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DEVELOPMENT OF SYSTEM DESIGN INFORMATION FOR
CARBON DIOXINDE USING AN AMINE TYPE SORBER

by R.L. Rankin, F. Roehlich and F. Vancheri

SUMMARY

Experimental work was performed with pound quantities of
IR-45 to determine the influence of particle size, process flow-
rate, bed L/D, sorber pretreatment, steam flowrate and COy
partial pressure on the absorption and regyeneration processes.

The "as received", 16-60 mesh, IR~-45 was segregated into
three particle size ranges. These were >30 mesh, 30<>40 mesh
and <40 mesh. Results obtained indicated that a 100% reduction
of pressure drop with little difference in C0y sorption was of-
fered by the >30 mesh particles compared with "as received"
materials. Process flowrate and bed L/D tests showed that the
sorption efficiency is reduced from 0.86 to 0.75, measured at
bed half-1ife, as the residence time decreased from 1.5 to
0.7 seconds. Bed half 1ife is defined as the condition when the
bed effiuent COp concentration Is 0.5 of the influent CO, con-
centration, No significant advantage was observed for résidence
times greater than 2 seconds.

Several pretreatment methods for reducing the trace con-
taminants off-gassed during cyclic absorption-regeneration of
IR-45 were evaluated. Toluene was identified as the primary
contaminant. Methanol extraction was found to he effective for
reducing the toluene concentration from 10,000 to 200 u gms/m?3.
NASA-MSC was requested to evaluate IR-45 considering off-gassing,
odor and flammability. IR-45 was rated "passing” for the three
categories.

The effects of steam fiowrate, particle size, bed L/D and
IR-45 COp concentration on regeneration rate, C0O, recovery and
concentrated COs purity were determined. The steam flowrate was

found to be most influential with no significant effect attributed

to particle size or bed L./D. With steam flowrates in the G.11 to
0.38 1b/hr range, 0.16 to 0.17 1b steam/1b dry IR-45 was required
to regenerate an IR-45 bed. COp recovery efficiencies greater
than 95% were observed with a concentrated CO, purity of 98%.

The saturation capacity of IR-45 for COp is related to CO,
partial pressure in the 0.8 to 15 mm Hg range by:

Tn X* = 1.2767 - 0.587/ \PCo,



Effects of multi-bed svstem designs were considered and the
energy requirements and €0, capacity compared. A three-bed system
of fered a 24-32% reduction“of energy per unit weight of Cng con=
centrated, compared to a one-bed design, but is penalized hy system
cumplexity.

The apparent heat capacity of IR-45 (dry) was determined as i
0.29 Btu/1b-°F. Several materfals including chamois and clays )
were surveyed as candidates for a dessicant type of zern-gravity ;
condenser-steam generator. Vermiculite impregnated with LiCl ap-
peared promising but migration of the LiC1 {is a problem in cyclic
operation. f

Experiments were performed with a 4-man size, single hed,
system. The results of these tests were then reduced and a pro-
cess model derived based upon the heat and mass balance associated
with maintaining the IR-45 moisture content. Several model forms
were considered with the best form including a correction for
secondary condensation within the bed.

A COp sorber comprised of a piperazine impreqnated charcoal
was studied attempting to alleviate some of the problems associ- o
ated with IR-45. Moisture content, cycling, process flowrate and
€0, partial pressure effects were considered. The charcoal was
imgregnated to 23 wt % and exposed to process operation, This CO?
sorber ethibited a lesser dependence of cn, sorption on moisture ° :
content than IR-45, possessed a similar CO2 capacity as IR-45 but -3
tended to degrade with cyclic exnosure. .

Tests were also conducted with a sorber bed which was MNL "
prototype hardware to determine if this type bhed, operating in a f
three-bed IR-45 system, would function to concentrate 0,375 1b -
COp/hr in the 90-day manned test performed for NASA by McDonnell . e
Douglas Astronautics Company-Yestern Division. Also, in addition -
to testing, process design information was supplied Hamilton
Standard Division of United Aircraft Corporation and close 1iason
maintained in the system design. A recommendation that the three
sorber beds with 7.0 1b of IR-45 in each bed could concentrate
0.375 1b COyp/hr at 98% purity was forwarded to Hamilton Standard,
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INTRODUCTION

This report describes experimental and analytical activities
performed for the National Aeronautics and Space Administration -
Langley Research Center during the period November 1969 through
February 1971 on the Development of System Design Information for
Carbon Dioxide Using an Amine Type Sorber,

Amberlite IR-45, an aminated Styrene divinylbenzene matrix,
was investigated to determine the influence of the design param-
eters of sorber particle size, process flowrate, CO, partial
pressure, total pressure and 1, 2 and 3 bed designs,

Task II entailed experimental and analytical effort to en-
able relating mathematically the C0, capacity and energy require-
ments of a 4-man size system %o 1mpgrtant operational parameters,

In Task III, a system was to be designed and fabricated
using the information obtained in Tasks I and II. This task was
modified, however, hy NASA in order to substitute Task V.

Task IV activities included some fundamental studies with a
C0p sorber which could offer advantages over the polymeric IR-45.

co cagacity. energy requirements and process operation were con-
sidered.

Task V was substituted for Task III in support of the poly-
meric type COp concentration system used in the 90-day manned
test performes by McDonnell Douglas Astronautics Company - Western
Division for NASA. Activities of Task V included experimental
work, analysis and supply of process information to Hami'lton
Standard Division of United Afrcraft Corporation which fabricated
the 90-day test system.
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EXPERIMENTAL FACILITY

Tast System

Task I experiments were performed with a test system which
enabled control of the process flow temperature, humidity, C0j
concentration and flow rate. Figure 1 1llustrates this system,
Plant air, used as the C0, carrier, was directed through a mechan~-
fcal filter (400 mesh scréen) and a silica gel-baralyme bed
to remove particulate, moisture and residual CO0, before entering
the test system. The filtered air entered the %est system through
one of two flow meters (2) (Brooks Rotameter, Model C-1307-1)8-G-GV1~A)
or Brooks Rotameter, Model 5-65-A) depending upon the desired flow
rate range (272, 50 SCFH) and was then directed through a shell
and tube heat exchanger to achieve the desired sensible temper-
ature. Humidification was athieved by flowing part of the ther-

ally conditioned process air through an isothermal water column
<>and mixing with the bypatcsed flow downstream of the humidifier.

0p was injected into the process stream at the point of air mix-
ing through a flow meter (§) (Brooks Rotameter, Model B07-08-5261-A).

- Immediately upstream of the sorber bed the Cl, concentration
and dewpoint of the process air were monitored witk infrared ana-
lyzers (6) (MSA LIRA, Model 300) which have 50 and 100 ppm sensi-
tivities for CO02 and water, respectively. The COp LIRA was
calibrated with a 0.46 * .005% mixture of COp in nitrogen while
the water LIRA was calibrated with a 39.0 * [05% mixture of
ethylene in nitrogen which corresponds to a dewpoint of 78,8°F,

This calibration procedure for the water LIRA was permitted be-
cause ethylene has an absorption characteristic practically
identical to water. The outlet of the LIRA's was returned to

“the process stream before entering the sorber bed tn retain the

system mass balance. Downstream of the sorber bed the effluent
€0, concentration and dewpoint were monitored with LIRAs
similarly to the input.

Process air sensible and dewpoint temperatures in the range
of 45-100°F were controlled to t 2°F, A1l temperatures including
sorber were monitored with the thermisters(@)(Fenwal Ka3265) cal-
ibrated to the boiling and ice point temperatures of water at at-
mospheric pressure.

Sorber Regeneration

Sorber regeneration was performed by heating the sorber
with steam supplied from a 500 m] flask heated by a laboratory
heating mantle . The regeneration apparatus is included in
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Figure 1, Steam delivery rates of n,1-0,4 1b/hr were achieved hy
requlating the electrical power to the mantle. Observation of ihr
flask weight difference with time determined the delivery rate sad
the thermal requirement for regeneration of the sorber was indi-
cated by the total weight difference.

During the sorber regeneration, the air-C0jy separation was
determined by monitoring the decrease of oxygen concentraﬁfon of
the displaced gas mixture with a polaroaraphic analyzer %, (Beck-
man, Model 778?. The actual composition of the displaced gas was
determined by extracting 100 ml1 samples of the gas mixture for
mass spectrometer analysis. The samples were extracted by direct-
ing the displaced gas mixture through glass tubes (} immediately
downs tream of the oxygen monitor. Five sample tubes were fixed
in a parallel bypass arrangement which permitted sampling in 15
second intervals. The displaced gas mixture flow rate and total
flow were measured with a dry test meter &5 (NAR 150 CFll) Tocated
downstream of the sampling manifold.

Sorber Beds

Four beds for sorber containment were constructed of which
tnree were glass and the fourth polyethylene base plastic. The
glass beds were fabricated of 81 mm tubing closed at the ends with
dished heads as illustrated by Figure 2, The dished hetd on the
bed input end was flanged, "0" ring sealed and held to the tubing
with a Marmon type clamp thereby permitting loading the beds.

The dished head on the bed output end was minimized to reduce ef-
fluent gas mixing during the sorber regeneration. The heds preo-
vided 1ength to diameter ratios of 1, 2 and 4/1.

Two temperature monitor penetrations were made through the
bed side wall and thermistors sealed into the bed with a silicone
sealant (GE RTV 615). Pressure taps in the bed wall and output
dished head were provided for determining the sorber pressure
drop which was read out with a manometer. Also part of the sorher
beds was a device which indicated the sorber moisture content by
measuring the electrical resistance of the sorber. This device
was constructed of two platinum plates, 1.4 cm square, separated
1 em; the sorber resistance was measured with an electrometer
(Kiethley, Model 620) and compared to resistance values dutermined
for sorber samples of known moisture content, Figure 3 presents
the IR-45 resistance as related to moisture content. The sorber
was held in the proper configuration in the beds by two "Nevaclog"
separators cut to fit the glass tubing. "Nevaclog" is constructed
of two perforated stainless steel sheets rotated such that the
perforations are not colinear and spot welded. The "Nevaclog"
possesses structural integrity not available with screens, does
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not "wick" water but permits flow velocities in excess of 100 fpm
with less than 0.5 inches water pressure drop. One separator was
sealed into the output end of the glass tubing while the other
was held in place by a spring load. The beds were thermally in-
sulated with lTaminations of 0.005 inch aluminum foil and Johns-
Manville micro~quartz felt to a 0.75 inch thickness,

The fourth bed was 3 inch ID and was sectijoned into 16 cells
each 0.75 inches long. The cells were separated with 80 mesh
stainless steel screen and the sorber was loaded into the cells
through 0,375 inch tubes located radially on the perimeter. These
loading tubes were closed with spring retained stoppers to prevent
leakage through the tubes. Figure 4 illustrates the sectioned
bed which was used to determine the CO» concentration gradient in
the sorber bed for different bed effluent concentrations.
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TASK I PARAMETRIC STUDIES

Task 1.1 Sorber Particle Size Optimization

Minimizing the sorber bed pressure drop offers the advantage
of reducing the power required to move a quantity of fluid, namely
air or water, through the bed. Complementarily, system fixed
weight may be reduced by sufficient pressure drop reduction.
Ergin! has shown the pressure droup per unit depth of dry packed
beds to be related to the packing surface Ap.

AP . r150(1-¢ " - 1291 9
AP . 15001ce) 4+ 1.75] (1-€)6'2/9" e dpig

where "KP = Pressure drop (1b/ft?
7 = Height of packing (ft
e = Void fractions in a packed bed
Re = Reynolds number for a particle, based on
superficial gas velocity
G' = Superficial mass velocity of gas based on

empty bed cross section (1b/hr-ft2)
d. = Diameter of a sphere whose surface volume
P ratio is the same as that of a packing
particle (ft)
4 Gas density (1h/ft?)
and df = 6(1-€)/Ap

Leva? approximates the pressure drop per unit depth of wet packed
beds in terms of the shape factors, n, and m.

& = m(107*) (10" 1/cL)6 2/ 26

where AP = Pressure drop (lb/ftzg
Z = Height of packing (ft

L' = Superficial mass velocity of liquid, based
on empty bed cross section (1b/hr-ft?)

G' = Superficial mass velocity of gas, based on
empty bed cross section (1b/hr-ft?)

gl = liquid density (1b/ft?)

tg = gas density (1b/ft?)

Both relationships indicate a dependence of the bed pressure drop
on a form of bed particle geometry. Some experiments performed
under Contract NAS1-5277 suggested that the sorber bed pressure
drcp could be reduced by using particle sizes greater than 40
standard mesh with essentially eguivalent dynamic C0, capacity as
the “"as received" particle distribution. The "as received" sorber
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particle size distribution scaled by weight fraction is presented
by Table 1.

TABLE 1 - MESH SIZE OF AS-RECEIVED IR-45

Mesh Size %
(U.S. Std. Sieve) Total Weight
+20 19.3
-20+30 46.7
~30+40 23.4
-40 (Fines) 10.6

For the present studies, the "as received" sorber was segre-
ated into three particle mesh size ranges: >30 (coarse), 30<>40
intermediate) and <40 (fines). Each size range was evaluated for

C0p removal efficiency, capacity, bed pressure drop and regenerated
CO» purity with testing in the unit beds having length to diameter
ratios of 2 and 4 described by Figure 2 and the sectioned bed of
Figure 4 and test system of Fiqure 1. These tests were performed
with an air flow rate of 0.5 CFM, a sensible temperature of 70 *
2°F, dew point 50 t 2°F, input C0p partial pressure 3.7 mm Hg,
sorber moisture content 5-7 wt % and 740 mm Hg total pressure.
Initially, the process test conditions included a 15 wt% sorber
moisture content. During the absorption tests however, the moisture
content was decreased by evaporation to the air indicating non-
equilibrium between the sorber and air humidity. Although a
dynamic C0, capacity of 2.7 wt? was achieved with the 16-60 mesh
particle s7ze, constancy of conditions was denied by the transient
heat and mass transfer affected by the evaporation. Subsequently,
this problem was relieved by operating the sorher with 5-7 wt %
moisture which was determined, under Contract NAS1-5277, to be in
equilibrium with 70°F sensible, 50°F dew point air., Also, the
lesser moisture content condition had the advantage of amplifying
particle size effects., A steam flow rate of 0.31-0.35 1b/hr was
used for both unit bed and sectioned bed sorber regeneration.

A comparison criteria (y) for the €0, absorption results of
the particle size effect tests was defined as the ratio of the
theoretical velocity power required per pound of COp absorbed.

y
where i

¥ap/mco,

volume flow rate
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AP = pressure drop througii sorber bed
mC0, = mass of CO, abscrbed

This criteria permitted comparison of the sorber pressure drop and
dynamic CO, capacity for each particle size range.

Each test was performed by establishing the desired conditions
then placing the sorber bed in the process stream. Air temperatures
and humidity, bed temperature, moisture contenrt and pressure drop
and bed input and output CO, concentrations were monitored until
the bed output CO, concentration reached 0.5 of theinput, The
sorber bed was removed from the process stream and regenerated.
During regeneration the steam generator weight, bed temperature,
evolved gas flow rate, condensate quantity and oxygen content were
monitored. ‘Yhen the evolved gas flow rate decreased to zero the
regeneration was concluded and the sorber removed. from the bed.

A second bed of different lerigth was placed in the process stream
and the test sequence repeated. ’

Results.-A total of 23 distinct tests were performed to de-
termine the optimal particle size range for the 002 removal and
concentration system evaluation.

The >30 mesh particle range exhibited a definite advantage
for CO» remcval with a minimal power requirement. A velocity
power %o CO0, mass ratio of 13 watts per pound COp was determined
for the >30 mesh size while the power to mass ra%io for the <40
and 16<>40 mesh sizes were 60 and 26 watts per pound C0,, re-
spectively. The increase of the ratio reflects the incgease of

bed pressure drop from 3.5 to 13.3 in. H,0/ft with decreasing particle

size. The dynamic CO, capacity of each particle size bed was
1.1 + .05 wt & at the bed half-life.

| Table 2 presents the results for the three sorber particle
sizes.

TABLE 2 - ABSORPTION CHARACTERISTICS OF IR-45 PARTICLE SIZES

Particle Half-1ife
Size Capacity Pressure Drop watts
Mesh L/D (vt 2) (in. H,0) y(1b_€0,)
-40 4 1.15 13.5 62.4
-40 2 0.86 6.6 59.3
+30 4 1.05 3.5 13.2
+30 2 0.72 1.8 13.2
16<>60Q 4 1.11 5 28.6
16<>60 2 0.89 3.1 23.6

1R



iw*,"‘_.'::;:, T T

These data show that the <40 mesh particles provide a possible 10%
advantage in capacity compared to the >30 size particles in the
L/D = 4 beds. This advantage increases to 19.5% for the L/D = 2
beds. The welocity power expended to achieve the canacity ad-
vantage of the <40 mesh size, however, is greater by a factor of
4.6 than the power required by the >30 mesh size, The 16<>60 size
exhibited an equivalent capacity to the <40 mesh size but required
twice the power of the >30 mesh size. Fiqure 5 presents the re-
sults of the unit bed tests for the three particle sizes as break-
through curves. These curves represent the time history of the 2
and 4 length to diameter ratio beds. Also described is a curve
performed with a bed of unit L/D and <40 mesh particle. Figure 6
represents the same test data but jllustrates the sorber C0O, con-
centration related to the bed effluent COp concentration.

Six tests were performed on the different particle sizes
with the 16 unit sectioned bed to enable determining the C0D, con-
centration distribution within the sorber bed. These tests were
conducted similarly to the unit bed tests but were terminated
when the bed output COp concentration was initially detectable
(>50 ppm). Each of the sections were regenerated and the evolved
co, quantity measured by displacement of the co, saturated water.
Figure 7 presents these results which show threé different con-
centration sections of the bed. About three inches of the bed

measured from the input attained a 0.9% CO, concentration approach-
ing the saturation capacity of the sorber at the 5-7% moisture con-

tent. The succeeding five inches of bed contains the primary
absorption wave or concentration gradient which traverses the bed
during the total bed l1ife and the remaining four inches of the bed
shows nearly a constant CO, concentration of 0.18% for the <40 and
16<>60 mesh particles.

The >30 mesh particles exhihited a less distinct absorption
wave than the other two particle sizes. However, the quantities
of sorber per section of bed were sufficiently small (45 grams)
that all the data fell within experimental error for €0, concen-
trations less than 0.13%.

The regeneration time history, depicting C0, evolution and
purity, for each particle size showed no discern1§1e effect of
particle size. C0O, mass balances were obtained within 2% and
measured dry COp contaminants were less than 0.2% for each
particle size.

Having established the advantage of the >30 mesh size part-
icles, the moisture content of the sorber was increased to 17 wt %
to increase the dynamic CO, capacity. The increased moisture con-
tent, causing the sowrber particles to expand, affected a reduction
of the power to mass ratio for the >30 mesh size particles to 4.3
watts per pound COp,. The <40 mesh size was also tested at the 17%
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moisture content with a resulting pover to mass ratio of 17.2 watts
per pound CO, restating the advantage of the >30 mesh size, Further
particle sizé segregation to >20 mesh was rejected on the basis of

quantity yfeld, Using »30 mesh allowed use of 66 wt ¥ of the "as

received" material; segregating to >20 mesh would reduce the yield

to 19 wt % in turn increasing sorber cost.

Task 1.2 Effect of Process Flow Rate on Sorber CO?
Capacity and Sorption Efficiency .

Increasing the grocess flow rate through a sorber bed usualiv
ase mass transfer coefficient upon which the

fncreases the fluid p
sorption efficiency is dependent, The sorption efficiency or

fraction of total sorbate sorbed may decrease or he unaffected if:

1. Mass transfer coefficient does not
increase with flow rate.

2. Fluid phase mass transfer i~ not
controlling the sorption process.

A mass bhalance constructed about the process fluid passing
through a sorber bed

Gdy = Kga(y-y*)dz

where G = process flow rate (1b/hr-ft?)
y £ sorbate concentration in process

fluid (1b/1b)

y* £ equilibrium sorbate concentration
(1b/1b)

Kga = fluid phase mass transfer c¢oefficient
(1b/hr=ft3-1b/1b)

dy = differential change of sorbate con-
centration

dZ = differential sorber bed length

relates the process flow rate to the mass transfer coefficient.
The mass balance relationship shows that the change of sorbate
concentration (dy) with sorber bed length (dZ) is inversely pro-
portional to the mass transfer coefficient (Kga). Therefore,
unless the mass transfer coefficient increases similarly to the
process flow rate, the sorption efficiency shall decrease. The
€0, sorption efficiency and capacity of IR-45, however, are also
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effected by the mass and heat transfer associated with the sorber
moisture constituent required for optimal cog sorption, Five ab-
sorption experiments, excluding C0,, were pe formed to ensure
that the IR~45 moisture content, post absorption, was within the
range for optimal CO, sorption, These experiments were performed
so that the change of moistuvre content would not influence the

effect of process flow rate.

The experiments for evaluating the effects of process flow
rate on sorption efficiency and capacity were performed with IR-45
which contained 15-25 wt % moisture. The >30 mesh particles, de-
termined optimal under Task 1.1, were used in beds exposed to nro-
cess flow rates from 0.5-3 CFM equivalent to 10-60 fpm space
velocities through the sorber bed. The input process air temper-
ature was 70 + 2°F with a 50~55°F dewpoint and CO, partial pres-
sure of 3,7 mm Hg. Unit beds with 1-4 length to diameter ratios
containing 0,4-1.5 1bs of IR-45 respectively were used and the
experiments terminated when the bed effluent €O, partial pressure
reached 1.9 mm Hg., The sectioned bed also was Used to obtain
data relating the sorber CO, concentration gradient with process
flow rate., The sectioned héd experiments were terminated at ab-
sorption times less than, equal to and greater than the bed break-
point or initial effluent CO, detection, This procedure enabled
estimating the shape and speéd of the mass transfer zone through
the sorber bed,

Results,-The data relatine process flow rate to the dynamic
capacity and sorption efficiency of IR-45 for C0, are presented
by Figure 8, Data obtained with the 1, 2 and 4 E/D ratio unit
beds were reduced to a common parameter; residence time, r.

L/U = Vg/®

residence time

bed length

mean space velucity of process fluid
through the sorber bed

sorber bed volume

process volume flow rate

T

where

Hourm

v

Hm

T
L
0
8
v .
The dynamic capacity related to the residence time is described
by relationship

C

where

H

u

mean C0, concentration of sorber for a
bed eff%uent cog partial pressure of 1.9

mm Hg (1b COp/16 sorber)

T £ residence time (seconds)

17
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The data shyw the sorber C0, concentration as 0.019-0.023
1b COp/1b sorber for residence tiiles greater than 1.5 seconds;
indicating that the dynamic CO, capacity of IR-45 is not greatly
effected within this residence time range. The sorber ng con-
centration decreased to 0,010 1h €Np/1h sorber for a residence
time of 0.6 seconds thereby indicating that the sorption efficiency
had decreased. The sorption efficiency decrcased from N.86 to
0.75 as the residense time was decrecased to 0,€ seconds. These
data chow that although a period of 0.99 sorption efficiengy Was
maintained before the bed breakpoint the mean sorption efficientcy
degraded by 14% as the residence time was decreased.

Two process flow rates (46.2; 92.5 1b/hr-ft?) were used with
the sectioned bed for estimating the characteristic mass transfer
zone, Figures 9 and 10 illustrate the sorber CO, concentration at
1 inch bed increments for different absorption times for each flow
rate. The data show the mass transfer zone totally within and
leaving the sorber bed. For both flow rates used for these ex-
periments, the mass transfer zone was approximately 3.1 inches
long. The bed breakpoint times obtained with the unit bed and
sectioned bed were compiled and the apparent speed of the mass
transfer zone is shown related to the process flow rate by Figure 11

. The data exhibit a linear relationship of the apparent mass
transfer zone speed to the process flow rate. This relationship
may be described by

S

i

a + bG

where S = mass trancfer zone speed (ft/hr)
G = process flow rate (1b/hr-ft?)

The effect of the process flow rate on sorber moisture con-
tent was determined by observing the change of weight of the
sectioned bed cells, These experiments indicated a reduction of
the moisture content of the sorber for 1.5 inches, measured from
the inlet,to 12 wt % for a process flow rate of 226 1b/hr-ft2 and
a 60 minute absorption time. Since even for these experiments the
mean sorber moisture content was within the range for optimal CO,
sorption, the influence of moisture content was alleviated.

Task 1.3 Pressure Drop Through IR-45

_ Throughout the experiments for studying the effect of sorber
particle size and process flow rate, the sorber bed pressure drop
was monitored both for sorber containing 6 wt % moisture and 15-25
wt % moisture,.

Results.-The pressure drop data are presented by Figure 12
which shows the unit pressure drop (in. H,0/ft bed) and process
flow rate (1b/hr-ft2) for three particle sizes of sorber with 6 wt

% moisture c¢ontent and the >30 mesh particles with 20 wt% moisture

19
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content. For the >30 mesh particles with 6 wt & moisture content,
a unit pressure drop of 10,1 in., Hy0/ft was observed at a 150 1b/
hr-ft2 flow rate. The corresponding unit precsure drop fgr sovbor
with 20 wt % moisture content was 7.6 in Hp0/ft; a reduction of
about 25%. The decrease of pressure drop Wwith increased moisture
content is attributed to particle expansion causing the packing
density to decrease. The beds used for this work were constyajned;
the pressure drop through an unconstrained bed would not exhibit
the significant increase with moisture content reduction since the
packing density would be established by the momentum of the process
fluid; in fact, as the particles became drier fluidization could
occur.

Task 1.% IR-45 Pretreatment Evaluation

The manufacturing process of IR-45 includes the use of
organic solvents which during regeneration of "as received"
IR-45 may be desorbed from the IR-45 and contaminate the con-
centrated CO», and carry over into the process stream during the
initial minu%e
could contribute to the presence of an odor in the process stream.

The objective of this task was to evaluate some techniques
to remove the desorbable trace organics by subjecting the IR-45
to a pretreatment which would not influence the CO, capacity of
IR-45, Pretreatment processes investigated were Séxhet type ex-
traction using acetone and methyl alcohol. Approximately 5 1b
batches of >30 mesh IR-45 were treated by Soxhet extraction. This
process involves (1) vaporizing the extractant, (2) condensing the
extractant on the IR-45 and (3? returning the condensed extractant
along with the impurities to the extractant boiler where the im-
purities are accumulated. Following 24 hours of exposure, the
IR-45 was dried in a vacuum oven maintained at >5 mm Hg and 160°F,
The vacuum oven temperature was then increased to 215°F and the
IR-45 dried for an additional 48 hours. The effect of the pre-
treatment was then evaluated by placing approximately 200 grams
of IR-45 into a clean sealed container and allowing the IR-45 to
set for 120 hours. The gas above the IR-45 was then analyzed by
gas chromatograph and compared to similar exposure of "as received"
IR-45. Also, during the absorption-regeneration cycling of the
pretreated IR-45 the regeneration condensate and effluent pro-
cess air was analyzed and compared to "as received" IR-45 regen-
eration condensate and process air. Gas chromatography and ultra-
violet spectrophotometry were used for the gas and water analyses.

The absorption-regeneration cycling performed on the pre-
treated IR-45 for pretreatment effect on CO, was done with 75-80°F/
50% RH air, 1 CFW flow rate, 3.7 mm Hg CO, partial pressure and
750 mm Hg total pressure.

24
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Results.-Analysis of the "as received" regencrated IR-45
process air identified toluene as the primary (90%) cgntaminant.
Toluene concentrations ranging from 9,000-14,200 ug/w’ were
found present in the process air. The remaining 10% of the con-
taminants were not isolated by chromatographic analysis. Also, i
a 30 gram sample of "as received" IR-45 was placed under a 50 cc/min
nitrogen purge and the sample incrementally heated to 19N°F over
a period of 162 hours. The effluent nitrogen purge was periodically
analyzed by gas chromatography. Several off-gas constituents vere
observed with toluene dominating. As the test contipued the un-
identified constituent concentrations were reduced while the
toluene remained. Table 3 presents the concentration of toluene
in the effluent nitrogen purge along with time and sample temper-
ature.

TABLE 3 - TOLUEME CONCENTRATION IN EFFLUENT
NITROGEN PURGE OF "AS RECEIVED" IR-45

Total Time Temperature Toluene Concentration
(hours) (°F) (ng/m?)
0.25 76 72
1.0 190 260
2 180 14,200
17 175 990
20 175 590
25 190 210
90 160 12
114 160 168
138 160 392
162 170 213

The effectiveness of acetone extraction to reduce the "as
received" contaminant level was not determined because of the con-
centration of acetone in the regenerated IR-45 process air. Al-
though the acetone extracted IR-45 was exposed to 200°F during
drying, acetone concentrations as large as 75 mg/m?® were detected.
Because of the evident difficulty associated with the acetone,
the methyl alcohol pretreatment was subsequently evaluated.
Analyses of the methyl alcohol treated IR-45 regeneration process
air yielded a toluene concentration of 112 ug/m® while the regen-
eration condensate contained 20-44 ppm by weight of toluene. Al-
thouyn the methyl alcohol pretreatment reduced the to'uene concen-
tration the odor associated with IR-45 remained. However, upon
exposure of IR-45 to absorption-regeneration cycling the odor be-
caime undetectable.
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Samples weighing 1.5 1b of methyl alcohol treated IR-45
were exposed to continuous cyclic absorption-regeneration,
Figure 13 presents absorption data showing the sorber bed effluent
C0, concentration for "as received" and methyl alcohol treated
IRSA5 and absorption time. These data are for the initial and
eleventh absorption cycles., The eleventh absorption cycle of the
methyl alcohol treated IR-45 shows a decriasé of absorption ef-
ficiency compared to the "as received" IR-45. After completion
of the fourteenth cycle, during which practically no COg was ab-
sorbed, the IR-45 was weighed and found to contain 36.57 moisture,
Simitarly, the "as received" IR-45 contained 35.8% moisture. The
absorption efficiency degradation was attributed to the increasing
moisture content and not the pretreatment.

A pretreatment used to regenerate jon exchange resins in
water purification applications was also performed on the IR-45,
IR-45 was exposed to a cyclic wash consisting of 4% HC1, 4% NaOH,
and then water rinse at both ambjent and 160-170°F temperatures.
After treatment, the resin was dried and a sample exposed to an
absorption cycle. The dynamic CO, capacity of acid-base treated
IR-45 was 0.009-0.015 1b CO,/1b 15-45 compared to 0,023 1b C0p/1b
IR-45 for "as received" IR-45. The decrease of C0, capacity and
range of values indicated that the acid-base treatment degraded
the IR-45 COp capacity. Comparison of contaminant reduction of
the acid-base treatment was not performed after observing the re-
duction of CO, capacity.

Task 1.5 Effects of Steam Flowrate on IR-45 Regeneration

The savber regeneration process is particularly important
for systems which remove and concentrate COp for further use.
Saturated or superheated steam at temperatures from 180 to 225°F
enters the IR-45 bed and condenses on the cool IR-45 particles,
Initially, the bed void volume air is displaced by the entering
steam while CO, is desorbed from the heated IR-4%5 and reabsorbed
by the remaining cool portion of the bed. As regeneration con-
tinues, further displacement of void volume air occurs, CO, is
desorbed and reabsorbed until the COp partial pressure and unre-
generated IR-45 COp concentration are in equilibrium and no further
absorption occurs. Thereafter, CO, exits the IR-45 bed driving
the residual void air before it un%iI the entire bed s regenerated
and steam breaks through the bed. Since the final IR-45 to be re-
generated is saturated with CO, at a partial pressure essentially

equal to the steam pressure, complete regeneration is required for
efficient COp, concentration.

The performance of the steam regeneration process to concen-
trate maximum purity CO, depends upon the chromatographic separation
of the bed void air, desorbed CO, and the steam froant. This sep-
aration may be influenced by sorge

available COp and steam flow rate. 35mall sorber particles would be
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d to increase the number of mass transfer units effecting
ggpeggiorption and reduce bed void volume. The sorher CO, con-
cefitration effects the CO,-air-steam separation if the quantity
of C0p required to drive Ehe final void air from the hed was Targe
compared to the available COp. Also, since the bed must be com-
pletely regenerated the power required to concentrate & unit quan-
tity of C0, increases as the available CO, decreases. Particles
of <40 mes% and >30 mesh were regenerated”and the air-C0, separation
compared to determine if an advantage for 1ncre§sing the CO, purity
was available, The effect of steam flowrate, within the range of
0.11 to 0.38 1b/hr, was evaluated for regeneration rate, heating
efficiency and COp-air separation. Beds of 2 and 4 L/D ratios
were used to determine if bed configuration effected the concen-
tration of maximum purity coz.

Results.~Figure 14 illustrates the response of the Beckman
Model 663 oxygen probe used to indicate the CO,-air separation.
The COs-air separation affected by <40 mesh and »30 mesh IR-45
particles is shown by Figure 15. For these experiments 1.5 1b of
the respective particle sizes containing 0.016 ¢+ .001 1b COp/1b IR-4%
were regenerated in 3.0 in. diameter beds with a steam flow rate
of 0.37 1b/hr. The data show a decrease of 0, concentration in
the regeneration effluent occurring about 19 minutes into the re-
generation for both -particle sizes. The oxygen c¢oncentration de-
creased to less than 1% in 24 minutes for each particle size. The
COp-air separation characteristics of both particlie sizes are
similar and no significant advantage exhibited with respect to
particle size. ‘

Figure 16 presents data showing the effect of steam flowrate
on regeneration rate and Figure 17 presents the complimentary re-
generation effluent flowrate for the data of Figure 16, Beds with
1.54 1b of IR-45 with 20% moisture content and 0.020 + .002 1b
C0,/1b IR-45 were exposed to 0.11 and 0.33 1b/hr steam flowrates
for these tests. The total regeneration times required with the
0.1 1b/hr steam flowrate were 116-122 minutes while the 0.33 1b/hw
steam flowrate enabled the same quantity of IR-45 to be regenerated
in 35-37 minutes. Regeneration with 0.11 1b/hr steam flowrate re-
quired 0.142 1b steam/1b IR-45; with 0.33 1b/hr steam flowrate 0,129
1b steam/1b IR-45 was required. On a dry basis these values in-
crease to 0.177 and 0.161 1b steam/1b dry IR-45 respectively.

Regeneration tests were performed on IR-45 with 6% moisture
content. The tests were performed with two beds (L/D = 2 and 4).
and steam flowrates of 0.30 to 0.38 1b/hr. The beds contained
0.77 and 1.52 1b of sorber with a €0, concentration of 0.008 + .00G02
b C0,/1b IR-45., Figure 18 presents regeneration data for both
beds.” The data show that a regeneration time of 33 to 37 minutes
was required for the L/D = 4 bed with a steam flowrate of 0.38 1b/hr,
The steam required for regeneration was 0.146 to 0.164 1b steam/1b
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dry IR-45, Tests with the L/D = 2 bed showed that 23 to 25 min-
utes was required for regeneration with a steam flowrate of 0,32
1b/hr. A steam requirement of 0.152 to 0,162 1h steam/1h dry
IR-45 was obtained for these tests.

Noted on Figures 16 and 17 are points at which mass spectro-
meter samples were taken of the regeneration effluent. The C0,p-
air separation occurred as the effluent flowrate increased in-
dicating the desorption of CN,. The regenerations performed with
0.33 1b/hr steam flowrate shov that <0.1% 0, was present for an
effluent flowrate of 0.7 Ipm (0.024 cfm) wh%le the 0,11 Tb/hr
steam flowrate showed that <0.1% 0, was present for 0.17 Tom
(0.006 cfm) 6ffluent flowrate. Also, the data show that more of
the contaminanf.co% is evolved at higher flowrates for the 0,33
1b/hr steam flowrate than for the 0.17 1b/hr steam flowrate.
Separation of the CO0» and steam front occurred rapidly as the re-
generation effluent ;lowrate became iess than 0,15 Ipm. This sep~-
aration occurred for both the 0.11 and 0.33 Tb/hr steam flowrate
which indicated that within the range of steam flowrates and beds
used the COp-steam separation is not effected by these parameters.

Figure 19 shows the regeneration time and cumulative volume
for the regeneration of beds with L/D = 3.9/1 and 2.2/1 at the
same steam flowrate. Desorption of COp began in approximately 11
and 20 minutes and the steam requirement for complete regeneration
was 0.768 and 0.161 1b steam/1b dry IR-45, respectively for the
beds. CO,-air separation occurred similarly for both beds showing
no significant dependence of COp purity on bed L/D.

Task 1.6 Effect of High COp Partial Pressures on Absorption

Several absorption tests were performed with COs partial
pressures of 0.8-15 mm Hg. These tests were conducted with 75-80°F
air temperatures, 50-55°F dewpoints, 0.5-1.0 CFM flowrates and
18-20% sorber moisture content to determine the effect of (N
partial pressure on the dynamic C0, capacity and sorption ef-
ficiency of IR-45. Sorber beds with 2 and 4 L/D were used and
the absorption test terminated when the sorber bed effluent C0,
concentration equaled the input concentration.

Results.-Figure 20 presents the dynamic saturation capacity
of IR-45 as a function of COyp partial pressure. The saturation
capacity was determined to be inversely related to the Ch»s
partial pressure within the range of investigation. The data
show a 2% saturation capacity for a COp partial pressure of 1 mm
Hg and increases to 2.7% at 4 mm lig COp, partial pressure. The

saturation capacity of IR-45 with 20% moisture content is ex-
pressed:
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IR~45 C0, Concentration:
24 .2 16 C0,/100 1b IR-45
L/D = 3,9 —
—
—
40 50

FIGURE 19

Regeneration Time (min)

BED LENGTH EFFECT ON REGENERATION
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InX* = a + b/ 1Pc02

where X* = capacity (percent) !
Pco, = COp partial pressure (mm Hg)
2
a = 1,2767
b = -0.587

Task 1.7 Effects of 1, 2 and 3 Bed Nesign

The energy requirement of the IR-45 polymeric, steam re-
generated, C0, concentration system is primarily effected hy the
steam regenergtion process. Maximjzing the quantity of CO, absorbed
per unit weight of IR-45 permits minimizing the energy required to
concentrate a unit weight of CO>. Task 1.7 included evaluating the
results obtained during Tasks 1.1-1.6 to project the energy require-
ments of 1, 2 and 3 bed system designs. CO, capacity, concentrated
CO, purity and system simplicity associated with each type of sys-
tem design were also evaluated. Single bed (L/D's= 4 and 2/1) ab-
sorption and regeneration characteristics were reduced to provide
the 002 capacity, purity and energy information for 1 and 2 bed
system“designs. The sectioned bed results were used to provide C0,
capacity information for the 3 bed (L/D = 2/1) series system de-
sign. A regeneration steam flowrate of 0.33 1b/hr was used for
each system design.

Results.-Table presents the 1, 2 and 3 bed system design
comparison data. These data were applied to the single and multi-
bed system designs by determining the energy expended during ab-
sorption and concentration of one pound of COp for 3 process flow-
rates.

TABLE 4 - 1, 2 AND 3 DBED SYSTEM COMPARISON

1 2 3
Bed weight (1b) 1.54 0.77 0.77
Process Flowrate, (1b air/

hr-ft2-1b IR-45) 30,690,120 60,120,240 60,120,240
Half Life CO, capacity* -

(wt %) | 2.3,2.2,1.8 2.2,1.7,1.3 2.5,2.5,1.9
Steam flow rate

(1b/hr-1b IR-45) 214 .428 .428
Pressure drop (in. H,0) 3,6,9 1.5,3,4.5 1.5,3,4.5
Absorption time (min) 140,63,32 71,28,13 71,28,13
Regeneration time (min) 36,36,36 21,21,21 21,21, 21

* Determined when effluent concentration equals 1/2 inlet concentration
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1-Bed System Design: A bed containing 1.54 1b IR-45
was exposed to process filowrates of 46,2, 92.6 and 185 1b/hr-ft?
and permitted to absorb COp until the bed effluent COy partial
prassure attained 1.9 mm Hg; bed half-1ife. The energy expended
for this absorption was calculated from the bed pressure drop,
process flowrate and absorption time and resulted in 40.6, 82 and
143 Btu/1b CO, for the respective process flowrates. The regen-
eration energy was calculated directly from the steam flowrate and
regeneration-time.. The regencration energies for the three pro-
cess flowrate absorptions were: 5420, 5650 and 6930 Btu/lb CO,.
The concentrated COp purity was considered 98% and greater for a
95% recovery as obtained from the regeneration COp-air separation
data.

2-Ded System Design: The 2-bed system design evaluation
was performed for 2 beds each containing 0.77 1b IR-45 and exposed
singulariy to 46.2, 92.6 and 185 1b/hr-ft? process flowrates., In
the same manner as the l-bed design, the ahsorption energies de-
termined were: 36.5, 48.9 and 81 Btu/lb CO,. The regeneration
energies were: 6610, 8530 and 11,120 Btu/]é COyp.

The increase of regeneration energy of the 2-bed system com-
pared to the 1-bed system is due to the decrease of C0O, capacity
observed as the process flowrate increased,

3-Bed System Design: Considered also was a 3-hbed design
in which 2 heds would be absorbing in series while the third bed
was regenerated. The sectioned bed studies, performed in Task 1.2,
indicated that regenerating only the input section of a hed which
had absorbed to its breakpoint would provide an increase of re-
?eneration efficiency since the input section is nearly saturated
p

2.5 wt %) with CO0p. The output section of the bed would be ex-
osed to further agsorption. With this consideration, the regen-
eration energy required for a 0.77 1b IR-45 bed was determined to
be 4985, 5780 and 7560 Btu/1b co, for the 46,2, 92.6 and 185 1b/hr-
ft? process flowrates.

Figure 21 presents the concentration energy per 1b €O, related
to process flowrate per 1b IR-45 for the 1,2 and 3-bed systém de-
signs.

Regarding system simplicity, the single bed system design
would basically require a timer control for the ahbsorption cycle
and a time or fliowrate control for regeneration. Three-way valves
upstream and downstream of the bed would switch to emit steam for
regeneration and C0, concentration or process flow for COp ab-
sorption. During regeneration, the bed void volume air would be
returned to the cabin and upon desorption of COp the downstream
valve, controlled either by a time or flowrate signal, would
switch to pass COp to the accumulaior.
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For the 2-bed design, with each bed operating singularly,
the three-way valves would be replaced with four-way valves con-
trolled in the same manner as the l-bed design. The 2-bed de-
sign also would require that the absorption and regeneration cycles
be matched in time, This design, however, would enable the process
fan to operate continuously thereby providing stahle inlet process
conditions and reduce the fan starting mode associated with the
1-bed design.

The 3-bed design with two beds operating in parallel or
series would provide continuous operation. The 3-bed parallel
operation may be considered a 2-bed system with a reduced process
flowrate for each bed. The absorption cycle time for each bed
would be twice the regeneration cycle time therefore requiring
matching the cycle times similarly to the 2-bed design. The 3-
bed series design would operate similarly to the 3-bed parallel
design except that the process flowrate for each bed would not be
reduced. Individual three-way valves both upstream and downstream
of each bed wouldrcontrol *the flow of steam or process flow to
each bed. The required valves- would add to system weight and
complexity.

Heat Capacity of IR-45

An additional experiment was included to determine the heat
capacity of IR-45. Heat capacity information was obtained by
measuring the quantity of steam required to heat 1.612 1bs of
IR-45 with 6% moisture content from 76 to 211°F. The IR-45 was
contained by a 3.0 inch diameter glass bed 12 inches long. 1In
the same manner, 6.62 1b of 0.25 inch Type 304 stainless steel
raschig rings (reference C, = 0.11 Btu/1b-°F) enabled estimating
the heat loss to the surroﬁndings. Equating the heat loss of the

IR-45 and stainless steel tests allowed the heat capacity of the
IR-45 to be derived.

Results.-Steam in the amount of 0.280 1b was required to
heat the bed containing IR-45 from 76 to 211°F while the bed con-
taining the stainless steel required C.275 1b of steam to heat it
from 65 to 211°F. The moisture content of the IR-45 after heating

was determined by weight difference to be 20% indicating a 14%
increase affected by the condensed steam.

Considering 211°F steam entering the stainless steel test,
the total heat input was:

QTSS = mstlv = 0.275 1b x 971 BtU/]b
Qrgs = 267 Btu

The heat required by 6.62 1b of stainless steel was:
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Qgs ™ meAT = 6,62 1b x .11 Btu/1b°Fx(211-65)°F
Qg = 106 Btu
The heat loss to the surroundings was:
QLoss = QTSS"QSS = 267-106 Btu
QLoss = 161 Btu
Total heat input to the IR-45 test was:
Qr IR-45 " mstxv = 0,280 1b x 971 Btu/1b
Equating the heat loss, the heat required by the IR-45 was:
QIR'45 = 111 Btu

Constructing a heat balance about the IR-45 with 20% mofsture con-
tent, since this was the final condition:

c + MH20
MIR-45
111 Btu = (1.518 1bxCpx135°F + .249 1b 1.518 1bx1x135)Btu

15
(111-51)Btu _ 60 Btu _ _ .
205 1b °F ~ 205 1b-°F ~ °p

Cprr-q5 = 0-29 Btu/1b°F

Q= Mp-45Cp1r-452T MR- 45CpH208T

Effect of IR-45 Moisture Content on COZ Capacity

Several experiments were performed to determine the influence
of IR-45 moisture content on CO, capacity in the range of 5-20%.
The >30 mesh particles were exposed to a process air stream of
72 + 3°F temperature and 52 + 2°F dewpoint, input CO, partial
pressure 3.7 mm Hg and 0.5 CFM flowrate.

Results.-The IR-45 half-life C0» capacity was observed to in-
crease from 0.011 1b CO,/1b IR-45 at 5% moisture content to 0.024
1b CO2/1b IR-45 at 20% moisture content. As the moisture content
was increased from 10 to 12%, the half-1ife CO, capacity increased
from 0.015 to 0.021 1b CO,/1b IR-45 indicating that a minimum of
12% moisture content is required to provide greater than 0.02 1b
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C0,/1b IR-45 CO capacity. Table 5 presents the half-life C0,
capacity—moistuge content data.

TABLE 5 - IR-45 MOISTURE COMTENT AND HALF-LIFE C0, CAPACITY

IR-45 Moiiégre Content Na}§g1ég§/$ggrgfgg§1ty
5 N.011
8 0.013
10 0.015
12 0.021
15 0,023
20 0.024

An absorption isotherm was derived in the previous investi-
gation (HAS1-5277) and 100% humidity, 77°F process air resulted
in 28% water load on IR-45. Thus, a water film is present on IR-45
for greater than 28% moisture content. Absorption tests performed
with IR-45 containing greater than 28% moisture showed that the
C0» capacity is degraded and that the moisture content of IR-45
should be maintained between 12 and 25% for optimal CO, absorption.

Boiler/Condenser Nesign for Zero~G Nperation
of Co, Removal System

Preliminary studies were conducted to determine the feasi-
bility of using a hydroscopic salt such as lithium chioride to
serve in a steam generator/steam condenser device designed for use
in space, f.e., in the absence of gravity. These studies also
included the evaluation of several materials to serve as support
for the salt.

Experimental - Investigation of a support material. In
order to avoid the caking which results when LiCl salt dissolves
in water, a suitable support material is required. Such a mat-
erial must hold the LiC1 in a fixed position in the drying chamber
during both air drying and steam generation phases of the proposed
boiiing/condensing oneration. The following materials were con-
sidered and tested for applicability:

1. Carbon granules - large surface area

2. Chamois cloth - natural hide

42

L

feed  Bowed Dol Bewed o el sl

‘ E‘““‘E -3

Bewd Rl




ey g e S BN e e e

3. Bentonite clay - aluminum silicates with
traces of !ig and Fe

4, Perlite - a glassy rock material consisting of:

65-75% Si0
]0“20% A]z 3
2-5% Hy0

5. Vermiculite - a light-weight, high surface area
material consisting of:

34% Si0,
o,
9% Fe303
5-7% Ko
1% Ca0
5‘9% "90
and traces of CF, Mn, P, Si and C1. Most of
the tests involved this support material.

Steam condensation and absorption. - The experimental ap- .
paratus consisted of 18 inch long glass tubes with cooling jackets,
boiler, infrared water vapor monitors and preformed Teflon tubing.
The screen sized vermiculite particles were loaded with LiC1 by
adding a nearly saturated solution of LiCl in Hp0 to an evacuated
(2 mm Hg) flask containing the vermiculite. The bed was then baked
to remove water. In one series of tests, 36 gm of vermiculite
are Joaded with 36 gm of LiCl by first dissolving the salt in
60 ml distilled Hy0; then oven-drying the soaked vermiculite to an
equilibrium weigh% of 74.6 gm which includes a water content of
about 5% of the combined vermiculite/zalt weight., Since the sol-
ubility of LiCl in water (at 20°C) is 0.8 gm/gm Ho0, the prepared
LiCl-vermiculite bed should absorb a maximum of 45gm of H50.

The steam condensing capacity of the LiCl/vermiculite column
was tested by transferring steam from a freshly regenerated IR-45
bed. The size of the IR-45 bed and the flowrate of the air used
to transfer steam were scaled to correspond to the size of the
LiCl-vermiculite drying column, a 200 gm (dry wt) resin.bed with
a 1/1 L/D ratio was used. Based on a heat capacity of 0.29 Btu/
1b-°F, such a bed requires 8 gm of steam for regeneration. The
air flow rate used to transfer the steam was 3.75 CFH. The ef-
fective crossection of the drying column was 0.9 in2?, this flowrate
cerresponds to a 25 CFM flow through a 14 inch diameter resin be#.

The water removal efficiency of the drying column was

measured .by passing a portion of the effluent air through a LIRA
infrared analyzer.
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1. Carbon - Considerable migration of the LiC1 occurred
when the salt-loaded carbon granhules were used in a simple bed.
This problem was reduced by placing the loaded granules between the
walls of concentric cylinders,

2. Chamois cloth - Provided a good support for LiCl
but became distorted, hard and brittle upon drying or heating.

3. Bentonite clay These materfals
. caked
4, Perlite when moist

5. Vermiculite - This material supported 200% of its
own weight of LiCl. Some migration of salt did occur, however this
effect was minimized by screening the vermiculite so that the mean
thickness of each particle used measured approximately one tenth
of the hed diameter.

A drying column consisting of LiCl deposited on vermiculite
indicated possible feasibility as a boiler/condenser, Additional
work is required, however, to evolve an acceptable prototype unit,

Although a 2/1 weight ratio of LiCl to vermiculjte is obtain-
able such loading usually resulted in gross migration of the LiCl

through the bed. A 1/1 ratio resulted in very little salt migration.

The 1ithium chloride vermiculite combination provided ef-
fective drying of moist air. Drying action was considerably im-
proved when the LiCl1/vermiculite bed was maintained at ambient
temperature during the condensation period. The linear velocity
of steam passing through the drying column must be sufficiently
Tow to nrevent migration of the LiCl. This problem may be allev-

gaged hy passing steam alternately in both directions through the
ed.

Results of drying tests conducted with an uncooled dryer are
shown in Figure 22, curve A, The average amsunt of water collected
during a 27 minute drying test was about 15 gm.

The solubility of LiCl in water ranges from 0.8 gm/gm H,0
at 20°C to 1.30 gm/gm Hp0 at 95°C., In order to take advantageé of
the increased water capacity at lower temperatures a coolant
filled jacket was fitted around the drying column. Drying tests
were then conducted as before with the dryer maintained at 65°F,
Results are shown in Figure 22, curve B. The average amount of
water collected increased to 19 gm.
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The ability of the drying column to function as a steam gen-
erator was then tested by heating the column used in the tests
discussed above, Temperatures in excess of 325°F were required to
raise the vapor pressure sufficiently to produce steam. Further
testing showed that when the drying column is loaded to about 80%
of 1ts capacity adequate vapor pressure to produce steam may be
achieved between 275 and 300°F., However, when the drying column
is wetted beyond 50% capac1t{ the LiC1 tends to migrate from one
vermiculite particle to another and to the walls of the column,

Analysis of Task I Data

Factorial analysis was applied to the results of experiments
conducted to determine the influence of particle size, process
flowrate, bed L/D and IR-45 moisture content on IR-45 C0, capacity.
The process flowrate and bed L/D were combined as residence time
which was then used with particle sjze and moisture content in a
factorial analysis. . Table 6 presents the parameter level used
for analysis.

TABLE 6 - PARAMETER LEVEL FOR FACTORIAL ANALYSIS

Parameter level 3 -
Particle size (mesh) <40 >30
Residence time (sec) 6.0 1.5
Moisture content (%) 20 6

The IR-45 C0, capacity determined for the bed half-11fe was used

in the analysis. Table 7 presents the factorial experiments and
CO02 capacity where the particle size, residence time and moisture
content are Xy, X; and X3 respectively.

TABLE 7 - FACTORIAL EXPERIMENT LEVELS
Particle size Residence Time Moisture Content C0, Capacity (%)
C

(x1) () (X,)

- - - 0.72
+ - - 0041
- + - 1.07
+ + - 1.15
- - + 2,20
+ - + 1.98
- + + 2.20
+ + + 2.20
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A replicate of Table 7 experiments was performed, The re-
sultant dependence uf CO, capacity on the parameters was expressed
as:

€« 1.500-0.006)) + 0.178X, + 0.666%; + 0.084X X,
+70.011%, X, + 0.051X,0% + 01957 R, x,X;

Subsequently, the particle size parameter wiz deleted from the
analysis and only the residence time and motsture contini sffncts
were included. The CO, capacity was then expressed cs5:

C=1.547 + 0.087X, + 0.652X3 + 0w0$7xzﬂﬁ
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TASK II PROCESS MODEL DEVELOPMENT

A 4-man size test system was assembled as described by
Figure 23 to obtain data from which an operational model of the |
C0, concentration process could be derived, The system was enclosuu
in"a 120 cu ft chamber into which CO, was injected to maintain a
3.8 mm Hg CO, partial pressure. A fan (Rotron Model SLAA2FM) was
used to circGIate the process air through th? absorption system
which included: a heat exchanger which controlled the inlet air
temperature to the sorber bed, a flow meter (Vol-o-Flo Model
50»?-30). calibrated for air, the sorber bed and process condenser.
During regeneration, steam was injected into the sorber bed which
was isolated from the absorption system by associated valving.
The sorber bed void air and C0, passed from the sorber bed, out
of the 1206 cu ft chamber, through a condenser, flow meter (Vol-o-
Flo Model 50-1-3) calibrated for COyysampling manifold and dry
test meter.

The sorber bed vred for the majority of tests was 15.9 in.
ID x 8 in. long closed at the ends by 16 in. radius dished heads.
The IR-45 was supported at the inlet and ocutlet by "MNevaclog"
plates. Temperatures were monitored with thermocouples located
at the fan outlet, process cir flowmeter inlet, sorber bed inlet,
2 and 6 in. into the IR-45, sorber bed outlet, condenser inlet and
outlet and the inlet to the regeneration condenser. Resistance
probes for monitoring the IR-45 moisture content were located at
2 and 6 in. into the IR-45,

The C0, input to the chamber was regulated by a CO» LIRA
(MSA Model 380) controller combination which opened a solenoid

valve when the LIRA indicated that_the chamber C0O, partial pres-
sure became less than 3.8 mm Hg., Total COp input"was determined

by COp bottlie weight difference. The system outlet €0, concentira®! .

was monitored downstream of the process condenser with another (0.
LIRA (MSA Model 300). The steam flowrate was valve regulated and”
the actual rate determined by observing the weight of water sup-
plied to the steam generator with time. The system moisture
balance was determined by comparing the quantity of steam supplied
with the sum of the process and regeneration condensate.

The process flowrate wa¢ regulated with a control valve down-
stream of the process condenser. The system inlet and outlet air
dewpoints vere monitored with moisture LIRAs (MSA Model 300).

Results

Analysis of the Task | data showed that maintaining the IR-45
moisture content balance is the most important parameter influenc-
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ing the system CO, capacity and energy requirements. Process air
flow and bed leng%h to diameter were related in Task I to residence
time. IR-45 CO, dynamic capacity at bed half-life was shown to be
inversely relatéd to the residence time. Although the Task I data
vere obtained with quasi-steady state conditions, a similar effect
of residence time on C0, capacity is expected with transient con-
ditions if the IR-45 mogsture content balance can be maintained.

Maintaining the IR-45 moisture content balance requires that
process conditions exist such that the quantity of steam added to
the sorber bed during regeneration is removed during absorption.
If insufficient or excess moisture is removed, the IR-45 will
either become too wet or dry for optimal CO, capacity. A mass and
heat balance for the process air and IR-45 nust be obtained to as-
sure the IR-45 moisture content.

A series of tests were conducted to dztermine the performance
of IR-45 as a function of absorption time, process air flowrate,
air temperature and humidity. The test conditions are presented
by Table 8 . Since the character of the IR-45 moisture content
balance may not be degraded through a few cycles of operation,
those tests which did not immediately cause a moisture content un-
balance were run for a maximum of 100 hours. These data, however,
do not lend itself to common linear analytical models or can they
be presumed steady state even after 100 hours; therefore, factorial
type models also are not strictly reliable. The model approach
used for representing the moisture balance process was based on
the heat and mass transfer occurring during absorption. Six series
of tests were performed and those test results used for model
derivation are presented by Table 9.

Mathematical Model.-The mathematical model is a set of dijf-
ferential equations expressing the heat and mass balance and heat
and mass transfer affected by the process air, IR-45 and moisture
system. These were converted to finite difference form.

The water evaporating from the IR-45 bed is gijven by

delW = K(18.0)1n P-prw (eq. 1)
p~paw

where del W = mass flowrate (Tb/min-ft’)

K = mass transfer coefficient (Moles/min-ft?)
p = pressure (psi)

prw = water vapoy saturated pressure (psi)

paw = water vapor partial pressure (psi)

The log term is chosen from theoretical grounds. The amount
of water evaporating is proportional to the log mean of the inert

process gas pressure and the difference in water vapor partial
pressure at the bed. :
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60
60
30
30
60

60
30
30
60
30

30
60
60
60
30

30

TABLE 8

Flowrate

e dCEH)
15
30
15
30
15

30
15
30
15
30

15
30
15
30
30

15

- TASK rI TEST CONDITIONS

Air temperature

(Fo)

120
120
120
120
120

120
120
120
70
70

70
70
70
79
70

70

SR

Air dewpoint

Bemr

foF}

pn N b et

60
60
60
&0
85

85
85
85
45
45

45
45
65
85

65

65
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The water content of the bed {is

oW delM
30 " " p

where W = IR-45 moisture content (1b/1b)
© = time (min)
p = IR-45 density (1b/ft?)
The heat transfer is
delQ = h(T,.-Theq)

where delQ = heat flow (Btu/min-ft?)

h = heat transfer coefficient (Btu/min-ft?)

T = temperature (°F)
The heat balance for the bed 1is

3Tped . (delQ + AdelW)

where A = Latent heat of vaporfzation (Btu/1b)
cpb = heat capacity of IR-45 (Btu/1b-°F
C = heat capacity of water (Btu/1b-°F

pw

The mass balance for the steam §s
3V _ -deld
oL

where V = Molar velocity (Moles/min-ft2)
2 = length (ft)

The mass balance for the steam in the air is

d(Vpaw/p) _ -delV
lglo

oL

The heat balance for afir is

3(TairvCp ) delQ+delV ThedCPs
or 18

where Cp = Cpa + B%! (Cps-Cpa) .
Cpa = heat capacity of air (Btu/mole-AFz
Cps = heat capacity of steam (Btu/mole-°F)
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In general, the above equations were used for all the models.
Various models were tested, One model changed equation 1 to

dely = K'18 (paw-prw) (eq. 9)
This gave no better fit and fudeed seemed to fit less well,

In another model, euqations 1 through 8 were slightly altered
to account for a screening effect as the water vapor diffuses out-
ward from the bed particles. Again no great effect was noted.

Since h and K can be expected to vary with vapor velocity,
equations 1 and 3 were changed to

del = K'18 v0-51n pprw |
(eq. 10}

de1q = h VO-5(Taii-Thed) (eq. 11)

The analysis of the previous models had been hampered by tho
fact that the adiabatic humidification line implied by the data
was not parallel to the conventional adiabatic humidification line
of a wet bulb chart. This further implies a heat source during
humidification. The latest model, in effect, includes this heat
source by making a fog correction.

An analogy is a body of warm water such as a lake in contact
with cold air. The water evaporates, and the hot influent vapor
heats the bed void air. However, if the air is sufficiently cold,
the resultant air vapor temperature may cause condensation and foy
formation in the bed.

In the earlier set of equations, there is nothing to prevent
the partial pressure of water (paw) from becoming greater than the
vapor pressure of water at the air temperature,Typ. In the updaied
model the vapor pressure is 1imited to saturation pressure,

If the air would be supersaturated by the use of equations 1
through 11, a portion (0.7%) of the water vapor in the air is con-
densed. The water vapor partial pressure is reduced, and the
latent heat of condensation heats the air. If the air at the new
temperature and partial pressure is still supersaturated, the pro-
cess is repeated. The condensed water is then considered to re-
agsor? on the bed. This then gives a mechanism to add heat to
the air

The optimum h and K values have not been found, but the h

2ndthva1ues found by preliminary search give the best data fit
o date.
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Analysis of the Models.-The various models were tested by
comparing predicted bed and air temperatures versus time results
with experimental data. The process is essentially a three step

process,

1. Select candidate h and K values,
and run the model,

2. Repeat step )1 until h and K have bheen
selected such that the residuals (actual
temperatures - predicted temperature)
have been reduced to a minimum,

3, For the optimum h and K, examine the
residuals and ¢ompare the various
models.

Figure 24 presents a flow chart of the computer program used
to evaluate the various models. The latest form of the computer
program is presented on pages 78 and 79.

The optimization of h and K is difficult and time consuming
because the model is highly nonlinear and the search is nonlinear.
The minimum residual will usually be reached only after cseveral
trials and even then the optimal h and K values may not he obtained.

, The first model tested consisted of e#quations 1 through 8,
Three criteria for optimization were used,

1. the sum squares of error for the bed
entry temperatures

2. the sum squares of error for the bhed
exit temperatures

3. the sum squares of error for the exit
air temperatures.

Unfortunately, the h and K optimums were not the same for
the three criteria. Tahle 10 gives the results, When h, K were
optimized for one criteria, the sum square error for the others
would increase by 50%.

One other criticism of the fit is that the residuals in-
dicated a trend with time. At early absorption times, the pre-
dicted temperatures were higher than the experimental temperatures,
and at late absorption times, the behavior reversed.

Model Il, consisting of equations 2 to 9, behaved similarly
to Model I. The average error for Model II was less, but the op-
timum h and K values for these criteria were even wider spread.
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TABLE 10 - MODEL I RESULTS

Data h K Avg. Error (Criteria
A5 500 2 20.3°F bed entyy
A5 500 1.5 7.76°F  bed exit
A5 500 1.0 10,95°F  exit air
E37 15 3,0 5,9°F bed entry
E37 300 1.5 5.56°F  bed exit
E37 300 1.0 1.39°F  exit air
£S5 30 3.0 4,97°F bed entry
E5) 80 1.35 5.15°F  bed exit
E51 68 0.9 1.76°F  exit air

TABLE 11 - MODEL IT RESULTS

Data h K Avg. Error Criteria

A5 8 0.15 a,A°F bed entry

A5 250 0,12 6.21°F bed exit

A5 500 0.1 7.7°F exit air
temperature:

In an effort to obtain a better fit and a more complete
understanding of the system, attentien was focused on the quasi-
steady state which would be obtained near the end of the ab-
sorption., After a bed has run for a sufficiently long time,
and provided the bed does not dry out, the bed will have a con-
stant equilibrium temperature, and the air will have a char-
acteristic temperature pattern. The coefficients h and K were
selected to minimize the sum square errors between predicted and
actual bed entry temperatures, bed exit temperature, and exit
air temperature. The error is taken to be

2 . p..a 2 p..a 2 m
5 wx(TBen TBen) * wz(TBex TBex) (eq. 12)
p _ra 2
* w’(TEXit Texit)

where the Wy, W, and Wy are weighting coefficients and the super
scripts refer to predicted and actual temperatures,
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The bed and exit air temperaturcs used were the last data
points measured; the 30 minute data for test E37 and 60 minute
data for tests E£51, D5 and D41,

Because of the extensive trials required, a pattern search
was set up to automatically corverge to the optimum.

Table 12 gives the optimum h and K and the average error for
these runs. The weighting constants used in equation 12 were 0.25
0.25 and 0.5. This gives equal weight to the exit air temperature
and the bed temperatures. The two internal bed temperatures are
given equal weight.

The runs were made using two different inlet temperatures,
one temperature being the process flowmeter inlet temperature and
the other being the irlet plenum temperature.

These h and K values were still not satisfactory for two
reasons: the experimental data for both E37 and E51 showed the
bed exit temperature greater than the bed entry temperature, while
the model predicts tke reverse. Also, the h and K values should
be smoothly related t¢ the molar flowrate. However, a plot of
Log h or Log K versus Log flowrate had large scatter,

TABLE 12 ~ QUASI-STEADY STATE RESULTS

Inlet

Temp. Square Rocot of
Data (°F) _h K error?(°F)
E37 119 0.7 0.0363 6.55
£37 134 0,89 0.08135 6.4
C51 114 0.404 0.0254 4.5
EST 134 0.5866 0.08962 3.73
D5 110 1.03 0.02575 5.9
D5 126 1.13 0.0565 6.78
D41 82 0.5343 0.01264 1.73
D4l 84 0.6495 0.01779 2.09

The increase in bed temperature with distance is contrary
to the adiabatic humidification curve. For the air-water system,
the adiabatic humidification line and the wet bulb line are
jdentical. This means that the wet bulb temperature should be
constant throughout the bed.
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Indeed, since mass transfer can be degreased relative to
heat transfer (by partial drying of the resin surface while main-
taining water deep in the particle), one could postulate a de-
crease in bed temperature with distance,

The increase of bed temperature with distance implies that
there is a heat source in the bed, However, becawse of the porous
nature of the bed, heat transfer is small, and it is difficult to
get a heat flow large enough to effect the drying curve,

Carbon dioxide is being absorbed by the bed and there is a
heat of reaction. However, since the C0» content of the air is
small, this heat source is small (5 Kcal/mole).

The temperature of the bed near the discharge, the "bed exit ‘S
temperature”, was also hotter than the adiabatic humvdif1ca§ion
curve would suggest. This would imply a source of heat or inlet -
air conditions (temperature or humidity) radically different. The ;
temperature is considered correct because otherwise the inlet
temperature would have to be much, much hotter than actual measure- )
ments. For example, 95°F vwet bulb with 56°F dewpoint air would ‘
mean an inlet temperature of 210°F. The change in the inlet g
humidity would also be large (0.2 psia to 0.8 psia) but there may
be a possible ~xplanation of this. The air in the test chamber o
has a 56°F dewyoint humidity, and this will normally be the humidity \{
entering the bed. However, there is a chance that liquid water ’
would leak from the bed, enter the air heat exchanger and raise -
the air humidity. }

However, the model showed no particular preference for the
higher moisture content. The search for %, K and humidity was not
carried tc the full optimum but the optimum seemed to be in the
direction of previous h and K values and the low humidity inlet.

The model was then changed to allow h and K to vary with
flowrates, thereby giving a high h and X duving the early drying
pariod and a Towe value lTater. Again a full search was not em-

glozed, but results did not indicate a sufficient convergent ef- %}
ect. :

At this time further attention was given to the model. As E
originally constructed, there was no constraint on the saturation {
of the air. Water diffuses into the air, proportional to the
partial pressure difference., MHeat diffuses into the air, pro-
portional to the temperature difference. Both of these processes
will give fully saturcted air after sufficient time and bed dep*h.

However, application of the orfginal equations could lead to super- .
saturated air, }

‘ln nature, when this occurs, the water condenses as a fog .
and gives up its latent heat of vaporization. Consider a warm ]

%,
62 .



et

body of water in contact with cold air. Because of the partial
pressure gradient, water must evaporate, Simultaneously, the air
{s heated because of the temperature gradient, However, if the
water transfer is large enough, more water will be transferred
than the air can hold. The water condenses and the fog forms.

The mathematical model was altered to prevent supersaturation.
Water transfer proceeds by a 2 step yrocess. In step 1, moisture
is added to the air by the set of equations previously used. Then

the afr is checked for supersaturation. If the air is supersaturated,

sufficient water is condensed to make the afr not supersaturated,
The ccendensation relieves supersaturation by heating the air and
by decreasing the water vapor partial pressure. The water con-
densed is returned to the bed at air temperature, giving an ad-
ditional cooling action.

The E37 data was run against this last model using h and K
values proportional to the square root of the molar flowrate. For
h =20, K= 0,132, with weighting factors 0.25, 0.25 and 0.5, the
average error is 12.7°F.

The fog model does predict a rising bed temperature with bed
depth, similar to experimental resuits. For h = 1,56 and K = 0.158,
the predicted bed temperature difference between the entry and
exit levels is 1.7°F versus the experimental 15°F, measured at the
30 minute point. The average error is 11.9°F. Figure 25 presents
a comparison of the fog model predictions and experimental data.

The comparise¢n trend of predicted and measured temperatures
was similar fii' tests performed with the different process con-
ditions. The measured temperature of the lower bed was approxi-
mately 20°F less than the predicted temperature while the upper
be? :pd exit air temperature comparison provided a better cor-
relation,
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TASK IV SORBER IMPROVEMENT INVESTIGATION

Upon evaluation of the IR-45 characteristics and require-
ments, two operational features were determined to effect, primarily,
the use of IR-45 for COp vemoval and concentration. These featuves

are:
1. Maintaining proper IR-45 moisture content
2. Thermal requirement for regenerating IR-45,

The use of IR-45 for CO, removal and concentration is strongly con-
strained by the IR-45 moisture content being maintained and_balanceﬁ
through continuous absorption-regeneration cycling. Excessively
drying the IR-45 w§{l1l decrease its COp removal capability. A con-
tinual increase of moisture content to approximately 28% when free
water is present will also decrease COp removal capability. De-
terioration of the moisture balance, ejther too dry or wet, out

of the optimal range (15-24%) also will change the sorber heat
napacity and effect the time cycle for regeneration.

The quantity of steam required for regenerating IR-45 was
determined in Task 1.5 and includes the heat capacity of zero
moisture content IR-45 which was determined to be 0.29 Btu/1b-°F.
A sorber with less heat capacity would reduce the thermal require-
ment for regeneration and reflect a lower power requirement. With
these factors dominating, studies were performed to provide an im-
proved sorber,

Some in-house work?® jndicated that several amines were promis-
ing candidates for an advanced CO, sorber. Impregnating a substrate
material of lower heat capacity, %han the styrene divinylbenze
copolymer (IR-45), such as carbon (0.18 Btu/1b-°F) would be favor-
able., Pittsburgh activated charcoal Type BPL, impregnated with
piperazine to 23 wt % was selected for this study. CO, sorption
characteristics included in this study were:

1. Moisture content
Cycling effects on C0, capacity
Flowrate effects on CO, capacity

. w [a]
- L[] a

CO, equilibrium capacity

The sorber was prepared by dissolving 30 gm piperazine in 50 cc
of water and impregnating 50.8 gm of dry 12x30 mesh BPL charcoal,.
The quantity of solution was just sufficient to wet the charcoal
and filtration was not required. After thoroughly mixing, the
charcoal was air dried for 20 hours and then vacuum dried at 65°C
for 3 hours. The charcoal had a total weight of 66 gm of which
15.2 gm was considered to be piperazine.
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Results.-The sorption studies were performed with 50 gm
quantities of sorber contained in a 1.2 in. ID glass tube. The
sorber was subjected to 20 cycles of sorption-steam regeqerat1on
to determine the effect of cyclic operation on €0, capacity.
These cyclic studies were performed with 3.7 mm Hg COy partial
pressure, 5 1pm process flowrate at 75°F and 55“F dewpgint and a
9% sorber moisture content. The sorber €0, concentration for

initial effluent COp detection was 0,013 1b C0,/1b sorber and the
saturation concentration 0.033 b C0,/1b sorber., Both of these
capacity values gradually decreased ﬁowever and after 20 cycles

were 0.010 1b C0,/1b sorber and 0.0i8 1 COp/1b sorber, respectively.
The adsorption cilirves for several cycles are shown by Figure 26

The change of breakpoint concentration with cyclic exposure is

shown by Figure 27.

The decrease of capacity was initially attributed to a loss
of amine impregnate from the charcoal. During the study, however,
the effluent of both absorption and regeneration flow was monitored
for ammonia vapor and subsequent analysis indicated a piperazine
loss of only 232 mg or 2.2% of the initial loading. The degradation
of CO, capacity could not be attributed to piperazine loss alone,

The effect of process flowrate or residence time on this
sorber yas then evaluated. The process flowrate was decreased
from 5 to 1 1pm thereby increasing the residence time from 1 to
5 seconds. The breakpoint and saturation sorber C0, concentration
for cycles 22 through 24 were 0.010 and 0.015 1b COzllb sorber,
respectively. These values were compared to 0.010 and 0.019 1b
C0»/1b sorber for 5 1pm flowrate used with cycle 21.

CO, partial pressures of 1, 3.7 and 5.9 mm Hg were studied
with a 5 Ipm flowrate in cycles 25 through 30. In cycles 25 and
26, 1 mm Hg CO, partial pressure, the mean breakpoint and satu-
ration concentrations were 0.0058 and 0.0064 1b C0,/1b sorber,
respectively. Cycles 27 and 28, 5,9 mm Hg COs pav%ial nressure,
yielded 0.0040 and 0,0078 1b CO»/1b sovrber for the breakpoint and
saturation concentration. The 80 partial pressure for cycles 29
through 31 was 3.7 mm Hg for whic% the associated concentrations
were 0.0055 and 0.011 1b C0,/1b sorber. Although the data in-
dicate that the saturation Concentration is greatest for 3.7 mm
Hg, the quantities of sorber and measured CO, capacity should be
considered similar for the range of CO, partial pressure studied.

During cycles 32 through 42, the effect of sorber moisture
content on CO, capacity was studied. The obseryed capacities for
moisture conténts in the rangye of 5 to 24 wt % were 0,004 to 0.007
1b C0,/1b sorber similar to the capacities determined during the
COp partial pressure experiments.
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TASK V. 90-DAY TEST SUPBORT

Included in this task were performance testing a sorbher bed
supplied by llamilton-Standard Division of United Aircraft COrDqu
ration and analysis of data obtained under Contract No. NAS1-5277
and NAS1-7263 in support of the polymeric type CN, concentration
system used in the NASA-LRC 90-day manned test performed hy
Mchonnell Douglas Astronautics Company - Western Division.

The sorber bed was MOL prototype hardware which was de-
signed for a zeolite type CO, sorber. Data obtained in Task I of
Contract No. NAS1-7263 indicated that the MOL sorber hed could
be used in an IR-45, steam regenerable C0, concentration system.
Three MOL sorber heds were made available and one was delivered
to MSA for testing in a 4-man size system. The bed was 6 in., ID
x 11 in. long and a 4-way disk valve, pneumatically operated,
located at one end of the bed controlled the process air inlet,
outlet, steam inlet and CO, outlet. The bed was filled with 6.7-
8.0 1b IR-45 with 15% moisture content and subjJected to continuous
gbs?rption-regeneration cycles with the following process con-

itions:

1. €0, input rate: 0.4 1b/hr

C0» input partial pressure: 3.7 mm lg
Total pressure: 7 and 14.3 psia
Process air flowrate: 5-19 ACFM

Process air temperature: 75-90°F

o)) o > W N
- L] L] - .

Process air dewpoint: 40-70°F
7. Steam flowrate: 1.7-3.2 1b/hr

Initially it was thought a 3-bed system with two beds operat-
ing in parallel and each containing 7 1b IR-45 would be required
to remove 0.4 1b CO,/hr from a cabin atmosphere containing 4 mm
partial pressure C0,. This capability would require that the mean
CO, capacity of eacg bed be 0.019 1b C0O,/1b IR-45. For a total
pressure of 7 psia, the process flowraté required to input 0.4 1b
%nghr at 80°F, is 12.2 ATFM considering the 100% Chy removal ef-
iciency.

Performance data obtained during the tests included sorption

efficiency, C0, capacity, steam required for regeneration, desorbhed
gas flowrate and COp purity.
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Also, several samples of IR-45 were evaluated for flammability,

odor and off-gas characteristics by the NASA Manned Spacecraft
Center prior to being included in the 90-day test. Procedures for
these evaluations are described by reference 4,

Results

Seven test serjes were performed with the MOL sorber hed.
Test series I, II, IV and V were performed at 7 psia while for
series II1 the total pressure was 14.3 psia,

Series I, II, IIIl and IV were performed with 75-80°F process
air temperatures, 55-67°F process air dewpoints, 30 minute ah-
sorption time, 1.7 1b/hr of 220-225°F steam and 12-19 ACFM nrocess
air flowrates. The sorber bed contained 7.0 ¢+ .25 1b IR-45 with
a 15% moisture content. C0, capacities of 0.021-0.023 1h C0,/1b
IR-45 were observed during %hese tests hut the IR-45 became
moisture laden after 3-5 cycles of operation. The increase of
IR-45 moisture content was indicated both by the reduction of CO,
removal and increasing regeneration time., The first and second
regeneration of a test series were performed in 23-~25 minutes
with a regeneration pressure of 11-12 psia using a steam rate of
1.7 1b/hy equivalent to 0.131 1h steam/lb dry IR~45, The regen-
eration time then increased to 33-35 minutes and 0.184 1b steam/
1b dry IR~-45 as the IR-45 moisture content increased.

Test series V was also performed at 7 psia total pressure
but the process air dewpoint was 45 + 2°F; the process, air tem-
perature was 82 + 2°F and the process flowrate 13 ACFM, The ab-
sorption time was 40 minutes with 1.7 1b/hr steam rate and 11-12
psia regeneratfon pressure. These conditions were operated for
eight cycles with the IR-45 moisture content maintained at 21-23%
at the end of absorption. During the 40 minute absorption, 0.15
1b C0, was absorbed by 7.2 1b IR=-45 for a capacity of 0.021 1b
co /1% IR-45, Regeneration was performed in 28-31 minutes requir:
ing 0.148 1b steam/1b dry IR-45,

Series VI tests were performed similarly to series V except
that 8.0 1b IR-45 with a 15% moisture content was placed into the
sorber bed and the steam rate was increased to 3.2 ib/hr. Operation
was maintained for 9 cycles with the IR-4F moisture content main-
tained at 21-24% for 7 cycles. An increase of system pressure drop
was observed during the ninth cycle and the test tevminated. The
sorber bed was then opened and the IR-45 was found to have expanded
and was packed tightly against the outlet screen. Althouqh 0,15
1b COp with a maximum of 0.19 1b CC5 was absorbed during the suc-
cessful 40 minute absorptions, the ged could not accommodate the
expansion of the IR-45, Regeneration was performed in 17-20 min-
utes reflecting a steam requirement of 0.142-0.167 1b steam/1b dry
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IR-45. During the regenerationof series VI tests, 0.066-0,092
1b of water were condensed from the CO,-steam separation when
the steam front broke through the bed.

For the series VII tests, 7.3 1b IR-45 were placed into the
sorber bed for the concluding test of the MOL sorber bed, The bed
was successfully operated through 14 cycles with 76-86°F air tem-
perature, 40-43°F dewpoint and 10-16 ACFM process flowrate. The
air temperature and/or process flowrate were controiled for an in-
dividual absorption to determine if immediate degeneration of C0,
removal and IR-45 moisture content would occur. The sorber
achieved an apparent stecady state C0, removal capacity of 0.018
1b C0,/1b IR-45 for tests with 15-16 ACFM process flowrate and
40 minute absorption. Regeneration was performed with 1.7 1b/hr
steam rate in 23-27 minutes for a steam requirement of 0,.112-0.132
1b steam/1b dry IR-45. Figures 28 and 29 present the cumulative
regeneration evolved gas volume and evolved gas flowrate with re-
generation time. HNoted on the data are the evolved gas temperature
and point at which the C0O,-air separation occurred and the oxygen
concentration of the evolVed gas became less than 0.2%. The C0,
steam separation occurred with 0.026-0,064 1b water condensed
from the steam front. Table 13 presents the absorption-regeneration
results of the series VII tests.

TABLE 13 - SERIES VII TEST RESULTS

Flowrate CO% A?s. Steam Condensed
1h

Test No. Reg. Time (min)  (ACFM) (1b)
VII a 40/17 14 0.126 n.nN64
b 40/17 9 0.120 0.070
c 40/19 14 n.128 0.062
d 40/22 12 n.N80 0,055
e 40/23 14 n.147 N.N35
f 40/ 24 16 N.133 0.035
] 40/27 15 N.134 0.026
h 40/26 15 N.147 0.n48
i 40/27 14 0.107 0.053
J 40/25 1 0.078 0.055
k 40/25 16 0.064 0.051
1 40/26 16 n.101 0.058
m 40/ 2¢ 18 0.127 0.055

The results of these tests were forwarded to Hamilton-
Standard with the recommendations that:

1. Three bed system would remove 0.4 1b/hr at

4 mn Hg CO, partial pressure and 16 ACFM
process flowrate.
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2, COp-air separation could be detected by
increase of evolving gas flowrate and this
mode of control should he used rather than
time,

3. 0.06 1b stogn vould hreak throush serber
hed at the conclusion of rcgencration
which would be indicated by steam tem-
perature.

4, Concentrated COp purity of 28% could be
expected.

Evaluation of the flammability, odor and off-gas char~-
acteristics were performed on samples of "as received", steam
cycled, methanol washed and methanol extracted plus steam ex-
posed IR-45, The "as received' IR-45 used for thes¢ evaluations
had not been exposed to CU, absorption and regeneration tests.
The IR-45 received from thé manufacturer was dried and then mois-
ture added to increase the moisture content to 20%, The steam
cycled IR-45 sample was taken from material which had been ex-
posed to C0, absorption and regeneration for 30 cycles which
totalled apgroximately 12 hours of steam exposure.

The sample of methanol washed IR-45 was taken from mat-
erial which had been submerged in 140°F methanol for 4-6 hnurs,
rinsed with distilied water and vacuum dried. The methanol e.tracted
plus steam exposed sample was taken from IR-45 which had heen
exposed to Soxhet extraction, using methanol as described in Task
I, then exposed to continuous steam for & hours and vacuum dried,

Flame propagation tests were conducted in a 100 mm 0,/260
mm No environment. Each of the samples yielded a 0.0 in./sec
propagation r=*~, Flash and fire point tests were conducted in
100 mm Q0p/26: =2 Ny and 320 mm 0§ environments to 2 temperature
of 599%F, V- saniple chavved at 356°F indicatiag thermal decoi-
position bui - slash or fire points were observed. A "pass”
rating was given for IR-45 flammability.

The odor evaluation was performed by a ten member parel
which rated the odor according to the following scale:

Panel Member Rating Numerical Rating
Undetectable 0
Barely detectable 1
Easily detectabie 2
Chjectionable 3
Irritating 4

A maximum of 2.5 is permitted for a "pass" rating.
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For each odo

r evaluation, 5.0 * 0.1 grams/!iter, at amhient

pressure, was the weight of IR-45 to test chamber volume fraction.

Each of the sample
oY 1/29 parts 05,
odor noted by tﬁe
centration of <10
presents the odor

The off-gas
A concentration of
quired for a "pass
The results of the
Table 15,

TAB

Sample

"as recejved”
steam cycled
methanol washed

methanol extracted
plus steam exposed

TABLE 15

Sample

"as received"
methkanol washed
steam cycled

methanol extracted
plus steam exposed

s was evaiuated by the pant]l at concentrations
1/9 parts 0, and no ditution. The predominant
evaluation wac ammonia-14ke apd an ammonia con-
1 grams/gram IR-45 was observer, Table 14
evaluation results.

evaluation considered CO and total organics.
25 u grams/gram and 100 p grams/gyam were re-

" prating for CO and total organics, respectively,

off-gas evaluation of IR-45 are presenteéd by

LE 14 - ODOR EVALUATION RESULTS

Numerical

Odor Sample Concentration Rating
1/29 parts 0o 1,2
1/9 parts 0, é.?
no dilution 3.6
1/29 parts 0, 0.5
1/9 parts 0, 1.0
no dilution 3.2
1/29 parts 0 1.5
179 parts 0 2.7
no dilution 3.6
1/29 parts 0, 2.0
1/9 parts 0, 2.1
no dilution 3.5

- RESULTS OF IR-45 OFF-GAS EVALUATION

Total Organics Carbon monoxide

12 u g/9g 25 u g/9
0.7 u a/9g 114 u g/9
1.4 ¢ g/y 15 u a/9g
2.2 u g/g 42 u g/g
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CONCLUSIONS AND RECOMMENDATIONS

Studies with IR-45 as a coz sorber and concentrator have

IR-45 particle size does not strongly affect COp sorption
but is significant for minimizing sorber pressure drop.
Particles greater than 30 mesh permit a 100% pressure drop
reduction compared to the "as received" 16-60 mesh msterial.

Process air flowrate and sorber bed geometry can be combined
into a residence time parameter to measure C0p sorption ef-
ficiency. Absorption efficiency decreases from 0,86 to 0.75
as the residence time decreased from 1.5 to 0.7 sec, The
cyclic CO, absorption decreased from about 2% to 1% for the
same resiéence time range.

The C0, absorption wave speed through an IR-45 bed increases
linear?y with process flowrate. Increasing the process flow-
rate from 100 to 260 1b/hr ft? resulted in a wave speed in-
crease from 0.5 to 1.8 in./min.

Toluene was identified as tlha primary contaminant offgassed
from the IR-45 during the absorption cycle following steam
regeneration. Methanol pretreatment of IR-45, prior to use,
recduced the toluene concentration from 10,000 to 200 u gm/m?d.

An wff-gas, flammability and odor evaluation perfo}med by
NASA-MSC rated IR-45 "passing" for total organics, carbon
monixide, flammability and odor.

The change from 100% air to 99% CO, occurs within 1 minute
independent of IR-45 particle size or bed geometry. The gas
flowrate increases dependent upon steam flowrate and quantity
of COy; and this flowrate increase may be used as a control

point for switching from air displacement to C0, concentration.

COp may be concentrated at 98% purity with 97% recovery.

The saturation capacity of IR-45 is non-linearly and directly
related to CO, partial pressure in the 0.8 to 15 mm Hg range.
For 1 and 3.7 mm Hg COp partial pressure, the saturation
capacity is 2 and 2.7%. Thus, IR-45 demonstrates a more
favorable isotherm than molecular sieve at 1 mm Hg Pcp, CON-
trol level. 2

The absorption of COp by IR-45 is apparently independent of
total pressure in the 7 to 15 psia range.
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11.

A three-bed system offers a 24-32% reduction of unit weight
o, concentration energy over a one-bed system.

Maintaining the IR-45 moisture content throughout the bed
between 12 and 25% fs the primary factor influencing the
C0, concentration process.

The process model which 1imits the air to saturation but
includes a recondensaticn effect (fog) shows the most merit
for predicting the operational behavior of the IR-45 CO,
concentration process.

A piprazine impregnated charcoal type CO, sorber exhibited
a lesser dependence, than IR-45, of CO, sorption character-
istics on moisture content. However, absorption capacity
decreased over as few as 20 cycles.

Primary recommendations include:

1.

Refinement of process model to improve correlation with
experimental results.

Advance CO, sorber to obtain material with lower heat
capacity, groader operational moisture content range,
greater COz capacity at 1 mm Hg CO, partial pressure and
greater ma8s transfer rate,. )
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FORTRAN D PROGRAM FOR PDP-8 SERIES
COMPUTER

C PROGHANM ENWD

DIMENSION W(33),TB(33)

ACCEFT 2,W1,U2,W3

ACCEPT 2,RHI2AKL1»D0LPUST

ACCEPT 2» CPA»CPS.CPU,CPB

2 FORMAT (E)

ACCEPT 2» HoVis P

ACCEPT 2, WUBD

ACCEPT 2» AL,AREA

ViaVI/AREA

TYPE 3

3 FORMAT (/2 TEMP BED'»/) A
ACCEPT 2, TIP ' {
ACCEPT 2501,TBLsTBH)TEX»T1

DO 4 1=1,33

TBCI)=TIP

wCl)aywB

4 CONTINUE

6 TYPE 17

7 FORMAT C /»'HEAT MASS TRANS"™»/)
SUM=0«0
DL=AL/32 N
O=@e0 ’
C

C POINT A2

c | *
DO 13 1=1,30
DO 15 lu=lsS50
T22=T1
vJavl
PAJZPYST
c
C POINT A3

c o ;
DO 14 J=l,32

T2eTB(JI)+460 .0

1Sus1

60 TO 1000

1001 Hs=sH1%(VYJ)

AK=AKL ¥ (VJ)
c
C POINT A4

+

IF (WCJ)~0277) 16216517

16 PRW=PRU*C¢~6322*1-3“73*W(d))

17 DELW= AK*)8.0*LOGFC((P=PRUW)I/(P~PAJ))
20 DELQ=H*(T22=TB(J))
DELT=DELQ+DELW*CLA
DELT=DELT/(CPB+CPW¥W(J))
DELT=DELT/R*DO

TBX=TB(J)+DELT

*
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22 TB(J)I=TBX
¢ J)al(J) +DELY/R%DO

VJl=VJ=DELY/18.0%DL
PAVa=DL¥DELV/18+0%P+PAJ*VJ

PAJL =PAV/VIL

PAV=DELQ+DELU/18 <0 *TBCJ)*CPS
PAV==PAVADL4T22%V ¥ (CPA+PAJ/P*(CPS=CPA))
T22=PAU/VJL/(CPA+PAJL /P*(CPS~CPA))

31 T2rT22+460.0

I1sV=2

GO TO 1000

1092 IF (PRVW=-PAJL) 30,32,32

30 DELYsPAJL*0.05/P

IF (DELW=0.001) 33,33,34

34 DELV=0 001

33 CLA=CLA%*DELW*18.0

TBX=VJ1 :

VJdl=C} «@=DELW)*TBX

PAJl =PAJl =DELW %P

DELYW=TBX*DELW*DO*) §+0/R/DL,

WCJI=l (J)+DELY

DELQ=CPW (¢ T22-TB(J) ) *DELY
Te2=122+CLA%TBX/VJ1/ (CPA+PAJL /P*(CPS=CPA))
TBCJI=TBCJI+DELQ/ CCPB+W( J) *CPY)

60 TO 31
32 PAJ=PAJI
VJ=ydJl

14 CONTINUE
c
C POINT AS

: +
0=0+D0

IF (0-01) 15,25,25
25 X1=TBL=-TB(T)

X2=TBH=TB(25)

X3=TEX~T22
SUM=SUMTHL X)L %X] *+W2 X2 kX3 +WI wX3%X3]
TYPE 27, TBL,TBC(73sTBH»TB(25),TEXs»T22
27 FORMAT (/sEsE)

ACCEPT 2» 01,TBL,TBHLTEX»T]

1Fr Q1) 28,286,159

15 CONTINOE

13 CONTINUE
268 TYPE 26s5UM
26 FORMAT (/2"SIM SQS".E?

STOP ' :
108068 CLA®=1094+78~0)«58242%CT2=4600
PRU=4E 6056 =~116873¢67T2~4353%LOGF(T2)
PRU=ERPF (FRW I

00 TO Cl0VL»,3002),15%

END '

*
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del Q
Re

AT

del W
xt
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LIST OF SYMBOLS
Specific packing surface
Heat capacity
Heat capacity of air
Heat capacity of IR-45
Heat capacity of steam
Heat capacity of water
Mass flowrate
Mass flowrate
Mass transfer coefficient
Mass flowrate (liquid)
Mass flowrate (liquid)
Pressure
Pressure drop
Water vapor partial pressure
Water vapor saturation pressure
Heat
Heat? flowrate
Reynolds number
Temperature
Temperature difference
Moiar flowrzte
IR-45 moisture content
Mass flowrate
Saturation capacity
Bed depth

sq ft/cu ft
BTU/mole-°F
BTU/mole-°F
BTU/1b~°F
G%U/mole—°F
BTU/1b-°F
moles/hr-sq ft
1b/hr-sq ft

moles/min-cu ft

.moles/hr-sq ft

1b/hr-sq ft
psi

psi

pst .

psi

BTU
BTU/min-cu ft

°F

°F

moles/min-sq ft
1b/1b

ib/min-cu ft
percent

ft

i
i
l



4 - [ “”‘3..3

-

P

< e P
H
(RSN L (O

s,

loieeis

vz 8

¥R 2

a. b

LIST OF SYMBOLS (continued)

Constants

6(1-¢)/Ap

4.18 x 10°

Heat transfer coefficient
Shape factor

Bed void fraction

Density

Time

Latent heat of vaporization

Viscosity

ft
1b ft/behr’
BTU/m1n~cu ft

1b/cu ft
minutes
BTU/1b
1b/ft sec
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