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ABSTRACT

An experimental evaluation was conducted on a regenerable two-bed
carbon dioxide removal system which utilized an organic amine sorbent.
This sorber formuletion absorbs an in the presence of HEO vapor and thus
does not require pre-drying the gas stream.

The primary objective of the test program was to relate the system
performance of CO2 removal rate, power, and water carry-over with 002
during regeneration to the operating parameters of air-flow rate through
the bed, absorption-regeneration time, and bed cooling and heating rates,
All other operation conditions were held constant. The Box-Wilson com-

posite design was used in the experiment design, and to generate quadratic

eqpatibns relating system performance to the operating conditions.
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SUMMARY

An experimental evaluation was conducted on the regenerable two-bed
carbon dioxide removal system originally designed, fabricated and delivered
to NASA, Langley Research Center on NAS1-2915. The system was returned to
GARD for testing in July 1968. The solid absorbent is an organic amine
formulation which absorbs 002 in the presence of HEO vapor and this does not
require pre-drying the gas stream,

The primary objective of the test program wes to relate system performance,
i.e,, 002 removal rate, power required and water carried over with CCb during
regeneration to various operating conditions. The operating conditions varied
in testing were air-flow rate through the bed, sbsorption-regeneration time,
and bed cooling and heeting rates. All other operation parameters were held
constant. The Box-Wilson composite design was used to design the experiment
and to generate guadratic equations relating system performance to the operating
conditions.

The equations developed can be used to determine the optimum CO2 removal
capacity within the range of test conditions and based on total system
welight penalty, when appropriate power, heating, and cooling penalties are speci-
fied., In addition the effect of specific mechanical deslign cheracteristics
(heat transfer effects) were observed. The developed equstions and the .
observed mechanical characteristics can be utilized to design an advanced
system using this amine absorbent or to compare the present system to other
CO2 removal systems.

Other objectives achieved during this program were to perform a continuous
duration test of at least LB hours, to determine the effect of operating the
syétem under off-design conditiong; and to determine the effect of total operating
time on the ability of the sorbent to maintain CO2 absorption capacity.
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FOREWORD

This report summarizes the work accomplished under Contract NAS1-8360
for testing of the GAT-0-SORB carbon dioxide removal system. This work
was initiated on 24 July 1968 and completed on 29 May 1969. The program
was performed by the General American Research Division of the General
American Transportation Corporation, 74lb9 Natchez Avenue, Niles, Illinois
60648. The work was monitored by Mr. Rex Martin, National Aeronautics and
Space Administration, Langley Research Center, lLangley Station, Hampton,
Virginia 23365.

The work reported herein was performed by personnel within the
atmospheric Control Sections of GARD's Chemical and Life-Support Systems
Group, under the direction of Mr. J. D. Zeff, and supervision of Mr. G. A.
Remus; Mr. A. J. Glueckert served as project engineer and Mr. J. E. Kane as
technician. Dr. F. Ozkan, statisticlan, assisted in the data analysis and

computer programming.
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SECTION 1

INTRODUCTION

The removal of metabolic carbon dioxide is a necessary part of environ-
mental control, ‘o accomplish COb removal in a weightless state and to avoid
complicated phase separation techniques it is desirable that the sorbent be
in the form of a solid. A regenerable absorbent which utilizes an-amine was
developed to meet this need by the Research Division of the General American
Transportation Corporation.

The absorbent was originally developed for CO, removal by GARD in 1962,
After feasibility of the absorbent for COé removal in an environmental control
system was demonstrated, GARD designed and fabricated a 2 man capacity prototype
002 removel system. A photograph of the system is shown in figure 1,

In this eycliec two-bed system, cne hed absorbs 002 from a flowing air-
stream while the other is being regen;rated simultaneocusly by heating under moderate
vacuum. Heat is trangferred into an@ out of each bed by a liquid circulated
through in<bed heat excrangers. .

After the system was delivered to and tested by NASA it was returned to GARD
for further testing. Under the present program, the effect of operating con-
ditions on CO2 femoval capacity, water carry over, and power were determined
and polynomial expressions relating the perfcrmance characteristics to the
operating parameters were developed.

To obtain the best CO2 removal system for a given application, all

candidate systems must be evaluated on a comﬁqrable basis, Usually this is

done on a weight basis which includes basic system weight, weight of spares

GENERAL AMERICAN REBEARCH DIVISION
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necessary to provide a chosen degree of relisbility, and equivalient weight
penalties for power, heat abscrptiun, or heat rejection.

In order to obtain input information for ¢'aluating the GAT-0-SORB system
so that it can be compared to other systems , empirical polynomial expressions
were developed which relate response characteristics to operating conditions.
The polynomiels do not furnish optimum operating conditions because no
penalties are assigned for spares, power, water carryover, heat sbsorption,
or heat rejection. If penalties were assigned, the polynomials would lead
toward optimum operating conditions within the range that tests were conducted.
Also the polynomials furnish design inputs which can be used for an advanced

model of the GAT-0-SORB system.

GENERAL AMERICAN REBEARCH DIVIBION
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SECTION 2

BACKGROUND

The amine process for carbon dioxide removal has several important
advantages over other types of regenerable 002 removal procesges. These

advantages are 1) the ability to absorb 002 or other acid gases from a gas
mixture without prior dehumidification of the gas stream, and 2, the ease of
regeneration of the GAT-0-S0RB absorbent when compared to other sorbents of

the same ebsorption capacity.

2.1 Chemistry of Absorption and Regeneration

In the absorbing system carbon dioxide combines with the amine in the
presence of water. An airstream with a L45°F dewpoint contains sufficient
moisture for the reaction to proceed. In normal operation both water and
carbon dioxide are removed from the gas stream during absorption.

During regeneration the carbonated absorbent separates into rejuvenated
absorbent, carbon dloxide, and water vapor. The temperature and pressure of
regeneration affect the relative amounts of CO2 and HEO desorbed. Since it
may be desirable tc minimize water carry-over the amount of water desorbed

was measured as a system performance characteristic.

2.2 Prototype Model

The prototype model which was built under contract NAS1-2915 and used
fo: this program was shown in Figure 1; the flow schematic is shown in Figure 2.
The system contains 2 vteds which alternate between absorption and .egeneration
mpdes. Each canistgr contains 15 poundg of GAT-0O-80RB and the total weight
of the system is 93 pounds. The system is contained within an envelope 19

inches x 24 inches x 33 inches. An additional control module is furnished so

GENERAL AMERICAN RESEARCH RIVISION
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that the system can be tested in an environmental chamber, and parameters
such as cycle time or bed precool time can be changed without entering the
chamber.

As shown in Figure 2, system operation is dependent upon three flow
loops: the main air-stream absorption lcop, the vacuum regeneration loop,
and the heat transfer liquid loop.

In the air loop the system blower circulates chamber air through a
four way air/vacuum control valve and into the absorbing bed. In the absorbent
bed carbon dloxide and water are removed from the air stream; Coe-free gir is
returned to the chamber.

In the vacuum loop, a vacuum pump is connected to the four-way air/
vacuum control valve. This valve connects the pump to the inlet of the bed
in the regeneration mode., A check valve at the outlet of each bed isolates the
bed during regeneration. The pump evacuates the bed and discharges the desorbed
'002 and Hgo for collection or dispeosal.

In the heat trénsfer 1iquid loop, 50°F water passes through a four way
liquid valve into a heat exchanger within £he absorbing bed during the absorption
mode, The water cools this bed down from its regeneration temperature to the
60~80°F range required for efficient absorption. After exiting the absorbing
bed the water, which has picked up heat, is further heated to 180°F with an
electric heater. The 180°F water passes through the heat exchanger in the
regenerating bed and heats.the sorbent. The water then leaves the regenerating
bed at a lower.temperature and exits the system through the four-way liguid
valve. The water is then cooled to 50°F and returned to the absorbing bed to
complete the loop. In actual testing,discharged water was discarded, and fresh

tap water was used continuously.

GENERAL AMERICAN RESEARCH DIVISION
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The four=-way air/vacuum valve and the four-way liquid valve are synchronized
so that the liquid is directed to the proper bed at the proper time. To provide
a period for precooling +the bed going into the absorption mode, the conled heat-
transfer liguid is directed into the bed heat-exchanger before the air stream
is allcwed to enter the bed. This interval is designated as "precool time'.

2.3 Original Test Program

After the GAT-0-SORB unit was fabricated in 1964, the canisters were
filled with absorbent and a series of tests were run 1) 4o verify that the
system was operational, and 2) to obtain an approximation of the average CO2
removal rate, water loss, and power requirements. The system was delivered to
NASA IRC for further testine, then the g gton wng retuirned to HARD
“in Aucust 1669,

The original test program was run in the laboratory under ambient conditions.
Carbon dioxide was fed to the inlet of the system blower at a rate which main-
tained the inlet 002 concentration at 1.0 percent. Inlet humidity varied
according to ambient conditions.

The system was operated through 91 cycles during twenty-two different
rﬁns as shown in table 2, The parameters which were varied included 002 concen=
tration, coolant water flow rate, coolant water temperature, inlet aif tempera-
ture, cycle time, and bed pre~cool time. The maximum average 002 removal rate,
0.41 1b per hour occurred when the CO2 concentration was 1.0%, water flow L gph,
water temperature 85°F, alr temperature 79°F, cycle time 30 minutes and zero bed

pre~cool time. During all tests the air flow rate was 14 cfm.

GENERAL AMERICAN REAEARCH DIVISION
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For most tests run at an inlet 002 concentration of 1.0 percent
(pPO = 7.6 mu llg) the C0? removal vate ranged from 0.2 to 2.3 1b pe
0, .)

When the inlet 002 concentration was decrcased to 2.9 percent @CO
2

the CO, removal rate decreased to a maximum of 0.15 1b per hour.

2
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SECTION 3

SYSTEM TESTING

Under the present program the GAT-0-SORB Carbon Dioxide Removal System
was tested to determine the relationship between system performance characteristics
and varied cperating conditicns.

3.1 Ferformance Characteristics

The system performance characteristics that were measured were:

1., Average 002 removal rate, 1lb COz/hr

2. Water carry-over during regeneration, 1b HEO/lb CO,

3. System power, kwhr/lb co,

The average CO2 removal rate was determined by dividing the weight of

CO, absorbed during a cycle by the length of the absorption period, i.e.,

2
cycle time. The weight of CO2 absorbed was derived from the automatic 002 feed
system which continuously maintained the CO2 partial pressure at a fixed level
of 7.6 mm Hg (Test Plan 1) or 3.8 mm Hg (Test Plan 2).

Water carry-over was determined by weight analysis of the total desorbed
002 and water vapor mixture for the complete series of cycles in a test run.

Power was measured directly, indicating the integrated input for the
electric heater, air blower, and controls, for the complete series of cycles
in a test run. g
3.2 Test Plan

To determine system performance characteristics, the operating conditions
were varied according to values established by the Box Wilson composite design,

A detailed description of system instrumentation used in measurements and

performance observation is shuwn in appendix B,

SGENERAL AMERITAN RESEAFNTH DIVISION
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3.2,1 Selection of Operating Conditions

The primary operation parameters specified in the contract are
cycle time, precool time, coolart flow rate and air flow rate.

Because the Box Wilson Central Composite design was the test plan selected,
five levels of each perameter were tested to furnish 2 factorial points, 2 star
points, and & center point, Previous experience and system design, i.e., fan
size, heeter size, and coolamt pump capacity delineated the testing iange of the

parameters. The levels selected for each parsmeter were:

Cycle time; 10, 20, 30, 40, 50 minutes
Precool time; 0, 1.5, 3.0, 4.5, 6.0 minutes
Coolant flow; 1, 2, 3, 4, 5 gph

Air flow; 6, 8, 10, 12, 1k cfm

Cycle time was the length of time for absorption or for regeneration.
The time of absorption was concurrent with and equal to the time of regenerstion,

Precool time was the time elapsed between the start of cooling of the
absorbing bed and the sterting of alr flow through the absorbing bed. The
purpose of this delay was to precool the bed being transferred from the
regeneration mode to the abscrption mode before air was blown through the bed.

The heat transfer liquid rate is the volumetric liguid rate through the
in-bed heat exchangers in the absorbing and regenerating bheds.

Ai~ flow rate is the volumetric flow of air through the absorbing bed.

The Box Wilson design determines which combination of parameters are tested,

These are shown in appendix C,

GENERAL AMERICAN RESEARCH OIVISION
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Fixed operating conditicns during testing were:

1. Chanber pressure 360 mm Hg

2. pco2 7.6 mm Hg, in Test Plan 1
3.8 mm Hg, in Test Plan 2

3. Inlet air temperature to blowe: 50°F (bed inlet temperature
averaged 25°F higher due to
blower heat-up)

4, Inlet air dew point L5°F

5. Heat transfer coolant liquid

temperature 50°F
6. Regeneration liquid temperature 180°F
7. Vacuum for regeneration LO mm Hg absolute pressure

3.2.2 Measurement of Performance Characteristics

The following methods were used to detemmine the variation of 002

removal rate, ratio of H20/Cq2, and ratio of Power/CCb.

3.2.2,1 CO. Removal Rate
_——

The carbon dioxide removal rate was determined by measuring the
volume of pure CO2 which needed to be added to the chamber in order to maintain
the bulk chamber concentration et a constant preselected level,

The concentration of CO2 within the chamber was measured and the output

of the 002 sensor was used to control the CO. feed as the CO. concentration

2 2
fell below the predetermined set-point. Thus the volume of ng added to the chamber
and the length of time of the test run were used to calculate the average ng

removal rate for the test., Corrections were made for o, lost from the chamber

GENERAL AMERICAN RESEARCH OIVISION

12



]
i

through the trim pump which pericdically corrects chamber pressure variation
resulting from air in-leakage,.

3.2.2.2 Water Loss/CO, Ratio

The ratio of HEO/COQ removed during regeneration was determined by
weighing the amount of water trapped out of the regeneration vacuum loop during
the length of time for a test. Thus the tvotal amount of water collected during
a test divided by the total amount of 002 removed dvring the same test gives
an average ratio of HEO/COé for a particular test.

3.2.2.3 Power/CO, Ratio

The total energy used by the GAT-0-SORB system for the duration of

a test was measured with a watt-hour meter. This included power to operate
the blower and controls plus electric power to heat the fluid entering the
regenerating bed. This energy divided by the total amount of CO2 removed
during the test produced a number equal to average energy/weight of 002 or
average power/CO2 removal rate.

An ammeter was used to measure the required current for operation of
the GAT-O-SORB system. T'he current indicated the instantaneous power level and
was used to verify proper functioning of the system components. The &mmeter was

2lso used to indicate when the liquid locp electric heaters were on or off.

3.2,3 Test Cycle

A test run consists of two parts. The first part of a run is
known as "pre-rur”’ during which the system comes to thermal equilibrium. The
normal prerun lasts for three or four cycles. The second part of the run is the
data run during which the system performance characteristics are measured as a

function of operating conditions.

GENERAL AMERICAN RESEARCH DIVISION
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SECTION 4

PROGRAM TASKS AND TEST RESULTS

The testing program included seversl auxiliary tasks in addition to the

major task of system performance testing. The program tasks in chronological

order were:

checking all mechanical and electrical system, components t¢ verify

proper function for continuous and sustained operation,

comparing the COC

2 absorption capacity of original absorbent with

.. fresh absorbent to ascertain stability, retention of chemical proper-

3)

6)

ties, and other unexpected effects of long du#ation storage.

designing the experiment by using the Box Wiléon central composite
design technique. |
conducting the performance testing of the total 002 absorption system.
conducting a duration test, consisting of continuous operation for

L8 to 96 nours, to demonstrate absorbent stability and system
reliability. |

conducting off-design tests to show specific effects on system

performance.

4,1 System Checkout for Component Function

Two changes were made in the system during the preliminary checkout. The

electric water switch valve vith manual override was replaced with a L-way

solenoid valve; the ports in the original valve were small and clogged

easily.

The new valve with 9/64" orifices eliminated clogging and lowered the

pressure drop in the coolant loop.

GENERAL AMERIZAN RESEARCH DIVIBION
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An 850-watt heater was instailed in the liquid loop to replace the 550-
watt unit originally supplied. Tnis provided the additional heating capacity
reguired for circulating the heat-exchanger liquid at required higher rates,

4,2 Comparison of 01d and New Absorbent

After the GAT-0-SORB system was returned to GARD, all of the original
absorbent was removed from the canisters. Undersize material was removed
by screening. A sample of the original absorbent from esch bed was tested in
a 1 inch glass tube absorbing column to determine CO2 removal capacity. The
average dynamic capacity of the sorbent for 3 regeneration-absorption cycles for
each sample was l.h\percent by weight., This capacity was the same as determined
in the original tests. The conditions of these tests were:

CYCLE: 30 minutes absorption - 30 minute regeneration

FEED GAS: 1% Co, in air

ATR FLOW RATE: 4 SCFH

REGENERATION: 180°F at 40O mm Hg absolute pressure

After completing testing in the small scale bed, the right absorbent system
canister was filled wiv1 15—3/4 ﬁounds of 10/20 mesh original absorbent, and
the left canister with 15-3/4 pounds of 10/20 mesh fresh absorbent, This
allowed continuous comparison of the old and new absorbent throughout the test
program while operating under identical test conditions. No significant
difference was detected between the performance of the two beds throughout all
of the tests.

After comparing the oldé and new absorbent materials an additional
shake-down test at one-atmosphere was run under conditions which were similar

to the tests performed in 196L.

GENERAL AMERICAN REBEARCH DIVISION
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The test conditions and results summarized in table 2 show that the
002 removal rate was similar, although not identical, to test 13-B of the
original test program. The difference in removal rate can be attributed to
the fact that, in the original test program, ﬁﬁe temperature of the heating
fluid going to the bed in the regeneration mode was approximately 5 to 10°F warmer
than in the shakedown test. An 850-watt liquid heater was used in original tests
while a 550~watt heater was used in the shakedown test. A new 850-watt heater
was installed and used in all subsequent tests. The effect of higher inlet air
humidity in the shakedown test was assumed neglible because off-design tests
(table 5) show the effect of inlet air dew point is small.

The two CO.-removal rates being nearly equal is highly significant, in-

2
dicating that the absorbent did not deteriorate either during the criginal
test program or while being stored for four years.

4,3 Composite Design Test Plan

The Box Wilson Central Composite design was used to design the gxperiment
and to develop a guadratic polynomial equation for COB-removal rate, water lo;s,
and power in terms of the cycle time, precool time, heat-transfer liquid flow
rate, snd air flow., The experiment design is based on a two-level -factorial
design with star points and center points, A series of tests based on the
fartorial design were run first to verify that the tests were performed in the
correct range. The two level- factorial design yielded only linear relationships.
To obtain a guadratic effect, testing at three levels was required. For a
complete three-level- factorial design plan a total of 81 tests would be
required. The Central Composite design has the adventage of significantly

reducing the number of tests while not significantly reducing the precision of

the regression coefficients determined for the quadratic polynomial.

GENERAL AMERICAN RESEARCKH DIVISION
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TABLE 2

COMPARTSON OF ORIGINAL TEST PERFORMANCE AND PIESENT TEST PERFORMANCE

Test Parameters

Chamber Pressure

Chamber Poo
2

Cycle Time

Alr Valve Delay

Coolant Flow

Heating Fluid Temp

Inlet Air Temp

Inlet air Relative Humidity

Air Flow

Results

002 Removal Rate

GENERAL AMERICAN RESEARCH DIVISION

Test 13-B (July 1964)

1 atm

7.6 mm

30 min

2 min

2 gph
185-190°F
TT°F
Lo-429,

1l ofm

0.28 1bv/hr

A7

Shakedown Test
10-2-68

1l atm

7.6 mm

30 min
2 min
2 gph
180°F
75-85°F
70-75%

14 efm

0.24 1b/hr



4.bh Performance Test Results

The test design produced coefficients for all first order and second
order terms in the polynomial expression, The second order terms are composed
of square terms and two level interaction terms. Higher level interactions were
assumed to be insignificant and were neglected. Each coefficient was tested
by a statistical method to determine if the term was significant or negligible. The
results of the "t" test used are shown in appendix C,

4,4.1 Performance Equations

As shown by the high “F" wvalue in appendix A, the results of the experiments
run at a Pco level of 3.8 mm Hg indicated a high degree of correlation,
2
Therefore, the "t" test was used to select all coefficients which had a 95% or

greater confidence level. The resulting simplified performance equetions were:

Yl‘ = -,64h +0.01394 + 0,167 C+ 0.050D (1)
-0. 000096 I 0.0170 @ - 0.0025 o - 0.00176 AC
Y, = 0.187 + 0.888 C - 0.066 D - 0,148 C° ()
i, = 238 - 5,58 A - 41.0B - 12,3 D + 0.0671 A% + 4.1 BD (3)
where:
leO2
Yl = CO2 removdal rate, T
’ leEO
Yé = Water carry over,'*zgaﬁg
kwhr
Y3 = Power, 'I.Eaag
A = Cycle time, minutes
B = Alr valve delay, mimutes
C = Water flow, gal/hr
D = Air flow, cfm

GENERAL AMERICAN REBEARCH QIVISION
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Simplified equations are not presented for the experiments run at a pC02
level of 7.6 mm Hg because the results for this set did not have high
correlation. The confidence level decreased to 70%
before significant terms appeared in the polynomiasl expressions.

The primary objective of this program was to determine the effect of
operating condition on performance characteristics. This could not be
accomplished from a purely theoretical approach because all of the necessary
chemical and physical properties of the absorbent were not knéwn. Properties
such as equilibrium 002 and.HEO partial pressures in the vapor phase,
diffusion rates at the absorbent surface, and effective film transfer coefficients,
must be known in order to solve the mass transfer and heat transfer equations

associated with predicting CO, absorption and desorption rates., In spite of

2
this lack of information certain effects can be estimated based on knowledge
of how the system operates.

L. 4,2 Effect of Operating Conditions on CO, Removal Rate

The operating conditions affected the average CO2 removal rate in the

manner described.

4.4,2,1 Cycle Time

Equation 1 shows that air increase in time will produce
an increase in 002 removel rate until a maximum point is reached. Then any
additional increase in cycle time will decrease 002 removal rate. The equation
shows that the optimum cycle time shifts and 1s dependent upon the interaction

between cycle time and coolant flow,

GENERAL AMERICAN RESEARCH DIVISION
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L. 4.2,2 Precool Time

Precccl Time had no significant effect on CO2
Removal Rate,

b,4.2.3 Liquid Flow Rate

Likewise equaticn 1 shows that an increase coolant flow

rate will increase 002 removal rate until a maximum CO2 removal rate is obtained.

Then any additional increase in coolant flow will decrease CO, removel rate.

2
The point of optimum CO2 removal as a function of liguid flow shifts because
of the interaction between liquid flow rate and cycle time.

L.h.2. 4 Alr Flow

An increase in air flow should increase’ﬁhe CO2 removal
rate because an increase in air flow increases the average ﬁartial pressure of
CO2 in the air stream within the absorbing bed. Thus the average gradient
of CO2 in the gas phase and that held on the solid .absorbent is increased.
This increase in the gradient between the two phases should increase the rate
of 002 transferred from the air stream to the sorbent. Also, if the airstream
cools the absorbent as the sorbent changes from the regeneration to absorption
Jnodes, an increase in air flow should increase bed cooling and therefore
{}crease 002 removal rate because the absorbent has increased capacity for CO

2
as bed temperature decreases.

This behavior was verified by the experimental results as air flow increased

from 6 to 10 cfm. Unexpectedly an increase in air flow beyond 10 cfm produced
a decrease in CO2 removal rate. This was caused by the alr stream heating the
bed. It was observed that the exit temperature from the air blower into the

absorbing bed ran gbout 20°F higher than the inlet air temperature of 50°F

GENERAL AMERICAN REBEARCH DIVISION
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when the air flow was 6 to 8 cfm, When air flow was increased to the maximum
of 14 cfm, the increase in temperature was about 15°F. This temperature rise
was due to heat conduction from the blower motor and frictional effects within
the blower. Thus a sigrnificantly greater amount of heat is added to the
absorbing bed at high air flow.
The 002 absorption cepacity consequently decreased as air flow increased.
Thus air flow is useful in cooling an absorbing bed from 180° to 75°F, but
opposes the effect of the 50°F liquid coolant in cooling the bed between

75° to 50°F.

4L.4.3 Effect of Operating Conditions on the Ratio Water Carry Over/CO,
Removed o

An increase in cycle time, coolant flow and alr flow should increase
water carry over rate, Equation 2 indicates that cycle time affects the water
absorption and desorption in the same manner as 002 absorption and desorption

because there is no term for cycle time in the equation for the H,0/CO, ratio.

2 2

The presence of terms in equation 2 for liguid flow and air flow show
that these operating conditions affect the water carry over rate differently

from the 002 removal rate, In other words, the H20/002 ratio would equate

to a constant number if the operating conditions affected water carry over

and.CO2 removal in the same way.

b,k bk The effect of Operating Conditions on the Ratio of Power/CO2

An increase in air flow should increase the amount of heat removed from
- the absorbing bed; and this will increase the amount of heat reguired for

subsequent .regeneration of the bed. ' Thus an inecrease in air flow causes an

increase-in thermal power required.

GENERAL AMERICAN RESBEARCH DIVISION
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However increased air flow also ralses the COE removal rate, therefore the
behavior of the power/CO2 ratio cannot be reliably estimated.

In contrast liquid flow can either increase or decrease the thermal power
required; an increase in thermal power occurs when an increase in liguid flow
causes more heat to be lost from regenerating bed than is transferred out of
the absorbing bed; less power is required when the reverse occurs.

An increase in liquid flow generally will raise the 002 removal rate,
Again the behavior of the Power/CO2 ratio with respect to liquid flow cannot

be reliably predicted.

Y¥.4,5 Maximum and Minimum Operating Conditions

Experimental test conditions which produced maximum CO2 removel rate, min-
imum ratio of Water/002 and minimum ratio of power/COé for both test plan 1
and test plan 2 are summarized in table 3. Graphs of performance characteristics
as a function of operating conditions are shown in figures 3, 4, 5, and 6.
These plots are derived from the equations 1, 2 and aid in viesualizing where

mexima or minima occurs.

4,5 Duration Test

The objective of the duration test was to run the GAT-0-S0RB system
contimiously for a minimum of 48 hours. The actusl test lasted for 73 hours
and was terminated when the system air blower failed.

The blower was designed for one atmosphere operation and overheated
during one-half atmosphere operation. At one-half a*tmosphere the blowe:~ motor
cooling fan does not dissipate all of the heat which the motor produces.

Al)l other components performed satisfactorily. The conditions for the
duration test were:

Pressure 1/2 atm air flow 10 cfm

Cycle time 30 min 7.6 mm Hg

Peo
D
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CO, REMOVAL RATE LB/HR
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Figure 3. The Effect of Cycle Time and

Coolant Flow on CO. Removal Rate
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CO,, REMOVAL RATE LB/HR

A6

t

Coolant Fiow
gph

Total Pressure 380 mm lg
Inlet pg., 3.8 mm

\ Cycle Timg 50 minutes
i
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Figure 4. The Efiect of Air Flow and Coolant Flow

on 002 Removal Rate
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Inlet Gas p! 3.8 m H

loo e

-
|

Total Pressire 380 mm H;

6 ofm

0.8 ¥
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Figure 5, The Effect of Z“oolant Flow
and Air Flow on Water Carryover
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Figure 6. The Effect of Cycle Time and
Air Flow an Power
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Specific Power kwhr/lb CO,
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20 |

Cycle time 41,6 min

(the cycle time which requires|
ninimum power)
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Figure 7. The effect of air flow and precooling

on power
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Alr valve delay 3,0 min Inlet air dew point 4O°F

The average responses for the overall duration test were:

CO, removal rate 0.12 leOe/hr
Water carry-over 0.70 113}{20/110(:02
Power 6.5 kwhr/leOE

The duration test did prove that other than the blower motor failure,
the system was capable of continucus operation and was eble to maintain its
002 removal rate throughout the test.

4,6 0Off-Design Tests

Off-design tests were run to determine how well the system performed
when certain design parameters were varied., These parameters include total
pressure, 002 partial pressure, regeneration vacuum, regeneration temperature,
inlet air temperature and humidity.

The tests were run under conditions $imilar to the center-point tests
of the central composite design except for the off-design purameter being
tested.

The off-design tests revealed that the COa-remmval capacity of the system
is not seriously affected by off-design conditions except for the heat~ transfer
fluid temperature. This agrres with the original work in_which the minimum

temperature for regeneration was found to be about 140°F,

4,7 Total Run Time

During the performance of this contract in which the GAT-0-SCRB system was
tested at GARD with original absorbent 1i: the right canister and fresh
gbsorbent in the left canister, 593 hours of running time were accumulated on
the system. This includes 55.5 hours of prerun shakedown tests at one

atmosphere and 537.5 hours of actual testing at one-helf atmosphere.
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Air valve delay 3.0 min Inlet air dew point LO°F

The average responses for the overall duration test were:

CO, removal rate 0,12 ¥bCO, /hr
Water carry-over 0.70 1bH,0/1bCO,
Power 6.5 kwhr/1bCO,

The duration test did prove that other than the blower motor failure,
the system was capable of continucus operation and was able to maintain its
002 removal rate throughout the test.

4,6 O0ff-Design Tests

Off-design tests were run to determine how well the system performed
when certain design parameters were varied. These parameters include total
pressure, C02 partial pressure, regeneration vacuum, regeneration temperature,
inlet air temperature and humidity.

The tests were run under conditions similar to the center-point tests
of the central composite design except for the off-design p:¢ rameter being
tested.

The off-design tests revealed that the COe-removal capacity of the system
is not seriously affected by off-design conditions except for the heat- transfer
fluid temperature. This agrres with the original work in which the minimum

temperature for regeneration was found to be about 14O°F,

4,7 Total Run Time

During the performance of this contract in which the GAT-0-SORB system was
tested at GARD with original absorbent 1i. the right canister and fresh
absorbent in the left canister, 593 hours of running time were accumulated on
the system. This includes 55.5 hours of prerun shakedown tests at one

atmosphere and 537.5 hours of actual testing at one-half atmosphere.
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SECTION 5

CONCLUSTONS AND RECOMMENDATIONS

The following conclusions are based on the date obtained from the experiments
performed during this contract, and the recommendations are based on the conclusions
and on design and abscrbent modifications which would improve efficiency.

5.1 Counclusions

1. The 002 removal rate is directly dependent on air flow, coolant
flow, and regeneration heat rate up to values of 8 cfm, 4 gph, and then decreases
with further increase in these parameters. At higher air flow rates the blower
heat conduction to the bed increased and raised the temperature of the absorbing
bed, causing decreased capacity. As the coolant [flow rate increased the coolant
was heated slightly as it passed through a metal switeh valve common with the

hot ligquid loop, and thus the bed cooling was decreased resulting in decreased
capacity. Finally, at higher heating liquid flow rates, the liquid heater could
not maintain the fluid at the desired 180°F level and the lower regenerating

bed temperature caused a decrease in capecity.

However, under more ideal equipment conditions the average CO. removel rate

2
should have increased with increased air flow, increased sbsorbing bed cooling,
and increased regenerating bed heating rates.

The 002 removal rate would be expected to increase with a decrease in
cycle time hecause more fresh absorbent is brought on stream per unit time.
The CO2 capacity was lower than expected at short cycle times, probably because
the finite time required for the absorbent to be coocled before it can begin
absorbing CCE takes up a greater portion of the cycle time. Thus the CO2 removal
rate was restricted by (1) the heating effect of the air blower, (2) the heat
transfer through the liquid switch valve, (3) the limited heating capacity of the
liquid heater, and (4) the capacity of the in-bed heat exchangers.
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Operating with these mechanical restrictions the highest CO2
removal rate achieved was 0.15 1lb/hr when the pco2 was 3.8 mm, and 0.33 1b/hr
when p002 was 7.6 mm. This corresponds to a 1.5 and 3.3 man capacity system
respectively. For tests at a pco2 of 3.8 mm Hg and at low liquid flow, 1 to
3 gph, an increase in cycle time produced a proportional increase in 002 removal
rate, At high liquid flow, 4 or 5 gph, an increase in cycle time initially
caused a proportional increase in 002 removal, then a maximum, and finally
a decrease with further increase in cycle time.

2. Power for controls, valves;“énd the blower was essentially con-
stant. Power for the liquid heater was primarily a function of 002 removal
rate and heat loss. Power should increase with increased air flow,
increased absorbing bed cooling, increased regenerating bed healing, and
decreased cycle time. These operating parameters produced the same general effect
on power as on 002 removal rate. If botn power and 002 removal rate are
influenced in the same manner and degree by the operating parameters, the
equation £or the ratio of power/002 would equate to a constant. The
equation did not equate to a constant indicating that power and CO2 removal
rate are influenced to a difference degree by each coperating parameter. Sinée
neither rate can be predicted with accuracy it is not possible to theoretically
predict the effect of operating parameters on the ratio of these rates.

If the thermal power for heating the regenerating bed can be pro-

vided from waste heat at 180°F, the electrical power for operation of the system,
i.e., blower and controls,would be reduced and influenced.only by alr flow

rate. At inlet CO., partial pressures of 3.8 and 7.6 mm Hg, the minimum ratios

2
- kwhr _ . .
of power to CO2 were 5.3 and =.0 5 60 respectively. These minina occured

2
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approximdtely at the maximum CO, removal rates. If 180°F waste heat is

availat le for heating the regenerating bed, the ratios would be reduced

kwhr
1b 002

3. The water carryover, i.e..,Water removed from the air stream

to0 2.0 and 0.96 or 200 and 96 watts per man, respectively.

during COE absorption and released with CO2 during regeneration, should be
influenced by the operating parameters in a manner similar to the way the
operating perameters influence CO2 absorption and desorption. If water carryover
is affected in the same manner and degree as CO2 removal, the equation for the
ratio of H20/002 would equate to a constant. The equation for this ratio
did not equate to a constant, indicating the water carryover and CO2 removal
are not influenced in an identical manner and degree. At inlet CO2 partial
pressures of 3.8 and 7.6 mm Hg, the minimum ratios for water carryover/002
were 0.22 and 0.2h 1b HEO/lb COE' The minima occured at random and at epparently
unrelated levels of COé removal rate.

The only conditions which affected the water loss ratio were lidquid flow
and air flow. An increase in alr flow produced a proportional decrease in
water loss for the entire test range. Liquid fiow at 3 gal/hr produced a
maximum HEO/COé ratio. The minimum water loss ratio occured when the liquid

flow was either 1 or 5 gal/hr. Cycle time and precool time did not influence

thre water loss ratio.
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4., A 73 hour duration test showed the gbility of the system to
function reliably under continuous unattended operation.

The system was operasted for 592 hours without a decrease in 002
removal capacity. Thus the absorbent was shown to be suitable for long term
continuous use,

5. The system can be operated under most off-design conditions without
significantly changing the overall capacity for CO2 removel, The most
sigrnificant change was regeneration temperature, where a decrease from 180°F
to 150°F, lowered the CO, capacity by 50%.

6. The absorbent eppears to have long shelf live because no difference

was detected between the absorbent formulated in 196L and fresh absorbent made

in 1968,
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5.2 Recommendations

The performance of the GAT-OSORB system could be lmproved by variocus
chenges in the system and absorbent materials.

1. The following design changes should be made on the present system
to increase the CO2 removal rate.

a. The present 050 watt ~ " juid heater should be replaced with a
larger capacity heater to prevent the fluid entering the regenerating bed from
falling below 180° F at high liquid flow rates. This would increase peak power
but not necessarily the ratio of power / 1b. of 002 bgcause the CO2 removal
rate would increase.

b. The present U-way liquid switch valve should be replaced with
two 3J-way switch valves to prevent heat transfer through the valve from the
warm fluid leaving the regenerating bed to the wool fluid entering the absorbing ved.

c. An alternate to using an electric heater in the system would be to
provide separate hot and cold fluid loops for regeneration and absorption,

This would be equivalent to éperating with liquid available from the waste heat
loop, and coolant from the coolant system loop.

It is anticipated that the above changes would  significantly increase

the 002 removal rate, while the power penalty per pound of 002, Or per man, would

be held the same, or possibly decrease.

2. The design of the in-bed heat exchanger should be improved to
inerease CO2 removal rate. These improvements would consist of:

a. Depositing the absorbent directly on the fins of the in-bed
heat exchanger, or

b. Providing more actual heat-transfov surface area in the bed by

changing of the heat exchanger configuration.

.- : -
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2. The capacity of the ebscrbent might be ircreased by altering the
ncmpositicn of the granules. lessible alterations - would include:

a, Meaking formulations containing carriers possessing higher surface
areas and

b. Altering the ratioc of absorbent ingredients.

L., TInvestigate the possibility of using & low power rapid-cycling
prorass cof "heatless desorption” for this absorbent.

5. TInvestigate lower pressure and correspondingly lower temperatures
for regeneration to decrease total heat input.

6. Determine the composition of the effluent of the absorbing bed,
and of the regenerating bed to verify that no undesiratle trace contaminants
leave or ere generated by the system, and that high purity ccé is
reccvered,

7. The polynomial expressions developed from the Box-Wilson composite
design yield good results for the present system; however the expressions are
only applicaeble within the range ¢f parameter values tested and only for the
present system., General theoretical equations based on mass and heat transfer
should be developed because these equations would be applicable for a broader
range of parameters for any system which uses the GAT-0-SORB absorbent. In order
to develop these equations, physical and chemicel properties of the absorbent,

heat of reaction, and mass transfer coefficients rhould be determined.
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APEENDIX A
COMPUTER COMPUTATIONS




The tables in this appridix show che computed regression coefficient
by a least sguares fit, the standard error, the t value for the coefficients
pius & multiple correlation coefficient, a standard errer and ¥ values for the
overall test design. Alsc furnished are tables of measured and computed responces.
Teble A-l shows the correspondence between variable number and the terms in
the polynomial equations.

Table A-1 Correspondence

Between Variable Number and Variables

Variable No. Term

1 xl

2 x2

3 XB

4 X,

5 Y,

6 Yg

7 Y32

8 X,

9 x{
10 Xﬁ
H X1%o
12 xlx3
i3 XIXh
1L X Xs
15 X %),
16 X%,
17 X,
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Table A-2

Results for 002 Removal Rate

at pCOE equal 3.8 mm Hg
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Table A-3
Comparison of Responses

for CO, Removal Rate at Pno  equal to 3.8 mm Hg
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Table A-L

Results for Water Loss at

p002 equal 3.8 mm Hg
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Teble A-5

Comparison of Responses for

Water carryover at Pog. €qual to 3.8 mm Heg
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Table A-6

Results for Power at

pC02 equal 3.8 mm Hg
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Table A-7

Comparison of Responses

for Power at p,, equal 3.8 mm Hg
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Table A-8

Results for CO2 Removal Rate

at PCOQ equal 7.6 mm Hg
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Table A-Q

Comparison of Responses for

co, Remcval Rate at p., equal 7.6 mm Hg
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Table A-10

Results for Water Loss at

Pog. €qual 7.6 mm Hg
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Table A-11

Comparison of Responses for

Water Loss at Pog  equal 7.6 mm Hg

2
WL TTP LT REGRESS TON s+ s s CUZTUN
Woremennnens SECECTIONsvorg-2----m-m-omoo-oe-
| | - - -
" TRBEE—OP—REFTDN YTI—
B OASENOETTT ¥ -VALDE-----m- Y-ESTIMATE - -- RESTOUAL-
1 04,32000 CetB249 LTy YLY
i Saeea i CIEr000 - S 65208~~~ =0 Ch20E- -
3 050000 Qets 1374 Q02625
" — 4o 7T SO ——— ST et SE———Ovotwit—
] Ty + 200 0s52374 =0e04374
S Antentadiit o] L1 aesnateiny 0w TIORY----oomeee CrrBere--
7 T4 %3000 Qe33249 0eQ9750
SRS A T 11 UL ety 0vs920 oo s IO
] 0467000 Cst570: Oe21291
* 3+) oy s -
11 Qs 40000 061083 =0as21083
B ¥ V382000 TS Eod ~0303TAL "
13 04330600 Qes43583 =0.10583
Horenoenes 1g--momeeaes V%G00V -~ g e T T
1 15 0237000 OekQ708 =-Q403708
\ te -
17 0+28000 Q+31874 ' CebLE2S
oo oo ] 0365000 -~ B L5 Lol Sammatii OIS~
) 19 070000 Oe56208 003791
W e e O G800 VVITTOR -G OER Y
21 0,%2000 Oe&ka708 0.07291
8 [ —ovyronT Uy 20— OTeTTYL
u 23 0470000 Qe T8BTH GaD2i25
"""" 2 " ¢ iy 6 € +1+ 1« E i ¢ 1Y 141/ Sniniaiaiini+ Y + 7 &1 1. Mt
" 25 0424000 0.69285 =0s45285
"""" 26O ETOU0 UiE9285 <0voy2Es
. 27 0485000 0469285 015714
: ry T+ 53007 V9285~ —~T=UsUk20% -
. 29 0490000 0s69285 0020714
TTTTTTTTAT UsT6U0D Y 2 F {1 S UeZETIL
w21 0464000 0469285 -0s05285
T MULTHRLE REMRESSTONTF v TCOREON - === mnnmnmmmvesonnos o

GENERAL AMERICAN RESEARCH DIVISION

49

Wﬁﬂ;ﬂu‘imvwfam- R—



R M

Table A-12

Results for Power at
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o equal 7.6 mm Hg
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Table A-13

Comparison of Responsed

for Power at p,, equal 7.6 mm Hg
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Table A-1L

Reduced Equation for 002 Removal Rate
at Pog equal 3.8 mm Hg
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Table A-15

Comparison of Responses for

r
CO, Removal Rate for Reduced Equation at I 3.8 mm Hg
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Table A-16

Results for Reduced Equation for
Water Loss at Pao equal 3.8 mm Hg
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Table A-17

Comparison of Responses for Water

Loss for Reduced Equation at Poo  ©qual 3.8 mm Hg
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Table A-18

Results for Reduced Equation for

Power at p,, equal to 3.8 mm Hg
e
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Table A-19

Comparison of Responses for Power

for Reduced Equation at Pog eaual 3.8 mm Hg
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R e e N o b sa T W et -v—D -
fa : el ]
e ,&.R' JORLIR VRIS T —

o re s Craersntat o0 srd o eoalrrernt wes used to cortrol, read,

erd reccrd the voriour tararcterc erncountered in the program.

feal

svpe T (Copper-lonshartan) thermocoupies were used for all temperature
reasurement excepl for +»= four dial thermocouples which ars tuilt into the
GAT -«C=SCZR5 svaten for measuriag the temperatire of the liquid entering and

exiting each of the fwo aktsorkten®t teds., The thermocouples sensing the tempera-

1]

ture of the gas at the inlet of the fan in the GAT-0-50RB system, and the tem-
perature of the gas lzaving *he absortent ved were read out and recorded on a
Bristol Dvnarasber multipoin® recorder (range -50° 4o +150°F). Cther thermo-
couples which sensed the Ltemperature inside of the absorbent beds, temperature
of the chamber, and temperaturs of the coolant at the inlet connection to the
GAT-0-3CRB system were read out and recorded on & Daystrom-Weston model 6702
multipoint recorder (range 0-300°F). The temperature of the gas entering the
GAT-C-SORB system was controlled at 52°F by passing chamver eir through a

gas-1iguid heab

[$1]

xcranger, The air entering the heab exchanger varied from 65°

ot}

to BO°F, The temperabture of the gas leaving the heat exchanger was controlled by
the termperature of the gliycol~water solution which passed through the liquid
side. This liquid was recycled through a refrigeration unit outside of the
chamber.
The temperature of the water flowing to the absorbing ted's internel heat
exchanger was 50°F. This liguid left the absorbing bed and was heated with
a1 electric cartridge heater to 180°F and fiowed to the bed being regenerated.

A Fenwal thermostatic switch turned the electric heater on or of:.
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B.2 Dew Point

The dew point of the gas entering or exiting the GAT-0-SORB system
was sensed with a Cambridge Systems Model 992-Cl hygrometer., This se.: u
has a type T thermocouple output which was read out and recorded on the same
Bristol recorder used for recording temperatures. A three way solenoid valve
was used to control the sample point, i.e., inlet gas or outlet gas. The dew
point of the gas entering the GAT-0-SORB system was controlled by passing
chamber gas through a gas-liquid heat exchanger to condense excess moisture and
lower the dew point to 45°., The temperature of the liquid flowing through the
heat exchanger controlled both the dew point and the temperature of the gas
leaving the heat exchanger.

B.3 Vacuum for Regeneration

A Precision Scientific Model 150 vacuum pump (5.3 cfm free air) was
used to evacuate the bed in the regeneration mode., A mercury manometer
indicated the absolute pressure of the regenerating bed and a Matheson
Lab-Stat controller wes used to open or close a solenoid valve in the line
between the vacuum pump and the chamber. This controller has a dielectric
sensor attachad to the mercury manometer. Thus changes in the level of
mercury were tfansmitted to the controller. Also two dry ice-acetone traps
were placed in series in the vacuum line between the solenoid valve and the
chamber. These traps prevented moisture from reaching the vacuum pump and
provided a method of measuring the amount of moisture lost from the sorbent
during regeneration,

B.4 Chamber Pressure

After the chamber was evacuated to the specified operating pressure of

360 mm Hg, the pressure was maintained at this level with a trim pump that
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corrected for in-leaskage. Generally in-leakage ranged from 20 to 30 scfh. The
trim pump used was a Speedaire medel 12943 {free air 1.9 cfm). A Barksdale
Model DIH-H18 Pressure-Vacuum switch was used to open or clese a solenoid valve
in the line tetween the trim pump and chamher., A Sprague model 175 gas meter
was used to measure the amount of gas that the trim pump removed from the
chamber, Therefore the wmount of 002 removed could be calculated.

The pressure within the chamber was readout on & Wallace-Tiernan

absolute pressure gauge, model FA 160 (range 0-800 mm Hg).

B.5 Carbon Dioxide Concentratior

The concentration of carbon dioxide within the chamber and fed to the
GAT-0-SORB system, and the concentration of carbon dioxide leaving the GAT-
O-SORB itystem which indicates how efficiently the absorbent performs, were
measured with MSA LIRA infrared analyzers (Model 300).

The signal from the LIRA which measured chamber 002 cencentration was
sent to a Leeds/Northrup model "H" AZAR r ecording controller. When the co,
concentration fell pelow the set-point, the controller opened a = lenocid valve
between the CO2 supply and the chamber,

The signal from the LIRA which measured the 002 concentration at the
exit of the GAT-0-SORB system was sent to a Bausch and Lomb strip chart recorder.

B.6 Carbon Dioxide Gas

The purity of the carbon dioxide fed tn the chamber was 99.5 percent.
The amount of 002 used was measured with a wet test meter which was pre-

saturated with CO2 to prevent errors due to 002 absorption in the water within
the meter.
B.7 Power

All electrical powsr for the GAT-O-SORB system was measured with a watt-

hour meter, Also a ammeter was used to indicate periods of peak power demand
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when the water heater was turned on. The ammeter also indicated the proper
functioning, based on current output, of electrical components such as the
blower and the heater.

B.8 Gas Flow

The amount of air which is blown through the absorbing bed was measured
with a Sprague model 1000 gas meter that was placed inside the test chamber.
Thus measured flows are at chamber pressure rather than standard conditions.

B.9 Coolant Flow

A Dwyer rotameter and a needle valve were used to read and control water
flowing to the heat exchangers in the absorbent canisters. The calibration also

was checked during each run with a graduated cylinder and stop-watch. '
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EXPERIMENTAL TEST PLAN




The Box-Wilson central composite design was the test plan specified for
the experimental evaluation of the GAT-0-SORB system. The composite design
consists of a factorial design which yields only linear relationships plus
additional tests for the determination of second order effects.

In a central composite design a point exists at the center of the
factorial design and "2K" addition tests for determination of second order
effects (called star points) are symmetrically located around the center point
where K equals the number of independent variables.

A non-central composite design is used only if the results of the factorial
design suggest that a point of maximum is closer to one factor combination than
it is to others. In this case K extra points will be tested around the factorial
point suspected to be near a maximum point.

The central composite design yilelds the regression coefficients for a
Quadratic polynomial expression. Additional tests are run at the center point
of the design so that the standerd error can be determined and is uniformly
distributed between all test points.

C.1 Designs Used

The GAT-0-SORB system was operated under two design test plans. The first

was with a fixed CO, partial pressure of 7.6 mm Hg. Under these conditions,
the composite design was made up of a 1l6-test full two level factorial for
4 veriebles, plus 8 star points, and 7 center points for a total of 31 tests.

The second test plan was run with a fixed CO, partial pressure of 3.8 mm Hg.
The composite design consisted of 8 tests for a 1/2 replicate two level factorial
design for U varisbles plus 8 star points, and 7 center points for a total of
23 tests.

.2 Method of Data Analysis

The relationship between the independenf variables ard the responses is
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determined as a polynomial in the form

2 2 2
Y=B,.+BX + BX, +B X3 + Buxu + Bllxl + B,.X

>
0" P11 T P T 5y ppip  * BagXyt By X+

Blexlx2 + Bl3XlX3 + Blhxlxh + 323x2x3 + Behxexh + B3ux3xu

The quantity Y is the performance characteristic of the system such as
CO2 removal rate; the "B" 5 are the coefficients which are to be determined and
the X's are the independent variables of cycle time, precool time,
flow, or air flow, Only first and second order terms are considered signi-
ficant, Higher order terms are neglected. The coefficients are determined
by fitting the data to a multiple linear regression,

First the independent variables are put in a "coded™ form. The advantage
of putting the dependent variables in coded form is that the equations are
easier to work with because only plus or minus integers and zero are used for

independent variables.

The following coding equations were used in this program:

_ A-30

Xl - 10

where Xl is the coded value for cycle time, and A is the measured cycle time

in minutes, 30 1s the cycle time in minutes at the center of the design, and

10 is the difference bhetween levels of cycle time.
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where X2 is the coded value for precool time, and B is the measure precool
time in minutes 3.0 is the precool time at the center of the design, and 1.5

is the difference between levels of precool time

. E=3
x3 T

where X3 is the coded value for water flow, and C is the measured water flow
in gal per hour, 3 is the water flow at the center of the design, and 1 is

the difference between levels of water flow,

D=10
X, = 73

where Xh is the coded value for air flow, and D is the measured air flow in cfm,
10 is the air flow at the center of the design and 2 is the difference between
levels of air flow. The coded values of the independent varisbles are summarized

in Table 3.

TABLE C-l. CODED VALUES FOR INDEPENDENT VARTABLES

Coded Value +2 +1 0 -1 -2
Cycle Time, minutes 50 4% 30 20 10
Precool Time, minutes 6.0 h.5 3.0 1.5 0
Water Flow, gph 5 4 3 2 1
Air Flow, cfm 1k 12 10 8 6
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The matrix of coded X values and the corresponding Y vectors which
are the measured responses are listed in Tables C-2 and C-3 for the corresponding
test plans. Then least squares estimates of the coefficients are chosen so as
to minimize the sum of squares of deviations between the data points and the
estimated response surfece,.

These least squares estimates can be derived by (1) solving simultaneous
normal equations, (2) by use of matrix algebra in which a matrix for the
normal equations, the vectors, and an inverse matrix are calculated or (3)
by using a digital computer.

A computer solution was used for this program to minimize the time
required to utilize test data. In addition the computer program furnished
estimates of standard error, t values of the significance of each coefficient,

and s comparison of the estimated and measured responses.

C.3 Tes® Program at P002 = 7.6 mm Hg
The central composite design for tests run at pCOQ equal to 7.6 mm Hg
is summarized in the array in Table C-2, This table s;ows the coded values
of the independent variables and the measured responses of the three dependent
variables. The X, column always has the value (+#1) and is used to determine the

0

constant of the regression equation.

C.L Test Program at P(fo.2 = 3.8 mm Hg.

The certral composite cesign for tests run at cha equal to 3.8 mm Hg
is summarized in the array in Tgble C-3. This ftable shows the coded values
for the independent variables and the measured response for the dependent

variables.
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Test
No

O D - W

10

1

15
13
16
17
19
23

2k
23
26
27
30
3

20
28
29
36
37
ke

+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1,
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
41
+1
+1

Cycle Time
Min.

g ' o4+ 0+ 1 4+ 08+ 08 o+ 6 40
SR S S A S . A - T I

O 0O 0 0O 0 090 o O 0O O 0 o O

TABLE Cs=2 CINTRAL COMPOSITE DESIGN

for Teats at p = 7.6 mn Hg
CCJ2
X ARRAY CODED SCALE
)Ce x3 xh Yl
Precool Time Cooclant Flow  Alr Flow CO,, Rate
ggh efm 1b/hr
-1 =1 =1 2,30
-1 -1 -1 1,19
+1 wl =1 .26
+1 -1 =l 0.21
=1 +1 -1 0.33
-l +1 -] .17
+1 +1 -1 Q.20
+1 +1 -1 0.4
=l -l +1 Q.20
-l =1 +1 0.16
+1 =l +l. 0,10
+] -1 +1 0,13
-1 +1 +1 0.23
=1 +1 +1 0.16
+1 +1 +1 0.22
+1 +1 +1 .17
0 a 0,075
Q ] Q.15
-2 o 0.13
+2 o 0 0.17
o} -2 0 0.007
o} +2 ¢ 7,15
0 0 =2 0,13
0 0 +2 0.19
o] o] 0 0,20
0 0 0 0.17
0 0 0 0.18
0 0 0 0.7
0 0 0 0.13
0 0 8] 0.11
0 o] 0 0,15
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¥ RESPONSES

¥y

HEO losgs
1bH20 / l’m’:O2

0,32
0,61
0,50
0,79
0.48
1.96
0,43
0,26
0,67
0.h41
0.40
0.62
0.33
0,48
0.37
0.67
0.38
0.65
0.70
n.66
N.52
0,39
0.70
0.71
n,2h
0.61
0,85
0,65
0,99
0.96
0,64

Y3

Power
kwhr/leDE

2.0
3.8
2,5
3.2
2.9
6.1
3.4
7.3
3.6
4.1

12,0
b.b
2.1
6.1
b7
6,0
7.1
6.1
6.8
5.2

57.1
7.
6.5
5.0
L.5
3.5
5.0
5.6
6.6
5.1
5.7
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Test

68
66
6k
63
77
67
65

PRI S

sh
55
59
75
53
ST
61
T0
73
76
T8

+1
+l
+1
+1
+1
+1
+1
+1
+1
+1
+l
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1

4

Cycle Time
Min.

+]
-1
+1
-1
+1
-1
+1
-1

K’CDIDOOOO

0o 0O 0 0 0 0 0

TABLE C.3 CENTRAL COMPOSITE DESIGN

Tor Tests at Poo *® 3.8 mm Hg
2

X _ARRAY CODED SCALE

%2

Precocl Time
Min,

+
+l
=1
-1
+)
+1
-1
-3
0
0
0
o]
+2

»
n

o 0 0 0 0 0O 0 0 0O
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x3 X,
Coolant Flow Air Flow
Zph cfm
+l +1
+1 -1
+1 -1
+1 +1
=1 +1
-1 2
-1 -1
-1 +1
0 +2
o] -2
+2 o]
-2 0
o] o]
o] o
4] o]
0 0
o] o]
o] o]
0 0
o] s
o] o]
0 o]
o 0

69

Y

CO2 Rate
v /hy

0.100
0.09%
0,077
0.08)
0.116
0,030
0.09
0,038
0.108
0,050
0.078
0,02k
0,142
0,091
0,150
0.011
0.155
0.108
0.138
0.119
0,092
0,097
0.116

Y RESPONSES

e

Heo Lose
LbHao/l‘ncoa

0,41
0.35%
0.89
0.4%0
0.57
0.60
1.1
0.60
0.63
1.20
0.22
0.50
0.81
0.80
0,84
1.20
l.00
1.00
1.09
1,00
0.38
1,13
0.65

)

Fower
lwhr/lbcoa

8,3
12.6
13.6
1.0

7.1
27.0

8.1
1,9

8.3
14,0
iL.0
16.7

5.3

8.8

6.l
68.5

5.5

8.3

6.5

6.7

8.7

9.3

8,6



C.5 Polynomial Bxpressions

The computation of the coefficients for polynomial expression was done
by the least squares method. The coefficients are usea in the equetions shown
in Table (=4 and C-5. These equations are in the coded fovy and must be used
in conjunction with the coding equations shown in section C.2, Also the equations
in Tabl=s C-6 and C-7 should be considered applicable only within the coded range
of +2 to ~2. No estimate of accuracy is established for values outside of this
range. The coefficients shown in Tables C-€ and -7 are shown to 3 significant
figures because the measured values were reported to two or three significant
figures. The extra figures shown in the computer printout in Appendix A are of
no significance.

]

i, ducti £ Equations to cimpler Form

The polynomial equations in Tables C-4 and C-5 inciude all first
and second order terms whether or not they are significant. A1l terms of
order three or more are assumed to be insignificant. In order to further reduce
the number of terms in the equation, a "t" test was applied to each coefficient.
From the "t" test terms can be eliminated if their effect is not greater than
the effect of random errors at a specified confidence level. Normally a 95
percent confidence level is chosen.

The central composite design which contained a 1/2 replicate factorial
design, i.e., the tests run at a 3.8 mm Hg 002 level has 8 degrees of freedom,
23 tests were run and 1k regression coefficients plus 1 constant were determined.

At the 95% confidence level and with 8 degrees of freedom, the "t" wvalue

must exceed 2.306 in order to be signifiéant. This eritical value of "t" can
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TABLE C-6 ;

Simplified Equationg at 95% confidence level

p002 = 3.8 mm Hg

1b CO, , , .
;! — ) = 0.117 + 0.0261 X, + 0.0117 X3 - 0.00960 X,” -0.0170 X,~ - 0.0100 X,

1b H,0 .
o ) = 0.859 - 0.132 X - 0.148 X,

1b €O

2

kwhr 2

3 (& 002) 8.16 - 15.5 X, + 6.71 X, + 12,3 %, X,

GENERAL AMERICAN RESEARCH OIVISION

73




0¥ 9.T0C"0 =

o

Wwio ‘MOTJg ITY
hﬂ\amw ‘MOTd JI938M
saqnutt ‘KBTI mbﬂmb aty

sequuIl ‘swt] 9T1oLD

Gd T°h + _VTJ90°0 + €2t -~ € 0°TH - ¥ QL6566 - -gta

M

ND gHT"0 - @ 990°0 = O 888°0 + LQT O+

@ 6200°0 ~ m¢ 9600000 = @ 0600+ D G9T°0 + ¥V HETO°0 + HhY O~

TOAST SOUSPTIUOD 9G4

G
FHUW Q°¢ = oom

WIOJ Pepo) WOoIJ paaowsy suotzenby paTJTITAWTE

L=0 TIdVL

L

"

L}

)

¥ oJaus

e —

%00 AT, €

0D QHVN

(
0%y at

T
> )
00 dat

GENERAL AMERICAN .H'EBEARC’.-'H HVISION

-

T



be found in most statistics books. The values of "t" for the individual
regression coefficients are shnwn in the computer printout in Appendix A.

Simplified equations can be obtained by dropping the insignificant terms
from the equations; however a better method is to select the terms whose """
values approach or exceed the critical "t" wvalue of 2,306 and to refit the
date to these points by the sum of leasts squares methods. New regression
coefficients and new "t" values are obtained, The new coefficients give the
best fit for the terms used and the new "t" value reconfirm that the appropriate
term was chosen. The simplified equations for tests run at a 3.8 mm Hg 002
partial pressure are listed in Table C-6.

The simplified equations shown in Table C-G are in the coded form for the
independent variables. These equatlions can be combined with coding equations
given in section C.2 to yield the simplified equations in terms of the measured
independent variables. These are shown in Table C-7.

The results from the composite design thet was run at a CCb partial
pressure equal to 3.8 mm Hg showed a high degree of correlation. This is
verified by the multiple correlation coefficient which ranged from 0,849 to
0.983 for the overall test design as shown in Appendix A. A multiple correlation
coefficient of 1.0 would signify perfect correlation. The multiple correlation
coefficients range from 0.676 to 0.942 for the reduced equaticus. Again the
F values verified the high degree of correlation.

The composite design run at a CO, partisl pressure of 7.6 mm Hg showed
poor correlation, This is determined by the multiple correlation coefficient

which ranged from 0.61k to 0.741 and the low F values and low "t* values. The
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terms for Yl did not show significance until the confiderice level was reduced

to 70 percent. The terms for Y2 showed only one significant term at the 90%
confidence level and the terms for Y

3 showed only one significant term at the
95% confidence level.

Therefore simplified equations were not determined for

the responses for the composite design at 7.6 mm pCOQ.

NP s
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