Vacuum Sorption Pumping Studies with Pure
Gases on Molecular Sieves

Low-pressure, low-temperature adsorption of N; and CO; were studied in beds
of 4A molecular sieves. System parameters were estimated by a comparison of
experimental results and a molecular-flow theoretical model. Nitrogen data fol-
lowed theoretical prediction. Theory adequately represented pressure above the
bed for CO,, while pressure drops deviated significantly from the model.
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SCOPE

Cryosorption pumping of gases on deep beds of sorbents is
becoming an important process in several areas of energy pro-
duction, including storage of fuel gases and development of
fusion energy. Sorption pumping differs from most sorption
processes in that the goal is generally the uptake of all compo-
nents, rather than separation. No carrier gas is used, and there
is no forced convection through the sorbent bed. As sorption
proceeds, the bed acts as a pump to transfer gas from a closed
system.

Both current experiments and future applications of fusion
energy require clean roughing pumps to evacuate chambers
with volumes of up to 104 m? (Fisher and Watson, 1978). Large
cryosorption pumps, in which gases are sorbed on deep beds of
molecular sieves at liquid nitrogen temperature, are under
consideration for this service; however, modeling of the heat
and mass transport processes that occur as the gas is sorbed
requires more detailed understanding, The purposes of this
study were to obtain experimental results on deep-bed cryo-
sorption and to compare these results with a theoretical model
in order to provide estimates of transport and equilibrium
properties of these systems. Experiments were carried out with
nitrogen at 77 K and carbon dioxide at 198 K. Pressures ranged
from 0.1 to 100 Pa (7.5 X 10~4 to 0.75 torr).

Numerous studies exist on the performance of fixed-bed ad-
sorbers in which the controlling mechanism is diffusion into
solid particles. Most investigations have considered isothermal
sorption from dilute feed streams at standard conditions. The
models predict effluent concentration as a function of time in
response to a stepwise increase in sorbent concentration.

In the present study, pure gas drawn into the bed is in molec-
ular flow. Velocity and pressure drop are related somewhat
differently than in viscous flow, namely:

p=—KP

p 6z
The parameter « is a function of molecular speed and channel
geometry, making it difficult to predict flow through the in-
terstices of a packed bed.

Published data on gas diffusion in type 4A commercial pel-
lets and, in some cases, on gas-solid equilibrium are available
for much higher temperatures and pressures than those consid-
ered here. Extrapolation of such data to experimental condi-
tions is subject to considerable error, and a need exists for
experimental results obtained at the conditions of interest.

CONCLUSIONS AND SIGNIFICANCE

The general objective of the work was to develop a mathe-
matical model to describe quantitatively the mass transfer in a
deep-bed cryosorption pump. A set of equations describing
these processes was derived from theory, and a numerical solu-
tion of the set was developed. Major assumptions in the theo-
retical model were: isothermal conditions, parabolic concen-
tration profile within the sorbent particles, equilibrium
adsorption isotherms represented in a Langmuir form, and
concentration-independent solid diffusion controlled by ei-
ther the intracrystalline or the macropore structure.

Correspondence concerning this paper should be addressed to J. J. Perona.
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The model represents well the experimental data for nitro-
gen up to the point when the bed approaches saturation.
Values of k that best fit the experimental data are 8 X 1072
m2/s for a bed of 0.55 mm pellets and 1.05 X 102 m?/s for a
bed of 0.72 mm pellets; thus the value of x is proportional to
pellet size. The effective diffusivity for nitrogen in the solid
phase is 5 X 107!2 m2/s, which is very high compared to intra-
crystalline values extrapolated to 77 K. Apparently adsorption
occurs only on the crystal exterior surfaces, and the effective
diffusivity represents macropore diffusion.

For carbon dioxide, the model represents accurately the
pressure-time curves above the bed but does not describe with
great precision the pressure drop data across the bed. A value
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for x of 3.50 X 10~% m#/s provides a good fit for the first 20 to
30 h of a run, but a value of about 2.00 X 1072 m?/s yields
better agreement over the total run time of about 120 h.

It is postulated that the controlling diffusion resistance for
CO, is in the micropores of the pellets. The time constant

(D/S%) for diffusion of carbon dioxide was estimated to be

-1.3 X 1075 51, Applying the mean crystal size of 1.85 um, an

effective diffusivity of 1.1 X 10~V m?/s is obtained, which
agrees well with extrapolated values from literature data.

THEORETICAL MODEL

Figure 1 sketches the physical system being modeled. A sin-
gle-component gas flows at constant flux into a void space
above a sorbent bed. The void space is at ambient temperature,
while the bed is at the temperature of the surrounding bath.
The system is initially under vacuum. In the work conducted
here, the starting pressure was about 0.1 Pa. '

As the gas molecules flow into the cooled bed, they are ad-
sorbed on the porous sorbent particles. A pressure gradient is
maintained across the bed, and gas continues to flow into the
bed until the sorbent approaches saturation. Two transport
processes occur as gas moves into the bed. Hydrodynamic
transport takes place as gas flows through the bed interstices,
and diffusive transfer occurs as adsorbed molecules move from
the surface to the interior of the sorbent particles. The two
transport processes can be related by a mass balance around a

differential length of bed:

o . dg , a(vc)
€S trg te =0, )

For pure gases, the concentration, c, is equal to the molar den-
sity and, for ideal gases, is a linear function of pressure.
Because of the low temperatures and pressures and the small
channel size, flow through the bed interstices is in the molecu-
lar flow regime. The relevant quantity used in describing the
molecular flow of gases is the throughput, Q, which is the vol-
ume of gas at aknown pressure and temperature passing a plane
per unit time. This throughput is defined mathematically by

Q=pVy=poA, 2

For molecular flow through long tubes and channels, Knud-
sen (1909) derived the following expression for Q:

Q=—3J-—L;1—(Pz-m)- (3)

The average molecular velocity, v,,, depends entirely on the
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Figure 1. Gas flow in experimental sorption pumping system.
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temperature and molecular weight of the gas. The integral de-
pends on the channel geometry. In using this equation to model
flow through the interstices of a packed bed, where the channel
is the void volume between particles, the integral is intractable.
However, by estimating the ratio H/A2? by an average value over
the length of the channel, the average gas velocity can be repre-
sented by

4 Um 1ps—p
=—| = —=- — . 4
v 3(H p L @

).,

Values of the molecular speed, o,,, are 241 m/s for N; at 77 K
and 309 m/s for CO, at 198 K. Because of the complex channel
geometry, the group of constants represented by the symbol x
must be determined experimentally (Peronaetal., 1983), Fora
differential length of channel, Eq. 4 becomes

K dp =

v oz’ (3)

Mass transport of a single-component gas within sorbent par-

ticles may be considered either a diffusional process or a hydro-

dynamic process (Ruthven and Loughlin, 1971a). We have

chosen to model the solid-phase transport using an effective

mass diffusivity (Garg and Ruthven, 1973). If the particles are
represented as spheres, the governing equation is

f_D 2 ()
at r’&r(rzar' (6)

The assumption of spherical geometry is valid if macropore
diffusion controls, but a cubic geometry would be more accu-
rate if intracrystalline diffusion controls (Ruthven and Lough-
lin, 1971Db). In the latter case, the accuracy of the results can be
improved by taking into account the crystal size distribution.
For this study spherical geometry was chosen and Eq. 6 was
used.

The solid-phase concentration, g, varies with radial position
within the particles. The quantity required in the material bal-
ance is the average loading per unit weight of sorbent, g, at a
given bed position and time; q is defined by

-3 (5
9= j gr* dr. M
5% Jo
It is convenient to assume a parabolic form for the solid-phase
concentration profile. This approximation has been used in ad-
sorption and ion exchange work in the past and has generally
given good results, e.g., Glueckauf (1955), Garg and Ruthven
(1975), and Liaw et al. (1979). This assumption leads to a sim-
ple linear driving force expression

dqg 15D

= (@s— 7. (8)

The use of Eq. 8 speeds up the numerical solution of the sorp-
tion equations substantially (Tung, 1977).

For a single-component system, no gas-phase resistance to
mass transfer occurs at the particle surface, and ggis the surface
loading in equilibrium with the gas pressure. Garg and Ruthven
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(1973) have shown that a Langmuir form of adsorption iso-
therm can successfully model surface adsorption in commercial
synthetic zeolites. Thus,

9 _kp__
an 1Hhkp ©

Garg and Ruthven also note that g,, and & should both be re-
garded as empirical constants.

The three dependent variables have now all been related to
the one variable of the gas pressure in the bed. The expressions
for ¢ and v can be substituted into Eq. 1, yielding

e 2
€ 9 % _ e &p _ (10)

This equation, along with Eqs. 8 and 9, form the set that must be
solved to model mass transfer in the bed in terms of pressure
and solid loading.

Solution of these equations requires appropriate initial and
boundary conditions. The initial conditions are

Att=0,forallz,p=0and g=0. (11)

The fluid-phase boundary condition at the bottom of the bed is
equally straightforward:

Atz=L,t>0,§—B=0. (12)
0z

At the top of the bed, gas flows into the void above the bed ata

constant rate; however, the flux into the bed itself changes with

time.

A material balance around the void space above the sorbent
bed yields

_ Vo
I FA_RT,, % (13)
The flux into the bed, based on the total cross-sectional area, is
given by
F = eve. (14)
Eliminating v (using Eq. 5) and writing ¢ as a function of pres-
sure using the ideal gas law, Eq. 14 yields

-_ &P
F=— AT o (15)

Combining Egs. 13 and 15, the boundary condition at the top of
the bed is

xAdp _ V dp
RT, 9z RT, ot (16)

Dimensionless variables for time, bed position, pressure, and
solid loading may be defined by

Kt
0=Z2—,

z
Z——I:,
x= _p_, and

P
g=pBRTba

pr€

respectively, where pgis areference pressure. In dimensionless
terms, Egs. 8 through 16 become
or oy dx
6t a2 " 17)
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y _ 15DL?
) 18)
=pBRTb Gmkpax
. Us Pre 1+ kppx’ (19)
y=0andx=0for=0and0=Z=1, (20)
£=0for0>0andz=1,and (21)

iz

€xApg Ox _ Vpgx ox
RT,L Z RT,L2 46

Equations 17 through 22 were solved by a finite-difference
procedure. Finite-difference equations were written in the
Crank-Nicholson formulation, and simultaneous equations
over the bed cross section were solved for each increment of
bed length by matrix inversion. Details of the numerical formu-
lation are given by Crabb (1984).

EXPERIMENTAL

I+

for0>0andZ=0. (22)

A schematic drawing of the experimental system is shown in Figure 2.
Gas flows from a pressurized cylinder through either of two stainless
steel calibrated orifices connected in parallel. The leak rate through the
orifices is determined by the pressure maintained in the feed line. For
nitrogen, leak rates of 2.7 X 1079 to 3.6 X 1078 mol/s result as the pres-
sure is increased from 6.89 X 104 to 6.89 X 10% Pa; for carbon dioxide,
the corresponding range is 3.0 X 10~? to 3.9 X 10~8 mol/s.

From the leaks, gas is directed to one of two bed holders. The holder
shown on the left was used in preliminary experiments but not in the
runs reported here. When directed to the right, gas flows both to the
bed section and to tubing to which differential pressure cells are at-
tached. The bed section is a 21 cm piece of 0.77 cm LD. stainless steel
tubing. The ends are covered with fine-mesh screen to prevent the
escape of molecular sieves from the bed. Five 0.16 cm O.D. tubes
connect the bed to the differential pressure cells to allow measurement
of the pressure drop across the bed at various points.

The seven capacitance manometers are connected to electronics and
digital readout units that feed to an Apple II + microcomputer. A com-
puter code was developed to record the absolute pressure in the system
above the bed as well as the pressure drops across the bed at regular
time increments. A vacuum of about 102 torr (0,133 Pa) can be main-
tained in this system.

The sorbent was a type 4A synthetic zeolite molecular sieve obtained
from the Davison Chemical Division of W. R. Grace and Co. A batch of
14 to 40 mesh spherical pellets was separated into various sized cuts
using wire mesh screens. In two series of runs, pellets with diameters
ranging from 0.50 to 0.60 mm (30 to 35 mesh) and from 0.60 to 0.85 mm
(20 to 30 mesh) were used.

Although the pellets are described as spherical, in a given sample they
may vary significantly from sphericity. Electron microscope photo-
graphs showed zeolite crystals of various sizes and shapes are held to-
gether by a binder. From such photographs, determinations were made
of the crystal size distribution; the mean crystal size was 1.85 ym.

To begin a run, the bed section was heated at 300°C for about 24 hto
insure that the sorbent was clean and dry; the system was evacuated
during this time using an external pump. After air cooling to room
temperature, the bed was submerged in a liquid coolant. Finally, the
system was isolated from the external pump.

After about 1 h, when the system pressure steadied (at about 10~3
torr), the valve from the gas cylinder to the bed was opened and data
collection begun. Data were collected until the bed was saturated with
gas, asindicated by a sharp increase in system pressure and a decrease in
pressure drop across the bed, or until the system pressure reached 1 torr
(133 Pa). The system was then returned to room temperature, using the
external pump to evacuate the desorbing gas.

RESULTS

Four series of experimental runs were conducted with nitro-
gen and carbon dioxide in which the major variables were the
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Figure 2. Diagram of experimental sorption pumping apparatus.

flow rate of gas into the system and the sorbent particle size.
Figures 3 and 4 present the results of runs with N, in which the
leak rates were 1.2 X 1078, 2.5 X 1078, and 3.0 X 1078 mol/s
and the average particle diameter was either 0.55 or 0.72 mm;
the bed was cooled with liquid N, to 77 K. Figures 5 and 6 show
data obtained sorbing CO, on similar beds at flow rates of
3.3 X 1078 and 3.9 X 1078 mol/s, with a bed temperature of
198 K maintained using dry ice in acetone. Table 1 summarizes
the run conditions.
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Figure 3. Sorption of N, on 0.55 mm 4A sieves. Feed rates,
mol/s: ©01.2 X 107% @ 2.5 X 107% 03.0 X 107%,
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Figures 3 and 4 show the experimental pressure values for
the ambient-temperature void above the sorbent bed as a func-
tion of time for the six N, runs with average pellet sizes of 0.55
mm and 0.72 mm, respectively. The pressure vs. time profiles
are similar for all runs, with initial linear increases in the void
pressure as gas is pumped into the bed at a constant rate. As the
bed nears saturation, flow into the bed decreases and the pres-
sure increases rapidly.

Typical pressure-drop data for experimental runs with nitro-
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Figure 4. Sorption of N, on 0.72 mm 4A sieves. Feed rates,
mol/s: 01.2 X 107% €2.5X 104 03.0 X 10~°.
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TasLE 1. ExeErRiMENTAL CONDITIONS FOR SORPTION Pume-
ING OF Ny AND CO; oN Davison 4A Sieves

Sorbent Bed Parameters

Flow Rate of

Particle Coolant Gas into Void
Dia. Mass Height Temp.  above Bed
mm g cm K 1078 mol/s

N,
0.50-0.60 5.06 11.6 77 1.2
0.50-0.60 5.06 11.6 77 2.5
0.50-0.60 5.06 11.6 77 3.0
0.60-0.80 4.12 9.5 77 1.2
0.60-0.80 4.12 9.5 77 2.5
0.60-0.80 4.12 9.5 77 3.0
CO,
0.50-0.60 4.69 10.8 198 3.3
0.50-0.60 4.69 10.8 198 3.9
0.60-0.80 4.33 10.0 198 3.3
0.60-0.80 4.33 10.0 198 3.9

gen are shown in Figures 7 and 8. For the period of linear
pressure increase, very little gas penetrates to the bottom of the
bed, and the pressure drop is high. By the time gas reaches the
bottom, the bed is near saturation. As flow into the bed slows,
the pressure drop decreases rapidly and the pressure equalizes
throughout the system before beginning its sharp rise.
Figures 7 and 8 also show the pressure and pressure-drop
curves generated using the numerical solution of the theoreti-
cal model. The model requires values of the following parame-
ters: €, p5, I,, T,,S,L, V, I, x, D, q,,, and k. Table 2 lists the
values used to calculate the curves shown in these figures.
The experimental pressure vs. time profiles from the two
series of runs conducted with CO, are presented in Figures 5
and 6. There are major quantitative and qualitative differences
between the sorption pumping behavior of N, and that of CO,,
the outstanding one being the much greater capacity of the
sieves to adsorb CO,. For example, the pressure above the
sorbent bed reached 100 Pain about 7.5 h when sorbing Ny ata
flow rate of 3.0 X 1078 mol/s, while more than 135 h were
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Figure 5. Sorption of CO, on 0.55 mm 4A sieves. Feed rates,
mol/s: ©3.0 X 1072 03.6 X 1072,
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Figure 6. Sorption of CO, on 0.72 mm 4A sieves. Feed rates,
mol/s: ® 3.0 X 10™% © 3.6 X 102,

required to reach 100 Pa when sorbing CO, at 3.3 X 108
mol/s. With CO,, the pressure rises at a gradually increasing
rate, without the period of linear pressure increase characteris-
tic of the N, curves.

Figure 9 presents typical pressure-drop data for CO, . Almost
from the outset the absolute value of the pressure drop is less
than the total pressure above the bed, indicating that some CO,
penetrates to the bottom. The pressure drop increases steadily
until the bed begins to approach saturation. Theoretical
curves using the parameter values in Table 2 are also shown in
Figure 9.

COMPARISON WITH THEORETICAL MODEL

Generating pressure and pressure-drop curves using the nu-
merical solution of the theoretical model requires values for
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Figure 7. Pressures and pressure drops for N, sorption of 0.72
mm 4A sieves at a feed rate of 1.2 X 10~*mol/s; lines calcu-
lated by theoretical model.
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TasLE 2. PAraMETERS UseD T0 CALCULATE THEORETICAL PRESSURE AND PRESSURE-DROP CURVES FOR

N; anp CO,*
T, D k G X s L I
X m?/s Pa! mol/kg mé/s m m 1078 mol/s
N,
77 5X 1072 0.60 0.16 8.0 X107 2.7 X 1074 0.1165 1.2
2.5
3.0
1.05 X 10~¢ 3.6 X104 0.0949 1.2
2.5
3.0
CO,
198 1.1X107'7 0.0375 4.0 2.00 X107 (0.92X107%°° 0.108 3.3
3.9
2.00 X 1072 (0.92 X 107%)*° 0.0997 3.3
3.9

® For all runs, € = 0.35, py = 920 kg/m3, T, = 300K, and V=2 X 10~* m®.
** Average crystal size used in model for CO,, rather than pellet size.
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Figure 8. Pressures and pressure drops for N, sorption of 0.72
mm 4A sieves at a feed rate of 2.5 X 10~® mol/s; lines calcu-
lated by theoretical model.
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Figure 9. Pressures and pressure drops for CO, sorption on
0.72 mm 4A sieves at a feed rate of 3.3 X 10~¢ mol/s; lines
calculated by theoretical model.
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twelve parameters. Eight of these parameters, €, 05, T,, T}, V., S,
L, and I, are either properties of the sorbent or experimental
conditions that can readily be measured or estimated. The bulk
density was obtained by weighing a measured volume of the
sorbent particles, and the void fraction was estimated for spher-
ical particles. Calculated pressure curves were found to be
fairly insensitive to T,, and a value of 300 K was used.

Choosing the values of D, k, g,,, and k that best fit the theoret-
ical curves to the experimental data was made easier by the
observation that a change in any of the four has a marked effect
on either the theoretical pressure curve or pressure-drop
curve. For example, D is the only one of the four parameters
that affects the magnitude of the initial pressure increase at the
start of arun. A change in k alters the slope of the linear portion
of the pressure curve; g,, determines when the pressure profile
will break upward; and x most significantly affects the magni-
tude of the pressure drop across the bed.

The solid-phase diffusivity, D, for gas-zeolite systems is re-
lated to temperature through an Arrhenius equation (Ruthven
and Derrah, 1975):

D = D* exp(—E/RT). (23)

Several sets of values for the preexponential factor, D*, and the
activation energy, E, are available in the literature for N, and
CO, in 4A sieves. Table 3 lists diffusivities calculated from Eq.
23 for N, at 77 K and COy at 198 K. For N, the calculated
values range from 4.0 X 10724 to0 5.9 X 1072! cm?/s; for CO,,
the values are 7.5 X 10712 and 1.2 X 10712 cm?/s.

TasLE 3. ExTrRaPOLATED VaLuEs oF DirrrusiviTy IN
ZeoLiTE TyrE 4A CRYSTALS

Temp. Range
Calculated D of Experiments
m?/s Source of Data K

Experimental, N, at 77 K

4.0X107%8 Ruthven and 215-277
Derrah (1975)

6.1 X107 Roques and 90-160

-4.0X 1072 Bastick (1970)
5.9X10°® Habgood (1958) 194 and 273
Experimental, CO, at 198 K

7.5X 10718 Yucel and 273-371
Ruthven (1980)
(own 4A)

1.2X 10~V Yucel and 323-385
Ruthven (1980)
{Linde 4A)
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The solid-phase diffusivity value is used in the model equa-
tion only where it is coupled with the sphere radius (i.e., Eq.
18). For CO,, the best value for D/S2 (1.3 X 1073 s71) repre-
sents an effective diffusivity of 1.1 X 10~13 cm?/s if the mean
crystal size of 1.85 um is used in the model equations. This is in
good agreement with the extrapolated values given in Table 3.

In the nitrogen experiments, saturation was approached in
less than 15 h in all runs. With crystal diffusivities of the order
shown in Table 3, Fourier numbers (D#/82) of less than 10713
are predicted, indicating that an extremely small degree of
penetration of the crystals by nitrogen occurs. Thus the ob-
served value for D of 5 X 107!2 m?/s is based on the overall
particle diameter. It provides the best fit of the theoretical
curves to the experimental and applies to diffusion within the
macropores.

The significant difference between the behavior of N, and
CO, probably results partially from differences in the tempera-
tures used. Experiments with both N, and CO, were near the
condensation temperatures of the respective gases, but the N,
experimental temperature was thus much lower. Under these
conditions, the condensed phase of the N, is a liquid, and sur-
face tension could enhance the Ny condensation in macropores.
This would not be true for the CO,.

Searching the literature for estimates of k and g,,, the con-
stants required in the Langmuir adsorption isotherm equation,
reveals no data for the N;-4A system at low temperatures and
pressures in the range of interest. The values of 0.60 Pa~! for k
and 0.16 mol/kg for g,, gave the best fit of the model equations
to the experimental data.

Equilibrium adsorption data for CO, on 4A sieves at 198 K
were provided by the manufacturer over the range 266 to
5 X 104 Pa. The data from 266 to 1.33 X 10° Pa were used to
estimate k and g,,; the estimated values are 0.0375 Pa~1and 4.0
mol/kg. These values worked well in the model equations.

A first-order estimate of k¥ can be made through the following
approximation:

() el

The hydraulic diameter for a packed bed may be calculated
(Bird et al., 1960)

4Se
Dy= 3—(1_—6—) . (25)
Utilizing Eq. 24 in the definition of k,
K= % 0nDy. (26)

From Eq. (26), values of x for N; are estimated at 1.6 X 10~2
and 2.1 X 1072 m?/s for the two pellet sizes, compared to the
experimentally obtained best fit values of 8.0 X 10~3 and
1.05 X 1072 m?%/s (Table 2). Agreement between the estimated
and experimental values is of the expected order. The value of x
is proportional to pellet radius.

For CO,, values of k estimated by Eq. (26) are 2.05 X 1072
and 2.65 X 10~2 m?/s. Experimental values by the best fit
method cannot be obtained with a great deal of precision for
CO;. A value of 2.00 X 1072 m?/s was used to generate the
model curves in Figure 9 for 0.72 mm pellets, and the fit to the
experimental data is reasonably good. However, the model
curve of pressure drop is flatter than the experimental curve,
and a value of about 3.5 X 1072 m?¥/s yields a better fit over the
first 20 h of the run. This lack of precise fit for the CO, pres-
sure-drop data probably stems from the representation of the
range of zeolite crystal sizes by a uniform spherical geometry in
the model.

In summary, sorption pumping data were obtained for Ny and
CO,, and the data were represented reasonably well by a sim-
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ple theoretical model. In addition, estimates were obtained for
diffusivities and equilibrium parameters at low temperatures
and pressures. A new transport parameter for molecular flow in
packed beds, k, was defined and estimated.
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NOTATION

A = channel or bed cross-sectional area, cm?
¢ = fluid-phase concentration, mol/cm?
D = effective solid-phase diffusivity, cm?/s
D*® = preexponential factor for diffusion, cm?/s
Dy = hydraulic diameter of channel, cm
E = energy of activation for diffusion, kecal/mol
F = mass flux into bed, mol/cm?:s
H = channel perimeter, cm
I = constant mass flow rate into void above bed, mol/s
k = Langmuir isotherm constant, torr~! (13.3 Pa)
L = channel or bed length, cm
P = fluid-phase pressure, torr (133 Pa)
q = solid-phase concentration at r
q = average solid-phase concentration, mol/g
g, = Langmuir isotherm constant, mol/g
gs = solid-phase concentration at sorbent particle surface,
mol/g
Q = gas throughput, torr-cm?/s (133 Pa- cm?/s)
r = radial position in particle, cm
R = universal gas constant, torr: cm3/mol-K (133 Pa:cm?/

mol-K)
S = sorbent particle radius, cm
t=time, s

T = absolute temperature, K
T, = absolute ambient temperature, K
T, = absolute temperature of sorbent bed, K
v = fluid velocity, cm/s
v,, = average molecular velocity, cm/s
V = volume, cm®
V= volumetric flow rate, cm®/s
x = dimensionless variable for pressure
y = dimensionless variable for average solid-phase concen-
tration
z = axial position in bed, cm
Z = dimensionless variable for axial position in bed

Greek Letters

€ = void fraction of bed, cm?® void/cm? bed

6 = dimensionless variable for time

K = interstitial mass transfer coefficient, cm?/s
pp = bulk density of sorbent, g/cm?
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