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1. INTRODUCTION

In the development of closed-cycle life-support systems, chemical
processes play a primary role in maintaining an environment suitable
for human habitation. These processes are unfortunately plagued by a
number of problem areas, one of which is the separation of gaseous
reactants and waste products. There are a number of mechanisms being
investigated to solve the problem of gas separation. The mechanisms
under study fall into two general categories: (1) physiochemical
techniques and (2) biochemical techniques. The report presented herein
is concerned with a physiochemical separation technique related to gas
chromatography which has been termed pulsed-gas chromatography (PGC).
It is expected that the successful application of this technique for
"continuous' gas separation/enrichment will play an important role in
the development of environmental éontrol systems for lbng-duration
manned-space missions.

Contract NAS2-3209 was awarded to Electro-Optical Systems, Inc.
(EOS) on 30 August 1965 to evaluate the feasibility of the Pulsed Gas
Chromatographic (PGC) separation technique. The PGC separation study
had as its objective the evaluation of the effectiveness of a pulsed
mode of operation in separating gases encountered in spdcecraft systems.
A number of parameters were to be investigated, including chromato-
graphic colum size, packing material and temperature, in conjunction
with three gas mixtures: 80 percent CO2 to 20 percent air, 1 percent

CO, to 99 percent air, and 80 percent CH

) to 20 percent H

4 2°
The PGC technique is inherently light in weight and offers a

possible improvement in separation efficiency over presently available
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gas separation techniques. Application of the PGC technique to life-
support systems is principally aimed at the removal and concentration
of CO2 and the reclamation of 02. Other potential applications include
the separation of gaseous products from Bosch or Sabatier reactors,
separation of electrodialysis-reaction products; corntaminant removal,
etc. In principle, any simple gaseous mixture can be separated by

the PGC technique.
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2. SUMMARY
Work conducted under Contract NAS2-3209 on the PGC concept has

demonstrated the feasibility of separating binary-gas mixtures based
upon a pulsed-mode gas adsorption/desdrption. Certain critical param-
eters affecting separation have also been demonstrated, the primary
one being the necessity for adequate pumpdown (evacuation) of the
separation column between cycles. (Poor pumpdown results in poor

separation.)
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3. PRINCIPLES OF PULSED GAS CHROMATOGRAPHY

There are a number of principles upon which chemical separations
are based, such as distillation, diffusion, mass discrimination,
absorption, adsorption, extraction, leaching, etc. Each of these
techniques is useful under a certain set of boundary conditions. For
gaseous separations, under the boundary conditions set up for a space
vehicle, these methods are generally not feasible due to gravity,
thermal energy, large mass of working fluid requireménts, etc. One
separation technique, gas chromatography (based on adsorption),
appears to have certain highly desixable features su¢h as gravity
insensitivity, high separation efficiency and low energy requirements.
The conventional techniques of frontal analysis, displacement analysis,
or elution, are, however, unacceptable: frontal analysis, because of
poor component separatidn, and the latter two because of the require-
ment for a large flow of carrier gas.

These objectives proved to be 4 stumbling block in our thinking
until a system for bypassing them was conceived. Thé concept is quite
simple in principle, and is a modification of the frontal-analysis
technique combined with recent advances in preparative-column tech-
nology.

Frontal analysis is the term uded to describe the technique
whereby a gas-mixture sample is passed continuously through an adsorb-
ent. Separation is poor because the use of continuous-sample injec-
tion causes a large overlapping of the various constituents, even
though the gaseous components are selectively adsorbed and desorbed.
Preparative-column chromatography is the term used to describe that
phase of gas chromatography (GC) dealing with the préparation of
relatively large volumes of pure chemicals using relatively large
diameter columns. (The recent GC literature contains a number of

papers relating to this subject.)
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The modification to the frontal-analysis technique which we pro-
pose is the use of a time-sequenced, pulse-injection system, whereby
the sample is rapidly injected into an evacuated-separating column.
The time-sequenced technique differs from the conventional adsorption/
heat-removal technique in that heating of the column is not required.
Gas separation is accomplished by an adsorption/flow process. A
simplified drawing of such a sequenced system for the separation of
two gases (A and B) is shown in Fig. 1.

Operation of the device is as follows: A gas mixture, in this
case nonadsorbed A and highly adsorbed B, is rapidly injected into the
column at time (to) from the feed gas manifold. Gas A, having less
tendency to be adsorbed than gas B, will diffuse muth more rapidly
through the column than will gas B. Gas A will, thérefore, reach the
outlet valve prior to gas B. When gas A reaches thé outlet valve (tl),
the valve opens, permitting gas A to flow to its outlet line. When
gas B starts to arrive at the outlet valve (tz) thée valve switches
to feed into the gas B outlet line. Pressures traced taken at the
inlet and outlet of the separation column would look somewhat like
that shown on Fig. 2. Note that gas separation is hdt the same as in
conventional analytical-gas chromatography. Instead of sharp peaks,
somewhat overlapping type of separation will occur. The mixed-gas
band is due to nonuniform gas distribution both throdgh and across
the column. One can, howéver, minimize this zone by lengthening the
column, having a uniform packing density, using smaller injection
volumes (by increaéing the inlet pressure) and by using high efficiency
columns. The mixed-gas zone will also be minimal if the percentage of
gas B in gas A is small.

A typical case for such a separation would be a space-vehicle
atmosphere containing oxygen and carbon dioxide. Inh this case, if one
were to use a column containing silica-gel or Poropak, oxygen would
come through the column first, then COZ' Since the CO2 will be present

in less than 2.5 volume percent, the mixing zone will be minimal. An
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outlet pressure-time plot for this system actually would look like
Fig. 3. (The co, and mixed-gas zones are greatly exaggerated.)

In the ideal case, with perfect time-phase separation between
the two gas phase constituents (A and B), no overlapping of gases
will occur in the effluent of the separation column. Thus a time-
concentration graph would look as shown in Fig. 4. The interpretation
of this graph (Case I) is simply that from injection time O until time
X, the column effluent is 100 percent constituent A. At time X, all
of the constituent A has evolved and constituent B starts to evolve
(at the 100 percent concentration level). At time Y, all of constit-
uent B has evolved and the cycle is ready to begin dgain.

In a column in which A and B are overlapped for a portion of the
cycle but are completely separated at the initial and final portions
of the cycle, the time-percent chart would appear as shown in Fig. 5.
Thus, for Case II (Fig. 5) between time O and X, the effluent is 100
percent A. Between times X and Y the effluent is mixed A and B.
Between times Y and Z the effluent is 100 percent B.

In the case where the initial separation is good but the overlap
is extensive for the final gaseous effluent, one would obtain a curve
such as shown in Case III (Fig. 6). Between times 0 and X, the
effluent is 100 percent A. However, between times X and Y, the
effluent is mixed A and B.

When one does not completely purge the injected sample between
cycles and has poor separation efficiency, a fourth case occurs, as
shown in Fig. 7.

Thus at time 0, the effluent contains residual gas from the pre-
vious run which is principally B plus new cycle gas which is princi-
pally A. At time Y, the effluent is mainly B. Between times Y and Z
the concentration of Y gradually increases.

The case of complete failure to separate is given in Fig. 8.

In all of the preceding discussion, we have only considered

separation as a function of concentration and time. A third factor
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must also be included in order to provide engineering design informa-
tion. This factor is the mass-flow rate as a function of time. 1In
the case of the PGC technique, a useful presentation is shown in

Fig. 9 (for the ideal case). Here again, from time 0-X all of compo-

nent A is eluted, thus a mass fraction of 1.0 is reached at time X.

Between X and Y, all of component B is eluted.

The nonideal cases would look as follow in Fig. 10,
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4. EXPERIMENTAL APPARATUS

During the course of the progrdm, a number of significant varia-
tions in experimental apparatus were employed. Thesé variations, in
general, came about as a result of limitations placed upon the test
results due to system constraints. Each of the major variations is
described in the following sections along with equipment calibration

procedures.

4.1 1Initial System Design and Operation

The design of the initial test apparatus is shown schemati-
cally in Fig. 11. Components of the apparatus were as follows:
1. Separation column (with provision for heating)
2. Solenoid valves
. Cycle timers
. Column vacuum system

. Five-station thermocouple vacuum gauge

3
4
5
6. McLeod gauge
7. Gas sample bottle
8. Mercury reservoir
9. Calibration mixture manifold

10. U-tube manometer

11. Analysis chromatograph

12. Analysis vacuum system
The separation column consisted of & stainless-steel tube packed with
an adsorbent material suitable for the gas separation to be made.
Five-column materials, i.e., molecular sieves, silica gel, silicone
rubber, and an organic amine were evaluated in conjunection with three
gas mixtures: 80 percent 002 to 20 percent air, 1 percent CO2 to 99

percent air, and 80 percent CH4 to 20 percent H2. The column was

heated (when required) by using a heating tape regulated by a Variac.
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Solenoid valves, in conjunction with 4 recycling timer apparatus,
Fig. 12 were used to sequence the injection and removal of the various
gas mixtures.

Timer No. 1 controls the length of the injection pulse into the
separation column, and can provide injection times of up to 60 seconds.
Timer No. 2 controls the length of theé total cycle consisting of
sampling time and pumping time. Thesé can be as long a&s 180 seconds.
Timer No. 2 also resets Timer No. 1, ensuring that the next cycle
(beginning with gas injection) will not begin until thé previous one
is completed. The operating sequence of the system may be summarized
as follows.

Injection, sampling, and pumpdowh duration are set on the appro-
priate timers. The cycle is begun by Timer No. 1 energizing the injec-
tion solenoid valve, allowing a pulse of gas mixture td enter the
separation column. Simultaneously Timer No. 2 opens the gas-sampling
solenoid valves, which remain open for the duration of the sampling
time, allowing the separated gas stream to flow through the sampling
bottle. At the end of the sampling interval, the sampiing valves are
closed and the pumpdown valve is openéd, enabling the sampling bottle
to be removed for analysis while the separation column is purged.

The next cycle begins when the pumpdown time has elapsed.

Following collection of the gas sample, which is &t a sub-
atmospheric pressure, it is compressed in the sampling bottle by the
use of mercury compression from the reservoir. It is then analyzed
by injection into the analytical gas chromatograph.

A manual switching arrangement allows for automatic cycling to
be bypassed, if desired.

One of the vacuum pumps is utilized as the prime mover of the
separation system. The use of a vacuum or pressure gradient, as the
separation driving force in conjunction with a pulsed mode of opera-
tion, represents the major difference between PGC and conventional

chromatographic separation techniques: The other vacuum system is
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used, by manipulating the appropriate valves in the system, to evacu-
ate the various lines and manifolds prior to compressing the gas
sample, and also to purge the sample inlet-valve assembly on the
chromatograph before injecting a sample for analysis. Vacuum levels
in the system are monitored by means of a Veeco 5-statidn thermocouple
vacuum gauge. The thermocouple sensors are located at c¢ritical areas
in the two-vacuum-system lines, as shown in Fig. 11. A McLeod tilting
manometer gauge is also in the system as a calibration gdauge.
Following compression of the gas, it is analyzed with an FM

Model 720 gas chromatograph. The instrument was optimiZed for Air-CO2
separation analysis by using the following parameters:

Column: 1/4 in. D x 12 in. L silica gel 130 mesh at 25°¢C

Carrier gas: Helium, at 55-60 cc/min

Detector: Thermal conductivity type, with Bridge current

set at 178 mA

Sample size: 2 cc
The column was pretreated by baking at 150°¢ for %4 hours. A short,
130-mesh silica-gel column was chosen as the best comprdmise between
good separation of the air-CO2 signals, sharp peaks for both gases,
and minimum tailing of the CO, peak. Reproducibility of the ratios
of the air and CO2 peak heights has been found to be very good with

this set of parameters.

4.2 Mass Flowmeter Modification

The following additional equipment was incorpdrated into
the test apparatus to provide the flow-rate-measurement capability;
1. Mass flowmeter
2. Flow totalizer
3. Two cold-traps
4. Gas-drying tube
The mass flowmeter is composed of a flow trandducer and
matched-signal conditioner. The output is a dc voltage which varies

linearly with mass-flow rate through the flow transducet. The
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transducer mass-flow range is 0-0.4 1lb/min and the full scale output
is 5 volts for maximum-flow rate. The effluent from the column vacuum
pump is demisted of oil vapors through a cascade of two cold-traps
before transmitted through the transducer. The chart recorder traces
the instantaneous output of the transducer. The output is also
integrated even at zero flow. This is caused by a cdnstant leakage
voltage from the transducer and this leakage value must be subtracted
from the final value to obtain the actual value.

A gas-drying tube was added to eliminate water vapor as a
possible variable during initial-feasibility testing: It is readily
acknowledged that water vapor is an important variable in typical
air-CO2 separations, but it was felt at this time it might mask other
results.

Deleted from the test apparatus at this time was the tilting
manometer, which had served its usefulness and was né longer needed.

A schematic of the modified apparatus is shown oh Fig. 13.

4.3 Final System Modification

Based on test results and observations of pressure instru-
mentation on the PGC column during testing, it was apparent that many
of the columns previously studied were not satisfactorily purged within
a cycle before starting a second cycle. CohtinuOus,efforts had been
made in adjusting the several column parameters to realize a reasonable

pumpdown time. The ranges of change of these parameters are as follows:

Parameter Range of Change
Column Diameter From 1/4 to 3/4 in.
Column Length From 72 to 6 in.
Injection Time From 15 to 5 sec

It was observed that the 3/4 x 6-in. and 3/4 x 12-in. silica
gel columns both required 4 minutes to reach 1l-mm Hg of pressure. This
indicated that the pumpdown time cannot be further réeduced by reducing

the length of the 3/4-in-diameter column. A test was then performed
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by connecting a 3/4 x 6-in. silica gel column directly to the vacuum
pump. It was observed that by bypassing the sampling portion of the
apparatus, the column was pumped down to below l-mm Hg of pressure
within 30 seconds. Thus the sample line impedance has accounted for
the largest delay in pumpdown time. The sampling portion of the test
apparatus was therefore modified by replacing the solénoid valves with
glass stopcocks and the 1/8-in.lines with 3/16-in.0D vacuum tubings.

The schematic of the modified test apparatus is shown in Fig. 14.

4.4 Gas Chromatograph Calibration

As the various gas-mixture samples are analyzed on the gas
chromatograph, ratios of peak heights of air and CO2 4re obtained.

In order to determine the extent of separation by the dystem, it is
necessary to convert these ratios to relative concentkations of the
two gases. This has been accomplisﬁed by the use of standard gas mix-
tures for which peak height ratios were obtained. A cdlibration plot
thus was drawn, which allows volume percent CO2 to be read directly
once the peak height ratio of an unkndwn mixture.-is obtained.

The standard gas mixtures wére produced by evacuating a
sample bottle to the lowest possible system pressure (€ 50 micron)
and back-filling with pure 002 to a certain subatmosphéric pressure
as read on the U-tube manometer. The bottle was then brought up to
atmospheric pressure, or just below it, by admitting air into the
system. Since the ratio of CO2 pressure to the total system pressure

is equivalent to the volume percent of CO_, in the bottle, any calibra-

2
tion mixture may then be made. As a double check on olr procedure,
selected samples were analyzed mass spectrometrically. Results of
the mass spectrometric analysis showed deviations of < %1 percent from
that calculated by pressure measurement. Figure 15 shows the results
obtained of air/CO2 mixtures.

As with the CO,-air system, volumetric calibration plots
are required for the methane and hydrogen gas chromatograms to

determine the extent of separation by the PGC technique. The
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techniques used in preparing standard COz-air mixtures for calibrating
the chromatograph, however, could not be used. Therefore a calibra-
tion plot which allowed the volume percent of each gas to be read
directly from peak height ratios was not feasible. Other techniques,
consequently, were adopted for obtaining calibration plots of methane
and hydrogen gases.

If the separation of a gas mixture by the analysis column
is good, the composition of the gas mixture may be analyzed by reading
directly from a calibration plot of peak height versus pressure
(concentration) for each gas component. In the case bf H2 and CH4
mixtures using a thermal conductivity detector, an adfitional problem
arises; namely, when using standard carrier gases such as He, N2 and
A, the detection sensitivity is not uniform. Thus, when using He as
a carrier, sensitivity for H2 is very poor while CH4 bensitivity is
excellent. Conversely, when using N2 or A as the cartrier, sensitivity
for H2 is excellent while CH4 sensitivity is poor. A compromise was
reached by using a carrier composed of 50 percent He and 50 percent N2.
In this case, the detector electrical output was reversed between the
H2 and CH4 peaks to maintain a positive trace on the recorder.

The calibration curves for methane and hydrogen using a
1/4 x 24~in. silicon-rubber-analyzing column are shown in Figs. 16 and
17 respectively. Another set of calibration curves for methane and
hydrogen using a 1/4 x 36-in. molecular-sieve-analyzing column are
shown in Figs. 18 and 19 respectively. Silicon-rubber column yields
a more linear hydrogen plot, while the sieve yields a more linear
methane plot. The hydrogen curve for both columns, however, begins to
change polarity at low pressures, i.e., below 100-mm Hg for the
silicone-rubber column and below 250-mm Hg for the mblecular-sieve
column. Due to this reversal effect, accurate low-percentage H2 con-

centrations could not be obtained. Test results were therefore

analyzed mass-spectrometrically.
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4.5 Calibration Curves for Mass Flowmeter

Individual calibration curves of transduceéxr output voltage
and mass flow for CO2 and air were furnished by the manufacturer.
Since the transducer output voltage is linear with the mass-flow rate
of the individual gas, it was assumed that flow rates for mixtures of

CO2 and air could be made by linear interpolation of the COZ-air

calibration curves. Calibration curves for COz-air mixtures were con-
structed and are shown in Figs. 20 and 21. A one-point check with
the 80 percent CO2 to 20 percent air mixture to verify this assumption
was done as follows:

Conditions: 80 percent COZ’ 20 percent air mixture, inlet
pressure setting at 5 psig. ‘

1. Flow-rate measurement at 5 psig by displadement method.
Volume flow = 145 cc/sec
273 1

Mass flow = (0.145) (1.85 32) ED) Gz ()

= 0.0327 1b/min
2. From linear interpolation of COz-air transducer voltage —
mass flow curves 80 percent COZ’ 20 percent air at
0.0327 1b/min = 0.147 volt
3. Transducer voltage for 80 percent COZ’ 20 percent air at
5 psig setting = 0.150 volt
4. Error calculations:

a. Comparative error = 0.003 volts or 2 percent which
would represent 0.5 percent change in CO2 concentra-
tion

Tests were conducted on a 3/4 x 24-in. column packed with
6-16 mesh silica gel. The column effluent is pumped through two cold-
traps to remove the oil vapor prior to being transmitted into the flow
transducer. Cold traps were found to6 be more efficient in removing
0il vapor than filters and also traps have much less pressure drop.

The response time, which is the delay time between the effluent's exit
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from the column and its measurement by the transducer, is approximately
0.1 second. An output trace for a 5 second injection df 80 percent
COZ’ 20 percent air and a total cycle time of 180 secbnds is shown in
Fig. 22. This curve gives the instantaneous transducer-voltage out-
put for the COz-air effluent. To reduce this curve into instantaneous
mass flow of the individual gas, the separation curve for 80 percent
CO2 to 20 percent air and the calibration curve for COi-air were used.
The results of this data reduction process are a plot of the mass-flow
characteristic of CO2 and air in the column effluent and are shown in
Fig. 23. This curve, however, only qualitatively illustrates the

separation of CO2 and air.
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5. EXPERIMENTAL PROGRAM

5.1 1Initial Test Results

The test program was designed to evaluate the following
variables on PGC column performance.
1. Column length
2. Operating temperature
3. Column diameter
4. Injection volume
5. Injection pressure
6. Column-packing material
7. Moisture-removal equipment
Three gases were investigated during the course of the program; 80
percent CO2 to 20 percent air, 1 percent CO2 to 99 perdent air, 80
percent CH4 to 20 percent H2.
Initial testing was conductdad using the 80 pdrcent 002 to
20 percent air mixture, a 2-foot column length and a 200-mesh silica
gel packing material. Various gas-injection times and cycle times
were investigated. The effect of temperature was investigated at
25°C and 50°c. Two column diameters, 3/8-in. and 3/4-in., were tested.
The separation system parameters were varied according to
the following schedule: |
Injection times: 5 and 15 seconds
Sampling times: 5, 10, 15, 25, 35, 45 and 55 seconds
Total cycle times: 1, 1-1/2, 2, and 3 minutes
Results of the experiments conducted are presented in two forms:
(1) the data are shown in tabular form, and (2) these data are then
plotted as concentration of CO2 versus sampling time fJr each injec-
tion period and total cycle duration. Tables 1 through 12 present
the tabular data. Figures 24 through 35 present the praphical data.
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GAS MIXTURE

SEPARATION COLUMN

804 CO,, 20% Air

TABLE 1
SEPARATION DATA (Fig. 24)

ANALYSIS COLUMN

3/8" x 24" $ilica Gel at 25°C

1/4" x 12" Silica Gel at 25°C

S S I S B
(SEC.) (SEC.) (SEC.) PEAK PEAK | RATIO 2
15 5 180 96.0 4.9 19.6 13.5
64.0 3.5 | 18.3 14.0
10 180 110.4 4.2 | 26.3 10.5
72.8 2.8 26.0 10.5
14.5 180 62.0 | 35.0 1.77 57.0
43.2 22.8 1.89 54.0
26 180 30.0 | 30.4 0.99 71.0
20.0 18.4 1.08 69.5
34 180 15.6 | 20.8 0.78 75.0
9.8 12.8 0.76 76.0
45,5 180 8.8 13.4 0.65 .79.0
5.3 7.6 0.69 78.0
54 180 4.2 8.9 0.47 | 8.0
6.4 | 13.4 0.48 83.5
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FIG. 24 SEPARATION PLOT (807% CO2 - 20% Air, 15-second injection,
180-second cycle)
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GAS MIXTURE

SEPARATION COLUMN

TABLE 2

SEPARATION DATA (Fig. 25)

80% CO,, 20% Air

ANALYSIS COLUMN

3/8" x 24" Silica Gel at 25°¢

1/4" x 12" Silica Gel at 25°C

IN%§§§ION S$¥;§E gggi; AIR €0, 2;5: sz' %
(SEC.) (SEC.) (SEC.) PEAK PEAK | RATIO 2
15 5 120 64.8 3.4 19.06 13.5
44.8 2.4 18. 67 14.0
10 120 120.0 9.6 12.50 18.5
83.2 7.5 11.09 20.0
16 120 166.4 21.2 7.85 25.0
118.4 13.4 8.44 23.0
25 120 30.8 24.4 1.26 65.0
21,2 15.6 1.36 63.0
36 120 12.8 14.8 0.86 73.0
45.5 120 10. 2 17.0 0. 60 80.0
' 642 9.8 0. 64 79.0
54 120 3.9 7.8 0.50 83.0
6.6 14.5 0.45 84.0
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GAS MIXTURE

SEPARATION COLUMN

TABLE 3

804 CO,, 204 Air

SEPARATION DATA (Fig. 26)

ANALYSIS COLUMN

3/8" x 24" Silica Gel at 25°C_

1/4" x 12" Silica Gel at 25°C.

AIR:

IN%?EEION s$?§;3 ggg:; AIR €0, CO XSL' %
(SEC.) (SEC.) (SEC.) PEAK PEAK RATIO 2
15 16 90 56.8 26,4 2.15 51.0
40.0 18.2 2,20 50.5
25.5 90 26.4 24,0 | 1.10 68.0
18.2 15.6 1.17 67.0
36 90 12.6 16.6 0.76 76.0
11.2 12.8 0.87 73.0
45.5 90 6.3 10.6 0.59 80.0
7.8 12.6 0.62 79.5
54 90 4.5 8.6 0.52 82.0
7.1 16.4 0.43 85.0
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GAS MIXTURE

SEPARATION COLUMN

TABLE 4
SEPARATION DATA (Fig. 27)

80% C0,, 204 Air

ANALYSIS COLUMN

3/8" x 24" Silica Gel at 25°¢

1/4" x 12" Silica Gel at 25°C

IN%§§£ION Sé?iés gggi; AIR €0, 222: XgL' %

(SEC.) (SEC. ) (SEC.) PEAK PEAK | RATIO 2
15 5 60 192.0 16.0 12.0 19.0
144.0 12.2 11.8 19.0

10 60 105.6 23.2 4.6 34.0

83.7 16.4 5.2 31.5

52.2 11.6 4.8 32.5

16 60 70.4 | 31.6 2,21 50.0

41.6 19.2 2.16 50.0
25 60 45.6 | 22.8 2.0 53.0 -

33.2 13.4 2,45 47.0

35 60 14.8 15.8 0.94 71.5

10.6 10.0 1.06 69.0

45 60 8.7 12.4 0.70 77.0

| 6.1 9.6 | 0.64 79.0

54 60 5.8 12.8 0.45 84.0

3.7 7.1 0.52 82.0

3 60 5.95| 22.6 0.26 91.0

8.1 13.1 0.62 79.0

6.2 8.1 0.77 75.5
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TABLE 5
SEPARATION DATA (Fig. 28)

GAS MIXTURE 804 CO,, 20% Air

SEPARATION COLUMN  3/8" x 24" Silica Gel at 25°¢C.

ANALYSIS COLUMN 1/4" x 12" Silica Gel at 25°C

IN%?EEION Sé?iéE ggg:; AIR €0, 232: vor. %
(SEC.) (SEC. ) (SEC. ) peak | pEak | matio | 92
5 4 180 518.0 | --- eae ———
493.0 | --- ea- —-
10 180 118.4 5.6 | 21.14 12.5
13.5 180 66.8 3.1 21.55 12.5
43,6 2.2 | 20.73 13.0
26 180 20.6 | 22,9 0.90 72.5
12.6 | 13.6 | 0.93 72.0
34 180 12.6 | 12.9 | 0.98 71.0
8.5 9.05 0.94 72.0
44 180 1.2 | 3.1 | 3.61 | 39.5
8.5 2.5 | 3.40 | 40.0
56 180 8.7 | 12.2 | o071 | 77.0
| 5.2 6.0 0.87 73.0
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FIG. 28 SEPARATION PLOT (807% CO, - 20% Air, 5-second injection,
180-second cycle)
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TABLE 6
SEPARATION DATA (Fig. 29)

GAS MIXTURE 804 _CO,, 204 Air

SEPARATION COLUMN  3/8" x 24" Silica Gel at 25°¢C

‘ ANALYSIS COLUMN 1/4" x 12" Silica Gel at 250C.
I
SroE “IE iggﬁé AIR €0, 232: vor. %

(SEC. ) (SEC. ) (SEC. ) PEAK | PEAK | RATIO €0,

5 5 120 70.4 8.7 8.09 24.0

45,6 5.3 B. 60 23.0

| 10 120 86.4 6.75| 12.80 18.5

| 56.0 4,05 13.83 17.5

{ 14.5 120 52.4 30.0 1.75 57.0

‘ 32.8 17.7 1.85 55.0

| ' 25 120 18.2 21.2 0.86 74.0

11.0 13.0 0.85 74.0

35 120 13.8 22.8 0.61 80.0

8.8 12.6 0460 80.0

45,5 120 9.0 11.4 0.79 75.0

| , 5.3 7.0 0.76 76.0

55 120 9.7 17.4 0.56 81.0

5.85 10.2 0.57 81.0
|
|
|
|
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TABLE 10
SEPARATION DATA (Fig. 33)

i

GAS MIXTURE 80 o/o C02, 20 ofo Air
" 1" o
SEPARATION coLumy /8" x 24" 8,0, at 50°C
. 1" 1" o
ANALYSIS COLUMN 1/4" x 12" 5,0, at 25°C
INJECTION SAMPLE LOTAL ; o AIR: .
TIME TIME CYCLE AIR 2 co VOL.o/o
(SEC.) (SEC.) | (SEC.) PEAK | PEAK raf1o | €Oy
5 15 60 20.0 40.4 0.495 | 83.0
14.2 29,2 0.486 | 83.0
5 60 38.0 24.8 1.72 57.0
24 .6 15.5 1459 60.0
9.5 60 33.8 38.0 0489 73.0
25.4 29.2 0.87 73.0
25 60 9.25 | 25.8 0.36 87.0
5.80 | 14.9 0439 86.0
35.5 60 8.90 | 26.0 0.34 88.0
5.40 | 14.4 0.375 | 86.0
55 60 4.50 | "11.8 0.38 86.0

2.52 6.18 0.41 85.0
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TABLE 11
SEPARATION DATA (Fig. 34)

0 co
GAS MIXTURE 80 o/o CO,,

3/8" x 24" 5,0, at 50°¢

1/4" x 12" 5.9, at 25°%¢

20 ofo Air

SEPARATION COLUMN

ANALYSIS COLUMN

INJECTION SAMPLE TOTAL o AIR: VOL.o/o
TIME TIME CYCLE AIR 2 co co
(SEC.) (SEC.) (SEC.) PEAK | PEAK | ra%10 2

15 55 60 6.80 20.4 0.33 88.0
3.95 10.7 0.37 86.5
35 60 10.0 28.6 0.33 87.0
6.30 17.2 0.36 87.5
25.5 60 21.2 46.8 0.43 84,0
13.4 28.8 0.465 83.5
15 60 31.6 51.6 0.61 79.5
20.8 34.0 0.61 79.5
10 60 40.0 54 .4 0.735 76.0
29.6 37.6 0.79 75.5
5 60 50 .4 19.8 2.55 46.0
32.6- 11.8 2.76 42.5
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6997-Final 59



GAS MIXTURE

SEPARATION COLUMN.

TABLE 12

SEPARATION DATA (Fig. 35)

80 o/o coz, 20 o/o Air

ANALYSIS COLUMN

374" x 24" 5,0, at 50°¢

1/4" x 12% 5,0, at 25°%

INJECTION SAMPLE TOTAL , co AIR: VOL.o/o
TIME TIME CYCLE AIR 2 co
(SEC.) (SEC.) | (sEC.) PEAK | PEAK | rafio | €O,
15 15 60 58.4 108.8 0.54 81.5
49.6 96.0 0.52 82.0
25.5 60 22.4 71.2 0.31 88.5
15.0 46.4 0.32 88.5
35.5 60 14.2 52.8 0.27 90.0
9.4 34.6 0.27 90.0
55.5 60 6.8 22.8 0.30 89.0
3.3 10.0 0.33 88.0
10 60 63.6 126.4 0.50 83.0
40.2 101.6 0.40 86.0
5 60 8.8 102.4 0.83 74.5
72.4 84.8 0.85 73.5
3 60 92.8 52.0 1.78 56.5
71.2 38.0 1.87 55.0
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Analysis of the test results indicated one major factor,
i.e., pumpdown between cycles was the controlling parameter. Any
variable that tended to improve pumpdown time improved the separation
characteristics. Thus 5~-second injections were better than 15-second
injections; 3-minute cycles were better than l-minute cycles, etc.

As a result of this first series of tests, the column-
packing material was changed from a fine silica-gel powder to a

coarse-grain material. This noticeably improved pumpdown time.

5.2 Long Term Cycling Test

In order to evaluate long-term cycling effects, the gas
separation apparatus was allowed to cycle continuously for 101 hours
to determine the effects on the column-separation efficiency of
extended operation. The conditions for this run were:

Gas mixture: 80 percent COZ’ 20 percent air

Separation column: 24 x 3/4-in. packed with 6-16 mesh
silica gel

Column operating

temperature: 60°¢C
Injection time: 5 sec
Total cycle time: 180 sec

At the beginning of the run, the system was run through a
complete schedule of sampling times. Following the 100 cycles, the
same schedule was followed and the results compared. The data are
tabulated in Table 13 and plotted on Fig. 36.

It may be seen from comparison of the pre- and post-
extended run data that column efficiency is negligibly affected by
extended-time operation. The results also show that separation has
been dramatically improved by more rapid pumpdown due to the coarse

silica gel.

The separation curve in Fig. 36 is in volume percent of COZ'

To expedite weight calculations and analyses, the vollme percent was

converted to weight percent. The conversion curves are shown in
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GAS MIXTURE

SEPARATION COLUMN

TABLE 13
SEPARATION DATA

80%_CO,, 20% Air

ANALYSIS COLUMN

374" x 24" Coarse $i02 at 60°C

174" x 12" S309 at 25°C

START 101 Hr. Run
START OF RUN
INJECTION SAMPLE  TOTAL  AIR co, AIR: VoL %
TIME TIME ~ CYCLE  PEAK ..o CO, co,
(SEC) (SEC)  (SEC) RATIO
5 5 180 147.1  183.9 0.805 7%
147.0 180.4 0.816 73.8
10 180 17.9 134.4 .133 94
15 180 8.95 141.6 .0625 96,5
7.46 105.7 .0706 96.1
25 180 .65  92.9 .0285 98
2.35 72.8 0323 98
55 180 0.8  46.4 L0172 99
0.7 29.2 .0239 98
AFTER 101 HOURS
5 5 180 168 195 0.86 72.8
153.6 192 0.80 74,0
10 180 20.6 160 0.13 9.5
18,2 139.2 0.13 9.5
15 180 9.8 121.6 0,081 96.0
8.1 99.9 0.082 96.0
25 180 3.7 9% .4 0.039 97.3
3.35 73.6 0.046 97.0
35 180 2.0 73.6 0.027 98.0
1.9 56.8 0.034 97.5
55 180 1.25 60.0 0.021 98.2
0.80 30.6 0,026 98.0
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Fig. 37 and 38. Data from Table 13 are converted by an appropriate
factor to yield a separation plot for CO2 in weight percent. The

weight percent CO2 versus sampling time curve is shown in Fig. 39.

5.3 Test Results After Mass Flowmeter Installation

Preliminary test results indicated the desirability of
measuring the actual mass separation achieved by the PGC technique in
order to provide quantitative data for engineering cdlculations and
estimations of separation efficiency. A mass flowmeter was approved
for purchase and after a 2.5 month delivery period, installed in the
test apparatus. (The test program was halted during this period.)
Methods for defining separation efficiency were also initiated at
this time.

The definition of efficiency of separation for chemical
systems is quite arbitrary. In general, the term is taken to mean
the degree to which a desirable quantity can be obtained from a sys-
tem as compared to that for an ideal system. When trying to compare
two different systems, the definition falls apart. This is especially
true when trying to compare batch-separation systems with continuous-
separation systems. The only practical comparison method is to
totalize the outputs of the two systems being compared and determining
the degree to which each approaches the_deéired quantity of acceptable
separation.

Three approachgs to determining efficiency have been under-
taken with varying degrees of success. These are described in the

following discussion using an air/CO, binary gas for discussion

2
purposes.

Method 1

An efficiency of separation can be defined based upon the
quantity of CO2 in the effluent from the column. Under this defini-
tion the efficiency is equal to 100 percent when the effluent contains

0 percent COZ'
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Efficiency = (1 - Ml/M2>

where

M o= weight of CO, in effluent stream

%

Figure 40 shows such a curve for a 99 percent air, 1 percent CO2 gas

weight of CO2 in input stream

run on a 1 foot long, 3/4-inch-diameter silica gel column. This
method neglects the factor that the efficienc§ value does not have any
relationship to the total quantity of gas being processed. Thus, if
one were to choose arbitrarily a process time of 6 secornds for this
column, the air returned to the cabin would contain O percent CO2 but
would only be 30 percent of the initial weight of air admitted to the
column. We would, in other words, be dumping or recycling 70 percent
of the air, an unsatisfactory situation. It can be seen, therefore,
that the efficiency term must somehow be constrained by the mass of
the air as well as the C02.

Method 2 ‘

This method has been employed for the analysis of the PGC

data. The column efficiency is defined as follows:

! My
Column Efficiency (1) = ﬁ; 1 - i 100
4
where
= mass of 002 in bypass effluent
= mass of CO2 in input pulse

mass of air in bypass effluent

4-\:: ‘.»F NF D—‘z
n

= mass of air in input pulse

(The term '"bypass" is used to indicate the gas has not
returned immediately to the cabin.)

Thus both gases can be related to the efficiency value.
Figure 41 shows such a determination for the same 1l-foot SiOZ column.

1f all the €0, is in the bypass effluent, the M1/M2 terh = 1.
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Likewise if all the air is removed before the effluent is bypassed,
/ \

the Kl - ﬁgj term is 1, and a 100 percent efficiency would result.

If the value of M1

effluent, efficiency would be low. Similarly, if the M3 terms were

were low, i.e., very little CO2 in thé bypass

high, i.e., a lot of air in the bypass effluent, the efficiency would
be low. Thus, 100 percent efficiency represents complete gas separa-
tion and O percent efficiency represents no separation. This expres-
sion is ideally suitable for any binary-gas mixture. Note, however,
the peak efficiency requires the highest multiple of both gas quanti-
ties and this requirement itself can impose a penalty, i.e., the
efficiency is lowered by the quantity of COZ’ even though the quantity
of CO2 in the bulk is acceptable for recirculation. A more practical
method would be to consider the acceptable level of CO2 in computing

the efficiency.

Method 3

This method is based on the weight percent of air in the
effluent multiplied by an importance factor. For the 99 percent air,
1 percent separation, it is assumed that a 0.5 percent 002 effluent
air stream is wholly acceptable and the acceptability of higher con-
centration is linearly derated as shown on Fig. 42. The importance
factor is multiplied against the weight percent of the air. The
resultant efficiency curve is shown in Fig. 43. Note that from this
curve, the switch can be extended from 6 seconds to 20 seconds and
still be above a ''defined' 95 percent efficiency.

However, inasmuch as this is a general binary gas feasi-
bility study, Method 2, the ideal case has been used for calculation
purposes since importance factors for other than 99 percent air to 1

percent CO2 mixtures have not been determined.

5.3.1 1Initial Efficiency Calculation

The first test involving the use of efficiency calcu-
lation was run with the 80 percent CO2 to 20 percent air mixture dis-

cussed in Subsection 4.5.
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'The terms for the efficiency equation for given
elapsed times are tabulated in Table l4. The plot of column efficiency
with elapsed time is shown in Fig. 44. The curve takes on a lopsided
bell shape with a peak column efficiency of 88 percent at elapsed time

of 8 seconds.

5.3.2 Additional Experimental Results

Tests were next conducted on eight different columns.

These column/gas mixture combinations were as follows:

Column Gas Mixture

3/4 x 12-in. silica gel 80 percent COZ’ 20 percent air
3/4 x 6-in. silica gel 80 percent CO,, 20 percent air
3/4 x 12-in. silica gel 99 percent air, 1 percent 002
3/4 x 6-in. silica gel 99 percent air, 1 petcent 002
3/4 x 6-in. monoethanolamine 99 percent air, 1 percent CO,
3/4 x 24-in. molecular sieve 80 percent CH4 to 20 percent H2
3/4 x 12-in. molecular sieve 80 percent CO2 to 20 percent air

(In all above cases a 5-second injection time, a
5 psig injection pressure, and total cycle time of 180 seconds was

employed.)
3/4 x 12-in. molecular sieve 99 percent air, 1 percent CO2

(A 15 second injection time, a 7.5 psig injection
pressure and a total cycle time of 180 seconds was employed in this
latter case.)

The experimental results of these columns are dis-

cussed in detail in the following sections.

5.3.2.1 3/4 x 12-in. Silica Gel - 80 Percent CO
20 Percent Air

2’

This experiment was intended to reduce the
pumpdown time by utilizing a shorter column. It was noticed that the

pumpdown time was (to < 1 mm Hg) reduced from 16 minutes for a
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TABLE 14
TERMS IN COLUMN EFFICIENCY EQUATION AS ARFAS UNDER THE CURVE IN FIGURE 44

A S g o £

¥, AT 2

e A X AL A N e v

Time M, M, My M, M} M3 M3 4 Eff.
(Sec.) (Area - (Area  (Area (Area My M, 1-M; = M, My
Units) Units) Units) Units) ﬁ;(l- 529100
0 0 55.2 0 5.6 0 0 0 0
1 55.2 " 4.5 " 1 .804 .196 19.6
2 55.2 " 3.5 " 1 .625 .375 37.5
3 55.2 2.7 " 1 .482 .518 51.8 i
4 55.2 " 2.1 " 1 .375 .625 62.5 !
5 55.2 " 1.6 " 1 .286 .714 71.4
6 54.1 1.3 " 952 .233 .767 73.1 §
7 52.6 " 0.5 " 953 .090 .910 86.4 {
8 51.2 " 0.25 " .927 .045 .955 88.5
9 49.9 "0.17 " .887 .031 .969 86.0
10 48.6 " 0.10 " .864 .017 .983 84.7
11 47.3 " 0.06 " .842 011 .989 83.3
12 46.0 " 0.03 " .834 .0054 .995 83.0
13 44,7 " 0.02 " .810 .0037 .996 80.5
14 43.4 " 0.015 " .785 .0027 .997 78.4 :
15 4201 " 0.010 " .763 .0018 .998 76.2 %
L6 40,9 " 0.005 " 742,001 .999 74.2 :
20 35.2 " 0 " 636 0 1 63.6 ]
40 16.4 n 0 " 297 0 1 29.7 ?
80 7.2 " 0 " 1310 1 13.1 2
180 0 g 0 "0 0 1 0 |
!
6997-Final 76




AWII HIIM XONFIDIAAd NWNTOD d0 10Td %% "Old

spuodas ' JWIL

o8l o9l ori ocl 00l os 09 0] 4 (074 0
Pr————] T T T T 1 Y A 1 O

8
™ oz m
E<
Z
- oY m
-n
n

s) -
— - oo m
(@]
<
- {os 8
SANOD3IS 8 1V % €'88 = 443 Avad w

1 | ] | 1 1 1 ] 8— ’

E

0

o

3

<y
LIV L 4 7]




24-in. column to 4.5 minutes for a 1Z-in. column. A cursory analysis
of the separation curve and mass flow transducer output curve for a
5 second injection of 80 percent CO2 to 20 percent air at 5 psig very
much resembles that for the 24-in. column of Subsection 5.3.1. Thus,
no detailed analysis was made on the data gathered from this column,
since the results would be identical to those obtained on the 24-in.

column presented in Subsection 5.3.1.

5.3.2.2 3/4 x 6-in. Silica Gel - 80 Percent COZ’

20 Percent Air

This experiment was a further attempt to
reduce the pumpdown time by using an even shorter column. It was
noticed that the pumpdown time still required about 4 minutes. With
this observation, it was suspected that some of the pumping energy was
expended by the impedance in the small orifices and lines in the gas-
sampling portion of the test apparatus. This apparatus was then modi-
fied as described in Subsection 4.3. After modification, the 3/4 x
6-in. column could be pumped down to 1 mm Hg of pressure within a
minute.

The separation data obtained with this
column are presented in Table 15, and the curve is shown in Fig. 45.
1t was noted that the 002 concentration at a 5-second sample time for
the 6-in. column was much higher than for the 24 or 12-in. column.

Tt was suspected that the column was flooded, and very little separa-
tion occurred during the injection time period. However, this could
not initially be confirmed since no sampling was done at a time of
icss than 5 seconds, and also since the separation curve after 5
seconds was very similar to the separation obtained from the 24 and
12-in.columns.

Results of the efficiency analysis are shown
in Figs. 46, 47, 48, and Table 16. The peak column efficiency was
found to be 76.8 percent at 5 seconds. A mass balance for CO, and air

2
was made to check the accuracy of the analysis. The calculations
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GAS MIXTURE
SEPARATION COLUMN

ANALYSIS COLUMN

TABLE 15

SEPARATION DATA FOR 80 PERCENT C02 » 20 PERCENT AIR
WITH 6 x 3/4-IN. DIAMETER SILICA GEL COLUMN

80% co,, 205 Air

6" x 3/4" Dia. 8-16 Silica Gel at R.T.

1/4" x 12" Silica Gel at R.T.

Injection Sample Total Air CO2 Air: Vol. % Wt %
Time , Time Cycle Peak Peak co . CO2 002
(Sec) (Sec) (Sec) Ra%lo
5.0 5.0 120 121 174 0.694 77.0 82.5
63 94 .4 0.667
10 120 2.27 24 0.095 95.8 97.0
5.16 56.4 0.091
15 120 1.52 18,5 0.082 96.2 97.5
0.8 9.90 0.089
20 120 .040 2,08 0.052 97.0 98.0
063 3.02 0.048- '
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TERMS IN COLUMN EFFICIENCY EQUATION AS AREAS UNDER THE CURVE IN FIGURE 48

TABLE 16

Time I(ﬁrea ?}xrea Iélgrea (Area "11— —i:‘:}‘ 1 - -123 [ij:-(l - ﬁj]
(Sec) Units) Units) Units) Units) =2 4 ) M4
0 0 17.4 0 13.7 0 0 0
1 174 " 12.1 " 1 .88 .116 11.6
2 174 " 9.9 " 1 .72 .276 27.6
3 174 " 7.5 " 1 .548 452 45,2
4 174 " 5.02 " 1 %367 .633 6343
5 174 " 3.18 " 1 .232 .768 76.8
6 129 " 2.61 " 742 191 .809 60.0
7 6.8 " 2,30 " .391 .167 .833 32.6
8 5.17 " 2.18 " .,297 .159 841 25.0
9 4,96 " 2.10 " .285 .153 .847 24,1
10 4,84 " 2,06 " .278 .149 .851 23.7
11 4.74 " 1.99 " L2722 L1435 .855 23.1
12 4,64 " 1.94 " 264 141 .859 22.6
13 4,54 " 1.85 ",261 .135 .865 22,3
14 AVA " 1.80 " .255 .131 869 22.0
15 4,34 " 1.75 " .249 .128  .872 21.6
16 4,24 " 1.70 " 243 124 .876 21.3
17 4,14 1 1.65 " .238 .120 .880 21.0
18 4,04 " 1.60 " .232 .117 .883 20.5
19 3.94 " 1.55 " .226 .113 .887 20.0
20 3.84 " 1.50 " .221 .109 .891 19.7
40 1.84 " 0.50 " ,106 .027 .973 10.3
60 0 17.4 0 13.7 O 0 1 0
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showed that the gas mixture in the analysis was 66 percent CO2 and

34 percent air. The actual values were 80 percent 002 and 20 percent

air. This confirmed the suspicion that the 6-in. column was initially
flooded.
5.3.2.3 3/4& x 12-in. Silica Gel, 99 Percent Air -
1 Percent CO2

T T RTINS, .
This experiment was performed in accordance

with a technical directive expressing the desirability of testing
the PGC technique using a 99 percent air, 1 percent 002 mixture in
place of the 95 percent air, 5 percent 002 mixture originally called
for. The separation plot for the 99 percent air, 1 percent CO2 is
distinctively different from those obtained with a mixture of higher
CO, content. That is, the CO

2
(0.4 - 8 percent).

> concentrations are at a very low range
A Results of the detailed analyses on the PGC
data gathered on this column-gas mixture are shown in Figs. 49, 50,
51, 52 and Tables 17 and 18. The plot of column efficiency with
lapsed time curve has a relatively broad peak, and tHe maximum column
efficiency is 97 percent at 6.5 seconds. A mass baldnce check was
performed to check the accuracy of the results. The calculations
showed that the gas mixture in the analysisjwas 99.2 percent air and

0.8 percent Cco The actual mass spectro-analysis of the gas mixture

X
was 99.03 percent air and 0.97 percent COZ'

5.3.2.4 3/4 x 6-in. Silica Gel - 99 Percent Air,

1 Percent CO2

A cursory examination of the separation

data and transducer output for mass flow indicated flooding had

occurred. A detailed analysis was therefore not performed on the

PGC data gathered with this column.
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SEPARATION DATA FOR 99 PERCENT AIR, 1 PERCENT €O
WITH 3/4 x 12-IN. SILICA GEL COLUMN

GAS MIXTURE
SEPARATION COLUMN

ANALYSIS COLUMN

995 Air - 1% CO

TABLE 17

2

2

3/4" x 15" (8 - 16) Silica Gel at R.T.

12" x 1/4'" Silica Gel at R.T.

Injection Sample Total Air co, Aire Vol. % WH %
Time Time Cycle Peak Peak €O, CO2 CO2
(Sec) (Sec) (Sec) Ratio
5 5 180 336 0.36 934 0.75 1.2
320 0.30 1062 0.8 1.3
10 180 44.8 41 189 2,9 4.4
137 .80 172 3.1 4.7
15 180 31.4 .25 126 3.8 5.8
20.0 .14 142 3.6 5.5
20 180 39.2 40 98 4.6 6.9
31.6 .30 105 4.4 6.6
25 120 18.8 .20 96 4.6 6.9
26.8 .35 76.5 5.3 7.9
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TABLE 18

TERMS IN COLUMN EFFICIENCY EQUATION AS ARFAS UNDER THE CURVE IN FIGURE 52

Time Ml Mz M3 M4 Ml M3 1-23' ﬁ ( 1 - E:}') -IOOJ |
Sec (Ar:-ea (A?ea (Al.:ea (AFea M2 M4 M, Mz M4
Units) Units) Units) Units)
0 0.65 0.65 48.30 48.30 1 1 0 0
1 0.65 " 40.08 " 1 0.829 0.171 17.1
2 0.65 " 27.83 " 1 0.526 0.474 47.4
3 0.65 " 13.58 " 1 0.281 0.719 71.9
4 0.65 " 3.08 " 1 0.064 0.936 93.6
5 0.65 " 2.48 " 1 0.051 0.949 94.9
6 0.6485 " 2.02 " 0.998 0.042 0.958 95.7
7 0.6455 " 1.914 . 0.993 0.040  0.960 95.3
8 0.642 " 1.826 " 0.986 0.0378 0.9622 94.8
9 0.630 " 1.801 " 0.970 0.0374 0.9626 93.4
10 0.618 " 1.781 " 0.953 0.0369 0.9631 91.8
11 0.605 " 1.762 " 0.931 0.0365 0.9635 89.6
12 0.588 " 1.743 " 0.906 0.0361 0.9639 87.3 )
13 0.569 " 1.726 " 0.876 0.0357 0.9643 84 .0
14 0.538 " 1.705 " 0.828 0.0353 0.9647 80.0
15 0.516 " 1.680 " 0.794 0.0348 0.9652 76.6
20 0.406 " 1.525 " 0.625 0.0316 0.9684 60.5
25 0.294 " 1.401 " 0.452 0.0290 0.9710 43.8
30 0.184 " 1.114 " 0.283 0.0231 0.9769 27.6
35 0.073 " 0.965 " 0.112 0.020 0.980 11.0
45 0.019 " 0.611 " 0.029 0.013 0.987 2.9
60 0.006 " 0.273 " 0.009 0,006 0.994 0.9
80 0.002 " 0.007 " 0.003 0,001 0.999 0.3
120 0 0.65 0 48.3 0 0 1.000 0
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5.3.2.5 3/4 x 6-in. Monoethanolamine Impregnated
Firebrick

Solutions of monoethanolamine (MEA) have
been shown to be a good adsorption media for carbon diokide. MEA,
being a liquid, has to be supported. Firebrick (30/60 Mesh) was
chosen because of its chemical inertness and relatively high porosity.
MEA has a boiling point of 175°C at atmospheric pressure. At 1 mm Hg
pressure, it will boil at 30°C. Thus, during pumpdown (to < 1 mm Hg),
the MEA would probably vaporize. Nevertheless a 3/4 % 12-in. column
was constructed to attest to the stability of the MEA at low pressure.
However, it was found that the MEA chemically reacted with the copper
tubing and fittings to form a bright blue substance. At this point
the experiment was discarded.

5.3.2.6 3/4 x 24-in. Molecular Sieve - 80 Percent
CHA’ 20 Percent H2

This experiment was performed as a prelimi-
nary test to evaluate the PGC technique for gas separations in the
Sabatier reaction system. A 3/4-in. diameter, 24-in.-long column was
packed with 13 x molecular sieves and used for this evaluation. Due
to analysis problems described in the chromatographic calibration
section, i.e., Subsection 4.4 sample analyées were made mass spectro-
metrically. The data showed that all the hydrogen came out in the
effluent during the 5-second injection time. Since sanples cannot
be taken between 0 and 5 second, with the present arrangement and the
mass flowmeter had not been calibrated for H2 and CH4, the test results
were quantitatively meaningless. Qualitatively, however, it appears

that H, can readily be separated from CH

2 4°

5.3.2.7 3/4 x 12-in. Molecular Sieve .- 99 Percent
Air, 1 Percent CO2

This experiment was performed to ascertain
the ability of a molecular-sieve column to separate air contaminated

wiﬂ1002;a 15-second injection time and a 7.5 psig injéction pressure
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was used to increase throughput. Results of the detailed analyses on
the PGC data gathered on this column/gas mixture are shown in Figs. 53,
54, and 55 and in Table 19. It was noted that no carbon dioxide was
found in the effluent up to 15 second sample time. The plot of

column efficiency with lapsed time curve shows a relatively linear
rise and drop with small flat peak and a maximum column efficiency of
99.7 percent at 15 seconds. A mass balance check was performed to
check the accuracy of the results. The calculation showed that the
gas mixture in the analysis was 98.2 percent air and 2.02 percent C02.
The actual mass spectro-analysis of the gas mixture was 99.03 percent

air and 0.97 percent COZ'
5.3.2.8 3/4 x 12-in. Molecular Sieve - 80 Percent

C02, 20 Percent Air

This experiment was performed to evaluate
the ability of the molecular-sieve column in separating high percent-
ages of CO2 from air. It was observed that the 5-second samples
repeatedly showed large quantities of CO2 when they wére analyzed
chromatographically. Samples were also sent out for mass spectro-
graphic analysis. The mass spectral énalysis indicated that there
was poor separation at both 5 seconds and at 10 seconds. Further
experiments should be performed to describe the factbrs which give
rise to the distinctive differences for the molecular sieve for
separating 99 percent air, 1 percent COZ’ and 80 percent C02, 20 per-

cent air.

5.4 Discussion of Test Results

Certain conclusions can be drawn from the test results
achieved to date. First, the PGC is capable of separdting gaseous
mixtures in the manner described in Section 3, Principles of Pulsed
Gas Chromatography. Second, the variables investigated, i.e., column
length, column diameter, temperature, injection pressure, injection
time, etc., affect separation principally by varying the pumpdown time
in the range investigated. Details of these effects are described in

the following section.
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TABLE 19

TERMS IN COLUMN EFFICIENCY EQUATION AS AREAS UNDER THE
CURVE IN FIGURE 54

M

M

M

M

1 2 3 “owow w L %) 100

TIME (AREA (AREA (AREA (AREA —t —2 1 - E?- 4, u,
(SEC) UNITS) UNITS) UNITS) UNITS) 2 4 4 (PERCENT)

0  2.45 2.45 0 118.5 1 1 0 0

1 " " 112.5 " " 0.947  0.053 5.3

2 " " 101.0 " " 0.852  0.148 14.8

3 " " 89.4 " " 0.754 0.246 24.6

4 " " 77.8 " " 0.656  0.344 34.4

5 " " 66.2 " " 0.558  0.442 44,2

6 " " 54.6 " " 0.461  0.539 5349

7 " " 43.0 " " 0.363 0.637 63.7

8 " " 31.4 " " 0.265 0.735 73.5

9 " " 19.8 " " 0.167 0.833 83.3
10 " " 8.3 " " 0.070 0.930 93.0
11 " " 2.0 " " 0.017  0.983 98.3
12 " " 1.05 " " 0.009 0.991 99.1
13 " " 0.63 " " 0.006  0.994 99.4
14 " " 0.47 " " 0,004  0.996 99.6
15  2.45 " 0.37 " 1 0.003  0.997 99.7
16  2.40 " 0.27 " 0.978 0.002 0.998 97.7
17 2.32 " 0.18 " 0.946 0.0015 0.9985 9.6
18  2.21 " 0.10 " 0.903 0.001  0.999 90.3
19  2.11 " 0,03 " 0.861 0.0003 1.000 86.1
20 2.00 " 0.0 " 0.816 O 1 81.6
25  1.50 " 0.0 " 0.613 0 1 61.3
30 1.0 " 0.0 " 0,407 O 1 40.7
40 0.0  2.45 0.0 B 0 0 1 0
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5.4.1 Effect of Column Length

Column lengths in the range 6 inches to 6 feet were
investigated. Test results indicate that the 6-inch length columns
tend to flood while the 6 foot columns tend to restrict flow, decrease
throughout and increase pumpdown time. For the gases and packing
materials tested, column lengths of between 1 and 3 feet appear

optimal.

5.4.2 Effect of Operating Temperature

No major effects on separation were noted at tempera-

tures of 25° and 50°C.

5.4,3 Effect of Column Diameter

Columns ranging from 0.25-inch to 0.75-inch diameter
were studied. Separation generally improved with an increase in
diameter, contrary to conventional gas chromatography experience, due
to an improvement in pumpdown time. However, one can expect a lower-
ing in separation efficiency with larger-diameter columns if gas-flow

correction devices are not employed.

5.4.4 Effect of Injection Volume

Injection volume was varied by changing the injection
time. Two cycles for achieving this were employed, namely 5 and 15
seconds. In general, with a fixed-pumping speed, as used in our test
apparatus, increasing injection time decreases separation efficiency.
Conversely, however, throughput is increased with increased injection
time. Optimizing this factor will depend greatly on the gas mixture

to be separated and the separation efficiency deemed satisfactory.

5.4.5 Effect of Injection Pressure

Injection pressure was varied from 14.7 psia to 22.2
psia. The effect of increasing injection pressure is similar to that

of increasing injection time.
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5.4.6 Effect of Column-Packing Material

This factor is the major variable in the PGC concept.
Experience with separations using conventional gas chromatographic
data is directly applicable to the PGC concept. Thus, CO2 can be
separated satisfactorily on silica gel, but tends to remain on molecu-
lar sieves. Sieves and silicone-rubber columns on the other hand are
quite useful for separating H2 from CH4, while silica gél is not as
good for this separation.

The particle size of the packing material is also an
important variable. One would expect better separation using small
particles having high surface areas. However, small particles tend

to increase flow impedance and thus increase pumpdown time which

degrades separation efficiency.

5.4.7 Effect of Moisture-Removal Equipment

The only equipment employed for moisture removal on
the test apparatus was a column of Drierite in the injection gas line.
Quantitatively, during the course of the program, it was noted that
when room air was cycled through the column duriﬁg checkout runs,
room air moisture (30-50 percent relative humidity) had no effect on
column performance. However, long term effects of high humidity
atmospheres may tend to degrade silica gel columns. A recent packing
material having the commercial name Poropakl’2 should, however, elimi-
nate moisture as a degrading factor while providing excellent 002 -

air separation.
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6. PRELIMINARY SYSTEM ANALYSES
As a first step in comparing the PGC concept with other gas
separation schemes, estimates of system weights have been made. For

comparison purposes, we have selected a 4-man spacecraft application

and a COZ-air separation.

Data taken during the program indicates that a 2-foot, 0.75-inch-
diameter-packed column will pass =~ 1 x 10-2 pounds of atmospheric
pressure air during a l-minute period with a 15-second injection pulse.
Based upon these data and the requirement of removing 2.25 pounds of
CO2 per man per day, one can estimate the size and weight of a PGC
system for life support in a spacecraft.

Assumptions: (1) Input to the PGC column contaihs 99 percent

air, 1 percent CO2

(2) Outputs for PGC column contained essentially
pure air and pure CO2 as demonstratéd in the
experimental program

The quantity of air + CO2 to be processed is determined as

follows:
Ml = 4 x 2.25/0.01 = 900 1lb/day
= 0.25 1b/min
where
Ml = mass flow of air required for 4-man system

Since flow rate is proportional to column frontal area or the square
of the diameter, we can estimate the column diameter required for a

4-man system, since we have data for a 0.75-inch-diameter column.

MM, = @7/ @)°
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where

M2 = mass flow of 0.75-inch column
d1 = diameter of column for a 4-man system
d2 = 0.75 inches

2 _ 2

] Ml(dz) /M2

2 2
d1 = 0.25 « (0.75)7/0.01 = 14.1
_ 0.5 .
d1 = (14.1) = 3.74 inches

This diameter is well within the state of the art for gas chromatog-
raphy, since 4-inch-diameter columns have been commercially available
for over two years and columns to 12-inch diameter have been demon-
strated in the literature.

Based upon the use of silica-gel having the same packing fraction
as that presently used with the 0.75 inch column, the weight of a

3.74-inch diameter can be estimated.

2
NG
W 2
2 (d2) L2
where
W1 = weight of silica gel in 3.74 inch-diameter column
Wz = weight in 0.75-inch column i.e., 84 grams
L = length of column = 2 ft in both cases
d1 = 3,74 inches
d2 = (.75 inches
2 2
w, = 74 x (3.74)7/(0.75)" = 1,840 grams
= 4.06 pounds
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Other system-component weights are estimated to be as given in
Table 20.

TABLE 20
Quantity Weight
Required (1bs)
1. Column tubing
(thin wall Al) 2 ft 0.8
2. Fittings and miscellaneous
accessories 1.0
3. Solenoid valve 2 ea 2.0
4, Vacuum pump 1 ea 20.0
5. Controls and electrical
accessories . 2.5

Total system weight thus comes to ~ 30.4 pounds.

A search of the available commercial literature indicates that
a two-stage pump composed of a rotary carbon vane roughing section
and a Rootes blower first stage would be a logical type of system to
be employed. Based upon extrapolation of power requirements for
commercial pumps, power requirements are estimated at 0.5 horsepower
or 373W. Additional power to operate the solenoids and controls
should not exceed 25 watts, so total power requirements should

approximate 400W.
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7.  RECOMMENDATIONS
The pulsed gas chromatographic separation technique has been
shown to be capable of separating and/or enriching various gas mix-
tures. Work performed under this contract (NAS2-3209) has indicated
certain technical facets of the approach that will require additional
investigation before the full potential of the PGC techhique can be
determined. Among the facets requiring additional effort are:
1. Separation efficiency as a function of mass flow
2. Extended time operational behavior
3. Scale-up effects
4. Effect of contaminants on separation efficienty
5. Optimization of column packing
It is recommended that EOS expand the effort started under
NAS2-3209 to evaluate these parameters and to conduct a system-analysis
study for comparison of the PGC technique with other systems being

investigated for gas separation in spacecraft.
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