 35.21643 2732 4.3000 6.0500 1.4600
9.596410 12.691380 0.10423 38.59379 2994 4.1000 5.5500 1.6000
10.31365 12.82180 0.09696 61.48832 3219 3.8600 $.2000 1.7200
11.99262 14.12322 0.08338 68.2422% 3743 3.3500 4.3000 20000

¢~

A 8 c SIGMA N
~0.26101748 «0.63914265 1.32167980 0.69283886 15

EFFECTIVE OIFFUSIVITY = 0.00085020
CORRECTION OF SLUPE FOR OIFFUSIVITY TERM = 0,0605318 AND NEW SLOPE C = 1.26115



COLUMN COLUMN

COLUMN

PELLET

PELLEY

NC LENGTH OIAMETER OIAMETER POROSITY POROSITY

OIFFUSIVITY

CHS cHs CHs )
$7 421.0000 0.6600 0.5970 0.4710000 0.3100000 0.210264673 o
CARRIER MW  TEMP KELVIN PRESS ATM  VISCOSITY HYD DIA  DENSITY
29.00000  296.00000 1.01500 0.0182169 0.165594%5 0.0012120
VELOCITY HETP RECIP VEL  RE NTU  WIDTH __ TOTAL Q@
CM/SEC  CMS SEC/CN cn cn CC/SEC
10.62794 16.53753  0.09409 42.2119610639  8.7000 18.6000  1.7500
9.53478 15.40599 0.10488 37.87016 9545 9,300 20.6000  1.5700
8032016 13.49911 0.12019 33.04593 8329 10.1000 23.9000  1.3700
7.28773 11.65843  0.13722 28.94534 7295 10.8000 27.5000  1.2000
6.07311  9.47155 0.16466 24.12112 6079 _ 12.0000 33.9000  1.0000
5022287 8.50562 0.19167 20.74416 5228  2.6500  7.9000  0.8600
412971 6.47520 0.26215 16.40236 4134  3.0000 10.2500  0.6800
2.97582  4.53345 0.33604 11.81935 2979  3.6000 14,7000  0.4900
2.00613  3.37384 0.49897  7.95997 2006  4.5000 21,3000  0.3300
1.21462 2.20735 0.82330 4.82622 1215  1.3500  7.9000  0.2000
0.48585 1.75714 2.05825 1.92969 486  3.4000 22.3000  0.0800
A (Y (3 SIGMA N
~0.22380747 0.57967149 1.60895641 0.19640320 11

EFFECTIVE DIFFUSIVITY = 0.00069313
CORRECYION OF SLOPE FOR OIFFUSIVITY TERM = 0,0620292 AND

NEN SLOPE C =

1.964693

91~



COLUNN COLUMN  COLUMN PELLET BED PELLETY DIFFUSIVITY
NO LENGTH ODIAMETER OGIAMETER POROSITY POROSITY
CMS CMS Cns
58 421.0000 0.6600 0.5970 0.4710000 0.5000000 0.204915337
CARRIER Muw TEMP XELVIN PRESS ATM  VISCDSITY HYD DIA  DENSITY
29.00000 296.00000 1.00790 0.0182169 0.1655945 0.0012035
VELOCITY METP RECIP VEL RE NTU WIDTH TOTAL Q
Cn/SEC Cns SEC/CH cn cc/
0.73391 5.41801 136257 2.89453 753 21.9000 81,8000 0.1200
2.20172 3.35020 0.45419 8.68360 2261 4.8000 22,8000 0.3600
3.18026 4.78626 0.314664 12.54298 3266 3.8500 15.3000 0.5200
$. 32082 8.01792 Q.18796 20.98537 54865 2.8400 8.7200 0.8700
6.11589 8.98325 0.18351 24.12112 6282 2.6200 7.6000 1.0000
6472748 10.1758%F 0.14866 26.53323 6910 2.5%00 6.9500 1.1000
7233907 11.14604 0.13626 28.9453¢ 7539 2.4000 6.2500 1.2000
8.68456 12.20968 (0,11515 34.25199 8921 2.1100 5.2500 1.4200
P.17384 13.47536 0.10901 36.18168 9423 2.0900 4.9500 1.5000
10.76397 17.10708 0.,09290 42.4531711057 9.8000 20.6000 1.7600
A 8 c SIGMA
-2.20553330 4.65074056 169947962 0.40248025

EFFECTIVE DIFFUSIVITY = 0,00126920
CORRECTION OF SLOPE FOR DIFFUSIVITY TERM = 0,0613776 AND NEW SLOPE C =

DIFFUSIVITY WITH K=1/(EP+ADS) = 0.00450397

TORTUOSIT
ADSORPTIC

Y= 22.74828
1.37000MLS GAS/ML OF PELLEY

N =

SEC

=$i1-

N
10

1.63810



COLUMN COLUMN

COLUMN P

ELLET BED

PELLEY

NO LENGTH DIAMETER DIANETER POROSITY POROSITY
Cns CusS c
$9 421.0000

CARRIER

0.6600

MS

OIFFUSIVITY

0.5970 0.4710000 0.5000000 0.211745851

L1 TEMP KELVIN PRESS ATM vISCO
29.00000 296.00000 °

VELOCITY HETP RECIP VEL
CM/SEC Cns SEC/CM
11.98715 17.32317 0.08342
17.43029 25.13199 0.05737
22.93459 30.70657 0.04360
27.88846 36.22900 0.03586
32.10843 40.22707 0.03114
39.44749 42.23292 0.02535
47.70395 42.51876 0.02096
54.73722 42.09674 0.01827
63.91106 35.33998 0.01565
72.16751 35.09355 0.01386
77.67181 31.%2819 0.01287
80.72976 35.13947 0.01239

A 8
- 68.01311398 ~592.8
INVALID OUTPUT FORMAT. -0.

1.00790 0.018

RE

47.2773911916

68.7451917327

90.4541922799
109.9923027724
126.6358731919
155.5812139215
188.1447247423
215.8840154415
252.0656963535
284.6291971742
306.3382077214
318.3987680254

0078888 -
59035632€-02

EFFECTIVE DIFFUSLVITY = XXXXXXXXXX
CORRECTION OF SLOPE FOR DIFFUSIVITY TERM = 0.0190111 AND

SITY HYD DIA  DENSITY
2169 0.1655945 0.0012035

NTU WIDTH

9.0000
7.1500
$.8000
4.9500
4.4500
3.7000
3.0000
2.5000
8.0000
6.9500
6.2000
6.0000

c
0.33316236

cu

TOTAL Q
(4] CC/SEC

18.8000 1.9600
12.4000 2.8500
9.1000 3.7500
7.1500 4.5600
6.1000 5.2500
4.9500 6.4500
4.,0000 7.8000
3.3500 8.9500
11.7000 10.4500
10.2000 11.8000
9.6000 12.7000
8.8000 13.2000

-9l1-

SIGMA N
2.48643523 12

NEW SLOPE C = -0,35217



COLUMN COLUMN  COLUMN PELLET BED PELLEY OIFFUSIVITY
NO LENGTH DOIAMETER DIAMETER POROSITY POROSITY
cns CHS Cns
60 420.0000 1.6000 1.3000 0.5220000 0.3800000 0.205018722

CARRIER MW TEMP KELVIN PRESS ATM  VISCOSITY HYD DIA  DENSITY
29.00000 295.00000 1.03500 0.0181690 0.4436744 0.0012400
VELOCITY HETP RECIP VEL RE NTU WIOTH TOTAL Q
CH/SEC CMs SEC/CH cn cn CC/SEC

0.58324 1.43971 1. 71457 S5.17474 597 5.9000 42.7000 0.6400
0.95687 1.17827 1.04507 6.48931 980 3.1500 25.2000 1.0500
1e16647 1.20172 0.85728 10.34948 1194 2.5500 20.2000 1.2800
1.52189 1.25354 0.65708 13.50284 1558 2.0500 15.9000 1.6700
1.91375% 1.45079 0.52253 16.97962 1960 8.3500 60.2000 2.1000
2.39674 10959910 0.41723 21.26496 2454 T.1500 49,1000 2.6300
2.73393 172312  0.36577 24.25660 2800 6.5000 43,0000 3.0000
3,23515 1.88001 0.30911 28.70365 3313 $.7000 36.1000 3.5500
3.71814 2.01567 0.26895 32.98898 3808 %.1500 31.5000 4.0800
3.718146  2.04571 0.26895 32.98898 3808 5.1800 31.4500 4.0800

A 8 ¢ S1GMA N
0.29405186 049773393 0.43967650 0.064052734 10

EFFECTIVE OIFFUSIVITY = 0.01938486
CORRECTION OF SLOPE FOR DIFFUSIVITY TERM = 0.1182664 AND NEMW SLOPE C = 0.32141

L3~



COLUMN COLUMN  COLUMN PELLET 8ED PELLET DIFFUSIVITY
NO LENGTH OIAMETER OLIAMETER PORDSITY POROSITY
cns Cns cms
61 421.0000 0.6600 0.5970 0.4710000 0.5000000 0.773230240

CARRIER My TEMP KELVIN PRESS ATM  VISCOSITY HYD DIA  DENSITY
29.00000 299.00000 0.98200 0.0183602 0.1635945 0.0011608
VELOCITY METP RECIP VEL RE NTU NIOTH TOTAL Q
CM/SEC cus SEC/CH cn Ch CC/SEC

0.95112 1.80907 1.05139 3.58993 258  6.2500 40.4000  0.1500
1.71202  1.48965 0.58611  6.46187 466  2.9200 20.8000  0.2700
2.28269  1.55270 0.43808 8.61583 621  2.2000 15.3500  0.3600
3.42406  1.58861 0.29205 12.9237¢ 932  7.3500 S0.7000  0.5400
$.07265 1.87352_ 0.19714 19.164628 1380 __ 5.4000 36.3000  0.8000
6.15059 2.07753 0.16259 23.21486 167¢  4.7000 28.3500  0.9700
7.16512  2.3313¢  0.13956 27.04412 1950  4.2500 24,2000 1.1300
7.79920 2.57822 0.12822 29.43741 2123  4.1000 22.2000 1.2300
8.964055 2.79545 0.11185 33.74532 2433  3.7500 19.5000  1.4100
10.52575  3.05998 0.09501 39.72853 2865  3.3500 16.6500 1.6600
11.28665 3.42417 0.08860 42.60047 3072  3.1500 14.8000 1.7800
15.78863  4.24708 0.06334 59.59280 4298  2.5600 10.8000  2.4900
25.23645 6.23979 0.03963 95.25274 6870  7.7000 26.8000  3.9800

A 8 c SIGMA N
0.64075078 0.87210897 0.22362800 0.07450189 13

EFFECTIVE DIFFUSIVITY = 0.01016580
CORRECTION OFf SLOPE FOR OIFFUSIVITY TERM = 0,0191109 AND NEW SLOPE C = 0.20452

~8i1~



COLUMN COLUMN  COLUMN PELLET BED PELLEY DIFFUSIVITY
NO LENGTH OIAMETER DIAMETER POROSITY POROSITY
ChS cns CHns
62 421.0000 0.6600 0.5970 0.4710000 0.3400000 0.767428882

CARRIER mMu TEMP XKELVIN PRESS ATM  VISCOSITY HYD OIA  DENSITY
29.00000 297.50000 0.98100 0.0182887 0.1655945 0.0011655
VELOCITY HETP RECIP VEL RE NTU WIDTH TOTAL Q
Cn/SEC Crs SEC/CM cn cn CC/SEC

1.89463 l.61910 0.52781 7.20795 S19 13.1500 89.8500 0.3000
3.41034 1.64960 0.29323 12.97431 935 T7.1500 48.4000 0.5400
4.42081 1.76095 0.22620 16.8185% 1212 5.8000 38.0000 0.7000
S.36812 1.89269 0.18628 20.42253 1472 4.8500 30.6500 0.8500
631544  2.13187 0.158346 24.02650 1732 4.,4000 26.2000 1.0000
Ta01016  2.20875 0.14265 26.66942 1922 4.0000 23.4000 1.1100
T.83114  2.39186 0.12770 29.79286 2148 3.7000 20.8000 1.2400
7.83114 2.49a81 0.12770 29.79286 2148 3.8000 20.9000 1.2400
8.58899 2.56615 0.11643 32.67604 2355 3.5100 12.0500 1.3600
9.34685 2.73856 0.10699 35.55922 2%563 3.3500 17.6000 1.4800
10.23101 3.06171 0.09776¢ 38.92293 2806 3.2000 15.9000 1.6200
22.79873  5.85278 0.04386 B86.73567 6253 1.9200 6.9000 3.6100

A 8 c SIGMA L]
0.37897281 1.49184255 0.23788515 0.06411453 12

EFFECTIVE DIFFUSLVITY = 0.00561640
CORRECTION OF SLOPE FOR DIFFUSIVITY TERM = 0.0192997 AND NEN SLOPE C = 0.21859

-6L1~



W

I#.
7
COLUMN COLUMN  COLUMN PELLET 8ED PELLEY DIFFUSIVITY
NO LENGTH DIAMETER OIAMETER POROSITY POROSITY
CMnS Cns Cns
s 73 119.4000 ‘21700 0.3200 0.3900000 0.3100000 0.742124423
CARRIER MW  TEMP KELVIN PRESS ATM  VISCOSITY HYD DIA  DENSITY
29.00000 295.00000 1.00000 0.0181690 0.1174626 0.001198)1
VELOCITY HETP RECIP VEL RE NTU WIDTH TOTAL q
CMH/SEC CMs SEC/CH (4} 4 CC/SEC

9.09386 1.01778 0.10996 19.18923 731 4.7500 21.8000 13,2500
8.92227 0.98153 0.11208 18.82717 717 4.9000 22.9000 13.0000
8.40753 0.96925 0.1189 17.74099 676 $5.0500 23.7500 12,2500
7.72120 0.89770 0.12951 16.29275 621 5.3000 25.9000 11.2500
T7.03487 0.88500 0.14215 14.84450 565 5.7500 28.3000 10.2%00
6.00538 0.81740 0.16652 12.67214 483 1.6500 8.4500 8.7500
S.14747  0.72322 0.19427 10.86183 414 1.8000 9.8000 7.5000
11797  0.72916 0.24284 8.68946 1331 22500 12.2000 6.0000Q
291690 0.76273 0.34283 6.15504 234 3.1500 16.7000 4.2500
1.88740 0.92221 0.52983 3.98267 151 $.6000 27.0000 2.7500
0.08633 2.14016 1.45703 1.44824 55 4.8500 15.3500 1.0000

081~

A 8 c SIGHA N
-0.01542345 le43413471 0.09374282 0.01539098 11

EFFECTIVE OIFFUSIVITY = 0.00447061
CORRECTION OF SLOPE FOR DIFFUSIVITY TERM = 0.0166358 AND NEW SLOPE C = 0.07911

TINE 17HRS 21MIN 55.4SEC

" oy
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TABLE A II.1

Manometers Inches Oil Flow Rate cm3/sec. at 298°K
760 mm Hg
Lov Flow (LF)
'1.8 0.3%38
3.65 0.67h
7.9 1.416
10.7 1.87
17.5 2.82
23.7 3.65
26.1 3.96
High Flow (HF)
91 811
1.5 1.31
2.8 2.37
b1 3.21
5.1 3.91
7.7 5.88
7.0 5.38
10.2 6.90
15.1 9.46
8.1 5.85
1k b 9.00
18.1 10.50
2l.1 11.70
ek.9 12.68
24,0 13.55
Very High Flow (VHF)
’ 1.65 12.9
2.35 15.9
5.3 26.3
8.7 ’ 55-9
1h.k Ly 0
20.05 52.0
26.1 58.5

Continued....



TABLE A II.1 (Continued)
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Manometers Inches Oil

Ultra High Flow (UHF)

Extra High Flow (EHF)

O D

HE O0NOW 2\0\W O

L] . . (] L] * a L] L) L3

= O\ OO O\W OOV
\JT\Ul

26.75
23.%
17.6
11.85
8.25
6.35
3.77
1.88
.95

Flow Rate cm®/sec. at 298°F
760 mm Hg

287.5
271
246
233
20kL
171
139
106
6L L
18

348
323
278
221
180
152
112.5
75.6
45.3



{00F

FLOW RATE -MLS/SEC. AT S.T.R
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e I L

) MANOMETER READING
INCHES OIL

Figure A II.1l

Flow Meter Calibration
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APPENDIX IIT

TIME OF DIFFUSION OF A GAS FROM A SPHERICAL PELLET WITH A STEP
CHANGE IN SURFACE CONCENTRATION

RATE OF DIFFUSION FROM A SPHERICAL PELLET

The diffusion of a gas from a spherical pellet with a step change
in the surface concentration is given by Crank (Ref. 2, page 86).
The amount of gas diffused at time t,(My) as compared to the

amount of gas diffused at infinite time (M, ) is given by, \

. o0
My =1=6 1 exp (- DEnzTTZt)
Moo TTZ o= n a i

where & is the pellet radius,

For the second term in the series to be less than 1% of the first,

- DrTr @\ = 100 e: - 4 DET2¢
exp ( LT ) n exp(’ ““E‘“’)

a< a
1n (25)= LIT%Dpt - TngEt = 3TT22DEt
, az a a

If Dg = 0.0l cm®/sec and a = 0.5 cms

t = .25 Ln(25) ‘= 2,82 seconds
37Max 0L

Thus after ten seconds

Mg = 1-6_ e 6 .01 2 x 10\ = .9881
Moo me .25 )
= 98,81%

Thus in ten seconds 98.8% of the gas will diffuse out of a 1 cm
diameter pellet if the effective gas diffusivity is 0.0l cmz/sec

MANUFACTURERS DATA ON POROUS PELLETS (INCLUDING CONTRADICTIONS AND VERIFICALIONS)

Norton Catalyst Supports, 1/2" diameter SA 203 mixture

Information from two sources is summarized below, the first from
the manufacturer's general information sheet, and the second from datae

supplied by the manufacturer in a private communication.



- 165 -

Manufacturer's Data Private Communication
Apparent Porosity O.h1 .36 ~ kO
Water absorption 204 15 - 19p
Bulk density 2.1 grams/ml 2.1 - 2.% grams/ml
Apparent Specific Gravity 3.4 - 3.6
Packing Density 75 - 78 1b/1t>
Surface Area less than 1 wmeter®/gran
Pore Diamcter Range 90% in 2-40 microns

Using the bulk density value of 2.1 and ‘the speeific uravity of
3.5, a porosity of 0.382 can be calculated. As a Turther check on the
consistency of the data, if the water adsorbed is assumed to c¢xist as
liquid water occupying the pores, then 17% water indicates a porosity of
0.37%. In an experimentél check, a pellet was dried by heating to 500°F,
and then put in a vacuum vhich was released by water so that the pellet
absorbed as much water as possible. Weighing the pellet Lelween each
operation showed that the initial water content was negligible, but the
evacuation and saturation procedure yielded a water content of 16.8% which
again is an indication of a 37% porosity if the pellet specific gravity of
3.5 1s accepted.

In conclusion, a value ol 38% porosity has been taken for the
pulse apparatus experiments and the information available suggests
an error limit of * 1%. v

Activated Alumina Pellets Alcoa H 151 1/4" and 1/8" dianmecter

Two sources of information vere again used to determine the
properties of these pellets, but some of these data were contradictory.
Because one of these sources was private communication in the form of a
letter from the supplied, which differed from the manufacturer’s data it
was concluded that the supplier had not furnished the correct data. This

conclusion is Jjustified in the following paragraphs.
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Manufacturer's Data Private Communication

Packing Density £2-55 1b/rt>

51-5% 1v/lt3
Specific Gravity F.l=3.3
Pore Volume 0.3 mls/gm 0.5-0.55 mls/gm
Pore Diameter 50 A° 4o A°
Surface Area (BET) 350 metera/gm 390 meter®/gm
Pore Volume greater than 30A° 0.28 mis/gm
Average Pore Dismeter in 90 to %0A° reglon Laa®
Static Adsorption at 60% RH 22-25%

A pore volume of 0.3 mls per gram represents a porosity of 50%
if the specific gravity of the pellets is taken as 3.2, while a pore
volume of 0.5 indicates a porosity of 63%. The problem amounts to deciding
which set of data above are consistent.

Placing the pellets in a vacuum and releasing with water to
measure the water absorbed showed a poros1ty of around 50 to 55% which is
somewhat indeterminate, lying as it does between the data from the two
sources. However, for the 1/8 inch activated alumina pellets the test
described below was applied.

The test pellets were placed in the sample loop of a gas
chromatograph and a hydrogen purge put on the loop. Alr carrier gas was
put on the column, which consisted of a 20 f£t. length of 1/2" plastic hose
to cause dispersion and create a Gaussian pulse distribution. The height
of the pulse was proportional to the gas in the pulse, and solby noting the
difference in height between the pulse with the pellets in the sample
loop, and without, the volume of the solids in the pellets could be
determined. The peak heights were calibrated in terms of gas volume by

injecting known volumes of hydrogen with a syringe.
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The volume of the sample loop vas found to be 4,80 mls while the

volume of gas when 47 dried pellets occupied the tube vas 4.40 mls. From the
mean diameter the overall volume of the pellets was calculated to be 0.81 mls
and so the porosity is given by (0.81-0.40)/0.81 = 50.5%.

Similarly for 47 wet (12%) pellets, porosities of 28.4 and 33%
were obtained.

If the water is assumed to exist as liquid water (31), then
the porosity of the wet pellets can be calculated from the moisture content
if the dry pellet porosity is known. If a 50% dry pellet porosity is
assumed, then for a 12% wet pellet the porosityjcomes out to be 30,8%.
Thus, the manufacturer's data appears to give the best agreement with the
observations.

Finally, two individual pellets were weighed and the dimensions
of three diameters measured on callipers.A This allowed the apparent
density of the pellets to be calculated, and if the water content 1s taken
into account, the porosity of the dry pellets can be obtained from a
knowledge of the true specific gravity.

0.699 cm pellet weighed 0.3140 grams so density = 1.76 gms/ml

]

0.617 cm pellet weighed 0.2300 grams so density = 1.87 gms/ml

If 12% water in the pellet is assumed then the densities become
1.57 and 1.67 respectively. In conjunction with the specific gravity the
porosities of these two pellets when dried are;

1.57/3.2 = 49% 1.67/3.2 = 52%

Tae only anomaly left in the manufacturer's data is the claim of

22 to 25% static adsorption of moisture in air of 60% RH. Even with soaking

in water only 14% water was adsorbable. However, in an Alcoa product data
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bulletin, ("Activated and Catalytic Aluminas", Feb. 1, 1963, Section GB24,

Figure 2, page 8), it is shown that after about six months operation the
adsorptive capacity of this material drops to 13 or 14%. The samples used
in this work were stored for six months before work was started, and so it
is possible that the low moisture contents are to be expected.

The dry pellets were assumed to have a 50% porosity in the pulse
apparatus determinations and the porosity of the yet pellets was taken as
31% corresponding to & 12% wet pellet. The l/ﬁa and 1/8" pellets were

assumed to have the same properties.

POROSITY OF PACKED BEDS

Two general methods were used to ébtain the porosity of the nog
porous pellet beds
A.) If the density of the pellet packing was known, the bed was weighed
vefore and after filling and the pellet density used to convert the packing
weight to a packing volume. The overall volume of the wessel was calculated

from the internal dimensions of the bed.

Example 3

Run 50: 5 cm, diameter by 111.8 cm. length bed packed with No. 9

lead shot having a density of 10.808 gm/ml.

Weight of column + bungs + screens = 1051 grams
" u " " + packing = 35,5 lb.
= 161028 grams
Weight of packing = 15,051 grams
Volume of packing 15,051/10.808 = 1392 ml.
Volume of bed T(5.0)2 111.8 = 2195 ml.
: N
Bed Porosity = 2195 - 1392 = 3%6.6%

2195
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B.) The alternate method of porosity measurement was to weigh the bed,

(a) empty, (b) packed, (c) packed and fillea with water, (d) unpacked and
filled with water. If the density of water is taken as unity the bed
porosity is given by (c-b)/(d-a).
Example

Run 5h: l/y" polyethylene tube packed with 2.975 mm glass beeds.
Column length 184.5 cm and diameter'o.hl5 cm.

Weight of tube
1n

b n

43,0 grams

+ packing = 72,0 grams
" " " " + water = 89.0 grams
# " " 4+ water = 70,0 grams
Porosity of bed = (89.0 - 72.0)/(70.0 - 43,0) = 63%

The porosities of the bLeds of porous pellets are treated
individually depending on the reliability of the available menufacturer's
data.

Norton Catalyst Support 1/2" diameter SA 203 Mixture, RUN 60

The moisture content of these pellets was found to be negligible
ané so the manufacturer's pellet density was acceptgd as a value of 2.05 grams/
ml. With the weight of pellets in the bed measured, the porosity of the
bed (not including péllet pores) was calculated by method A) above.

Activated Alumina Pellets Alcoa H151 1/L4" diameter, RUNS 56,57,58,59,6L1,62

The bed used for these runs was & single pellet diameter and the
porosity vwas measured as follows. The average diameter was used to calculate
the mean pellet volume and then the number of pellets in & measured length
of tube was measured. The volume of the pellets is thus known and the volume
of the bed over the measured length can be calculated from the internal

diameter of the vessel.
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Example

Forty-four pecllets in line occupy 25.0 cm. making a mean pellet
diameter of 0.568 cm. (Note the pellets were graded so that a small pellet
vas not adjacent to a large pellet, which would introduce an error into the
result., ) |

In the paeked bed 18 pellete occupled 10 em. The volume of the
pellets is thus 18 1(0.568)3/6 = 1.727 mls. and the volume of the vessel
is given by 10T (0.66)23/k = 3,42 nmls.

The bed porosity is (3.42 - l;727)/5.h2 = 49.7%

Activated Alumina Pellets, Alcoa H 151 1/8" Diameter, RUN 73

The above method could not be applied to a bed of several particle
diameters thick. The moisture content of the pellets was determined to be
12%, and weighing the bed before and after filling showed that 467 grams

of the wet pellets packed the bed. Thus the weight of dry pellets was
4&11 grams and since the density of the dry pellets was given as 3.1 to

3.3 gm/cm. by the manufacturer, the volume of solid can be calculated to
ve 129 ml. The 119.4 cm. long by 2.175 cm. diameter bed contains a volume
of 441l ml. and so the porosity of the bed can’be evaluated by method A

if the dry pellets are assumed to be 50% porous.

The porosity is thus (44l - 129/0.5)/4kl = L1%

As a corollary to the above calculation, the porosity of the
dry activated alumina pellets is unlikely to be 65% as claimed in the
supplier's literature. The assumption of a 65% pellet porosity yields
impossible bed porosities, for example, a value of 54% is oﬁtained and a
54% bed porosity is éxtremely unlikely in a random packed bed of uniform

spheres.
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Estimation of the Molecular Diffusivity ol the Methane Air System Ref (32

Mol Wt. o 7 Te Pc Vc
(]
Atr 28.97 3,617 A 97.0 132 36,4 86.6
Me“thane 16,04 3,802 137.0 190.7 45,8 99.7
13
hs = 3.TL95 A
€z = Af97Tx 137 = 115.4%
- K
At 298°K KT_ = 298 = 2.54
€15 115.h
From Table B.2 X = 0.9%90

1}

Da3

ot [E ) ()

1 (3.7195)2 .990

0.212 cmz/sec

il
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APPENDIX IV

ADSORPTION OF GASES BY ACTIVATED ALUMINA PELLETS

THEORY AND APPARATUS

This experiment was carried out in order to obtain the degree.of
methane adsorption in dry alumina pellets, adsorption is known to
influence the effective diffusivity in a porous pellet (2). The following
two assumptions were made,
the adsorption isotherm is linear, i.e. moles adsorbed/gm. solid = W(partial

‘press.)
and the presence of other gases does not affect the adsorption isotherm.

The apparatus is shown in Figure A IV.1l. The test chamber BC
could be evacuated while the burette zone AB was purged with the test gas.
The stop cock A.was then turned to shut off the purge gas and open the
mercury tube to the burette. The amount of gas used in the test could be
ad justed by regulating the burette zone vent at B and adjusting the manometer
level.

The vacuum in the test chamber could be shut off at C, and the
burette and test chamber connected at B. Thus by knowing the volume of
the test chamber and the tube connecting to the burette zero, a series of
measurements of the volume and pressure of trapped gas could be made by
altering the manometer position. A series of burette readings (volume) and
manometer readings (pressure) were taken at corresponding points as well as
the atmospheric pressure. The volume of sample solids was also obtained.

Total gas in the system = PgoVg Moles
RT

A material balance of the trapped gas yields,

Polg = BV +WPP.Q
RT RT



- 193 -

VACUUM
. — " CONNECTION
" TEST N
CHAMBER i METER
" RULE
VENT — :
BURETTE — || |-
12 41 MERCURY
1%} RESERVOIR
TEST .
GAS -

Figure A VI.1

Adsorption Measurement Appardtus
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or V= ngg - WRT O,Q
Where Qp is the pellet density, and Q the volume of pellets.,

Hence a plot of volume V against 1 should yield a straight line
P

having an intercept WRT PPQ which is the volume of gas adsorbed. If the
overall volume of the pellets (including pores) is known then the volume of

adsorbed gas per unit volume of pellets is easily obtained.

RESULTS

Table A IV.I shows the manometer and burette readings along with
data in terms of volume and inverse pressure for the methane, hydrogen and
nitrogen. Two sets of data are recorded for methane, one assumed atmospheric
pressure and the other at about 1/2 etmospheres in order to try and approach
the concentration in the pulse apparatus. These points are plotted in
Figure A IV.2,

Pollowing are the characteristics of the apparatus which had to
be known to prepare Table A IV, 1,

Volume from zero of burette to stop cockk B = 6.7 ml.

Volume of empty test chamber = 25,29 ml,

Pellets ALCOA H 151 activated alumina spheres 1/4" diameter.

Weight of dry pellets in sample 7.68 grams

Volume of solid excluding pores

7.65/3.2 = 2,4 ml,
Overall volume of pellet (50% porosity) = 4.8 ml.
The overall volume of the pellets was also computed from the dimensions

of the pellets and the same result was obtained.

Hence volume to be added to the burette reading = 25.29 + 6.7 - 2.4

29.59 ml.

Volume of gas = 29,59 + Burette reading

Pressure in chamber = Atmospheric X manometer pressure.difference
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RESULTS AND CONCLUSIONS

The intercept of the hydrogen data is of the order of the accuracy
of the experiment, and so it may be concluded that the hydrogen intercept
represents zero adsorption. The intercepts were computed by the least
squares technique and methane showed 5.22 ml. adsorbed at a half atmosphere
and 5.387 ml ' at one atmosphere. Since the hydrogen intercept of + 0.316
is taken as zero this must be added to the methane result giving 5.22 + .31 =
5.53 ml. in 4.8 ml. of pellet at a half atmosphere and 6.60 ml. in 4.8 ml.
pellet at one atmosphere,

Hence the methane adsorbed per unit volume of pellet material is
1.15 ml. at & half atmosphere and 1.375 ml./ml. pellet at one atmosphere,
The results for nitrogen are not particularly of interegt‘but it can be
seen from Figure A IV.2 that nitrogen adsorption is slightly higher than
that of hydrogen as may be expected. A least squares computation for the

nitrogen data was not carried out.
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TABLE A TV.1

RESULTS FOR ADSORPTION APPARATUS

METHANE Low Pressure HYDROGEN
Atm. Pressure 759.0 mm Hg 765.2 mn Hg
Room Temp. 22°C 22°C
Burette Men. Press. 1 1 Vol. Burette Man. Press. l/P_l Vol.
mls. cm. mm Hg atm.” mls. mls, cm., mm Hg atm mls.,
0 -1.5 Thh 1.02 29.59 41,3 -14.0 62.5 1.215 70.85
2.3 - 6.2 69.7 1.09 31.89 43,0 -15.4 61.1 1.242 72.59
h,2 - 8.2 67.7 1.12 33.79 36.7 - 9.7 66.8 1.138 66.29
6.5 -12.8 63.1 1.20 36,09 30.7 - 3.2 73.3 1.038 60.29 !
i =
11.9 -19.7 56.2 1.3%5 4 .k9 25.3% + 4.3 80.8 L9LkO 59.89 3
19.1 -26.8 49,1 1.55 48.69 23,9 + 6.4 82.9 917 53%.69
25.4 -31.,8 Lh,1 1,72 54 .99 21.6 +10.7 87.2 872 51.19
29.4 -35,0 40,9 1.85 58.99 28.4 0 76.5 .99k 57.99
34,01 -37.5 38.,4L 1,98 63,60
49,0 -L5 30,9 2.h5 78.59
Z 1° = 25517 Z 12 - 8.86118
P P
L = 15.33 1 = 8.356
)N >
TV = Lk7.m sV = 487.62
O ¥ = 1997635 >Y - sur.esseh

Intercept= -5.2208 mls. Intercept= 0.3167 mls.



TABLE A IV.1 (Continued)

NITROGEN METHAWE High Pressure
Atm, Pressure 765.2 nm Hg T49.5
Room Temp. 22°C 22.5°C
Man. Press., 1/P Vol. Man. Press. 1/P Vol.
Burette cm. mm Hg atm,”* mls. Burette CIL. mm Hg. atm,”* mls.
mls, mls,
42,3 -17.0 59.5 1.279 71.89 31.0 -10.6 64,3 1.185 60.6
39.0 -14,0 62.5 1.215 68.59 3343 -12.7 62,2 1.225 62.9
35.2 -10.5 66.0 1.152 64,79 37.55 -16.4 58.5 1.3%0 67.2
31.0 - 6.1 70.4 1.08 60.59 40.8 -18.9 56.0 1.55k 70.k
25.95 0 76.5 . 9%k 55.54 26.8 - 6.5 68.k 1.11 56.4 .L
\Neo]
23.L 3.3 T79.8 .95% 52,99 23,3 - 2.3 72.6 1.0L5 52.9 %
20.6 + 7.7 84,2 .901 50,19 21,2 0 4.9 1.018 50.8
19.0 + 3.3 78.2 0.965 48,6
1 = 10,7198L
P2
Zl‘ = 9.202
P
Zy_ = 5486.0431
P
ZV = 1169.8
n = 8

Infercept = -6.%87 noles
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APPENDIX V. sage-198

FORTRAN SUURCE LIST GAaA
SOURCE STATEMENT

Pi=3.14159
READ 1,0BoELIELEHE
FORMAT {4F10.5)

IF(DB) 70,7045
READ29S+QePsToTB,0044
FORMAT(F10.845F10.5 ¢12}

LF(S164649

QuQeTB/Y
CALL SxIP TO (1)

=0

{FlJ=62)101,102,103

PRINYS]

FORMAT(20H HYDROGEN=-NITROGEN 7

GOTO010%

PRINTS2

FORMAT( 20H NITRUGEN-ETHANE /)

GOTO10%

PRINT63

FORMAT( 20H NITROGEN-BUTANE /)

PRINTIsDBsQ+EL s ToELESP

FORMAT{9X,3HBED DATAs50X,8HRUN DATA//

1181 BED DIAMETER CMS +F10.5,20X,18HFLOW RATE CC/SEC= +F10.5/
218H BED LENGTH CHS «F10.5,20X¢18HRUOM TEMPERATURE® oFlO.e/
3184 END ZONE HKEIGHT 9Fl0.5¢20X9s LBHATM,PRESSURE MM HG +Fl0. 1)

PRINT31,E,T8

FORMAT {94 POROSITY 2oF10.5,20%, 18HBED TFMPERATURE K» 4F10.64/7/)

CALLABCO(S)

A=1.56/€EL

D=S/A0e2

Hu=4,0Q0/(DeEoPeDBee2)

EKsELE/E

DEL=M-EKeAC02-AeSIN{AOEL)/COS(ACEL)

I=fel

IF{ABS (DEL )=+ 00001) 51450450

ODEL =2, oEK#A=ASEL/(COS(ACEL) Je@2-SIN(A®EL)/CUSIACEL)

A=A-DEL /DDEL

IF(1=20) T1,71.51

GOTo20

D=De760./P

AMDA=DO/D

DEF=DeE

PRINTS2,De AMDA(DEF D094,

FORMAT (10X 1SHDIFFUSIVITYs  (F16.8710X, THLAMOA = ,FL6.8/10K,25HEF
LFECTIVE DIFFUSIVITYs 1F16.8710X¢23HPUBLISHED DIFFUSIVITYs oFlé6.
28/10X s 6HALPHA®  (F16e8+20X 201 NUMBER |TERATIONS= o122

GOT0s

STOP

END

ND MESSAGES FOR ABOVE ASSEMHLY
TINE L1THRS OOMIN 06.0SEC

\

06/29/65
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55
57
60

62

63

50
26

25

41
27

40

16

37

GRTRAN SQURCE LIST JAAa
SOURCE STATEMENT

SUBROUTINE ABLDIB)
OIMENSION Y(100)
DIMENSION T¢(100)
LY=0,0
N=l
PRINTS50
FORMAT20Xs30H TIME SEC. PEAK HFIGHTS }
CONTINUE
READ25, TIN)YIN)
FCRMATIF1041,F10.2)
TIF(TINIY  4D¢ 40,41
PRINT27,TIN)4YIN)
FORMAT (20XsF10.1+F10e2 )
SY=SYeY(N}
NaN+l
GOT026
NUsn-1
0Q71T=1,10
SEBTE0,0
STEBT=0.0
SYEBT=0.0
SYTEBT=0.0
STE2BT=0.0
SE287=0.0
ST2E8T1s0.0
ST2E26=0.0
SYT2EB =0.0
D012N=1 ,NU
EBTSEXP(=BeT(N))
€2BTOEXP{~BeT(N)e2,)
SEBTSLBTeERT
SYVEBTaSYTEBTeY(NIOT(N) eEBT
SYEBT=SYEBT#Y(N)o€QT
STERT=STEBT+T(N)oEBT
SYTLEB =SYT2EQ +YIN)oT(IN}ee2ekaT
ST2E28 sSTZEZB +T{IN)eoDeE28T
ST?EBY =STCERT +T(N)we2eERT
STE2BY »STE2BT+TIN)eE2BT
SE28T= SE2BT +E26T
CONTINUE
ENSNU
ERORa  ~SYEBTSTEBTESEUT/ENSSYEBTOSTELOToSTLBTeSYOLE2BT/EN-SYTFUT
1SE28T =SY®SEBT#STE2BT/EN ¢SYTEBTeSEBT02/EN
DEROR ® SYERT#(STERTee2 +SEBTeST2EBTI/EN ¢STEBTeSEnTeSYTELT/EN
1=2,#SYFBTeST2L2D ~STE2BY®SYTEAT=(2,eS5YeSTLBTaSTE2pTeSYe SE2HTEST2E
26T)/EN #2.9SYTEETeSTE2uT #SE26TeSYT2E8 2. eSYeSFaTeST2E28/7LN ¢
ISYeSTE2BTeSTERT/EN =2.#SYTEBTSEBTHSTEAT /EN-SEUTancesYT2E6/EN
Bsd-ERUR/DERDR
As (STEBTeSY/LN~SYTEBTI/(STEBTESEBT/EN-STELLT)
Ca(SY=-A®SERT)/EN
PRINT3744,8,C
FORMAT (/760K CONSTANTS FOR LEAST SAVARES FIT OF DATA [N Y=(C» AetXs
1{=87) /20Xy 3HA #oFL6eS /20Xy 3HB = sF16.8/20Xs3HC =,Floe8 72/
250H SUMMATIONS FROM LEAST SQUARES CALCULATIGN )
PRINT 13,SEBT,SYEBT, SYySTEBT,STE20T,SE20TST2E0T,ST2E2 &

04/729/06>
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8 DAVIS FORTRAN SUURCE LIST JAAA 04729765
ISN SOURCE STATEMENT

ISYT2EB +SYTEBT

64 13 FORMAT{YI6X g THSEHT = 4E12.5/16X, THSYEBY = 21F12.5/716X, THSY =y
1E12.5/716X, THSTEBT = 1EL12.5/16X ) THSTE28T= ,E12.5/16K,THSE?28T =
2E12.5¢ /716Xy THST2EBT2 (E1245/716X o THST2E20% ¢EL1245/16Xo THSYTEDS,
3E1245 716X+ THSYTEBT=  4E12.5 )

65 6 RETURN

66 END

NO MESSAGES FOR ABOVE ASSEMBLY
TENE LTHRS OOMIN 39.3SEC



PARALLEL TUBE BED =201-

HYDROGEN-NITROGEN

BEL DATA
BED OPAMETER CMS 5.03000
HED LENGTH CMS 10.05000
ENU 20Nk HEDGHT 0.27000

PORUSITY 0.52000

Timk SEC.
20040 2925.00
30040 2050.00
4C0.0 1400.00
900.0 1000.0C
600.0 700.00
700.0 440.00

PEAK HEIGHTS

RUN Darla

FLOW RATE CC/SEC= 0.51029
RUUGM TEMPERATURE = 295,5C00
ATM.PRESSURE MM Hi; 757.6

BED TEMPERATURE K= 309.0000

REJBCTED POINTS
100 4050

CCNSTANTS FOR LEAST SAUARES FIT UF DATA IN Y=-C= ACEXP{=BT)

= 6035%.51483
b 0.00366182
L 13.98370361

[z E~2 3

SUMMATEONS FROM LEAST SQUARES CALCULATION

SEBT = N.14035E 0l
SYLUT = N.27037E 04
Sy = 0.,85550E 04
STEBT s N,49346t 03
STE28T= 0,12702¢ 93
SE28F s L.44471€~00
STCEDT® 0.,20602t 06
ST2E2Rs 1,42225€ 05
SYTZEB= .25773F 09
SYTERTs N, 773530 06

DIFFUSIViTYs 0.5%121716

LAMDA = 1.48761696

EFFECTIVE OIFFUSIVITY= 0.28663293
PUBLISIMED OIFFUSIVETYS 04 H2000000

ALPHAS VelrBl22977

NUMBER I TFRATIUNS® 2]
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HXDRUGEN~NITROGEN
BED DATA RUY DATA
HED GRAMETER CMS  9.33000 FLOW RATE CC/SECe  0.54370
BE0 LENGTH CMS 10,5000 ROOM TEMPERATURES  295,5000
END 20HE HEIGHT 0427000 ATM,PRESSURE MM HG 75706
PORLSITY  0.92C00 4ED TEMPERATURe K=  309,0000
Tire skc. PEAK HFIGHTS

300.0 360.00 BEIECTED

40049 24%9.00 200.

500.0 167.50 9.

60040 115.00

700.0 A2.00

8C0.0 65.00

1010.0 36.50

11600 30.00

1200.0 24.50

130040 20.70

1400.0 18.20

15000 16450

CONSTANTS FOR LEAST SAUARES FIT OF DATA [N Y=Cs AeENP(=BT)

(2N

SUMMAT DONS FRUM LEAST
SEUT =
SYEBT =
Sy -
STLBY =
STE28T=
SE2BT =
ST2€B1a
5TZ2e 2=
SYT2Eu=
SYTEB{=
OIFFUSIVITYs
LAMDA =

ALPHAs

1164,03903
0.00406258
15.53300405

SQUARES CALCULATION
C.85436E 00
0.19530¢ 03
0.118C9E 04
Co4l0408 03
0.59025¢ 02
D.1%648E=00
0.23771F 06
G.264338E 05
0.32040t 08
0.72092F 05
V. 714061010

leid747888
EFFECTIVE DIFFUSIVITYS
PUBLISHED DIHFUSIVITYS
0.07522820

037159725
0+82000000

NUMBER [TERATIUNS= 21
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HYDRUGEN=-NITRUGEN

BED 0ATA RUN DATA
BEC OPAMETER CmS 5.03000 FLOW RATE CC/SEC» 0.56244
BED LENGTH CMS 10.05000 RUOM TEMPLRATURE= 295.06G060
END IONE HEIGHT 0.270C0 ATM.PRFSLURE MM 1o Teven
PORUSEITY 0452000 BED TEMPERATURE K= 309.0000

Tire SEC. PEAK HEIGHTS BEJECTEL POINTS
150.9 655.00
<0040 530.00
250.0 430.00

300.0 350.00
400.9 227.50
700.0 80.00 450, 173
800.0 LY PYVT) 300 150.
900.0 43.00 600. 104.
1000.0 33.00
1100.0 26.09
1200.0 21.%0
130040 18.50

CONSTANTS FUR LEAST SAULRES FIT GF DATA IN Y=Cs A®EXP(=HT)

A s 1222.%04175
B = N.00434213
C= 15.919591L1v

SUPKATIONS FRUM LCAST SQUARES CALCULATION
SEBT = 0.18%50E 01
SYEUT = Codblh2€ 03
SY s 0.24725E 04
STEBT = (.50833C 03
STE2BT= 0.142]10E 03
St2aV & 0.67076E 00
ST2FBT= (.19846F V6
3T2k20s 0.342408 05
SYT2€6= L.45327c 08
SYTrUBT= Q.18236t 06

DIFFUSEVITYa 0.,872637139

LAMDA = 0e939630114

EFFECTIVE OIFrusSIviTYa N0,45377165

PUBLISHED DIFFUSIVRTYS 0. H2000000

ALPHAS C.07060957 NUMBER JTERATIUNS= 2}



HYDRUGEN=NITRUGEN

204~

BED DATA RUY DATA
dEDC DRAMETER Chd 5003000 FLOW RATE CC/SEC= 28071
HBD LENGTH CMS 10.05000 RUCM TEMPERATURES= 219.0GUD
END ZCNE HEIGHT 0427000 ATMLPRLSSURE MM HG 159%.4
PURQSETY 0452000 wEN TEVPFRATURE K= 307,0000
TIME SEC,. PLAK Y IGHTS REJECTEL »vINTS

1CUe 33.50 50. b<l}

15040 10.50

200.0 1¢.00

250.0 1.50

36040 9.00

35040 3.50

4CG.0 .00

CUNSTANTS rUnR LEAST SAUARES rIT LF DATA [y Y=C= AsEXP(~-8T)

(a3 -4

SUMMATIONS FROM LEAST

SEBT =

SYERT =

SY =

STEBY =

STe28(s

SE2HT =

ST2EBTs

ST2€20d=

SYT2EBa

SYTEBTs

DIFFUSIVITYs
LAMDA =

ALPHA=

100.16878
N.N1154304
189351013

SQUARe S CALCULATION
Ce 706206k 0O
Gel%8720L 02
0.64000C C2
Oelllault 03
0.17835E 02
01651 0L=00
Ce2lavét O
0es243N5L D4
0.283%2E 06
0e19974F 04
0477602991

105660029
EFFECTIVL OIPFUSIVIT (=
PUBLISHED DIFFUSIVETYs
0.12234501

0440353996
Ve B2000GUO
NUMBER JTFRATIUNS® 1d
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NFTROGEN-ETHANE
BED DATA RUN LATA
BEL DDAMETER CMS 5.03GC00 FLOw {ATE CC/sECs QakB497
BED LENGTH CMS 40.0%000 ROO% TEMPERATURE= 295,000
END 2ONE ME MUHT 0427000 ATM,PRESSURE MM HG 749.8
PORUSHTY 092000 HED TEMPERATURE k= 309,0000
Tire SEC. PEAK HEIGHTS
300.0 «70.00
900.0 ild. 00
100490 217.00
200.7 152.00
105040 Lle.u9
1200.0 90,04
1350.0 72.50
1500.0 57.00C
1650.0 45.50
1800.0 37.00
1950.0 31.00
210049 26.00
230040 215G

CCNSTANTS FOR LEAST SAUARES FIT ut DATA IN Y=(= AeZXP{~-HT)

A =
B =
¢

SUMMATIONS FRUM LFAST

SEBT =

SYEQT =

sy -

STEaT =

STEZ2RT=

SEZHT =

$T2e8T~

sTec26s

SYT2kbe>

SYTEnT-

DIFFUSLIVITYs
LAMDA =

ALPHA=

R2?7,RA16N
7400177940
16453912410

SQUARES CALCULATION
Cele90r Ul
Jab8/71L 03
0.10935¢ 04
Del2177t 04
Je26991lE 03
Ve 35PLSE 0O
0.128424 07
Je 164437 Q6
0s1%489L 09
La23872L 06
Oel13504177

1.11372641
EFFECTIVE OltFuSIvIiY=
PUBLISIHED DIFFUSIVETY=
Ve 42423252

0.07054372
041%100000
NUMHER [ TERATIONS® L4
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NETRUGEN-ETHANE

«206-

BED DATA RUN DATA
oED CYAMETER CMS 2403000 FLCW RATE (CC/SEC=2 lebb120
BBD LENGTH CMS 1N.04000 ROOM TEMPERATUKRES 295.00u0
ENU 20NE HEIGHT 0e27000 ATM PRESSURE MM 5 755. 4
PORUSITY 0.52000 BEDQ TEMPERATURE Kz 309,0000

TiME SEC. PEAK HEIGHTS

2G040 230,00

400,0 130.00

6C0sN 716.0C

100.0 5%9.00

800N 46,001
1000, ) 28.00
1200.0 19.00 B

CONSTANTS FOR LcAST SAUARES FIT OF DATA IN Y=C= AeFXP(=8T)

O >
LN}

SUFMMAT EONS #KON LrAST

StpT =

SYEBT =

SY =

STEBT =

STE2RT=

SL287 =

ST2€uT=

ST2t 24+

SYT2En=

SYTEaTs

OIFFUSIVIfYa
LAMDA =

ALPHAS

400.h7521
1.002945%
141580498

SOUARES CALCULAYION
O«133549¢+ 01
Oel 4 ’c 03
C.548)08 03
Ga588d6c U3
013972t 03
0446742+=00
0639034E 0O
GeHH6LTE DS
G.24912¢ 08
0.60145F 05
014782405

102148467
EFFECIIVE DIFFUSIVITY=
PUBLISHED DIFFUSIVLITY=
0.14160762

0.07646850
Ve 15100000
NUMBER I TERATIONSs 12
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NETROGEN=E THANE

BED DATA
BEC DIAMETER (MS 5.03900
HED LENGTH CHMS 10.05000
END ZONE HEIGHT 0.27000

PORDSETY 0.52¢90

Tiht SkCe
2000
300.0
40040
50040
600.0
700.,0

RUN DATA

FLOW RATE CC/SECs 2026609

RUQGY TEMPERATURL= 296.5000

ATM,PRESSURE MM MG 755. 3
BED TEMPERATURE K= 309,0000

PEAK HEIGHTS

150.00
111.02

84,00
62.50
46450
35.50

CONSTANTS FUR LEAST SAUARES FIT OF DATA IN Y~C= AEXP(=-BT)

[ X-28 3

3 268437303
& 0.00¢99714
=- 24444404060

SUMMATRONS FRUM LEAST SQUARES CALCULATION

SERT = U.17693E
SYEBT = 0.17689¢
SY 3 C.4B8950¢

ol
03
03

STERT = Co64748F (3

STEZ2BT= 0.19830L
SELBY = (.650644L
ST2EBT= 0.28243E
ST2E2d= 0U4T1241E
SYT2eu= Cl.19810¢
SYTEBTs (e54807E

03
00
06
0s
14
a5

DIFFUSIVITY= Ne 13953746

LAMDA = 1.0821311%
EFFECTIVE LIFFUSIVITY=
PUBLISKFED DIFFUSIVITYa
ALPHAS 0014701164

0.G7256052
0.15102000
NUMBER TTERATIUNS= 11



NETROGEN=-E THANE

«208-

BED UATA RUN DATA
BED CPAMETER CMS 5.03000 FLOw ATE CC/%€Cs 24941336
HED LENGTH CMS 10.05000 ROUM TEMPERATURES 295.0000
END ZONE HEISHT G.27CC0 ATM,PRESSURE MM K, 75246

PORLSETY 0.52000

BED TEMPrRATURE XK=  30%9,0000

Vire SEC. PEAK HFIGHTS
200.D 124.00
300.6 48.00
4C0.0 65.00
500.0 47450
000.0 35.50
00,0 2T.00
3C0.0 T 2150
900.0 17.50
Y100.9 12.00

CONSTANTS FOR LEAST SAUARES FIT OF DATA IN Y=Cx AsEXP({=gT)

o >

SUPFATEUNS FROM LEAST
SEBT =
SYEHT =
Sy 2
STELTY =
STe2ATls
SEZBT =
ST2€BT=
ST2E?8=
SYT2cn=
SYTEHT=
DIFFUSIVITYs
LAMUA =

236, H4b94
0.00356950
T.61526965

SQUARES CALCULATION
0.15573¢F 01
0.12301L 03
0.43400€ 03
0.612%6¢ 03
0s13794E 03
0.46845€-00
0630660t 06
0.48537€ 095
013858 0B
(e37354L 05
0410494461

N,91545884

EFFECTIVE OIFFUSIVITY= 0.08577120
PUBLISHEU OIFFLSIVETY= 0.15100000

ALPHA® 0.14782880

NUMBER ITERATIUNS= Ly



NEVRUGEN-ETHANE

-209-

BED DATA RUN DATA
BED CPAMETER CM) $.03000 FLOw RATE CC/S5ECE EPVRA P
vEC LENGTH CMS 1N0.05000 ROUM TIMPERATURES® 295.0000
END 20nNE HEEIGHT J«27000 ATMLPRESSURE MM H(G 1960
PORQSETY 0452000 BED TEMPERATURE K= 309,0U000
Time SeCo PEAY HEIGHTS
20040 115.00
300.0 49,00 100 165
4C0.0 67.00
5000 52.00
600,N 42,00
760,10 34.00
80040 29.00
9C0.1 25,00
1000.) 22.50
11004) 20450
CONSTANTS FOR LEASY SAUARES FIT UF DATA [ Y~C= ASEXP(=pT)
A a 174.,3718}
B 3 CeU032875%4
Cs 1499706340

SUMMATJIONS FROM LEASY
SEBT =
SYeol =
SY .
STERT =
STE287=
SE2BT =
ST2EBTs
ST2k2b=
SY12Ed=
SYTEBT=
DIFFUSIVITYs
LAMLA =

ALPHA=

SQUARES CALCULATION
Gel7892E 0L
0. 134448 03
0.49600L 03
0.74435E 03
0.17032F 03
059637 00
0.40273€ 06
0.63179E 05
0.18428t 08
0.44269: 0%
014867555

1.01%63447
tFFECTIVE OIFFUSIVITYS
PUBLISHED DIFFUSIVITY=
0414886776

0.07731129
Oe 15100000
NUMBER I TERATIUNS= JO



NFTRUGEN=ETHANE

3tD DATA'

-210-

RUN DATA
SEU DFAMETER CMS 5.03G00 FLUX RATE CC/SECE  4.55046
3CD LENGTH (MS 10.05000 RUOM TEMPLRATURE=S 29,0000
END ZUNE HEIGHT 0s27000 ATM.PRLSSURF #M WG 79546
PORCSITY 0452000 3ED TEMPERATURE K=  309,0000
TIMe SEC. PEAK HEIGHTS
200.0 78.00 10 . 118
00,0 52.00
408.0 39.00
50040 26.00
600.0 20.5¢C
100.0 15.590
300.0 12.6¢C

CUNSTANTS FOR LEAST SAUARES FIT UF DATA IN Y~C= AeEXP(=H8T)

OXFE P

SUMMAT EONS FRUM LEAST

SEBTY =

SYtsT =

sY =

STets¥V =

STE28T=

SE2uT =

ST2fk8T=

ST2E2R=

SYT284=

SYTEQT =

DIFFUSIVITY=
LAMDA =

ALPHA2

148499557
0.00399944
5.92013363

SCUARLS CLALCULATION
0.12803¢ 01
C.69674F 02
C.24900F 03
CedR306t 03
GelOLI95E O3
0e36539E-00
G.19981¢ 06
Ce33193F 05
0.64644E 07
O.18923c 05
0.17814471

Ne34T762549
EFFECTIVE DIFFUSIVITY=
PUBLISHED DIFFUSIVITY=
0e15027161

0.09263525
G.15100000
NUMBER [TLRATIUNS: 9



NITROGEN-BUTANE
BEO DATA

BED DIAMETER CMS 5.03000
BED LENGTN CNS 10.05000
END IONE HEIGHT 0.27000

POROSITY 0.52000

=211~

RUN CATA

FLOW RATE CC/SeCs= O.4bl6l
RUOM TEMPERATURE= 216. 0060
ATHM,PRESSURE MM HO 161.0G

BED TEMPERAYURE K= 309.0000

TIME SEC. PEAK HEIGHTS

300.0 510.00
400,0 440,00
500.0 380.00
600.0 325.00
700,0 265.00
800.0 250400
900.0 215.00
1000.0 190.00
1200.0 142,00
1400.0 108.00

1600.0 82.00
1800.0 61.00
2000.0 45,00
2200.,0 34.00
2400.0 26.00
2600,0 19.00

CONSTANTS FOR LEAST SAUARES FIT OF DATA IN Y=Cs AeEXP(-BT)

Ae
B wu
C =

SUMMATIONS FROM LEAST
SEBT =
y SYEBY ©
SY o
STEBT a
$TE2BT=
SE2BT =
ST2eBTa
ST2E28=
SYT2EB=
SYTEQTs
DIFFUSIVITYs
LAHDA =

776.69521
0.00143133
1.50567818

SQUARES CALCULATION
0.39757¢ Ol
0.12508E 0e
0.31120E 04
0.29702E 04
0.88801E 03
0.16027€ 01
0.30831€ 07
0.62188E 06
0.48802E 09
0.694195 06
0,08172526

lel6243123

EFFECTIVE DIFFUSIVITYs 004249716
PUBLISHED DIFFUSIVITY= 0.09500000
ALPHA= 0.13225333

e g e e e mamrr e = 2% mim s e e s s

NUMBER ITERATIONS= 15




«212-

NITROGEN-BUTVANE

BED DATA
BED DIAMETER CNS 5.03000
BED LENGTH CMS 10.05000
END ZONE HEIGHT 0.27000

POROSITY 0.52000

TIME SEC.

300.0
400.0
500.0
600.0
700.0
800.0
900.0
1000.0
1100.0
1200.0
1400.0
160040
1800.0

2
2
2
1
1
1
1

RUN CATA

FLOW RATE CC/SEC= 0.90299

ROOM TEMPERATURES= 296.C000

ATM.PRESSURE MM G 161.0
BED TEMPERATURE K= 309.0000

PEAK HEIGHTS
85.00
40.00
05.00
74.00
48.00
26.00
04.00
90.00
76.00
63.00
©6.00
33.00
23,00

CONSTANTS FOR LEAST SAUARES FIT OF DATA I[N Y=C= A®EXP(-8T)

om»

SUMMATIONS FROM LEAST
SEBT =
SYEBY =
Sy L]
STEBT =
STEZ28T=
SEZBT =
ST2€8T=
ST2E2Bw
SYT2EB=
SYTEBT=
DIFFUSIVITYs
LAMDE =

466099112 _

0.00163191
~1.74857622

SQUARES CALCULATION
0.35027€ 01

0.60839¢
0.16130¢
0.23890¢
0.70196E
0.13159¢
0.20596€
0.46022E
0.21130F
0.32363k

03
04
04
03
(12
07
1}
09
06

0.07939063

1l.19661468

EFFECTIVE DIFFUSIVITYs
PUBLISHED DIFFUSIVITYs
ALPHA= 0414327731

0.04128313
0.09500000
NUMBER ITERATIUNS= 12



«213-

N} VROGEN=BUTANE

BED 0ATA
BED DJAMETER CMS 5.03000
BED LENGTH CNS 10.050C0
END IONE HEEIGHT 0.27000

POROSITY 0.52000

TIME SEC. PEAK HEIGHTS

300.0 138.00
400.0 110.00

500.0 92.00
600.0 76.00
700.0 61.00
800.0 51.00
900.0 42.00
1000.0 34.00
1150.0 25.00

RUN DATA

FLOW RATE CLC/SECs 2.0640608
ROOM TEMPERATURE= 296.0000
ATM.PRESSURE MM HG 76l1.0

BED TEMPERATURE K= 309.0000

CONSTANTS FOR LEAST SAUARES FIT UF DATA [N Y=~C= AeEXxP{-BT)

hd 2649.21826
= 0.00202606
- 1.23396216

(o X3

SUNMATIONS FROM LEAST SQUARES CALCULATION
SEBYT = 0.24793t 01
SYEBT = 0.21855€ 03
Sy = 0.62900€ 03
STEBT = 0.14174E 04
STE28Te 0.41079t 03
SE2BT = 0.86468E 00
ST2tBT* 0.956420E 06
ST2€28= 0.2277)E 06
SYY2EB= 0.57938F 08
SYTEBT= 0.10412t 06

N

DIFFUSIVITY= 0,09057913

LAMDA = 1.01568647

EFFECTIVE DIFFUSIVITY= 0.04710115

PUBLISHED DIFFUSIVI[Y= 0.09200000

ALPHA® 0.14946068 NUMBER ITERATIONS= 10

END=~OF~DATA ENCOUNTERED UN SYSTEM INPUT FILE.

TIME 17HRS OLMIN 25.35EC




=214-

~2OBOUS _SOLIR BED -
HYORUGEN=N) TROGES
BED DATA RUN DATA
6E0 DPAMETER CMS 2.61060 FLOW RATE CC/SEC=  0.56238
BED LENGTH CMS 7.00000 RUOM TEMPERATURE=  296.0000
END ZONE HELGHT 0427000 ATM.PRESSURE MM HG 765.1
POROSHTY  0.59C00 BED TEMPERATURE K= 306.0000
TIME SEC. PEAK HFIGHTS

150.0 7712300 7 T

20040 61.00

250.0 34.00

300.0 18.00

350.0 10.00

40040 6.20

450,07 TTTTTES T T T T T T )

500.0 3.20

CONSTANTS FOR LEAST SAUARES FIT OF DATA [N Y=C= AcEXP(=-BT)

O p

SUPMATIONS FRUM LEAST

Sesr =
SYEBY =
5Y =

STERT =

$TL287=

SE2BT =

STZEBT=

ST2e28=

SYT2¢b8=
) SYTEBT=
DIFFUSIVITYs
LAMOA =

961.761734
0.01387832
2.63458395

SUUARES CALCULATION
Ne24827E-00
0206928702 T
0.259%90€ 03
0+49247€ 02
0.345360L 01
0.20727€=01
0.,10852€ 05
C.57638t 03

Ve 60443E Oo6
0,34520t 04

0656476959

1.45191953
EFFECTIVE OIFFUSIVEITY=
PUBLISHEN DIFFUSIVITYZ
ALPHA= O.

0.33321406
" 0.82000000

15623251 NUMBER ITERATIUNSs 21




HYORUGEN=~NETROGEN

BED DATA RUN DATA
BED CBAMETER CMM 2.61000 FLOW RATE CC/SEC= 0679291
BED LENGTH CMS 7.CC000 RUOM TEMPERATURE= 296.0000
ENC ZONE HE IGHT 0.27000 ATM PREISSURE MM HG 165.1
PORQOSETY 0.59C00 BED TEMPERATURE Ks  300.0000
TIme StC. PEAK hE[GHTS
150.0 66.50
2000 29.00
25040 13.50
3C0.0 6450
350.0 3.90
400.0 2.20

CONSTANTS FOR LEAST SAUARES FIT UF DATA IN Y=C= AeEXP(=bT)

Oc >

SUPMATBUNS FROM LEAST
SEBT =
SYEBT =
Sy =
STEBT =
STE2BT=
Se28T =
ST2€E8T=
ST2e2B=
SYV2E0s
SYTEBTs
UIFFUSIVITY=
LAMDA =

832.02716
0.01698613
1.3560696061

SGUARES CALCULATINON
0.13588E~00
0.64184€ G!
0.12120F C3
0.25209E702 7 ° 7 - T -
0.12077€ 01
CoT74926k~02
0.50447& 04
0619977 03
0.17307€ 0o
U.10390E 04
0059620015

1.375371704
EFFECTIVE DIFFUSIVETYa
PUBLISHED DIFFUSIVETY=
ALPHA= 0.

0.35175309
0.82000000

leg22422 NUMBER ITERATIONS= 20

e o e - A ve P ey A e A e oy



=216~

HYORUGEN=NITRUGEN
BED UATA RUN DATA
BED DFAMETER CMS 2.610C0 FLOW RATE CC/SEC= 0.92834
HEBUD LENGTH CMS 7.00030 RUOM TEMPERATURE=s 296.0000
END ZUNE Mk I6HT 0.27000 ATM . PRESSURE MM HG T65%.1
PUROSETY 0.59C00 8ED TEMPFRATURE K= 306,0000
TIME SEC. PEAK HEIGHTS

10040 124.00

150.0 54.00

200.0 23.00

250.0 10.00

300.0 5.00

350.0 3.00

400.0 2.00 T )

CONSTANTS FOR LEAST SAVUARES FIT uF DATA IN Y-C= AeEXP(-BT)

=
»
L J

O® >

SUPMATIONS FROM LEAST

SEBT =

SYEBT =

Sy s

STEBT =

STe2uTs=

SL2RT =

ST2EBT=

ST2E2h=

SYT2Ens=

SYTEQTs

DIFFUSIVITY=
LAMOA =

ALPHAs

673.31601
0017006416
100377709

CQUARES CALCULATION
Ce31%45F=00
0.27622F 02
C.2210CE 03
0.42971€ 02
0.44717€ vl
0.40236£~01
0.67745E O4
06523980 03
0+30210€ 0o
030754 04
0e53309685

1.53818204
EFFECTIVE OIFFUSIVITYS
PUBLISHED DIFFUSIVITYa
0.17831466

0.31452714
0.82000000
NUMBER [TERATIUNS= 18


http://i0UAf.CS

-217-

HYDROGEN=-NTTRGGEN

BED DATA
BbU DBAMETER CMS 2461000 FLOW RATE CC/SECs
SED LENGTH CMS 7.00000 ROOM TEMPERATURE =
END ZONE ME JGhT 0.27000 ATH,PRESSURE MM HG
PORGSITY  0.59000 BED TEMPERATURE K= 30640000

TIME SEC. PEAK NEIGHTS

. 10040 71.00
15040 26400
20040 10.50
25040 4050
36040 2.20
350.0 1.10

CONSTANTS FUR LEAST SAUARES FIT OF CATA [V Y=C= AeEXP(=NKT)

A = 474,73421
B = 0.01905806
C= 046243683

SUMMAT JONS FROM LEAST SQUARES CALCULATION
ST = 0.24124E~00
SYEBT = N, 12443E 02
SY = ).11730¢ 03
STCAT = 0,31456E 02
STE28T= 0.28243k 0}
Se287T = 0.25975¢-01
STZEBT= £.4645% 04
$T2€28= 06.32038t 03
SYT2En=s U.15621E 006
SYTEBT= 041355307 C4

DIFFUSIVITY= 053771262

LAMDA = 152497758

EFFECTEVE DIFFUSIVETY= 0.31725056
PUBLISHED DIFFUSIVITY= 0.82000000

RUN DATA

le264571
296.0000
765.1

ALPHASs 0.18763410 WUMBER ITERATIONS® lo



»-218-

HYDROGEN=NITROGEN

BED DATA KUN DATA
BED DIAMETER CM$ 2.61000 FLOW RATE CC/SEC=s le83497
BED LENGYH CMS 7.00000 RUOM TEMPERATURE= 296.0000
ENO ZONE HEIGHT 0.27000 ATM.PRFSSURE MM HG 765.1
PORUSITY 0.59C00 BED TEMPHRATURE K=  306,0000

TingE SiCe. PEAK HEIGHTS

50.0 124.00

100.0 37.00
150.0 14.00
200.0 5.00
250,90 2.00

CUNSTANTS FOR LEAST SAUARES FIT UF DATA IN Y=Ca A®EXP(~BT)

= 4l4.35182

= 0.02445%98 4
= 1.89936120

OO >

SUMMATFONS FROM LEAST SQUARES CALCULATION
SEBT = 0.41¢32C~00
SYe8T = 0,40112¢ 02
sY = 0,18700€ 03
STEST = 0.29271€ 02
STE28T= 0.51051E 01 - T
SE28T = 0.,94899€E-01
ST2EBT= 0.26156¢ 06
ST2E28= 0.30902€ 03
SYT2EB=s 0.133150 06
SYTEsT= 0,22C42E 04

DIFFUSIVITYs 0.65093117

LAMDA = 1.2%973380

EFFECTIVE DIFFUSIVITY=s 0.38404939
PUBLISHED DIFFULSIVITYs 0.82000000

ALPHAS= 0419318470 NUMBER ITERATIUNS= 1%



. »219-

NETRUGEN~ETHANL
6EC DATA RUN DATA
) BEC OJFAMETER CMmS 2.43000 FLOW RATE CC/SEC= 0.39180
’ BED LENGTH CMS 7.00000° o ROOM TEMPERATURES= 296.0000
END ZONE HEIGHT 0.27000 ATM. PRESSURE MM NG To6.9
POROSHTY 0.59C00 BED TEMPERATURL K= 306.0000

_ PEAK HEIGHTS
25020 21205077 T T
400,0  117.00

55040 68,00
700.0 43.50
85040 30.50
10C0.0 24.50
T I156.0 20,50 - - -

CONSTANTS FOR LEAST SAUARES FIT OF DATA IN Y=C= A®EXP(=BT)

A s 598.64044
8 = 0.00448394
70 s 17436491060

SUMMATERONS FROM LEAST SUUARES CALCULATION

SEBT = 0.65974€ 4O
SYEBY = 0,97459E 02
SY 7 s’ 0,51650E 03 TTTTTTm T
STEBY = 0.26179F 03

. STEZBT= 0.43494E 02
SC2BT = 0.14366€E~-00
5T2e8T= C.12830t 06
ST2E28= 0.14695C 05
SYT283s 0.11034r 08 °
SYTEBT= 0.30583k 05

DIFFUSIVITY= 0.11308980

LAMDA = 1233522204

EFFECTIVE DIFFUSIVITY= 0.06672298

PUBLISHED DIFFUSIVITY= 0415100000

ALPHAs Ce 19822370 '—~' T NUMBER [TERATIONSs 14



=220~

NBTRUGEN~E THANE
BEO DATA ) RUN NDATA
BED URAMETER CMS 2.61000 FLOW RATE CC/SEC=  0.82082
BEU LENGTH CMS 7.00000 T T RCOM TEMPERATURE=  296.0000
END IZONE WEIGHY 0.27000 ATM.PRESSURE MM HG 166.9
PUROSITY  0.59000 BED TEMPERATURE K=  306.0000
TIME SEC. PEAK HEIGHTS .
200.0  ° 1ikl.00 T :
30040 77.50
40040 53,00
20040 38.%0
600.,0 29.50
70040 24.00
1200.% ~ 16.0G0 -
CONSTANTS FOR LEAST SAUARES FIT UF DATA IN Y=Cw AsEXP(=8T)
A s 267.69002
8 = 000487665
C = T

SUFMAT )

is.17382121 © ~ 77

UNS FROM LEAST SQUARES CALCULATIUON
SEBT = 0,927500 00
SYEBT = 0.74999¢ 02
SY 2" 0354508 03
STEBT = 0. 30400E 03
STE2BT= 0.58910c 02
SE23T = 0,22760E=00
ST2E8T= 0.,12007L 06
ST2E28* 0.17230k 05
SYT2EB= 0.64333F 0T
SYTERT= 0,20383¢ 05

DIFFUSIVITY= 0.10786807

LAMDA = 1.399858106

EFFECTIVE DIFFUSIVETY= 0.06364216
PUBLISHED DIFFUSIVITY=S 0415100000

ALPHAS= 0.2116663% - NUMBER [TERAYIONS= 11

s a7 e A % e e Te e



NETRUGEN~ETHANE

BED DATa RUN GATA
BED DIAMETER C¥MS 2.61000 FLOW RATE CC/SEC= 1.32324
BED LENGTH CMS 71.00000 -~ ROOM TEMPERATURE= 296.0000
END ZONE HEIGHT 0.27000 ATM.PRESSURE MM HG 766.9
POROSETY 0.59C00 BED TFMPERATURE K= 306.0000

TIME SEC. PEAK HEIGHTS

10050~ T 122,006
260.0 78.50
30040 3.0
400.0 37.50
50040 28450
_©00.0 23.50

CONSTANTS FUR LEAST SWUARES FIT OF DATA IN Y=C= AecXP(=-8T)
A = 179.89097
8 = 0.00525755
[V 15.67274153

SUPMATIONS FRUM LEAST SQUARES CALCULATION

SEBT = 0.13840¢ 01

SYEBT = 0.11813t 03

SY 2 0.34300+ 03

STESY = 0.301476703 — —~—~ 7 7
STE28T= 0.81814E 02
SE28T » 0.53609F 00
ST2ERT= 0.91409 09
ST2E28= 0.16557€ 0%
SYT2EB= QG.44111E 07
SYTEBT=® 0.19442F €5

DIFFUSIVITY= 0.11160270
LAMODA = 1.35301381

EFFECFIVE DIFFUSIVITYa 0.06384559

PUBLISFED DIFFUSIVIIY= 015100000

ALPHA® 0.21606873 NUMBER I TERATIONS= 10



=222~

NETRUGEN=E THANK
BED CATA RUN DATA
BED UJAMETER CMS 2.61000 FLCw RATE CC/SEC= 1.902106
BED LENGTH CMS 1.C0000 ROOM TEMPERATURE= 296.0000
END ZCUNE HEIGHT 0« 27000 ATM,PRESSURE MM HG 766.9
POROSETY 0.59C00 HED TEMPERATURE K=  306.0000
TIVE SFL. PEAK HEIGHTS

100.6- B7e50

200.0 58.00G

3C0.0 40450

400.0 30.00

500.9 24,20

600.9 20.50

700.0 718,00 o7

CONSTANTS FOR LEAST SAUARES FIT (OF DATA IN Y-C= AcEXP(-BT)

A=
8 =
C =

SUMMATJONS FROM LEAST

SeEBT =

SYEBY =

Sy s

STell =

STE2BT=

SL267 =

ST2E81=

ST2e28=

SYT2€B=

SYTERT=

DIFFUSIVITYs
LAMCA =

ALPHA=

122.18379
0400522691
15.06567635

SQUARES CALCULATION
0.14190t 01
0.87549€ 02
0.278700703 T
0.32232¢ 03
0.83302€ 02
0.54140F 00
0.10511E 06
0el7161t 05

0. 36787E 07
0.15028¢ 05

0.108328433

1239647691
EFFECTIVE OIFFUSIVITY=
PUBLISHEC DIFFUSIVITY=
Ce21873632 ~

0.06386776
015100010

NUMHER LTERATIUNS=s 8

¢



=223~

NETRUGEN=BUTANE
BED DATA RUN DATA
deD ClAMETER CMS 2461900 FLOW RATE CC/SEC= 0e59443
HEC LENGTH CMS 7.0C000 ROOM TEMPERATURE®s  296.0000
LND ZONE HEIGHT 0.270€C0 ATM,PRFSSURE MM HG 161.4
PUROSITY  0.59C00 BEN TFMPERATURL K=  306.0000
TIME SEC. PEAK HEIGHTS
600.0 58.20
700.0 42,00
8C0.0 30.50
3C0.0 22.00
1000.9 16.00
1100.9 12.00
120040 9.00 =~ 7T

CUNSTANYS FUR LEAST SAUARES HIT UF DATA [N Y=C= A®EXP(=BT)

O >

SUMMAT)ONS FRUM LEAST
SEBT =
SYEST =
SY =
STEAT =
STe28F=
St287 =
ST2EBT=
$T2€2B=
SYT2Ead=
SYTEBT=
DIFFUSI{VITY=
. LAMDA =

ALPHA=

429.92207
0.00337320
143004901

SQUARES CALCULATION
0e41796L-00
015729t N2
G.18970e 03
(e 32449F 03
0e24598F 02
0635205C~01
Ce26477 06
0417744k 05
G 80046k 07
0.11043E US
0eiT4 72315

10324817999
EFFECTIVE DIFFUSIVITY=
PUBLISHED DIFFUSIVITY=
021227300

0.04408701
0409900000
NUMBER ITERATIONS= 11



NFTROGEN=-BUTANE

=224~

BED DaTaA
BEC DIAMETER CMS 2461000
880 LENGTH CNS 7.¢2060
END 2GNE nEIGHT 0.2/000

PORGSITY 0.59C00

\ TIME SkC.

900.0
600.0
700.0
80069
900.0
100049

FLOW RATE CC/SECs
ROOM TEMPERATURE=

ATM, PRESSURE MM HG
BED TueMPERATURE K=

PEAK HE JGHTS

30.50
21.00
1%.G0
10.59
7.50
5450

CONSTANTS FOR LEAST SAUARES FIT OF DATA [N Y=Cm= AGEXP(=4T)

[aR- 3

SUPMAT IUNS FRUM LEAST
SEBT =
SYEART =
Y =
S5TERT =
STE2RTs
SE2hT =
ST2ERT=
ST2F2u»
SYTZ2Eps
SYTED(s
DIFFUSIVITY»
LAMCA »

176.2
N.0038
1.1249

1123
0157
6323

SQUARES CalLCuLaTION

Ve%2429L-00
U.H6218F O1
0.90000t V2
Ge27490€ 03
0e.241 306k 02
044150 2€=01
C.187%6¢ 08
Cal45%% 0%
Ve 30670F 0O/
0+ %04%0F 04

0.08021061
la23425011

EFFECTIVE DIFFUSIVITY=
PUBLISPED DIFFUSIVITY=s
ALPNAE 0ezi 750321

0.04732426

0.09900000

306.0000

RUN DATA

lel750
29640000
Tole4

WUMBER [TERATIUNSs 9




=225~

NEVRCGEN-BUTANE

BED DATA
BEC DFAMETER CMS 2.61CC0
46D LENGTH CMS 7.C306C0
END 20Nk HE BGHT 0.27000

POROSHTY 0.5%C00

TIME SEC.
300.0
350.0
400.0
450.0
50C.0

RUN DATA

FLOW RATE CC/SECS 2.06757

ROV TEMPCRATURE= 296.0000

ATM,PRESSURE MM MG T6l.4e
BED TEMPERATURE K=  306.0000

PEAK HEIGHTS
33.00
27.40
23.00
19.50
16.00

CONSTUANTS FUR LEAST SAUARES FIT UF DATA IN Y=C= AsEXP{-bT)

[N 2% _J

* 100.53757
= 0.00400643
= 2463202942

SUPMATEUNS FRUM LEAST SQUARES CALCULATION

SEBT = 0.104/8F 0}
SYERT = 0,26568E 02
Sy = 0,11850€ 03
STEST = 0,29847t 03
STe28T= 0.85344E 02
SE23T = 0.,23682E-00
SY2EBT= 0,156%2E 06
ST2£28= 0.32038E 0%
SYT2EB= 0.36331t 07
SYTEBT= 2,96794k 04

DIFFUSIVITYs 0.0823068%

LAMUA = 1.20281547

EFFECTIVE GIFFUSIVETY= N.04856106
PUBLISHEC DIFFUSIVITY= - 0409900000

ALPHA= 022042512

NUMBER [TERATIONSs &



. SPHERICAL PACKING BED -
HYDRCGEN-NITROGEN

- .=226-.. .

BED DATA RUN DATA
. 860 OPAMETER CMS 2.51C600 FLOW RATE CC/SEC= 0.45564
: BED LENGTH CMS 7.00000 B RUOM TEMPERATUREs  295,0000
¢ ENC 20NE HE IGHT 0.27000 ATM,PRESSURE MM HG 742.9
POROSITY  0.39300 BED TEMPERATURE K=  309,0000
TIRE SEC. PEAK HEIGHTS
50.0 ~  460.00 = 7 -
100.0 207.50
150.0 95400
20040 50.50
25040 28.00
300.0 18.06
TTTTI%0.0 T I3.00 T —
400.0 11.00
490.0 10.0C
500.0 9.00

CONSTANTS FOR LEAST SAUWRES FIT UF DATA™ IN Y=Cs AEXPT=BY)

i A=
8 =
C =

SUMMATEONS FROUM LEAST

SEBT =
SYEBY =
sy L
STEBT =
. ) STE2BTs
) S€287 =
S12g87s
T ST2€28s
SYT2Ens
SYTEBTs
DIFFLSIVITYS
LAMOA =

EFFECTIVE DIFFLSIVITYs
PUBLISHED DIFFUSIVITY=
0s15708618

ALPHA=

1023.41085
0.01642952
9.95351410

SCUARES TALTULATION T
V. 78411 00
0.25290t 03
0.90200t 03
N. 69849 02
0.149842E 02
0423%49€-00
0.89128E (4
0.10975€ 04 N
0.12131€ 07

Ge. 15885€ 05

0.68188812

1.202%8330° 7~ 77

0.26793203
0. 82000000
NUMBER [TERATIONS= <1




HYORUSEN=NLITRUGL N

8EL OAaTa RUN DATA
BED CIAMETER CHMS 2.61000 ° FLOW RATE CC/SECs 0.831¢68
BBD LENGTH CMmS 7.00000 RUOM TEMPERATURE® 295.0000
END ZONE ME JGHT 0.27000 ATM . PRESSURE MM HG 742.5
PORUSITY  0.39300 UED TEMPERATURE K= 309.,0000

TImE SEC. PEAK HEIGHTS
5049 229.00 o

10049 80.00
L1900 31.40
200.,0 16.00
2%040 9450
300.2 6.80
350.0 =~ 5.80 ’ o
400.1 5.00

CUNSTANTS FOR LEAST SAUARES FIT OF DATA IN Y<-Cs AeEXP(=8T)
= 6b4. 126117
s 0,021863177
= 6.03341014

o>

SUPMATBIONS FROM LEAST SQUARES CALCULATION
St8T = U.50677€ QO
SYEBT s 0.87271€ 02 ~
SY ® (e38350k 03
STEBT = 0437948 02
STE28T= 0. 71452k O1
SE2BT = 0,12682¢=00
ST2EBT= N, 37986 04
ST2e20= 0.44788E 03
SYT2EB= 0, 32075E 06
SYTEBT® 0.649743 04

DIFFUSIVITYs 0.68711584

LAMDA = lel9339411

EFFECTIVE DIFFUSIVITYS 0.27003652
PUBLISHED DIFFUSIVITY= 0.82000000

ALPNAs 041803879) NUMBER JTERATIONS= 17



-228-

HY¥DROGEN=NITRUGEN

BED DATA RUN DATA
BED DIAMETER (NS 2.61000 FLOW RATE CC/SEC= 1.25171
BED LENGTH CMS 7.00000 RUOM TEMPERATURE= 295.0000
END ZONE HEBGHT 0.270600 ATM PRESSURE MM HG T42.%
POROSHTY 0.39300 OLD TEMPERATURE K= 309.0000

TiMe StC. PEAY. HEIGHTS
5060 122.2%

100.0 38.00
150.0 15.00
200.0 6.80
250.0 ‘.lo
300.0 3.2¢C

CGNSTANTS FOR LEAST SAUARES FIT OF DATA I Y=C= AecxXP(=8Y)

A= 399.9892s .
8 = 0402629557
C = 3.44353034

SUPMATLEONS FROM LEAST SQUARES CALCULATION
SEBT = 0.42173L-00
SYEBY = 0.40084t 02
SY t J.18945t 03
STEBT = 0.29899t 07— -~
STEZ2BT= 0.52955t 0Ol
St28T = J.,96%82¢-0}
ST2EBT= 0.2726%€ 04
$T2t28s 0.31%92t 03
SYT2Ed= 0.13589€E 06
SYTEBY* 0.22211¢ 04

DIFFUSiViTY= 0.661106180

LAMDA = 126024105

EFFLCTIVE OLFFUSIVITYS 0625983658
PUBLISHED DIFFUSIVITY= 082000000

ALPHAs 019394036 SUMBER ITERATIUNSs 15



=229~

NPTROGEN=-E THANE
AED 0ATA RUN DATA
BED DIAMETER CMS 2.61000 FLOW RATE CC/SEC= 0.60438
360 LENGTH CmS 7.30000 RUUM TEMPERATURES 295.0000
END ZONE MHEPGHT 0.27000 ATM PRESSURE MM HG 75%.5
POROSITY 0.391500 6ED TEMPERATURE K=  309.0000
TImE SEC. PEAK HEIGMTS
150.9 131.00
300.0 68.00
450.0 40.50
600,0 27.00
700.0 22.50
800,90 20.00
900.0 18.50
1050.0 17.00

CONSTANTS FOR LUAST SAUARES FIT Gr DATA IN V-Cs= AsEXP(~BT)

[a R

SUMMATRONS FROM LEAST

SEBT =

SYEBT =

Sy =

STEBT =

STt2BTs

seeetl =

$T2€8T=

ST2t28=

SYT2€8=

SYTEuT»

DIFFUSIVITY=
LAMDA s

ALPHAS=

251.38520
0.00%24220
16.16884971

SQUARES CALCULATION
0.85416€ 00
0.79892€ 07
0Ge 34450F 03
ve264ll6t 0)
0.49098t 02
0.26231£-00
0.97431E 05
0.11967€ U5
0.449064L 07
N.l6458t 05

0411735015

1.280674738
EFFECTIVE OIFFUSIViTYa
PLUBLISHED CEFFLSIVETY.
0.211984061

N,04611861
0.15100000
JUMBER TTERATIUNS® 1]



NPTROGEN-E THANE
BED DATA

BED DIAMETER CMS
BED LEHGTH CMS

ENO ZONE MHE IGHT
POROSHIY 0.39300

«230-

261000
T.00000
0.,27000

TInk SEC.
20040
300.0
400,0
50,0
600.0
700.Nn
80040
9C0.0

1000.0

RUN DaTA

FLOW RATE CC/SEC= 0.91802

ROOM TEMPERATUREs 295.00600

ATM,PRESSURE MM HG 15395
BED TEMPERATURL K= 309.0000

PEAK HEIGHTS
66.00
45.50
32.50
25.00
20450
18.00
16.50
15.80
15.20

CONSTANTS FOR LEAST SAVARES FIT OF DATA IN Y=Ca AeEXP(~-BT)

ahT >

147.0

-
= 0.0052
.

14.2612

SURMATIONS FROM LEAST SQUARES CAL

SEBT

= 0.386097¢ 00

SYEBT = 0.40569€ 02

sy

s 0.255%00t 03

STEBY » 0.29095t 03
STE23T=2 0V.489%4E 02
SE28T » 0,19232E=00
ST26uf=s Ua12281F 06
ST2E20s UL 14U58E 05
SYT2Eba 0.33177€ 07
SYTEBTs 0.,11368E 05

OIFFUSIVITYe

LAMDA »

Oell
135036799

EFFECTIVE DIFFUSIVETYS
PUBLISHED VIFFUSIVETY.

ALPHAS

0.21667436

9993
0905
8089 N

CULATION

182137

0.,04394%80
015100000
NUMBER [TERATIONS®s 9


http://ST2t.lT*

-231-

NFTRUGEN-ETHANE
BED DATA RUN DATA
BEC DJIAMETER CMS 2.610C0 FLOW RATE CC/S5€C= l. 36109
BEC LENGTH CMS 7.90000 AUOM TEMPERATURE= 295.0000
END ZONE WEIGHT 0.27000 ATM,PRFSSURE MM HG 1559
POROSITY 0.39300 BED TEMPERATURE K=  309.0000
TiME SEC. PEAK HEIGHTS

20040 47.0C

300.0 34.00

40040 25.590

500.0 21.00

600.0 16.C0O

7100.0 16.50

#00.0 15.50

900.0 15.00

CONSTANTS FOR LEAST SAUARES FIT OF DATA I[N Y=(= ASEXP(-8T)

a3 J

SUMMATIONS FROM LEAST

StBT =

SYEBY &

SY =

STEQT =

STE28T=

SE2uT =

ST2e8Ts=

$T2E28=

SYT2€EB=

SYTCBT=

OIFFUSIVITYs
LAMDA =

EFFECTIVE DIFFUSIVETY=
PUBL ISHED DIFFUSIVETY=
0.21913726

ALPHAS

93.548899
0.00520104
14.0276520%

SCUARES CALCULATION
0.85778¢t 00
0.30102€ 072~ -~
0419250t 03
0.28642€ 03
0.49129¢F 02
0.19307e~00
VLLTBI1E 06
G.14103E 05

0.297L 7t OF7
0.86157€E 04
010895333
1.38591449
0.04281866
0.15100000

NUMBER ITERATIONS= 8



-232-
NEFTRUGEN~-BYFANE
BED DATA
BEQ ORAMETER CmM$S
880 LENGTM CMS

END IONE HEIGHT
POROSITY 0.39300

2.61000
1.00000
0. 27000

TIME SEC.
400.0
00,0
600.0
100.9
800,0
700.0

1000.0
1100.0

CONSTANTS FUR LEAST SAUARES FIT UF
A 29642

B = 0.00%

[ ] 3.2615

SUMMATIONS FRUM LEAST
SeBT =

SYEQT =

134 =

STEBT =

STE28T=

St2d1 =

STZ2EBT=

$T2E28

5YT2tuys=

SYTebsTs

SJUARES CAL
0.72341E 00
0.29272¢ 02
0.21150¢€ 03
0.42087t 03
Ce51504F V2
0.10500L-00
0.27074F 06
0.27019€ 05
C.78076L 07
0.14548E 05
DIFFUSIVITYs 0,07
LAMIA s 1.245682006
EFFECTIVE DIFFUSIVITY=
PUBLISHED DIFFUSIVITY=
ALPMAS 0e215484170

RUN NATA

FLOW RATE CC/SECs

ROOM TEMPERATURE=

ATM, PRESSURE MM HO
BEND TEMPERATURL K=  1309.0000

0.59619
297.5000
166.8

PEAK MHEIGHTS
63,00
4500
32.00
23.50
17.00
13.00
10.00
8.00

DATA [N Y=Cs A®FXP(-8T)
9736
3822
9501

CULATION

947493

0.03123349
0,09900000
NUMBER TTERATIUNS= 10



NETROGFN-BUTANE

BED DATA

«233-

RUN DATA

BED DIAMFTER CMS 261000 FLOw AATE CC/SEC= 0.97945
BED LENGTH CNS 1.00000 RUOM TFMPERATURE= 297.5000
ENG ZONE HE BGHT 0.27000 ATM PRESSURE MM Hi T4600

PORQSEHTY 0.39300

BEN TEMPERATURE K= 309.0000

TIME SkC. PEAK HEIGHTS

30040 55.00
400.0 38.00
50040 27.%0
60040 20.00
700.0 14.20
800.0 10.70
9C0.0 8.00
1000.0 6.20

CONSTANTS FOR LEAST SAUARES FIT OF DATA IN Y=Cs Aefx»{~dT)

[aX- 0 4
L B )

SUFMATDIONS FROM LEAST

SEBT =

SYEuT =

sY -

STeBt =

Sle2bTs

SE2BT =

ST2E8T=

sT2€28=

SYTZ2En=

SYTCBT=

DIFFUSIVITY=
LAMOA =

159.15279
000370354
2438304090

SQUARCS CALCULATION
0.10087t 0l
0.35282€ 02
0.17940E 03
0.48367E 03 -
0.80358E 02
0.206586~00
0.26753E 06
0.34501€ 05
0.61296€ 07

0o l3942€ 05

0.07H647 34

1626197301

EFFECTIVE DIFFUSIVETY= 0.030482981
PUBLISHED DIFFUSIVITY= 009900000
ALPHA= 0.21919160 NUMBER JTERATIONS= 4



234~

N TRUGEN=-BUTANE

BED DATA
8tD DIAMETER CMS 2.01000
BED LENGTH CMS 1.00000
END IONE HEIGHT 0.27000

POROSITY 0439300

TIME SEC.
350.N
45000
550,0
6%0.0
7%0.0
850.0
"950.,0

105040

CONSFANTS FOR LEAST SAUARES FIT OF
b 108.6
= 0.0036
- 1.20809

aOR P

SUPMATDIONS FROM LEAST SCQUARES CAL

StoT = 0.84106€E 00

SYEBT s 0,16659€ 02

sY * 0.10160E 03

STEBT s 0.44553¢ Q)

STE28T» 0.03004E 02

SEZ28T = 0.14346t=00

ST2EBT* 0.26574E 06

ST2€28= 0.29929E€ 05

SYT2E8® 0.35909F 07

SYTEBTs 0.74140€ 04

DIFFUSIVITYs 0.07
LAMDA = 127707544
EFFECTIVeE OIFFUSIVITY=
PUBLISHED DIFFUSIVETYs
ALPHA= Ve 22030460

TEME 20HRS S6MIN 39.5SEC

RuUN DATA

FLOW RATE CC/SECs l. 23600

QUOM TEMPERATURE= 297.5000

ATM.PRESSURE MM HG T146.8
sED TEMPERATURE Ks 309,0000

PEAK HEIGHTS
31.00
22.00

15.50

11.00

8.00

6.00

4.60

3.50

DATA IN Y=C= Aegxp(-8T)
1678
9706
0966

CULATION

752087

0.03046570
009900000
NUMBER [TERATIUnS= 8



