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ABSTRACT

A new water vapor and arbon dioxide sorbent material (designated "HS-C")
has been developed for potential application to the Space Shuttle and tested
at full scale. Capacities of two percent for carbon dioxide and four percent
for water vapor were achieved using Space Shuttle cabin adsorption conditions
and a space vacuum for desorption. Performance testing showed that water
vapor can be controlled by varying the air process flow, while maintaining
the ability to remove carbon dioxide.

A 2000 hour life test was successfully completed, as were tests for
sensitivity to cleaning solvent vapors, vibration resistance, and flammability.

A system design for the Space Shuttle showed a 200 pound weight
advantage over competitive systems and an even larger advantage for longer
missions.
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SUMMARY

A new regenerable water vapor and carbon dioxide sorbent material has
been developed and designated HS-C. Its ability to adsorb and subsequently
vacuum desorb both gases simultaneously in a single homogeneous bed has been
successfully demonstrated in a full scale test simulating Space Shuttle
conditions.

Capacities of 20 for carbon dioxide and 4% for water vapor were achieved 	 3

when 15 pounds of HS-C was prepared and parametrically tested in 5 and 10
pound lots under cabin adsorption and space vacuum conditions appropriate
for the Space Shuttle mission. Performance testing showed that water vapor
can be controlled by varying the HS-C process flow, while maintaining the
ability for removal of carbon dioxide. 'No hundred and nineteen hours of 	 I

large scale performance testing were accumulated without degradation.

Small scale testing of HS-C was conducted for 2000 hours of cyclic
performance without degradation. The material was shown to be insensitive to
common cleaning vapors, and acceptable in flammability and vibration re-
sistance. HS-C effluent gases were analyzed after heating to 180°F and
150-300 ,ugms NH 3 were evolved per gm of HS-C.

System design concepts applied using the Space Shuttle constraints
showed that a system for simultaneous control of humidity and removal of CO2
is feasible. Firthermore, the System using HS-•C has a total equivalent
weight advantage of 200 pounds over a competitive lithium hydroxide condensing
heat exchanger system for atmospheric regeneration. For longer missions than
the basic 7 day Space Shuttle mission, the advantage of an HS-C system
increases since HS-C is not consumed in the regeneration process.
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INTRODUCTION

Aetabolic water vapor and carbon dioxide have historically been removed
from the spacecraft cabin by a condensing heat exchanger and lithium hydroxide
(LiOH), respectively. The condensing heat exchanger offers the possibility
of water reclamation and the LiOH system adsorbs large quantities of CO2 in
a small bed. However, these advantages fade in the Space Shuttle because of
the ready availability of fuel cell product water and the longer mission
length and larger crew size, which require increasing quantities of the
non-regeneratle LiOH.

A new ,rater vapor and carbon dioxide sorbent called HS-C has now been
developed to remove the metabolic products front the cabin using a single
sorbent bed. It can be regenerated by a dry gas purge or a hard vacuum (50
microns) at the adsorption temperature, or by a mild vacuum (1/2 psia) at
higher temperatures (200°F).

HS-C is made from a spherical porous substrate (diameter about 0.S M),
which is coated with a thick non-volatile liquid which chemically adsorbs
CO? and H2O.

HS-C is currently of interest to the designers of the Space Shuttle life
support system for removal of metabolic water and carbon dioxide from the
cabin. Competing systems are the flight-proven lithium hydroxide,
which requires careful preflight preparation of the high capacity non-
regenerable material plus the usual condensing heat exchanger for humidity
control; and a silica gel molecular sieve system which shares some of HS-C's
system advantages but can be poisoned with water vapor.

The HS-C system is especially desirable because it requires no liquid
loop connections, needing only space vacuum anct electrical connections to
perform within the cabin environment. The material need not be replaced
between flights since it can be regenerated easily on the ground with a dry
purge.
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OBJECTIVES

The basic objective of this program was to develop aregenerable
desiccant system concept for controlling the humidity and CO2 level in the
cabin of a Space Shuttle vehicle. To support this objective it was necessary
to develop HS-C from a laboratory scale research material to a first class
contender for the Shuttle mission. The first large scale preparations were
made, performance of a full sized bed was investigated, and other properties
(fire, toxicity, structural capability, etc.) were evaluated. A computer
description of the material was developed and trade-off studies were
conducted, which showed the material's basic superiority over a LiOH system.

The program was divided into four tasks:

• Material selection, preparation and properties.
• Computer program.
• Laboratory concept development.
• resign concept development.

'Die objectives of each task are listed below.

MATERIAL REVIEW AND EVALUATION OBJECTIVES

• To review available HS-C desiccant/CO2 control materials to
assure selection of an HS-C formulation most suitable to the
specified performance requirements.

• To prepare the quantities of HS-C required for small and large
scale testing and for delivery to NASA.

• To conduct solvent tests to assure that HS-C shall not be
affected by solvents normally used in Manned Spacecraft Programs.

COMPUTER PROGR41 OBJECTIVE

• To generate a base computer program modeling HS-C which will
allow design parameter determination and concept selection.

LABORATORY CONCEPT DEVELOPMENT OBJECTIVE

To perform laboratory level development tests to adequately
verify the computer program accuracy and adequacy.

7
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DESIGN CONCEPT DEVELOPMENT OBJECTIVE

To develop a system design concept applicable to the Space Shuttle
including schematics, component operating parameters, and
redundancy features.
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S. Other toxicants (toluene, brominated hydrocarbons) were found which
originated in impurities in test apparatus or rain materials. These
impurities can be rer..2-ad by improved test and preparational procedures.

9. A computer program has been developed which can predict cyclic
performance of HS-C beds in the Shuttle configuration.

10. Full scale tests of HS-C for Shuttle type operation show a capacity of
2e for carbon dioxide and 4% for water vapor with a 40 minute desorb
and 40 minty

t

rnrart i IC T OXIC

• I. HS-C preparations on a five to ten pound scale have been successfully
made.	 Quality control procedures have been devised such that pre-
parations of up to 100 pounds over a few months are practical.

2. 1-C properties can be tailored, to a degree, by the use of different
coating agents and coating quantities.

3. IIS-C has been cyclically tested for 2000 hours in a Shuttle-type cycle
without degradation.

4. Vibration of HS-C produced no change in performance, pressure drop, or
physical conditions.

5. Using atmospheric air, the flammability of HS-C was acceptable according
to Category B of D-NA-0002, Procedures and Requirements for Flammability
and Offgassing Evaluation of Manned Spacecraft Nonmetallic Materials.
The material also passes Category C when a container is used which is
representative of that projected for a spacecraft. 	 Proper design of
the flight canister must be assured before the configuration will be
acceptable to NASA.

6. Common cleaning solvent vapors caused negligible performance degradation
of HS-C.

7. 150 to 300 µ gni of ammonia per gram of HS-C were generated when heated
to 180°F in accordance with Specification MSC-PA-D-67-13.
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11. HS-C capacity for water and carbon dioxide is independent of the inlet
temperature and nearly independent of inlet carbon dioxide concentration
above 31mnHG. HS-C capacity for carbon dioxide is independent of the bed
temperature when the same temperature is used for adsorption and desorption.
Nominal conditions were such that increased adsorption cycle time or inlet
air flow had no effect on carbon dioxide capacity, although water capacity
was increased. Important capacity increases for CO2 were noted with
increased desorption time, decreasing desorption pressure, decreased bed
thickness, a smaller EIS-C particle size. Important increases in water
capacity were noted with increase of inlet air flow, humidity or bed
temperature.

12. In a realistic Shuttle s ystem, a full trade-off of the atmospheric
regeneration system indicates that HS-C has a 200 pound weight
advantage over a LiOH condensing heat exchanger system for designs with
crew sizes of 2-14 men. Since the HS-C is completely regenerable, its
weight advantage increases with mission time.

13. Water capacity sizes the HS-C system proposed for the Shuttle. Future
HS-C material development should emphasize increased water capacity,
not capacity for carbon dioxide.

10
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1. The mechanism responsible for the off-gassing of ammonia from HS-C should
be investigated and means for reducing or eliminating ammonia evolution
should be pursued.

2. Full scale performance verification testing of HS-C material with reduced
ammonia evolution should be verified.

3. Kinetic constants for the IIS-C material to be used in the Space Shuttle
simulation should be obtained for use with the computer program developed
under this contract.

4. The utility of IIS-C for a Space Shuttle mission should be demonstrated
further by designing, fabricating and testing a two-canister breadboard
system incorporating projected heat interchange equipment and finding the
concentration of water and carbon dioxide achieved as these constituents
are added to a cabin environment in simulation of various crew activities.
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	 This section summarizes the material presented in detail in later
sections, but without experimental detail and supporting arguments.

DESICCANT MATERIAL SELECTION

The first o^ar^ of this contract was to produce a candidate sorbent
material and evaluate its sorptiti re qualities and —se—co-n—crary properties.

Material Review and Evaluation

HS-C designates a class of regenerable sorbent materials made by coating
a porous spherical substrate with an amine based liquid which adsorbs both
water and CO2.

A number of RS-C preparations t,ere made to find the highest capacity
material. Variatic:ns explored were:

Coating Agent:

	

	 (1) Polvethvlenimine (Molecular weight 1800)
(2) Tetraethyleneamine pentamine

Coating Amount: (1) Percent by weight
Substrate:	 (1) 24-28 mesh material (acrylic ester)

(2) 30-40 mesh material (acrylic ester)

Figure 1 shows the difference in performance for two coating agent
compositions over a range of CO2 inlet compositions. The Tetraethyleneamine
(TEPA) coating produces loo better CO2 capacity and 50% better water capacity
than the Polyethylenimine (PEI) coating. PEI was nonetheless chosen for
coating agent because there was little experience with TEPA, leading to
doubts regarding secondary properties, such as toxicity and volatility.
Polymerization of a TEPA coating in place is technically feasible and would
undoubtedly solve such latent problems, but such work was beyond the scope
of this program.

Coating wei g ht variations were explored for the PEI coating. Figure 2
shows a typical curve from a coating optimization, showing that too little
coating leaves some of the material uncoated, and too much clogs rather than
coats the deeper substrate pores with PEI.

Substrate variation, sere made by using different sized substrate
particles. The smaller particles (30-40 mesh) showed somewhat higher CO2
and H2O capacity (Figure 2 ), an effect attributed to a better infra-particle
diffusion rate.
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AIR FLOW - 500 ML/MIN
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FIGURE 1
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Bed depth also has an importi.nt effect on performance. The deeper the
bed, the more difficult the desorption, due to the longer inter-particle
diffusion path length.

The HS-C preparations used for development testing are summarized
below:

Bed Particle wt o Bed
Size Size PEI 18 Depth

Small scale tests (IRV Material) 2 gm 24-28 mesh 24.2 4 in*
Large scale tests (Seri-es I) 10 lb 24-28 mesh 24.2 3 in
Large scale tests (Series II) 5 lb 24. 28 mesh 24.2 1-1/2 in
Large scale tests (Series III) 5 lb 30-40 mesh 20.6 1-1/2 in

Secondary Properties

Under Hamilton Standard's general Independent Research F Development
(IR&D) Atmosphere Revitalization development: program a life test, a structural
test, and a flammability test were run on the HS-C developed for Series I and
II. As a part of this contract, tests were run to determine the poisoning
effect of solvents an HS-C and to analyze the kinds of toxicants HS-C
generates when heated 100°F above the normal operating temperature (180°F).

HS-C was cycled for 2000 hours without degradation of performance
(Figure 3). Severe shaking of a loaded canister (simulating launch) produced
no cliange in performance, physical condition, or pressure drop (Table I ).

When common cleaning solvents were introduced into the sorbent feed gas,
little effect was noted. A maximum of loo degradation was noted at the
extreme data scatter. Gases evolved on heating HS-C were found to be
primarily in three categories. One of these was traced to test rig manometer
fluid and one to an impurity in the substrate. The final impurity, ammonia,
was an impurity in the HS-C coating. Except for the ammonia, it is believed
that these gases can be eliminated by improved preparational procedures.
Ammonia generation levels were I50-300 4t gms NH 3 per gram of HS-C when tested
in accordance with Specification MSC-PA-D-67-13.

COMPUTER PROGRAM

A second objective of the contract was to develop a computer program
describing HS-C performance for use in concept selection. A mathematical

*Actually 2 inches, single end desorb.
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	Standard	
St-6040-6040

At.)

HS-C SOMM' NIXF.RIAL STRUCTURAL TESTING RESULTS

Before	 After

	

Test	 Parameter	 Vibration	 Vibration

Dusting Resistance	 % Non-spherical Beads 	 1.350	 1.05%

Apparent Density	 Grams/Milliliter	 0.402	 0,402

CO2 Adsorption	 by Weight	 1.69	 1.71

H2O Adsoi-Ptioli	 % by Weight	 5.14	 5.27

Prrssure Drop	 AP Across Vibration.	 See airve Below
Test Canister

O BEFORE VI3RAT I ON - ' ' ' '

	

- -	 _RAFTER VIBRATION - .	 -	 -	 --	 - ---.

	

' :: - :: '	 .'4

-1.2

- -	 .	 ^	 may' -. r	 -..+	 -	 _	 .	 -.	 -.^^-	 -♦-	 -	 __.---._ _-J1

-

- - 0.61ST	 2 0 ' : `'-`^ ^ 5 y	 Y- 30

TABLE T
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Standard

model for HS-C adsorption and desorption performance was developed and
combined with heat transfer relations and heat and material balances to
construct a computer program which predicts water and CO2 adsorption or
desorption rates along the length of the bed, calculating effluent gas
composition and residual bed loadings as a function of time.

Single adsorption or desorption cycles, or a succession of adsorption/
desorption cycles can be calculated. The bed can be cooled or heated
during adsorption and desorption by cross-flow heat exchange with constant
temperature cooling or heating fluid, typically cabin air. Desorption can
be handled by dry gas purge or by high vacuum. output data is printed or if
desired can be plotted using the standard computer output print and paper.

Kinetic constants were developed empirically by reference to those
determined for an earlier material and the test results from this program.

LABORATORY CONCEPT DEVELOPMENT

A third object vve of the contract was to verify computer program
accuracy and adequacy through laboratory testing. The two HS-C materials
selected in an earlier phase were tested in the laboratory in small scale
(2 gm) and large scale (S and 10 pounds) tests.

Small Scale Tests

The larger mesh size material was exhaustively tested on a small
scale, with twelve tests exploring performance variations due to changes in
CO2 feed concentration, inlet dew point, adsorption/desorption temperature,
inlet flow and cycle time.

CO2 capacity fell appreciably when CO2 concentration in the feed was
below PCO2 = 3 mmHg (Figure 4) . Water capacity rose rapidly with increasing
dew point, doubling between 40°F and 60°F (Figure S ). Desorption/adsorption
temperature did not affect CO 2 capacity, but lower temperatures favored
increased H2O capacity (Figure 6). Increased inlet gas flow increased
performance tip to the nominal conditions but not beyond, showing that mass
transfer to the material was adequate at nominal conditions (Figure 7).
Similarly, increasing cycle length improved capacity up to the nominal
conditions, but a further increase made only a small improvement (Figure 8).

Large Scale Tests (Series I)

The larger mesh size HS C material was tested in a large scale
configuration (10 lbs of HS-C). The,.tbst canister was a modified fin-tube
heat exchanger 14 x14 x 3 inches with an air flow path three inches long
(Figures. 9 and l0 desorbed at;both.ends to a high. capacity vacuum system.
Fifteen parametric tests were run totaling 219 continuous hours of testing.

19
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Standard	 q
CR-113568

MUSER- 6040

I'Crl0nn,utce ch,unges resulting fl-0111 ch,uigrs in inlet air temperature, inlet
dew Point, bed adsorb/desorb teiij)c nature , i n 1 et (1)2 concentration, inlet air
floe, cycle time, and desorption pressure were explored.

Ganges in inlet air temperature and bed adsorb/desorb temperature had
little effect on performance (figures 11 and 12 ). Changes in inlet CO?
concentration did not affect 1120 adsorption and vice versa (Figures 13 J4 ).

Other effects were qualitatively those expected from the small scale
tests. Inlet dew point had a large effect on water capacity, almost doubling
over a 10 0 1: dew point change (Figure 131. Inlet CO2 concentration affected
capacity appreciabl y up to 3 mmHg, but onl y slightly above that pressure
(Figure 14). Inlet air flow did not affect C0^2 capacity, but markedly
affected the H2O capacity which was much further from saturation at the test
conditions (Figure 1S).

C\,cle time affected performance considerabl y because of the importance
of desorption time (Figure lb). A very long desorption time (overnight)
gave 2.6% CO-) capacity by weight. Wo percent cyclic capacity was reached
with a SO minute desorption, while with 30 minutes desorption time, the
capacit\ • was about 1.6%. Dater capacity was relatively unaffected,
suggesting that water is desorbed more readil y than CO2.

Desorption pressure was quite important, with HS-C requiring low vacuum
for best performance (Figure 17).

Large Scale Tests (Series II)

Series II tests were run with 5 pounds of HS-C in the same test canister
used for Series I. Bed thickness was reduced to 1-112 inches, enhancing CO2
capacity by reducing the inter-particle pressure drop during desorption.
The same HS-C material was used as 'for Series I. Trrenty -two additional test
hours were accumulat°d and variations in cycle time were explored (Figure 16).
About loo additional capacity was achieved by decreasing the bed thickness
in this manner, giving cyclic capacities of 1.9% for CO 37 end 3.2e for water
vapor at 45 minutes desorption time.

Large Scale Tests (Series III

Five pounds of smaller mesh IIS-C material was tested in the large scale
canister. As, in Run Series II, bed depth was I.S inches. 228 hours of
continuous operation were accumulated at nine parametric test conditions.
Figure 16 shows the enhancement of capacity which the smaller particle s, gave.
A capacity of 20 for CO2 and 5) for water vapor was achieved with a 40
minute desorption. hhen water vapor and carbon dioxide partial pressures

and bed temperature were raised to high nominal conditions, 2.1% capacity
for CO,, and 4% for 11 ,)0 were achieved.
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HS-C LARGE SCALE PARAMETRIC TESTS
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DESIGN CONCEPT DEVELOPMENT

A TinaI objective of the contract was to develop a system desi gn
cow nce2t applicable to the Space Shuttle. Figure 18 shows the proposed
configuration of an HS-C system for the Space Shuttle. Four canisters are
used, of which two are spares.

Incoming cabin air serves as a heat transfer fluid, exchanging heat
between adsorbing and desorbing canisters, which are specially designed
plate-fin heat exchangers. The air then enters the adsorbing canister and
is exhausted to the cabin. The desorbing canister is valved to space vacuum
through each end of the canister.

It was found that water capacity was controlling for the Shuttle
application, i.e., CO2 levels were held within tolerance if the bed was
sized to remove the generated water vapor. Further, the cabin humidity can
be controlled by varying air flow while the carbon dioxide removal rate is
relatively unaffected. The results of the large scale tests (Series I) were
transferred into water capacity-gas flow-dew point curves and
processed by a Hamilton Standard optimizing design program which optimized
the entire CO2 and water removal system, including fan, pump, and radiator
designs. A similar optimization was run for a UGH system. Results are
shown in Figures 19 and 20.

The lower expendable weight penalty associated with the HS-C system
is shown by Figure 19. The weight differential between HS-C and the
conventional UGH condenser system varies from 200 pounds at a 7-day
mission to almost 750 pounds at a 30-day mission.

In Figure 20, the effect of crew size is shown. The weight
optimized HS-C system maintains a lower cabin dew point than the UGH
system. This permits the cabin air heat exchanger to operate with lower
coolant temperatures without condensing. It also minimizes the need for
coolant line insulation to prevent condensation in undesirable locations.
As expected, the weight advantage of HS-C increases somewhat with crew
size, but not as dramaticallyas with mission duration. The basic weight
advantage would increase with improved water capacity, since in all cases
the HS-C bed size was determined by the required water capacity as opposed
to CO2 removal requirements. The goals established at the inception of
this program of 4% water and 2% CO2 capacity should be modified since they
do not produce the minimum weight HS-C system. TEPA based materials (Figure
1) for instance, have 50% greater water capacity than the PEI based material
used for this program.
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Other advantages of HS-C include the "forget it" aspect between
flights -- no replacement is necessary and poisoning constituents are not
present in the normal atmosphere. The ease of ground regeneration through
dry gas purge is also convenient, and the simplicity of the System, which
lacks liquid lines of any sort and has no connections required beyond space
vacuum and electricity, is very appealing from a design and reliability
viewpoint.

The following pages discuss in more detail the material presented in
the swmnary report.

CIZ-115568
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NIKrFIZIAL SELECTION AND PROPERTIES

SMALL SCALE APPARATUS DESCRIPTION

Objectives and Capabilities

Development of the IIS-C material has required a means for fast
evaluation of the CO2 and water capacity of small samples. The "Sorbent
Evaluator" used for small scale tests was designed for this task. It
evaluated 5 cc (about 2.0 gm HS-C) samples with a precision of t5% under
fixed conditions. The apparatus is also capable of testing larger quantities
of Sorbent (limited by inlet flow of about 1 cfm), and can desorb under
vacuum conditions (as for the Space Shuttle) or when heated at a mild vacuum
(as for the Space Station).

The Sorbent Evaluator is a "two-can" system; i.e., it tests two samples
at once, one adsorbing while the other desorbs. This arrangement is
especially useful when comparison with a standard material is desired, for
both beds see precisely the same conditions.

HS-C generally takes only three adsorption-desorption cycles to achieve
a cyclical steady state. At the test condition of 45 minute absorb - 45
minute desorb generally employed, evaluation of a material therefore took
about 5 hours.

Evaluation of performance was by periodic analysis by gas chromatograph
of feed and effluent streams. The chromatograms were taken at three minute
intervals and recorded closely together so that by connecting the peak
heights a "breakthrough curve t ' 	 formed which was then graphically inte-
grated to find CO 2 or watr,r removal efficiency. Weight capacity was then
calculated from inlet flow rate, inlet CO2 partial pressure, and bed weight.

Apparatus Description

Main Flow

Figure 21 shows the rig schematic, simplified by omission of certain
unused plumbing.

vr;ospheric air entered the flow regulator assembly (a) , where it was
reduced to the rig pressure of about 28 in Hg. After meterin g by rotameter
(b), the air passed over room temperature water in the humidifier (c), and
thus approached room temperature in dew point. The humidified air was cooled
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To obtain the three minute cycle and proper peak heights from the gas
chromatograph a special column switching timer system was used. The sampling
valve was automatically actuated every three minutes, introducing a small
(1/16 m1) test sample into the helium carrier gas, which was regulated to
40 prig. The helium flowed through a 12 foot column filled with Porapak Q
and an eight foot tube filled with Porapak T, both held in an oven at 72°C.
After 1-1/2 minutes the air and CO2 peaks had emerged, and then the second
column was valved out and eight feet of Porapak Q substituted M permit the
crater peaks to occur at about 2-1/2 minutes (ret.her than 5 minutes). Since
the valve switching produced false peaks, the detector signal was switched
out except when the actual peaks were seen by the thermal conductivity
detector on the Varian chromatograph. A typical resultant chromatogram is
shown in Figure 22. A series of these, three minutes apart, produces the
test data for a g'

lCurrent was 200

CR-115568

SVHSER-6040Hamilton^,^.•^,,,	 UH..,
Standard r
	

Ple

in the oversized air Heat exchanger (d) to the required dew point as set by
the cooling ~eater temperature which was controlled by the refrigeration
system. Carbon dioxide was metered into the air stream from a pressurized
cylinder using a 50 foot capillary tube and pressure reducing regulator. At
the low air flows used for this work (500 ml/min) the air was reheated to
room temperature (about 70-75°F) by the uninsulated piping leading to the
first cycling valve (f). With both valves (f) as shown, the air flowed
through can #2, and in the alternate position the flow was through can #1.
After leaving the second valve (f), the air was released to the diaphragm
pump (f) by absolute pressure regulator (g) so as to maintain proper rig
pressure (28 in. Hg). When can #2 (or 91) was desorbing, ullage was pumped
out through a special vacuum pump (h) when solenoid valve (F) or (L) was
activated. When the ullage was gone, the timed cycle closed these valves
and opened valves (K) or (.7) to desorb the bed using a larger vacuum system
(i), which utilized a diffusion pump.

Sampling

A bed effluent sample was withdra T .., from the canister outlet
during adsorption by appropriately energizing solenoid valve D or 1. At the
end of each adsorption the feed was sampled through a solenoide valve E.
'flee sample flow passed through the chromatograph sampling valve and then back
through the sample rotameter. Sample flow rate was controlled by a metering
valve leading to a fixed lower pressure set by a back pressure regulator.
Sample gas leaving this regulator was returned to atmospheric pressure by
diaphragm pump (f). Sample analysis, by gas-liquid chromatograph, produced
an analysis every three minutes.



SMALL SCALE TESTS
SAMPLE CHROMATOGRAM (ONE ANALYSIS)
CHART SPEED 2 DIVISIONS/MINUTE
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Test Canisters

The canisters were constructed of Siragelok fittings and 1/2 inch
stainless steel tubing with appropriate screens to hold the HS-C in place.
No effort was made to fill the entire volume between screens with HS-C.

Canister Temperature Control

Canisters were maintained at a constant temperature by water coils
iT apped around them. A carefully metered flow of water from the cooiin
system was heated electricall y to the desired temperature (typically 75 F)
and then returned to the water storage reservoir.

Timing Sequence

Actuation of the cycled valves was by an electrical cam timer. Valves
(e) were energized pneumatically, using nitrogen pressure. The cycling
sequence was as follows:

Valves	 Valves	 Valves	 Valy,-s
Step	 (e)	 (F,l,)	 (1, D, or E)	 (.1 and x)

1-Start Adsorb Can #2	 as shown closed	 closed	 closed

-' -Ulf age dump	 as shown as shown open/Closed/closed closed

3-Adsorb Can #2, Desorb #1 as shown closed	 open/closed/closed as shown

4-Feed Sample	 as shown closed	 closed/closed/open closed

5-Start Adsorb Can #1
	

reversed closed	 closed
	

closed

6- Ullage dump	 reversed reversed closed/open/closed closed

7-Adsorb Can #1, Desorb #2 reversed closed 	 closed/open/closed reversed

8-Feed Sample	 reversed closed	 closed/closed/open closed

Calibration

Most of the temperature measurements from the Sorbent Evaluator were
from uncalibrated copper- cons t atan thermocouples. These were observed to
read room temperature accurately when first made.
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Measurements important to the calculations of capacity were:

1. System Pressure
_	 Inlet Gas Flow Rate

3. Sample Weight
4. Adsorption Time
5. Inlet and Outlet CO 2 and Water Vapor Partial Pressure

These were calibrated as follows.

System Pressure

A single 30 in. Hg absolute reference pressure gauge was used for this
measurement. It was cliecked at zero pressure (during desorption) and
atmospheric pressure (against a mercury column) and was found correct within
±1 division or {0.1 in. Hg.

Inlet Gas Flow Rate

A wet test meter w s placed at the rig inlet for rotameter calibration.
The wet test meter was at atmospheric pressure and the rotameter was at the
usual rig pressure of 28 in. iig. Data, calculations and factory calibration
are showni in Figure 24 along with the resultant calibration curve.

Sample Weight

.Just after preparation of HS-C, a 10 ml sample was quickly weighed using
a tared 10 ml graduate. The resultant density was noted and used in the
calculations. A 5 ml sample was then used for all evaluations, eliminating
the effect of weight gains during transfer and storage due to adsorption.

Adsorption Time

Adsorption time was measured from the recorder chart. Capacities were
calculated for both the first 30 minutes of adsorb and for the full 45
minutes.

Inlet and Outlet CO2 and Water Vapor Partial Pressure

Carbon Dioxide.- The chromatographic standard gas was available from
earlier programs. Its calibration vas checked using "spray" cans of certified
calibration at atmospheric pressure. The data and calibrations are shown in
Figure 25. After the standard gas mixture was calibrated the chromatographic
columns were changed, and a new single point recalibration was made using the
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ratmstd = pressure sta

Mi = molecular ti

T = flow temp.
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stwidard gas mixture. Periodic recalibration assured consistent data throughout
the experimental program.

The calibration gas was introduced into the apparatus via the fourth
(untiiarked) sample solenoid valve. The calibrated gas flow rate was adjusted
so that the sample flow rate and (downstream) pressure were identical to the
rig normal samples. Calibrations were generally stable, drifting perhaps 5%
at most in a month. The most recent calibration always was used for an
evaluati or .

Water Vapor:- Chromatographic calibrations were made with a Cambridge
Dew Point hygrometer, but the accuracy of the instrument available for the
small scale tests were questionable even though it was calibrated according
to the manufacturer's recommendations. It was decided to ignore this instru-
ment and use conservative data by assuming that the inlet dew point is equal
to the lowest water temperature in the dew point condenser (Figure 21, TI-11).
A calibration curve prepared in this fashion is shown as Figure 26.

Calculations

Nomenclature

V = air flow rate ml/min at rig P

Pi = Partial Pressure species i

Hi = Chromatographic peak ht species i

Pical, Hical = calibration partial pressure and peak ht

PT = rig pressure

xi = mol fr species i

ViR = species i flow removal, ml/min at rig pressure

Vi = species i flow, ml/min at rig pressure

lei = wt flow species i, gms/min

PT = rig pressure, absolute units
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82.06 atm cm3
R = gm mot K

cis = wt sample, gms

us = volume sample, ml

G.,rt = capacity wt o

Cvol capacity gins species i/1000 ml sample

CO: or H20 partial pressure in the feed is:

_ Hi Pical
Pi Hical

Expressed as mol fraction:

Fi Hi picaLxi= P =
T PT Hical

The flow rate of CO Z or H2O flowing to the canister is then:

V Hi Pical
Vi = Xi V	

PT	 Hical

Ei is the removal efficiency for the i species, so the volumetric gas
adsorption rate is:

	

Ei Vi	Ei V 
Hi Pical

ViR = 100 = 100 PT Hical

and the weight flow rate adsorbed is:

P	 ViR	 Mi	 Mi	 Ei V Hi Pical

wi - 100 Patmstd	 73 +T = IUO Patmstd	 73 + T Hical

Where the perfect gas law is expressed as:

PV

P atmstd	
RT
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From this expression a volume capacity and a weight capacity were calculated
for the adsorption time period:

Cvol = Wit 1000

Us

Ctivt = Grol Us

10 Ws

Assuming 25°C feed, for CO2:

Cvol	 2.367 x 10'5 HCO2cal PC07 ECO2 Vt	 !

HCO2cal	 vs
3

where

PCO2cal is partial pressure of CO2 at calibration

HCO2cal is peak ht at calibration

HC0L
	

is inlet peak ht in same units

ECO2 is CO2 removal efficiency in percent

V is air flow, ml/min at rig pressure

t is time of sorption, min

WS is sample Wt, gms

us is sample volume, ml

For water vapor:

Cvol = 0.962 x 10-5 E142O Vt PH2O
us

Cwt - CVol us where EH2O = removal efficiency for H2O in

10 c;i	 percent
s

V	 = air flow, ml/min at rig pressure

t	 = time of sorption, min

PH2O = partial pressure of water vapor
in feed, mmHg

us = volume of sample, ml

ws = sample i,t, gms
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Both calculations depend on the linearity of the chromatographic peak
heights with composition.Examination of Figures 25, Zvi show that the CO2
composition is linear with peak heights but the water is not. The maximum
non-linearity introduces a maximum error of about loo into an individual
analysis, with zero error at zero concentration or near the feed concen-
tration. The probable error in removal efficiency is about +5%,
insignificant and equivalent in effect to a fl/2°F error in inlet dew point.

Calculation Sheet.- The Sorbent Evaluator calculation sheet (Figure 27)
was used for all runs. Five calculations were handled on one sheet, along
with all data excel. the actual breakthrough curves. A sample calculation is
given below, keyed to letters (a-q) to aid in the description.

Sample and run identification were first noted (a). Then the rotameter
reading and its calibrated flow rate (b), and then a conversion factor was
applied to give flow in ml/min (or liters/min) (c). Adsorption and desorption
conditions were next noted (d). Then the CO2 feed chromatographic peak
heights (e), calibration height (f), PCO 2 of the calibration gas (in mm Hg at
rig pressure) (g), and a factor (h) (when using other than standard chroma-
tographic attenuation) were recorded. Similarly for water vapor the feed
peak height (i) was noted and equated with the dew point which generally was
taken as the cooling water temperature to the dew point heat exchanger (j).
The corresponding PH2O in mm Hg was then noted (k) from graph or table.

The removal efficiency was then calculated (1)by tracing on good
tracing paper the breakthrough curves for water and CO 2 and applying the feed
composition as shown in Figure 28. Using an analytical balance the total
area, bypass area and adsorbed area were determined, enabling calculation of
removal efficiency by ratio.

The factors determined above along with sample weight and volume were
then inserted in the final equation for C0j (m) and 112O (n), leading to a
volume capacity (p) and a weight capacity q).

MATERIAL DESCRIPTION

HS-C is a proprietary sorbent made from commercially available raw
materials. It consists of small (1/2 mm) spheres of a polymeric macro-
reticular substrate which is coated with a thick, polymeric, liquid sorbent
made from low molecular weight amines.

The substrate is Rohm & Haas XAD-7 sorbent, It is processed at Hamilton
Standard by sieving, by washing with deionized distilled water and analytical
grade methyl alcohol, and then coated with the liquid sorbent, pow PEI-18 and
dried. Ultra-pure water is needed for the washing procedure since traces of
copp_r adversely affect adsorptive performance.
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aAD-7 is a polymeric acrylic ester (a relative of Plexiglas and other
acrylic plastics) in the form of small spheres (typically 1/2 mm and smaller)
which have many microscopic fissures, etc. making them very porous. They are

a	 white in color, and crush with moderate difficulty using the flat side of a
knife. They swell to twice dry volume when wet with water or alcohol.

The coating is Dow PEI-18, a polyethylenimine (PEI) of the chemical
form:

CH2-CH2-NH2 (25%)

s

	

	 -CH2-CH2-NH- (500)

-CH2-CH2-N, 25%)

It is thick and viscous (like cold molasses) with an average molecular weight
of 1800 (hence PET-18).

Evaluation

Prepared HS-C was evaluated in the small scale apparatus using a set
cycle. These nominal conditions were:

Sample Size	 5 ml
PCO2	3 mm Hg
Air Flow	 500 ml/min
Air Pressure	 28 in. Hg.
Air Dew Point	 52°F
Bed Temperature	 75°F
Desorb Pressure	 50 microns or better at end of desorption
C ,cle Times	 45 minutes adsorption, 45 minutes desorption

The capacities were evaluated according to the procedures of the
"Calculations" above. As originally reported in monthly reports, the
small scale apparatus indicated capacities greater than those measured
in the more accurate large scale tests. Subsequent to the large scale
testing, the small scale rig was recalibrated and adjusted using standard
gas mixture used for the large scale tests. Subsequent results appear to
give quite good correlation at the design operating point.

MATERIAL VARIATIONS
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finished HS-C. The maximum adsorption capacity, however, has been constant.

From a given batch of XAD-7, the largest particles will be 24 to 28
ritesh. Smaller sizes (30-40 mesh) give a slight improvement ( 5%) in adsorp-
tion capacity while the larger substrate (24-28 mesh) has less pressure drop
(Figure 2).

Coating Weight

With too little coating, all the available pore area is not coated with
liquid. With too much coating, the excess liquid will tend to clog the pores
of the substrate. There is, therefore, an optimum coating weight. Further-
more, this weight differes with substrate batch and particle size. Such
capacity variations are shown in Figure 2.

Coating Composition

PEI-18 has been chosen as the HS-C coating of choice. Only limited
tests with other related materials have been run, but it has been established
that higher molecular weight polymers are not as effective.

Lower molecular weight polymers have a higher vapor pressure and have
not been exhaustively explored. However, the Simplest practical amine, TEPA
Tetraethylenepentamine, showed improved capacities when compared to the
optimized HS-C used in the large scale tests (Series I and II), especially
at higher CO2 partial pressures. Figure 1 shows the improvement in capacity;
about 5% at Pro = 5 mm Hg. Its vapor pressure is estimated to be 1 micron
at room temperature; that of PEI-18 is unmeasurably low. Preliminary experiments
indicate that the vapor pressure of TEPA can be lowered and the coating made
insoluble by polymerizing the coating in place on the substrate. This pro-
cedure has been successfully applied to a PEI-18 coating rendering it
insoluble and permitting steam desorption of the material in a CO2 concen-
trator application. This approach was not used here because the
polymerization does not enhance the performance of PEI-18 preparation when
operating in the-vacuum desorb mode, nor is such polymerization necessary to
keep the coati-ag in place on the substrate.

Selected HS-C Material

Run Series I and II (See Large Scale Tests, Appendix F)

Substrate Mesh Size	 24-28 mesh
Coating Agent	 PEI-18
Coating Weight	 24.2
Density	 0.384 gm/cc
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Run Series III (See Large Scale Tests, Appendix F)

Substrate Mesh Size	 30-40 mesh
Coating Agent	 PEI-18
Coating Weight	 20.60
Density	 0.378 gm/cc

Reproducibility.- The techniques for preparing HS-C have been refined as
a result of e requirement to manufacture a quantity of material during this
program. Key improvements were made in washing, classifying, vacuum drying,
and coating. The major contribution to uniformity resulting from the improved
coating technique.

Present preparation techniques produce a material with performance
variations of less than 5% overall when made to the same formulation. A table
showing performance of the individual batches used for the 7-day test is shown
in Appendix B.
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HS-C LIFE TEST

P

Prior to the start of the present program, a 2000 hour life test of
an early formulation of HS-C material was run in the small scale test
apparatus.

The nominal 45 minute adsorb, 45 minute desorb cycle was run, with
capacity calculated for the first 30 minutes of adsorb only. Table II
shows the performance during the test, which included a parametric study.

At the beginning of the test the capacity of the material for CO2 and
water measured 1.95% anti :: .45o by weight. After 2000 hours, the capacities
were 2.00% and 6.12%, rc-1pectively. Since these capacities were taken from
the small scale apparatus, the CO2 weight could not be measured directly,
so the capacity levels are, as usual, somewhat higher than a large scale
test would show. Figure 3 shows the capacity variance throughout the life
test.

SOLVENT TES'T'S

Objectives

Materials used in the spacecraft are likely to have been cleaned in
organic solvents. It is import n;it that sensitivity of the HS-C to such
solvents be determined so that proper protection may be given the bed. The
solvent tests were conducted to determine the effect of large quantities of
gaseous solvent on bed performance.

K:cperimental Method

Incoming air to the small scale sorbent evaluator was passed over
liquid solvent prior to entering the apparatus, tending to saturate the air
to the vapor pressure of the solvent. In one case (Freon 113) the solvent
vapor pressure was reduced by cooling to 50°F, otherwise room temperature
solvent was used. The nominal adsorption/desorption conditions were run.1

Bed #1 was loaded with a preparation similar to those used for Run
Series III of the large scale tests, 2 and bed #2 was loaded with material
derived from an earlier batch of substrate used for Run Series I and II.

l See page 57
2See page 59
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After cyclic equilibrium was reached, initial capacities were
calculated, and then the beds were fed with solvent-contaminated air for
10 cycles and another capacity was taken. 'Then the solvent contamination
ti+g as removed and the beds were cycled for about 6 recovery cycles and the
cap;acity again measured.

Results

Resultant data are given in Table III. Results are more erratic than
usual with this apparatus because the solvents affected the chromatographic
columns, confusing the analyses by shifting the baseline. Sometimes the
solvent caused a slight C±10% for COZ , *-20% for H20) capacity increase and
sometimes a decrease. 'There was little correspondence between beds 1 and 2
even though both saw the same feed composition. Apparent water capacity was
most severely affected, probably because of the analysis problem, swinging
*-20 q from the initial capacity, while CO 2 capacity varied *10%.

Conclusions

After exposure to all three solvents the beds recovered at least 90%
of their original performance in both CO 2 and H2O capacity. At most, the
effect was 10% performance loss, but even this figure is believed pessimistic
because of the interference with chromatographic analysis preduced by the
solvents.

STRUCTURAL TESTS

When HS-C serves aboard a space vehicle, it must be physically capable
of withstanding the launch environment. HS-C structural soundness tests
were therefore derived from the tests used for the LM LiOH canister, and
these tests were run using HS-C in a LM canister as a part of Hamilton
Standard's general CO Z and humidity control program (Independent Research
and Development).

The complete test plan and results are given as Appendix A. In summary,
four types of test were run before and after shaking the canister and no
degradation was noted. The resistance to dusting was evaluated directly by
microscopic examination, counting fractured HS-C particles, and indirectly
by measuring canister pressure drop and apparent density. The adsorptive
capacity of the material before and after shaking was also measured.

The results of these tests were all negative. Summary quantitive
figures abstracted from Appendix A are given in Table I.
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FLAMMABILITY TESTS

HS-C is a nonmetallic material and there;L re falls under the jurisdiction
of D-NA-0002 (Procedures and Requirements for Flammability and Offgassing
Evaluation of Manned Spacecraft Nonmetallic Materials).

As part of Hamilton Standard's general CO2 and Humidity Control Program
(Independent Research and Development) HS-C material was subjected to
flammability tests, using the projected shuttle atmosphere of standard air.

Results

Test No.	 Description	 Results

Downward Propogation Rate 	 Self extinguishing after
3/8" burn.

;i
3	 Flash and Fire Point	 No visible flash below 400°F,

no combustion below 450°F.

8	 Materials in Vented Containers	 No ignition when subject to
the most severe ignition
source.

Discussion

Test No. 2 and 3 are standard tests and were conducted following the
procedure front D-NA-0002.

The flammabillty test for materials in vented containers is Test No. 8,
the pertinent portions of which are quoted below:

SffTle Preparation:

The container shall be the same size, geometry and material as the
flight container.

The equipment to be tested shall be the same, with regard to the
nonmetallics, as the flight equipment. Electronic parts and similar
expensive metallic or ceramic entities may be simulated.

The equipment shall be packaged and positioned in the container in
the same manner as in the flight article.
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Ignition Source:

External Ignition - Any container without an internal ignition
source.

Ignition Source - a flame source representative of the worst
possible S/C fire shall be placed outside the container opposite
the most combustible material in the test configuration. Sufficient
energy shall be supplied to ignite the configuration or assure that
it will not ignite in actual service. The contractor shall furnish
analyses to support the selection of ignition sources.

The described test was performed on a representative HS-C canister
configuration, which successfully passed. The details of this test are
described below.

The proposed HS-C canister design is one which prevents both ignition
and propagation. It consists of a plate fin type heat exchanger with relatively
small passages, which contain the HS-C.

METAL
HONEYCOMB

SCREEN
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Screens are placed over both faces at the heat exchanger, and a metallic
honeycomb is used to retain the screen. In this configuration, the screen
acts as a flame barrier and the honeycomb prevents propagation. This is the
configuration used for performance testing.

A representative model of the configuration described above was used for
flammability testing. It consisted of three layers of honeycomb, the middle
layer representing the heat exchanger.

3/4 INCH
HONEYCOMB

HS -C

THE HONEYCOMB PATTERN
WAS kS SHOWN ON THE DEFT

With the passages in a vertical.position, a gas burner flame was held
under the test unit. After a period of about 1S seconds, the screen started
to glow red and the honeycomb (aluminum) began to melt locally.

The HS-C material began to give off a white smoke. The flame was then
removed. Within one minute after flame removal, the smoke e-i-.lution ceased.
At no time was there a visible flame from the HS-C.

The unit was disassembled and the HS-C examined. Approximately one
layer of HS-C (0.02") was discolored a light shade of brown•
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TOXICANT TEST

It is necessary, of course, that the HS--C effluent gas be safely
breathable in normal operation and in failure modes. A sample of HS-C
effluent gas was taken at the close of the large scale tests (Run Series I,
cycle 150, p F-13) and analyzed. Similar gas samples were taken from HS-C
used for Run Series I and II after heating to 180°F with a volume of atmos-
pheric: air simulating the spacecraft cabin according to a preliminary
specification (see Hamilton Standard's Plan of Test, Appendix Q. Later
samples from Run Series III were tested to Specification MSC-PA-D-67-13,
Addendum 1, 1A, 2, 2A, which calls for heating for 72 hours at 155° +5°F
followed by a day's cooling prior to analysis. Analysis was made only for
ammonia. Detailed results of the toxicant tests are given in Appendix C.

Discussion

The toxicant analysis in the air volume simulating the shuttle cabin
levels after 1, 6, and 24 hourF shows no clear trend of contaminant increase
except for brominated hydrocarbons. Brominated hydrocarbons, ammonia and
toluene are the only components which reach undesirable toxicant concentrations.

150 to 300z gins M-13 per gram of HS-C were observed in the toxicant tests
to specification NISC-PA-D-67-13, confirming the ammonia evolution observed in
the earlier toxicant tests.

Bromine

The source of the unsaturated brominated hydrocarbons cannot be HS-C,
for bromine is not used in the manufacture of either substrate or coating
agent. It is presumed that the contamination was caused by the heavy
manometer fluid ABr4 which was used in test rig 88. The main constituent of
this material l is heavily brominated and boils at 151 1 C, but it is not
reported in the gas analyses. The materials reported are the impurities to
be expected during the manufacture of ABr 4 from acetylene and bromine.

l tetrabromoethane or commonly acetylene tetrabromide (ABr4)
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Ammonia

Ammonia almost certainly arises from the HS-C coating agent, which is
an amine. Subsequent investigation has shown that the batch of coating
agent used for Series I tests was contaminated during manufacture with
ammonia (to about 0.2%), was manufactured in 1968. A newer (1970) batch of
coating agent was obtained and used to make the HS-C for Run Series III, but
tests conducted with this material also produced high ammonia levels.

Toluene

Toluene is a known contaminant in the substrate. Most of it is washed
from the bed during the alcohol wash. Remaininia_traces detected
by the toxicant test probably were vaporized from the depths of the porous
substrate. This material is expected to be removed if the HS-C is heated
(without air) to 180°F for 24 hours. The HS-C prepared for Run Series I was
heated to 135 °F for 24 hours, and that for Run Series III for 48 hours.

Conclusion

HS-C evolves 150-300 pgms of ammonia per gram of 11S-C when heated in air
to 155°F and cooled for 24 hours. High levels of ammonia were also found when
the HS-C was not cooled prior to analysis.

Recommendations

Future HS-C preparations should be fully desorbed during preparation
at more severe conditions than those expected in flight to remove all
contaminants prior to contaminant evaluation. Means for reducing or eliminating
ammonia evolution should be investigated.
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COMPUTER PROGRAM DESCRIPTION

INTRODUCTION

The HS-C computer program predicts water and CO2 adsorption and
desorption rates along the length of an HS-C bed, calculating effluent gas
composition and residual bed loadings as a function of time. Single modes
or a succession of adsorption/desorption cycles can be calculated.

The bed can be cooled/heated during adsorption/desorption by cross-flow
heat exchange with a cooling/heating fluid. An option for infinite con-
ductance and flow allows prediction of the performance of an isothermal bed.
This may be used as a reference point to evaluate system performance.

Desorption can be by gas purge with a pure inert gas, or with a fixed
vacuum. Concentration and (for vacuum desorption) pressure gradients are
calculated along the length of the bed.

DESCRIPTION AND MATHEMATICAL. MODEL

The following mathematical description of the adsorption and desorption
of both H2O and CO2 on HS-C illustrates an application of the fundamental
principles of surface chemistry and reaction kinetics to an adsorption
phenomena.

Adsorpt i on and Desorption

The rate of mass transport and sorption of gases flowing through a
packed sorbent bed depends on the following adsorption considerations
(desorption is assumed to be a reversal of the adsorption process):

1. Diffusion of the sorbates to the surface of the sorbent particles
or beads (i.e., diffusion through the boundary layer).

2. Diffusion through the porous beads to the surface sites.

3. Rate of chemisorptirn at the surface site.

Experimental studi.-s have shown that step 3, chemisorption, is the rate
controlling mechanism. The chemisorption process equations in the mathe-
matical model include the simultaneous adsorption of H 2O and CO2 in the
material as well as a 00 2 enhancement reaction with adsorbed H2O.
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The chemisorption reaction mechanism of HS-C is as follows:

There are three kinds of sites, X, Y and Z. X sites react only
with CO2 ; Y and Z sites only with H.20, thus, as have been previously
introduced:

kX
X + CO2 (g) ,^:_.=_ . X • CO2

k^

Y + H20(g)	

ky
	Y-H20

kYR

^
Z + H20(9)	

kZ	

Z•H20
ZR

Production of Y • H20 gives rise to another reaction:

ky-H2O k

Y-H20 + CO2(g)	 Y'H20'002	 (4)

OR

For reactions 1, 2, 3, and 4, the forward and reverse reaction rate
coefficients (k) have been noted. This mechanism explains the following
experimental observations:

1. High capacity for CO2 removal in the presence and absence of
H20(g) - demonstrated by reaction #1.

?. High capacity of H2O removal in the presence and absence of
CO2 (g) - demonstrated by reactions #1 and #3.

3. Enhancement of CO2(g) capacity by the presence of large amounts
of H20(g) - demonstrated by reaction 04.

Mathmatical Formulation

The equations for the adsorption/desorption mechanism which have been
impelmented in the digital computer simulation are:

-^ (Kx) ( PCO2) (X) - (Kxr) (X. CO2)

Rate Equations	
d	 W-410

( Ky) (:.(Y) - (K),.) (Y. H20)

(1)

(2)

(3)
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Tt-- (Kz) (PH2O) (Z) - (Kzr) (Z. H20)

Rate Equations
-d(Y.H2O) - (

K	 ) (P	 ) (Y.H 0	 K	 Y H 0 C0^^ -	 y.H2Q	 CO2	 2) -	 y H2OR(	 2	 2)

f20) out = +d H2O in - d H20) ad

dt dt	 dt

(LY
	 dz

20 =	 * Wbedwhere: d^t	 UT
dt

dMCO2 ) out = -d `'CO2 ) in -dMCO2 ) ad
—TtT atT dt

CO2 ) ad =	
dx + d(Y.H2O) Wbed

where: — t	 dt

Perfect Gas
Law PV = MRT

Arrheni.us' K r Ko -E/RT	 expresses dependency of rate constants

Law on temperature

where:

PCO'	 - Partial. Pressure of CO2 , mm Hg

PH20	 = Partial Pressure of 1-1 20, mm Hg

(X)	 = Site concentrations available for CO 2 , lb-mole

lbbed

(X.0O2 )	 - Site concentrations not available for CO2, lb-mole1 b^-

(Y)	 - Site concentrations available for 11 20, lb-mole

1	 ed

'j

E

rl
'i

71



1

Hamilton - cR-115568
Standard

p VISUh W vMT Fit a'RGUafT Cf]RYpwa+pe

As SVHSER-6040

a

0	 =( Y.il 2) Site 	 not availablee concentrations for H20 , but
available for CO,, lb-molebed

a

(Y.11 20.0O2 ) -	 Site concentrations not available for CO2 , lb-mole

1	 ed

(Zl	 = Site concentrations available for 1i2U, lb-mole
b.1.0	 ed	 -	 à

1

(Z. 11,0)	 M Site concentrations not available

3i

I

for 1120, lb-mole
` b'	 ed	 i

Kx	 = Forward rate coefficient for CO 2 on X sites,

minmmlg

1; Reverse rate coefficient for CO 2 on X sites,	 1
_	 `^ min

Nil	 = Forward rate coefficient for H 2O on y sites,
1

min-ii n Hg

K	 - Reverse rate coefficient for 11 20 on y sites,	 1r
min

E`	 = Forward rate coefficient for 11 20 an z sites,
` 1

-min-mm  Ti

K= Reverse rate coefficient for H 2O on z sites,	 l
min

1`y.11Z0	 =
Forward rate coefficient for CO 2 on ya H2O sites,

min-mm Hg

r .1I	 OR
2

Reverse rate coefficient for COZ on y. H 0 sites,	 1
2 min
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Ii I')0) ill  =	 moles of 1120 into node

MCC 
2 ) 

in =	 moles of CO2 into node

^k 1 0 ) o -	 moles of 11 20 out of node
Z

NIC0
2 
) o -	 moles of CO 2 out of node

I''^1 0)Lid =	 moles of 1120 adsorbed

P]CO Z ) ail =	 moles of CO2 adsorbed

R	 -	 gas constant - 555 ft3-mm i1a
lb-mole-OR

T	 =	 carrier gas temperature, °R

!;o	 -	 rate coefficient independent of temperature

Wbed	 weight of bed material, 1b.

Vacuum Desorption Pressure Distribution

Calculation of nodal pressures during vacuum desorption requires
consideration of pressure gradients through the bed and the void volume
of the bed.

The pressure at each end of the bed is specified either as an input
or can be calculated within the computer program to allow for either single
or double end vacuum desorption.

The mathematical model uses the polytropic process equation along with
the equation of state to relate time rate of pressure change with mass flow
rate of constituents through the bed

P = const
;

PV = WRT
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`llie equation relating rate of pressure to mass flow rate becomes

', _ Y RT	 Y = 1.0 isothermal process

	

--V— W	 Y = 1.4 adiabatic process

It is assumed in the model that the flow through the bed is laminar and can
be defined by

W
A D2 E3 Ptot	 (P

Y 298,000	 L (1-E)2 TG	 Tin - 
P Tout)

where: W - lb moles/min

PTQT - average total pressure (mmHg)

PTin - total inlet pressure (mmHg)

PTout - total outlet pressure (mmHg)

TG - process gas temperature (°R)

P - viscosity (lb-sec/in2)

D - bead. diameter (inches)

L - bed length (inches)

A - bed Cross sectional area (in2)

E - bed void fraction

Mathematical Formulation

The equations for the vacuum desorption pressure calculation which have
been implemented in the digital computer simulation are:

outlet flow from each node

DMQi = NPTavg (PTi - PTi + 1)

where: PTavg = ( PTi + PT i + 1)/2

r.. =	 A D2 E3

J 1,
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Inflow to 1st node

'^ff	 = VT avg (Pin - PTO

PTavg - (Pin + PTl)/2

hble flow of constituents

DMHI
(PH201 DMI1P1

DMCi = DMCO,-1

+4I {0,	 =
Pp2Ok	 X10,

 )
Tk

MCI = DMII - DMH1

DHC, = DHCOi_ l (i = 2...n)

k = i for positive HMO,

k = i + 1 or negative DMO,

DMCO, = D^ 10, DMHOi

Average nodal partial pressures

t

P = f ltr RT

o
V

where: V - node void volume, (ft3)

T - node process gas temperature, (°R)

R - 555 ft3 -mmHg/°R lb mole

W - net mole flow rate into or out of node void volume

Y - ratio of specific heats (assumed Y = 1.)

DWi - total mole flow rate out of node (lb mole/min)

PTavg - average nodal total pressure (mmHg)

PTi - node inlet total pressure (mmHg)

PTi + 1 - node outlet total pressure (mmHg)

DMI - total mole flow rate into 1st node (lb mole/min)

DNUi - node inlet H2O mole flow rate (1b mole/min)
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Coolant
F2 ow

._._._.	 (Max No. of Nodes = 100)

;i

DMc i - node inlet CO2 mole flow rate (lb mole/min)

DNHOi - node outlet H 2O mole flow rate (lb mole/min)

DNICOi - node outlet CO2 mole flow rate (1b mole/min)

Heat Transfer

To predict performance of a non isothermal bed a crossflow air-air heat
exchanger was modeled. 'Me heat transfer analysis is taken from "Computer
Analysis Techniques for Spacecraft Adsorption Beds" by R. L. Blakely and
B. N. Taylor, McDonnell Douglas, March 17, 1969.

The figure below shows the node structure of the heat transfer model.

T process Gas
The riui&er of nodes in the process gas flow direction is equal to the number
of nodes represented in the chemisorption kinetic model. Heat exchanger core
temperature, bed temperature and the process gas temperature are calculated
at each node. Average coolant gas outlet temperature is also calculated.
Heat conduction in the axial direction of the process gas is included, and a
lob; mean temperature difference is assumed between the heat exchanger
temperature and coolant gas temperature, as well as between bed temperature
,ind process gas temperature.

Mathematical Forr.EUlation. -

Bed Node Heat Transfer

TBX-TBX past ) MBCPB = (WAIRXCP -'- 1^ 120XC'PH2O + WCO2XCpCO2) ( 1 - e-A)

t TG, TB
X



I	 I	 i	 i

Hamilton	 U
O i V^SpH pF u.+,'FV .1RC..PT CCW.10.ail:

Standard	 pm
CR-115568

SVHSER-6040

METHOD OF SOLUTION

The transient processes involved in the kdsorption and desorption modes
are carried out using a finite difference technique employing multiple nodes.
For each node the rates of adsorption of CO Z and H 0 are calculated based on
past values of loading and partial pressure, and t o heat transfer rates are
calculated based on past values of temperatures, and the constituent flow
rates through the bed. Simple rectangular integration is employed to inte-
grate the rates to obtain the loadings of each constituent, temperatures of
the bed and process gas, and nodal pressures during vacuum desorption.

+ UBHXABHX (THXx - TBx) + I: QRx + KBAB (TBX-1 TB,,)
\X

+ 
KBAB 

(TBx+l -TBX)

,X

TGOUTx = TB  + (TGinx - TBX) e-A

where:
U	 =	 1
BHX	 1 + 1

h

h  = f (wKLAC)y f (WHIR + WH2O + NCO,)

hHX = f (PVC)

A = hB ABHX

WREAC Cp

Heat exchanger node heat transfer

Tex T 
)Cpast MHXCp = WCCpc (l - e -B) (TCin -THX )

^t	 x
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Tcourx = ZHXX + ("Cin-T x) e-B

where: B = hCACFIX

WCCPC

hC = F CWC)

PROGRA14 CAPABILITIES

The program predicts either the isothermal or nonisothermal performance
of a single adsorption period (used for analyzing a breakthrough curve), a
single vacuum or inert gas purge desorptionx period (knowing initial bed
loadings at the beginning of the desorption run), and cyclic operation with
either vacuum desorption or gas purge desorption. In addition the program
predicts CO2 adsorption in a dry atmosphere and f1 20 adsorption in a CO2 free
atmosphere.

Program Options

Isothermal Operation
set ISOT (8) = 0.
set TCIN (3S) = Isothermal Bed Temperature

Nlonisothermal Operation
set ISOT (8) = 1.
set TCIN (35) = Coolant Inlet Temperature

Single Adsorption Period
set IND (6) = 0.

ADSORB (39)	 TMAX (2)
PIH2O (15) = inlet H 2O partial pressure
PICO2 (16) = inlet CO 2 partial pressure

Single Vacuum Desorption Period
set IND (6) = 1.

DESORB (40) = TMA.X (2)
IDES (7) = 0.

PIH2O (15) = inlet H2O partial pressure at end of adsorption
PICO2 (16) = inlet CO 2 partial pressure at end of adsorption
PAIR (33) = initial total process gas pressure
Q (34) = process flow rate during adsorption needed to

initialize the heat exchanger
XJ (9) = number of passes through vacuum pressure calculation

each system pass
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Single Gas Purge Desorption Period
set IND (6) = 1.

DESORB (40) = TMAX (2)
IDES (7) = 1.
PIH20 (15) = inlet H 0 partial pressure at end of adsorption
PICO2 (16) = inlet C62 partial pressure at end of adsorption
PAIR (33) = initial total process gas pressure
Q (34) = purge gas flow rate

Cyclic Operation
set IND (6) = 0.

ADSORB (39) = desired adsorb period
DESORB (40) = desired desorb period
IDES (7) = 0 for vacuum desorption

1 for inert gas purge desorption

PROGRAM RESTRICTIONS

e Only allows an inert gas purge (cannot use for gas purge with some
PH20 or PCO2 in the gas.

Does not allow for desorption at pressures above the partial pressure
of H9O and CO2.

-The pressures at each end of the bed during vacuum desorption must be
specified as program inputs (does not include a simulation for a vacuum
system).

+ Inlet process gas temperature and inlet coolant temperature are constant
(specified as program inputs) and can not be varied during the transient,

INPUT/OUTPUT PARAMETERS

Input/output parameters for the computer p-rogram are listed in
Appendix D.

PROGRAM FLOW CHARTS

Program flow charts for the computer program are listed in Appendix D,
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PROGRAM SYMBOL DEFINITIONS

Program symbol definitions for the computer program are listed in
:appendix D.

PROGRAM SOURCE LISTINGS

Program source listings and a sample case output for the computer
program are given in Appendix D-

SAMPLE CASE.

A sample case has been processed for cycle 16 of Run Series III (large
scale tests) and included at the end of the computer output (Appendix D).

The CO and water capacities predicted by the program well represent
the observe data of cycle 16. This agreement was achieved by using kinetic
constants obtained from work with an earlier HS-C material and modifying them
to fit the data of cycle 1E. Proper constants should be obtained for the
material to be used on the next contract phase before the computer program is
used to predict performance very far from test conditions.



I

k	 9

Hamilton	 CR-115568ovsK r,. c. rrr.[p wt ..^r. E+u.h vre . K..

Standard	 Ac.,	 stTHSR-6o4a

LABORATORY CONCEPT DEVELOPMENT

The two FiS-C materials selected for test in "Material Variations" were
tested in the laboratory in large (5 and 10 1b) and small (2 gm) scale tests.

The larger mesh size material w as exhaustively tested in small scale
tests, with twelve tests exploring performance variations due to changes in
CO2 feed concentration, inlet dew point, adsorption/desorption temperature,
inlet flow rate, and cycle time. The smaller mesh material was rum at
nominal conditions only during the corresponding small scale tests.

For the large scale tests, 10 pounds of the larger mesh material were
extensively, with fifteen parametric tests totaling 219 continuous hours
(Run Series 1) exploring the ,lerformance changes resulting from changes in
inlet air temperature, inlet dew point, bed adsorb/desorb temperature, inlet
CO, concentration, inlet air flow, cycle time, and desorption pressure.

To explore the effect of bed thickness, the bed was repacked with 5
pounds of the larger mesh size material and 22 additional hours of test
accumulated (Run Series II).

Using the smaller mesh size material, a series of seven tests explored
variations in cycle time, inlet dew point, inlet air flow, and inlet CO2
concentration. 228 hours of continuous test were accumulated (Run Series III).

SMALL SCALE DEVELOPMENT TESTS

The small scale apparatus previously described was used for the
parametric tests of the 11S-C material used in the Series I tests.

Test Objectives

The small scale test objectives were:

• To obtain parametric data prediction of large scale tests so as to
minimize expensive large scale running time.

• To obtain parametric data over a wider range of variables than
convenient with the large scale equipment.
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Test r ccurac ,

Data taken with with the small scale apparatus showed about 20% more
capacity than was later confirmed with the large scale tests. This dis-
crepancy was reduced by recalibration of the small scale apparatus with
calibration gas used for the large scale tests. The trends in the parametric
tests remain valid for they were confirmed in the large scale tests. The
precision of the small scale tests is estimated as ±1U% or better. For
accurate comparisons necessary during material development phases, the two
hens are used in a comparative mode. In this manner comparative results are

of=tained that are precise to within ±5%.

Differences Between Large and Small Scale Tests

Except for test canister configuration and sample size, there were no
important differences between conditions set for "nominal" small and large
scale runs. Inlet gas flow rate was ratioed upward with sample size.
Adsorption cycle time was cut to 30 minutes in the large scale tests because
at this point CO L adsorption was complete.

Test Canisters

The canister for the small scale apparatus was a 1/2 inch stainless
steel tube (0.035 in. wall.) with screens on each end. The 5 ml test sample
(about 2 grams) was 2 in. deep, and desorption was single end only. The
5 or 10 pound charge QL1 HS-C in the large scale canister was 1-1/2 or 3 in. deep,
normally desorbed from both ends. The flow passages were 14 in. x 0.15 in.
The concentration of CO2 leaving the bed at the start of the adsorb cycle
was zero for the small scale tests, but about 116 	 feed composition in
the large scale tests. This was interpreted as indicative of a large (330)
by -pass flc-iw around the AS-C in the large scale canister, probably resulting
from the numerou6 small (0.15 in.) air flow passages of the large scale
canister,

Parametric Data Description

Parametric data is presented on calculation sheets (?zble IV).
and graphs (Figures 4 through 8). There are two points each for the C0-7
and H2O adsorption of a given run, one calculated for 30 minutes adsorption
time and one for the full 45 minutes.
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002 Feed Concentration

At high levels of PCO2 (5 mm) the cyclic capacity for CO 2 was unaffected
by the PCO2 (Figure 4). From 3 mm downward the CO 2 cyclic capacity fell
almost linearly with PCO2 . This effect resulted from the existence of an
equilibrium between the rate of adsorption and the rate of spontaneous de-
sorption as the bed approaches saturation. The rate of adsorption was
increased as PCO increases but only in proportion to the adsorption sites
which remained unoccupied. The rate of desorption increased with the number
of occupied sites. As PCO2 rises, most of the sites become filled and when
spontaneous desorption did occur, a sufficiently high PCO level (above 3 nmi)
caused rapid readsorption, keeping practically all the sites occupied.

The water capacity showed no clear dependence on CO 2 partial pressure,
:which is consistent with the proposed HS-C model.

Additional capacity was available for both water and 002 as the
adsorption continued from 30 to 45 minutes. Later results (Figure 8 ) show
there was little capacity to be gained after 45 minutes, even with
correspondingly increasing desorption time.

Dew Point

Dew point had a large effect on H 2O capacity. When 45 minutes of
adsorption was measured the capacity increased from 3.5% to 8% as dew point
changed from 40°F to 60°F (Figure 5). This effect is important in maintaining
cabin dew point as the water latent load increases.

CO2 capacity is little affected with humidity, showing curious but
repeatable slight maximum peaks at 50°F dew point.

Adsorption/Desorption Temperature

COO capacity depends little on temperature (Figure 6). Water capacity
is significantly affected, with water capacity at 97°F down to 1/2 or 2/3
that of 67°F. T'.is effect is not understood, but doubtless arises because
of the net change with temperature of the overall rates of adsorption and
desorption.

Inlet Flow Rate

Inlet flow rate can affect capacity in two ways: (1) as flow increases
a better mass transfer coefficient might improve mass transfer rate and thus
capacity during a given time; (2) as flow increases more of the constituent
to be adsorbed is passed through the bed and thus more may be available at
the rear of the bed, again affecting the average rate of adsorption and thus
capacity during a given time (Figure 7).

8t
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It is difficult to separate the two effects, but it seems clear that at
gas [low rates over 500 ml/lain., mass transfer is not limiting -- the data
indicate a capacity decrease with increasing flow rate. A decrease seems
impossible, and may per^iapslbe a result of unresolved test apparatus
inaccuracy.

At low flow rates the second effect is clearly operative -- capacity
falls linearly with flow for both water and CO2.

Cycle Time

Long cycle times allow generous contact with gases to be absorbed, and
desorption from deep withit. the particles within the bulk of the bed. Shorter
cycle times permit only incomplete desorption; in fact, casual observation
has established that water apparently is desorbed before CO2. On this basis
the CO2 curve of Figure 8 has been shaped to show the low capacity for CO2
at short cycle times. Alternately, water capacity is shown rising sharply
with increasing cycle time.

At 45 minutes half-cycle time essentially all the s-112 and water capacity
available has been used, for a`_further increase in half cycle time gave no
important capacity increase. At 30 minutes the capacity for CO2 was down
by 50%. This effect was not nearly as strong in the large scale tests,
probably due to the thinner hail- thickness of the bed (1-1/2 or 3/4 inch for
large scale tests; Z in. for small scale tests).

LARGE SCA11I; EQUIPMENT DESCRIPTION

Hamilton Standard's test rig #88 was used for the ia_ge scale test
program. Figure 29 showsthe exact configuration of the rig. Unused
sections of the rig which were valved +,f'f are not shown. Figure 30 shows the
rig in block form, from which its functioning may more easily be understood.

The test rig provided a stream of air humidified to a constant dew point
with pressure, flow rate, CO 2 partial pressure, and tem perature under closed
control. Controlled temperature water was supplied to the test canister to
provide cooling during ad- :-ption and heating during desorption. Figures 31
and 32 are photographs of the large scale rig.

During adsorption (with valves as shown in Figures 29 and 30) CO 2 was
automatically added to the system from a supply cylinder to maintain inlet
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CO2 partial pressure constant even though the capacity of the bed was high
at the start of the adsorption and low at the end. Total pressure was
maintained automatically by adding CO 2 free air from a cylinder as necessary
to make up for ullage losses.

Automatic cycling was controlled by a flexible timer actuating test
canister inlet valves and the large desorption valves which connected each
side of the test bed to a high (10-100 micron) vacuum source. The air flow
was bypassed rather than stopped during desorption to minimize disturbances
within the test rig.

i	 Large Scale Test Canister

The large scale test canister was constructed from a custom-sized
conmarcial aluminum heat exchanger fitted with custom-made aluminum transi-
tion sections. Ike heat exchanger drawing is shown in figure 33 and the
transition sections as figure 34.

115 . 0 was held loaded in the 0.1 inch sections between the 14 in. x 3 in.
fins of the heat exchanger and retained by an 80 mesh screen on each side of
the heat exchanger. Each screen was held in place with aluminum honeycomb
material (1 in. thick with 3/8 in. hexagonal holes), in turn supported with
two 112 in. rods across one dimension of the exchanger. Flow was downward
through the exchanger. Photographs of the installed canister and the open
canister ready for loading, are shown in Figures 10, 31, and 9. The
assembly is shown mounted on the test rig, with the large desorption valves
visible on the right and the motorized valves associated with the adsorption
f low on the left. Screens and their supports are not visible. Note the
3 •u1er added to show the scale of the equipment in both figures 9 and 10.

Test Parameters

All test parameters were automatically recorded an a single strip chart
except for CO2 and air cylinder weights, which were recorded manually. Test
parameters are listed in Table V.

Flow Pattern

Luring the test program, there was a li:n.gering doubt that all the H5-C
material had sufficient contact with the air stream. Perhaps there were
areas behind the coolant tubes which did not have enough air flow.

Reynolds number for the bed was calculated as 5, assuming a particle
size of 26 mesh. Using electrically conductive paper as an analog of the
air passage, the flow pattern was predicted by constructing perpendiculars
to lines of constant voltage which were located experimentally. The
resultant flow pattern about one tube is shown. as Figure 35. Clearly,
a satisfactory flow was obtained around the tubes.
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Standard	 SVHSER-6040

TEST PARAM^RS

Recorder	 Signal	 Logged

	

Point No.	 Type	 Units	 Description

1	 Millivolt	 in. H2O	 Canister pressure drop (DP cell)

2	 Millivolt	 mmHg	 CO2 partial pressure (outlet)
(LIRA infared analyzer)

I

5	 Thermocouple OF

6	 Thermocouple OF

9 or Millivolt	 mmHg
15

Canister coolant inlet

Air inlet temperature

CO partial pressure (inlet)
LIRA infared analyzer)

10 Thermocouple OF Dew point condenser coolant inlet
temperature

11 Thermocouple OF Canister coolant outlet

13 Millivolt °F Dew Point
(Cambridge 880 Hygrometer)

14 Millivolt Microns Canister Vacuum
(Stokes-Hastings gauge)

23 Millivolt psia Loop pressure (DP cell)

24 Millivolt cfm Loop flow rate (DP cell)

hours or Clock time -- noted on chart manually
minutes each hour.	 Chart moved at 10 in/hr.

cycle no. Logged manually on chart each cycle.

CO2 Weight
Air Weight

ft. left	 Printed on chart.
on roll

A Texas Instrument recorder was used with capper-constantan thermocouples
and chart paper WVTT20 (0-200°F). Millivolt signals from analyzers and pressure
transducers were also recorded on this paper but require a special linear
scale for interpretation, as discussed below under "calibration."



CR-115568
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Standard	 A@

Calibrations

All calibrations were made directly on the recorder without reference
to intermediate dials and gauges.

Recorder
Point no.

1	 Canister pressure drop was calibrated using a water manometer
connected in parallel with the "DP" cell (delta pressure). The
bypass valve was varied to produce a recorded pressure drop
signal while water manometer readings were manually recorded.
(See Figure 36). Accuracy was estimated as *-.1 in. H2O.

	

2	 LIRA infared analyzer. This unit was calibrated at least once
every 8-12 hours with 1% and 0% span gas. Initial calibration
included a midrange calibration gas, and resulted in Figure 37.
Accuracy was estimated as *-0.1 mm CO2.

	

5	 Canister coolant inlet. Copper-constantan thermocouple, not
calibrated, but there was agreement with #11 in no load
condition, ±1°F.

	

6	 Air inlet temperature. Copper-constantan thermocouple
calibrated with a thermometer in the thermowell *.S°F.

	

9	 Inlet LIRA. See point #2 above.

	

10	 Dew point condenser coolant inlet. Copper-constantan thermo-
couples cross checked with thermowell in coolant outlet
*-1/2°F. (Flow was massive.)

	

11	 Canister coolant outlet. Co per-constantan thermocouple, not
calibrated but checked with #5 in no load condition ±1°F.

	

13	 Cambridge 880 Hygrometer. The direct readout dial was
calibrated on the rig by running in the bypass mode, reducing
the flow until dew point would not decrease further, i.e.,
until the temperature leaving the dew point condenser was

 presumably equal to the condenser coolant temperature.
Adequate humidification prior to this condenser was assured by
noting that the dew point leaving the humidifier was higher by
at least a few degrees than that leaving the dew point condenser.
From this single point calibration a dial correction was
obtained ( ±1°F) which was applied throughout the entire range.
Final calibration was made by noting dial readings and recorded
chart readings during a run, and plotting as in Figure 38.
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14	 Canister vacuum (Microns). A Hastings thermocouple type vacuum
sensor was wired into the recorder using the v-)ltage applied
to the local meter readout. A calibration curve (Figure 39)
was made by noting recorded signals and meter readings. No
direct calibration was macxe, but a general correspondence with
similar gauges associated with the high vacuum system was noted.

23	 Loop pressure. The zero pressure reference DP ce11 1 recorded
readout was calibrated by reference to a Wallace and Tiernan
zero referencel t0.1 psia (Figure 40).

24	 Loop flow. Pressure drop across a venturi type flowmeter was
measured with a DP cell and recorded. A water manometer was
connected in parallel and the flow varied over the range of
interest, ,toting recorder readings and manometer readings.
Manometer readings were converted to flow (cfin) using charts
derived from manufacturer's data, and plotted as Figure 41,
which was used to read flows from the recorder.

As a cross check a dry test meter (gas meter type) was
connected to the outlet flow and the inlet opened to
atmospheric air. Floes measured in this manner are also
shown in Figure 41.

LARGE SCALE TESTS

Objectives

`I7ie objectives of the large scale tests were:

To establish the capacity of the HS-C bed for water vapor and CO2 at
full scale (4-man system);
To establish the degradation, if any, to be expected of the HS-C
material after 7 days continuous operation. This is a rough
simulation of the 7-day shuttle mission;

o To explore the effect of several operating parameters on HS-C
performance;

o To provide data for the design development tasks and for verification
of the mathematical model of HS-C performance.

lone side permanently evacuated
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Ŵ! f
LL

k I I I 1

1

1

fill ^i
r 1 1 T^^• I	 l 1

I '	 I

i
E	 I

^'

r X11

^^ 1

I I I I

I 3

I

Q

i

i	 l I
Ti l l III

r--^ tI I
: 1	 i 11^ I! {

.	 i I I ; I I

I I I

7 ^ I r

iL

l

2

3

1

i

3

N
LL1

OO .
L

•/. 1.
VZ
^ 5

O

LUU

V)

3



i

^	 t

Il 	 !	 i

Hamilton	 U
OIVISKIN (]F UNITED AIRCRAFT CORPORATION

Standard	 AsI-
CR- IISS68
SVHSER-604 0

Experimental. Method

Three separate series of tests were run according to the two test plans
presented as Appendix E.

Series I used 8.84 pounds of 24-28 mesh HS-C and fulfilled the
objectives of the large scale tests. Wo hundred and nineteen hours of
cyclic operation were accumulated without degradation including 7 continuous
days (168 hours). Planned parametric test conditions were run, and complete
data compiled. At nominal conditions (but with 5 mm CO2 partial pressure,
see below, page E-14) a CO 2 capacity of 2.0% by weight was indicated if a
90 minute desorption time was used.

Series IT used a half bed (4.40 lbs.) of 24-28 mesh HS-C, thus
decreasing the bed thickness from 3.0 to 1.5 inches to reduce the desorption
time required for a 2.0% CO2 adsorption capacity. Twenty-slx hours of test
were accumulated, and a CO2 capacity of 1.9% by weight was achieved with a
40 minute desorption.

Series III also used a half bed of HS-C material, but smaller mesh size
HS-Cwas used (30-40 mesh). A capacity of 2.0% CO2 by weight was achieved
with a 40 minute cycle, showing the enhancement of capacity made possible by

^-	 the smaller particles of HS-C.

Water capacities for HS-C varied with the dew point, but better than
4.0% by weight was achieved with each HS-G material.

Data Summary

Data summary sheets made during test Series T, IT and III are
reproduced in Appendix F.

Calculations

The data recorded on the data sheets was complete except for water
capacity. This was calculated by integration of the outlet dew point curve
from the recorder chart. Figures 42 and 43 show the procedure.

First the recorder chart curve was transferred to graph paper
with a point every 5 minutes. This curve was replotted as ]?R20 versus time
(Figure 42) ivith the aid of the calibration curve (Figure 38) using
dew point conversions from the steam tables. The feed PH20 was obtained from
the trace just before adsorption and extended through the adsorption
tame. The removal efficiency for HZO was then obtained by graphical
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LBA	 FTC	 MIN
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AREA WATER OUT = (.185 - .065) X 5 + C•185 - .070) X 5 +

(.185 -	 .090) x 5 + C.185 -	 .115) X 5 +

(.185	 -	 .133) X	 5 +	 (.185	 -	 .145) X	 5 +

= 2.46

H2O _ AREA WATER OUT = 2.46 = .444
AREA WATER IN	 5.55
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_	 .444 X	 .725 =	 .322 LB.

CR-115568

SWISER-6040

5	 10	 15	 20	 25
	

30	 35

ADSORB TIME - MINUTES

FIGURE 43
	

107

.04



i	 t

DIVISON n. UMI C13 .41111.9? CtlF poel .ON

Standard	 Ao SVHSER-6040

.	 ,

T	 Hamilton CR-115568

integration and the capacity for water vapor then calculated as shown in
Figure 43.

Parametric Data Discussion

Appendix F presents log sheets for Run Series T, ITS, and Ill. Figures 11
through 17 are plots developed from this parametric data. 'These plots are
discussed below in detail.

Desorption Time, Temperature, and Vacuum

Figures 16 and 17 show the effect on capacity of varying desorption
time at CO2 partial pressures of S and 3 mmHg during run series I which
employed a 3 in. thick bed of 24-28 mesh HS-C. At 5 mmHg, the shape of
the curve is similar but the capacities are about 15% higher. But even the
longer desorption times (90-160 min.) leave some of the bed incompletely
desorbed, as is shown by the 2.55% CO2 capacity available after an overnight
desorption (1000 min.) at room temperature. Incomplete desorption results
from inadequate desorption temperature, too short a desorption time, or too
high a desorption pressure -- effects which interact in important ways not
investigated in this study.

Desorption to erature.- This parameter is believed most important at
ortthe ser desorption times, although the effect of adsorption temperature

masks the effect when adsorption and desorption are at a single temperature
(see Figure 12). At 1000 minutes, Figure 16 shows that a desorption
temperature of 125°F resulted in only 10o additional capacity, indicating
that desorption is reasonably complete after 1000 minutes at normal (80°F)
desorption temperature.

Desor tion time.- This parameter is very important, because time is
required	 O2 and H2O to desoib and diffuse out of the HS-C particle
and then for the desorbed gases to work their way through the bed to the
simulated space vacuum at either side of the bed.

Desorption pressure.- Figure 17 shows 3 mm CO2 data in detail including some
runs with ig er desorpition pressures at 45 minutes desorption time. The 3 inch
bed was normally desorbed through 3 inch gate valves on each side of the bed.
When one was left shut, the desorption performance was decreased, simulating an
equal weight of bed 6 inches thick when double end desorbed. Desorbing only
through a 3/8 inch T.D. 1/2 inch plastic line (used normally for ullage dump
decreased the performance still further.

r

108



Hamilton	 U CR-115568
t4vlS. lh lu YN^ILA	 !l IIRI1([lILH.ia 1K1N

Standard	 Ao SVHSER-6040

Decreasing the bed Lhickness to 1.5 inches with double-end desorption
improved capacity about 50 (Run Series II). Decreasing the particle size
from 24-28 mesh to 30-40 mesh in the 1.5 inch bed (Run Series III) further
improved performance, giving a 15% increase over the base condition, with a
2% CO2 capacity at 40 minutes desorption.

Even though powerful vacuum pumps were employ xl, desoxl:tion pressure
was not instantaneously lowered to the 10-20 microns characteristic for
termination of a normal desorption. Figure 44 shows a plot of the desorption
pressure traces from a typical run. Performance in an actual spacecraft would
be better, provided an adequately large line to space vacuum were provided.

Design for Desorption

The optimal bed configuration will depend on packagin considerations.
`1'he best performing bed will be the thinnest bed but a 1-1 2 inch bed is
probably heavier overall than a 3 inch bed due to structural requirements.

A thin bed gives a low pressure drop during adsorption, which is also
important since the HS-C is a fine material relative to conventional sorbents
such as molecular sieve, charcoal, or silica gel. The pressure drop during
adsorption is shown in Figure 45 for the bed configurations of each run
series. The pressure drop of a 3 inch bed is not prohibitively high, about
the same as the usual molecular sieve plus silica gel bed and associated
valving.

Inlet CO2 Concentration

Figure 14 shows the change in CO2 and water capacity of the HS-C bed
with changing CO 2 partial pressure. When the PCO2 is lowered from 3 to 1.5
mmHg the capacity drops about 20%. An increase to 5 mmHg causes a rise of
about 10%. A further rise would have little effect because at thi,s.PCp 2 the
rate of adsorption is becoming very much greater than the rate of spontaneous
desorption, allowing each reactive site to be occupied almost all the time.
Capacity is then independent of adsorption P COZ , depending only on the number
of reaction sites available.

Bed tem erature.- Figure 12 shows how little bed temperature affects
cyclic performance for COZ. There is nonetheless an important effect due to
temperature on both adsorption and desorption, with adsorption capacity .
increasing withcecreasing temperature while desorption difficulty increases
U compensate. Close examinationof the performance data when the canister
temperature was adjusted downward from 92°F to 67°F (cycle I-58 and 59)
shows a capacity of 1.92% (0.17 lbs.), 20% above the normal cyclic capacity
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because cycle 59 had a high temperature desorb followed by a low temperature
adsorb. Water capacity shows a significant dependence on bed temperature
similar to that of the small scale tests, with a reduction of 50a in water
capacity when the temperature is increased from 66°F to 92°F.

Inlet Air Temperature.- Air inlet temperature had no effect on
performance because the bed-temperature is fixed by the coolant temperature
which was held constant. (See Figure 11)

Inlet Air Flow.- Increased air flow raised the CO2 cyclic capacity
only slightly ecause the flow was great enough at each test condition to
saturate the bed. Lower flows presumably would show a decreased capacity
(dashed line on Figure 15), This effect also shows that gas phase mass
transfer does not limit the mass transfer.

The water in the air flow through the bed was not sufficient to saturate
the bed at all conditions. Therefore the more the flow, the greater the
cyclic capacity.

Inlet Dew Point.- Figure 13 shows the effect of humidity on water and
CO2 adsorption  capacity. The effects are similar to those of the small scale
tests (Figure 5). CO2 capacity is almost unaffected, decreasing slightly at
the lower dew points. Water capacity increases rapidly with increasing dew
points, and when the inlet flow is high it increases most rapidly.

The water capacity of the bed is limited by the water made available to
the bed and by the adsorption time, for the bed is seldom "broken through."
The level of the inlet partial pressure driving force is also very important.

Test Data Verification.- CO2 Capacity: The capacity for CO2 was
determine by erect measurement of the CO2 added by loss from a weighed gas
bottle. The accuracy of the beam balance used was established by trial for
small increments (< 2 pounds), using known weights, to be ± .0025 pounds,
i.e., a weight could be measured repeatably to the nearest 0.005 lbs. Since
operator judgment was involved, all operators were confirmed to be equally
accurate with the balance.

Since the CO2 capacity is measured by weight loss from the CO2 supply
cylinder, a leak from that system or even the test apparatus would have
raised the apparent capacity. Such leaks were carefully eliminated prior to
data acquisition. Had the problem occu=ed during operation it would have
been quickly noted by the consumption of CO2 during the desorption cycle when
the test canister was by-passed. There was never such consumption and the
CO2 control system remained under closed loop composition control throughout

.	 the testing. For an important capacity measurement, as for instance cycles
190-194 of Run Series III, the weight loss.was taken over several cycles, in
this case 0.555 1bs over six cycles, giving a final capacity of 0.0925
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±0.0005 ibs/cycle. The results on this series were confirmed by an analysis
of the infrared analyzer inlet and outlet traces for cycle 190 using a
technique analogous to that used for water capacity (Figures 42 and 43).
For cycle 190 the removal efficiency was found to be 4.16%, giving a cyclic
capacity of 0.085 lbs. This is within 10% of the 0.0925 lb capacity
determined by direct weight, a very satisfactory agreement because the
difference between the two infrared analyzers was small for all but the first
few minutes of the adsorption cycle.

Water Capacity: Water capacity could not be determined by direct weight
because the test apparatus had a large and variable holdup of liquid water.
All measurements were therefore made by interpretation of the hygrometer
traces as in Figures 42 and 43. Since only the outlet reading was taken (the
dew point of the bypassed stream is automatically presented during a canister
desorption and is taken as the inlet composition) accuracy requires a constant
inlet dew point during the adsorption. The test apparatus provides this, and
it was confirmed by recording the actual inlet dew point during a test run.

'i
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HS-C SYSTEM DESIGN CONCEPT DEVELOPWINT

The potential for growth in mission duration is evaluated for the
regenerable desiccant system. The schematic used for this evaluation was
selected on the basis of simplicity and ease of maintenance. It represents
a minimum in terms of vehicle interface requirements. The objective of this
phase was to develop and trade-off HS-C system design concepts applicable
to the Space Shuttle. Experimental data from the large scale tests were
combined with the latest shuttle specifications to define system constraints,
and describe a realistic trade study.

CONCEPT DESIGN

Figure 47 presents a schematic of that portion of the total Space
Shuttle system affected by this study. The schematic shows dual cabin and
radiator cooling loops connected by an interface heat exchanger. The heat
rejection loop contains electronic equipment cold plates, fuel cell,
circulating pumps, a radiator and auxiliary heat sinks. The cabin coolant
loop contains electronic cold plates, circulating pumps and associated heat
exchangers. Carbon dioxide, humidity and temperature control equipment are
shown within the cabin area.

The design requirements and range of conditions considered in this
evaluation are shown in Table VI. HS-C parametric data from Run Series I
utilized the system sizing is summarized in Figure 46.

the procedures used to minimize the system weight for each candidate
concept are shown in Table VII. Included in the optimization were the
radiator, coolant pumps and interface heat exchanger, as well as the CO2,
humidity and temperature control and ventilation portions of the subsystem.

At a constant radiator outlet temperature, there is an optimum flow
rate. As the heat rejection loop flow is lowered, the radiator size and
weight decreases as radiating temperature increases. the cabin heat
exchanger weight increases as the heat rejection loop flow decreases because
the "log-mean-temperature-difference" in the heat exchanger has decreased.
As the radiator outlet temperature is lowered the radiator gets larger, but
the cabin heat exchanger gets smaller.

Me HS-C sorbent system schematic is shown in Figure 18. Figure 48
illustrates the best competitive system LiOH CO2 condenser. Design trade
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Cabin Wall Heat Load (Except for reentry) 	 1700 Btu/hr
Air Cooled Electronics Heat Load (less EC/LSS load)	 3400 Btu/hr
Cold Plate Cooled Electronics Heat Load (cabin) 	 8800 Btu/hr
Fuel Cell Heat Load	 30,000 Btu/hr
Power Penalty

Fixed We 4 4-
Expendables

Coolant
Cabin cooling loop
Radiator cooling loop

tear- 11- /9 -71r
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DESIGN REQUIREMENTS

CREW DATA
Crew Size (men)	 2 - 14
Total Metabolic Heat Generation (per man) 	 540 Btu/hr peak
Sensible Metabolic Heat Generation (per man)	 300 Btu/hr peak

(@ 65°F design point)
Latent NI--taboli.c Heat Generation (per man)	 240 Btu/hr peak
Carbon Dioxide Production Rate

	

average	 2.2 lb/man-day
	maximum	 3.8 lb/man-day

PRESSURIZED COMPARTMENT DATA
Total Pressure 14.7 psia
Oxygen Partiai Pressure 3.1 psia
Atmosphere Diluent Gas Nitrogen
Carbon Dioxide Partial Pressure Levels

Nominal 5.0 mm Hg
Maximum normal 7.6 mm Hg
Maximum with single failure 10.0 mm Hg
Maximum emergency (2 hour duration) 15.0 mm Hg

Cabin Temperature (Design Point 65°F) 650 to 75°F
Cabin Humidity (dew point temp.) 400 to 57°F

Design point -65°F cabin temperature 53°F maximum
(12°F less than dry bulb temp.)

Cabin Volume (4 men) 1000 ft3
Minimum Ventilation Flow Rate 400 cfm

(see ventilation section)
Trace Contaminant Control Penalty (charcoal only) 0.167 lb/man-day

VEHICLE DATA
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Radiator Weight Penalty Off)

WI' -	 A x W x Cp x (B-C) ,- lbs .

"	 A =	 F x Ts/K --- lbs-hr-°IVBtu

Ts -	 Fquilibrium surface temp %o-°R

K -	 Radiator Influx %o% Btu/hr-ft2

W -	 Radiator coolant flow rate 	 lbs/hr

-	 Cp Radiator coolant flow specific heat •o%Btu/Ib-°R

B =	 1/4 In TR.D
(T

TRI
(T,-l

TRO	 TRI
 - l	 Ts	 + 1`

C =	 1/2	 tan"
I

TRI	 -	 tan-1	 TRO ti

Ts	 Ts 1

TRI Radiator Inlet Temp 	 OR

TRO Radiator Outlet Temp %^'R

F =	 lbs/ft2/Fin efficiency.r► Ibs/ft2

For Nominal Conditions

A =	 7.05 lbs--hr-°R/Btu

Ts -	 490OR

TABLE VI_
(CONTINUED)
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OPTIMIZATION PROCEDURE

1. Assume heat rejection loop flow rate. (freon)

2. Assume radiator outlet temperature.

3. Calculate interface heat exchanger heat rejection loop inlet temperature
(size sublimator, if required).

4. Assume interface heat exchanger water outlet temperature.

S. Size/optimize CO2 and water removal components.

6. Optimize cabin heat exchanger to find optimum air flow and outlet air
temperature.

7. Calc.uLZto water loop temperatures and pump power and weight.

S. Size interface Fwat exchanger.

9. Calculate heat rejection loop temperatures and pump power and weight.

10. Si-.-e radiator (use cryogenics if area exceeds goo ft2).

11. Calculate total system equivalent weight.

12. Repeat steps 4 through 11 until optimum temperature is found.

13. Repeat steps 3 through 12 until optimum radiator outlet temperature is
found.

14. Repeat steps 1 through 13 until optimum flow rate is found.
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results are shown in Figure 19 and 20. System total equivalent weight, is
plotted as functions of crew . size and a two-day emergency period is included
in addition to the mission length. Since the water and CO 2 removal capability
depends on the size of the HS-C bed the CO2 and water generation rates de-
termine the bed size. If the latent (water) load in th-- cabin is high, the
large HS-C bed needed to control water will easily handle the CO2 requirement
and the PCO2 will fall below the nominal level. Conversely when CO2 sizes
the bed the cabin PH2O will fall below nominal and possible out of specifi-
cation. Fortunately this situation can be avoided by lowering air flow
through the canister (See Figure 46).

For the current shuttle requirements, computer results show that water
removal alone determines the HS-C system size. The LiOli condenser subsystem,
however, is sized by CO2 removal. For a six-man seven-day, two-day emergency
mission, the total equivalent weight for the HS-C subsystem is 1890.7 pounds.
'Hie equivalent weight for a LiOH condenser subsystem is 2091.4 pounds. The
HS-C subsystem maintains a lower dew point, requires less flow rate, and
utilizes a smaller radiator heat sink.

;' a
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T3tion of Test Item

The test item is v i rgin HS-C CO	 adsorbing desiccant.

Test 0b'ective	 __	 T

Me objecti	 of these tests is to demonstrate that the material will	 y_

not be significantly structurally damaged or operationally degraded

ns - The y3 bratdcm, levels  1 spd Are t'.hOSP

for lunar launch and boost used in testing IM hardware.

.0	 Description of Test Set-•up--__	 —

The

Stgndard

vibration test described here n will be conducted in the Hamilton

Vibration facility, - Rir, number 26	 All other tests will

S^Ot^^ucted in thg Ugmi.l.ton Standard Advanced Engineering LaboratorL.

2	 Test Sat.- irn

The

The

orTLion test set a. will	 be as shown in Figure 1.
pressure drop test set-up will be as shown in Figure 2.

vibration test set-up will be as shown in Figure 3.
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TEST NO. _.	 HAMILTON  STAN[BARD	
CR•-1.15568
SVHSER-6-__

PL AN 4F TU

JOB:	 I'LM+ pArLpA j*0 Br: H. Kolnsberg

w	

PROJECT A 
ORDER: HS-C Structural 'Tests	 APPROVEP BY;

INSTRUCTION: ---- --	 T-- ---- —	 — .. _ _	 TEST ENG9AI49* -. 	 —

TIME PERIOD: ^— ----^._- .—.—	 TO	 —

1. WHAT 15 ITEM OLING TESTED'

2. WHY IS TEST BEING RUN ? WHAT WILL RESULTS 5o3OW OR BF. USU FO*')

3, DESCRIBE TEST SET UP INCLUDING INSTRUMENTATION. 	 ATTACK SKETCH OF INSTALLATION.	 JJI
9

4. ITEMIZE RUNS TO BE MADE GIVING LENGTH OF EACH AND READINGS TO BE TAKEN. 	 i

'. SPECIAL INSTRUCTIONS: SAFETY PRECAUTIONS FOR OPERATORS AND HANULING EOUIFMENT.

OBSERVATIONS BY SIGHT, FEEL. UR HEARING. LIST POINTS OF OBSERVATION WHICH MIGHT

CONTRIBUTE TO ANALYSIS OF ( A) PERFORMANCE OF UNITS. ID} INC I PIENT TROUBLE BEFORE

IT OCCURS. AND (C) CAUSE OF FAILURE.

$. HOW WILL DATA BE USEU OR FINALLY PRESENTED ? GIVE SAMPLE PLOT. CURVE. OR TABULATION

AS IT WILL BE FINALLY PRESENTED.
e

i

I	 NUMBER ENT RY AS LISTED ABO VE AND D ESCRIBE BELOW	 3
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3.3	 Vest Sequence.^

In order to minimize the amount of material required for testing, the
following sequence of testing will be followed:

Configuration -	 pre-vibration sample (1 ml)
Apparent density -	 pre-vibration sample (100 ml)
*Adsorption -	 pre-vibration sample (5 ml)
Pressure Drop -	 pre-vibration canister (6 lb)

I	 Vibration test -	 canister
Pressure drop -	 post-vibration canister
*Adsorption -	 post-vibration sample (5 ml)
Confuguration -	 post-vibration sample (1 ml)
Apparent density -	 post-vibration sample (100 ml)

* Adsorption tests may be run simultaneously.

4.0	 Test Procedures

4.1	 Configuration Test

Extract a 1 ml (or a minimum of 100 beads) sample at random from the test
volume.

SpTead sample to single bead thickness and examine under at least 1OX mag-
nification.

^—	 Record number and percent of beads with irregular surfaces. Note type
(raised bumps, chips, cracks) of irregularities.

	

4.2	 Apparent Density - (per ASTM C136-46)

Extract a sample of approximately 50 gm from the test volume and weigh
to the nearest 0.1 gm. Record weight-Transfer sample to a clean, dry 500 ml
glass graduated cylinder. Incline and rotate the cylinder until the sample
flows freely. Level the sample in the cylinder by tipping the vertically
held cylinder back and forth without tapping or jarring. Determine and
record sample volume in ml.

The apparent density is equal to the sample weight divided by the sample
volume.

	

4.3	 Adsorption

Extract a sample of approximately 5 ml from the test volume and install
in the laboratory test rig. Set the following test conditions:

Pc02 - 3 mm iig
Air flow -- 500 ml/min
Ptotal - 28 in Hg
Air inlet dew point - 520F
Bed temperature - T50F

Cycle time - 45 min
Nesorb - 50 micron max.
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4.3 Adsorption (continued)

Run test for three adsorb-desorb cycles.	 Report capacity data on sorbent

evaluator calculation sheet.

4.4 Pressure drop

Install approximately 6 pounds of the sample volume in an SV742060 (LM ]22)
cartridge.	 Fill cartridge to within 1/8 inch of the cartridge cover_
cushion disc.	 Do not tap or jar cartridge during filling.

Y

Install filled cartridge in SV748770 (24 110) canister and install cartridge
in test rig as shown in Figure 2.

Adjust flow of nitrogen to 25 cfm or to a pressure drop of 5 inches H2O
across  the canister, whichever occurs first as the nitrogen flow is increased.

_ Record nitrogen flow and canister	 P.	 Repeat fan 20 cfm (or 4 inches H2O
p P) and 30 cfm (or 6 inches H2O A P).

4.5 Vibration Test

Install the HS-C loaded cartridge (Paragraph 4.4) in the test structure
.. as shown in 'Figure 3.

Vibrate the test item such that the vibration inputs at either control
accelerometer location are at the following levels:

X-axis random vibration - 1 minute 0 12.4 g RMS

20	 - 265 Hz	 .005 g2/H7
265	 - 750 Hz	 +12 db/octave

750	 - 850 Hz	 .3 g2/Hz
850	 - 200 Hz	 -12 db/octeve

Sinusoidal vibration - 3 octave/min
i

5 -	 14 Hz	 .2 in D.A.
14 - 100 Hz	 2G

lco -	 14 Hz	 2G
14 -	 5 Hz	 .2 in D.A.	

e

Filter the control accelerometer during each test. 	 Filter other accelero-

meter outputs during playback.	 Plot control and response date to slow
filtered g's versus frequency for sine data and g2/Hz versus frequency
for random data. .s

5.0 Special .Instructions

Not Applicable

6.0 Data Presentation

Tabulate the test results to show % of beads with irregular surfaces, apparent

+ density in gm/ml, CO2 adsorption ir_ % by weight and gms/liter, and pressure J
t,.

A-3
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6.o	 Data Presentation (continued)

drop across the canister in in. H2O for each of three gas flow rates for
samples taken before and after the vibration test.

Figure 1

Lab Rig Schematic (Adsorption Test)

ARC	 D.A. cnwo ►-^tiar^ ^ Fww cOA FLOW METER
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When location "A" is used as the control accelerometer, location "B"
shall be used for response data and vice versa.

I

Cartridge Installation Procedure

`-^	 1. Back off adjusting screws to clear canister.

2. Position .014 shim between screws and canister.

3. Adjust each screw until shim is snug between screw and canister.

4. Back, off screws only enough to remove shims. Turn each screw clockwise
1800 +00 Y -150.
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REPRODUCIBILITY

For preparation of HS-C for Test Series III, five batches were made.
Capacitor testa at. standard conditons (p 53) showed excellent reproducibility

as shown in Table B-T.



d95
Preparation CO2.Capacity H2O Opacity	 Density hate Weight

N^miber* A by Wt. by M.	 dni dared Prepared

P-9130-11-A
P-9130-11-B

1.95
1.90

4.50	 .372
-	 .374 2/2/72 1,2S lb

Y

.d
SIC

P-9130--iII-A 1.$$ -	 .376
2/3/72 1.25 1bP-9130-IIl-B - -	 -

P-9130-IV-A 1.87 -	 .378
2/3/72 1.25 lbP-9130-IV-B - -	 -

P-9130-V-A 1.88 -	 ,388 2/4/72 1.25 lb
P-9130-V-B - -	 -

P-9130-VI-A 1.89 .378 2/7/72 1,25 ]b
P-9130-VI-B 1.86 -	 .378

*NOTE:	 'This Series was prepared in 1,25 pound batches which were given the designation, Le.,
P-913U-II.	 Each batch was stored and subsequently tested in 0.50 liter containers
labeled, i.e., P-9130-II-A or P-9130-II-B.
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 Standard	 A0%	 SvHSER-6040	 a %

TEST t;u. 	 'A"rAMI L TON TANDARV

P LAN _F __M5 T

J011:	 I=:::.RLL i1i. -iliUU].t31j:71 	
KAN PPA PARI0 8Y' ..L- ,,7 T._U»UdL-6 __

PROJECT Ae 011DEk:.. '.'^`L.mm^k ^,, ^' C1,.^j	 _^.^ 	 _^^_	 AppwV9D Ey:

testinToxi cant	 -^	 TES IN 	 C, T'R^r^m^ :YeINSTRL{rT`ION:	 '	 ._._. _.:^_...___....._.___. _... __. _	 —	 -	 _ _	 ..._.Y.:..

TIME PLRIOD:

T, WHAT IS ITEM 13L ING TESTED

2, WHY IS TEST L'EING RUNT WHAT WILL RESU LTS 511O.W OR OF USIM FORT

3. DESCRIBE TEST SET UP INQ DOING rNSIRUMENTATION. ATTACH SKLICH OF INSTALLATION.

4. ITEMIZE RUNS TO BE MADE GIVING LENGTH OF EACH ANO REAOINW.; TO BE TAKEN.

^J. SPECIAL, INSIRUCIIONS; SAFETY PRECAUTIONS FOR OPERAT ORb AND HANDLING LOU1PMENT.

OBSERVATIONS BY SIGHT, FEEL; OR HEARING. LIST POINTS OF OBSERVATION WHICH MIGHT

CONTRIBUTE TO ANALYSIS OF (A) PERFORMANCE OF UNITS, (G) iNGIP1ENT TROUBLE BEFORE

IT OCCURS. AND (C) CAUSE OF FAILURE.
-a

I

B. NOW WILL DATA BE USEu OR FINALLY PRESLNTEb T GIVE SAMPLE PLOT, CURVE, OR TABULATION

G
AS IT WILL BE FINALLY PRESENTED.

r

NUMBER ENTRY AS LISTED ABOVE AND DESCRIBE BELOW

Purm?se
s

RA t yFi^y_-- 7

a,L ^^7era_f t,rrnnr. uT t; _ ri.ti1 tuidef fined failure mo rie c Y c_~^+,; ori^_._
- - -	--

t eu	 ;i:e	 rc^ vire^.^'^ =S^nt̂ t	 Ll&t+ ;n ecn#tti^i•::'i^ii;_1
and npl+.i._ mfiX17F1Tltil f'^Z ^Q.^^it$l	 ^cB_#-j eu^L^_^

L.	 and 168 trouts after such a failure.
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0.	 It 1.. a 5 _, _r'	 lb ii.	 _ 7a7	 ^rt ..
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t 	 ^ry ^y	 1
a-jag_an  '_Tr	 l f 1 74 Cnl , 7 yli. ^

t bed w'L-i Is+ l t i`• 8Lt^. t̂,c..^^
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AMMNIA TESTING

Test Procedure

1. HS-C was tested for ammonia as follows. A 5.0 gram sample of resin
was placed in a 1000cc stainless steel cylinder and evacuated to
38 mm pressure, back filled to 14.7 psis with bone dry air and
stored at 155°F for 72 hours. The pressure was vented to 14.7 psa
after an initial heating period of 2 hours. Following Cie heat soak,
the container was removed from the oven and stored at room temperature
for 24 hours. A sample of the gas over the resin was then transferred
to a 10 cm. IR cell (10 psis pressure).

2. A NASA standard gas was used to.calibrate HSD IR equipment at .500 ppm
NH3 in a 10 cm cell.

3. A newly purchased HSD gas was used to calibrate HSD IR equipment at
94 pprr.. Agreement with NASA's 500 ppm sample was «10% cm cell..

Test Results

1.	 "Wet 14S-C"*, when tested to D-NA-002 gave 2120 ppm NH3 above HSD
sample containers.

Z.	 "Dry IIC-C"**, when tested to D-NA-002 gave 1200 ppm
test.

3. "Wet HL5-0 1 , after test, was evacuated for 30 minutes and let up to
room air for 30 minutes equilibration. Ibis gas then measured :510-20

x	 ppm NH3 when a 5x expansion was used with the 10 cm IR cell.

4. "Wet 14S-C" gives 267 microgram NH3

gm sample

"Dry HS-C" gives 152 microgram NH3 when data from 4. and 5. above are reduced.
r

 legm saw
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Hamilton Standard DIVISION OF UNFTCO A
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RAPT CORPORATION	
INTERNAL

A	 CORRESPONDENCE

Please address answer to
Mail Stop No. 1a-2-5

December 30, 1971
sm 623

Memorandum to: Dr. P. J. Lunde

cc: Messrs. W. A. Blecher
R. L. Fischer
F. Kester
P. Perkins

Subject: Toxicant Testing on	 and Rig 88

Four gas samples, one from rig 88 and three from an outgassing study on HSC Sample
Prep 7489-92 (tested in rig 88) were sent to Analytical Research Laboratories, Inc.,
160 Taylor Street, Monrovia, California for toxicant analysis. The results of the
gas analysis are given in the attached report. The results of a blank . analysis on the
empty sample cylinders prior to the actual test are also included. The conditions
under which the rig 88 sample was taken are available from Advanced Engineering; the
procedure by which the HSC samples were obtained is as follows* three separate
samples of 0.20 g of HSC were heated for periods.of 1, 7 and 24 hours in a test rig
of total volume of 0.05 cu. ft. at 180°F in air at 760 mm. The test rig consisted of
a 400 cc stainless steel cylinder containing the sample and which was placed in an
oven. This was connected to a 1000 cc stainless steel cylinder by a short Length
(8 in) of SS, 1/4" tubing which was outside of . the oven.

In the case of the sample heated for l hr., a portion of the larger cylinder was im-
mersed in liquid nitrogen for the duration of the test. The same procedure was followed
during theJast 2 hrs. of the 7 hr. test and.the last 4 hrs. of the 24 hour test. This
procedure was used to provide a driving force for the transfer of the offgassed products
from the small cylinder through the tubing connecting it to the larger cylinder.

The presence of the.brominated compounds in the HSC sample is explained on'.the basin
that this sample had been tested in rig 88 where.it adsorbed and held these contaminants.
If the brominated compounds are neglected, the HSC samples still fail the test on the basis
of the amrionis, content, aromatics and total hydrocarbons.

Prepared by:
A.. -Rub y
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TABLE No. 1

Maximum allowable toxicant levels, HSC

Material m4L/M3
3 Carbon Monoxide 3.2

Total Hydrocarbons 14 .7
Ethylene Glycol. 2.5
Halocarbons 0.536
Inorganic Acids oxoft
Aromatic Hydrocarbons 0.319
Ketones 5.88
Ammonia 1.73
Aldehydes O.n123
Oxides of Nitrogen 0.094
Hydrazine 0.0655
Alcohols 1.31

1	 2^butanone 29.4
Carbonyl Fluoride 6.75
2-methyl butanone 35.2
1,1,2-trichloroethane 153,

c
t

1,2,2-trifluoroethane 153-
9
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^milton N 	,. UM„	 SVHSER-6040
iariC: "f ^ now	 Lub/:hipper

ANAU r ICAL RESEA=1: LABORATORIES, In.	
L°,I Number

160 TAYLO14 §TKCCTo P.O. NUX 367, MUMMOY1A, CALI/ORMM 91016 	 •	 s10 0117•MX47	 101022

NaLarinl Mu«ple ldentity Date Received
Hamilton Standard/4 gas cylinders 10/21/71

P.O. or R.P. Humber Roquoatod By

SS008576NL Armand Ruby
Worlc Ordor	 7 Emplc Dlopoi;ition Nature of Hazard Duo Date
5098-01 Retain	 Return	 C Destr

Ship To:	 P. Q. Box 343Hamilton Standard, j
Windsor Locks, Connecticut 	 06096

Nark For:

j
Nature of Work ,and Information Desired

Background Sampling of Gas Sample Cylinders
P

SUMMARY OF LABORATORY REPORT

The four sample cylinders received from you were evacuated to approximately 10 	 tors,
flushed twice with helium, filled to 15 psig with helium, and transferred to an oven
maintained at 350C for 12 hours.	 Following this exposure, the bottles were placed
on.a gas chrcmatograph gas sample system and their contents cryogenically trapped
for analysis.	 These analyses are shown on the attached tables.	 The values reported
are the total micrograms of each component found in the one liter of gas tiransferred
through the cryogenic trap.
This document and the attached data represents a certification of the trade analysis
and cleanliness on the examined gas cylinders.
These sample cylinders were returned for sampling the outgassing of your sorbent

#	 -bed.	 We are looking. forward to an early. receipt of the collected samples. =`	 ^

Analyst Date	 Ap	 ved B Invoice
C. L. Deuel 11/18 /	 f

r ..G
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ANALYTICAL RESEARCH LABORATORIES, INC. 	 Laboratory/Shipper
160 Taylor Street, P.O. Box 369 	 Log Number

Monrovia, Calif. 91016 	 101022A

Material/Sample Identity	 Date Received
Hamilton Standard/4 gas samples	 12-3-71

P.O.  or K.F. AunDer	 Requested
ssoo8576NL	 Ron Corriveau/cc: P.rmand Ruby
or OrderIamp a Msposition	 Nature a czar	 a e
5098-01 	 q Retain q Return q Destroy

,Ship To:

	

	 Hamilton Standard, P.O. Box 343,
Windsor L=ocks, Connecticat o6o96

r or:

Nature of ar and Tnformation Wsired

1

Trace Gas Analysis of Supplied samples

Summary of Laboratory Report

The four gas samples were divided on a vacuum rack to provide aliquots for
at. 'Least two gas chromatographic examinations one for wet chemical and one
for mass spectrometric analyses. The results of these studies are found in
Tables 1-3..

The brominated co- ounds listed in Table 1 were identified by mass spectro-
metry. The dibromoethylene compounds were unequivocably identified, but the
assignment of the proper isomers could not be made by mass spectrometry. The
cis and trans isomers of 1,2 dibromoethylene were assigned primarily because
the resolution of these two peaks by gas chromatography indicated a probable
spread in boiling points. The 1,1 isomer's boiling point is quite close to
that of the 1,2 isomer, while the cis-trans isomers offer a larger spread.

+ It could, however, be considered equally significant that in samples 2,3 and
4 only one isomer was present. Since the cis-trans forms are generally ming-
led, a choice of the 1,1 and 1,2 isomers might be indicated.

Z.

The unknown listed in samples 1 and .2 is the wine compound. It was not re-
solved by gas_chromatograph from the tribromoethylene peak, and was not
identified by mass spectrometry. There was some indication that it is probably
brominated gleetylene tvma gompound.	 'r

Analyst	 Date	 roved	 Invoice No.
C. L. Deuel	 12-22-7

C-11
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e+Nal. OI 1..RR.^Standard SVHSER-604 0.

' GC - MS TRACE ANALYSIS . OF HAMILTON STANDARD

v, SAMPLES, mg/m3 --

SAMPLE NUMBER

Com2ound	 1. R1G88 11-17 2. HSC 7 hrs. @ 1800 3. HSC 24 hrs. @ 180° 4. HSC 1 hr. @ 180°	 -	 -

Methylene Chloride - 3.8 0.039 -
Methyl .Chlorofortn 0.0067 0.0015 0.026 0.0080

Tetrachloroethylene 0.00027 - 0.097 0.37
1, 1 Dichloroethane 0.00057 - 0.0009 -

Trans dibrnmoethylene 770. - - -
Cis dibromoethyiene 820. 2.2 0.2 0.0022

Tribromoethylene 1350. 62. 100. 39.

Toluene 0.30 0.82 1. 1 .1. 5

Methyl alcohol . : . 0. 02 6 - 0.51 0.73

Isopropyl alcohol 0. 48 0. 50 0.076 0.089

Acetone 0.67 0.92 0.65 0.80
r

Unknown 6.s. .13 - -
3

Carbon Monoxide* N. D. N. D. N. D. N. D.

-*N, D.	 s None Detected, or less than 5 ppm with the analytical system used.

TABLE 1



CR-IlSS68

Pei SVHSER-6040
rw

MASS SPECTROMETRIC ANALYSIS OF HAMILTON

STANDARD SAMPLES, Vol 0/0

SAMPLE NUMBER

Compound	 1. RIG88 11-•17 2. HSC 7 hrs. @ 180°F 3. HSC 24 hrs. @ 18A 4. HSC 1 hr. @ 180°F	 - - ----

Hydrogen	 0.14 N. D. N. D. * N. D.

Helium	 N. D. 0.05 0.45 0.05
ta

Nitrogen	 79.2 78.1 77.8 77.9	 T

Oxygen.	 20.2 20.8 20.7 21.0

Argon	 0.03 0.91 0.90 0.90

Carbon Dioxide 	 0.38 0.11 0.17 0.15

Water	 0.04 0.01 0.04 0.03

*N.. D.	 None Detected. <. 005 016

{

TABLE 2 -	 - -
3



SAMPLES, PPS

SAMPLE NUMBER

1. R1G88 11-17 2. HSC 7 hrs. @ 180°F 3. HSC 24 hrs. @ 180°F 4. HSC 1 hr. @180°F

88 28 73 31

<1 2 ^1 3

41 [1 <1 <1
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SVHSER-6040

INPUT/OUTPUT PARANMRS

Input Parameters

Program Control Constants.-

Data Loc. S	 of Definition Units

1. TIT Calculation time interval min

2. 1MA)t Maximm time duration of transient min

3. PRINT Input 1.0 to print system output variables
each DT; input N to print system output
variables each N(DT) minutes (N-any positive
integer)

4.. PLOT Input 0. - No printer plots outputed
Input 1. - Printer plots specified in

- section 1.2 outputed v

S. FN ;Number of nodes

6. IND Input 0. - system initially adsorbs
Input 1. - system initially desorbs

7. IDES Input 0. - system vacuum desorbs
Input 1. - system gas purge desorbs

8. ISOT Input.0. - system performs isothermally
Input 1.	 system performs nonisothermally

9. XJ Number of passes through PVAC each system
Pass

12. PRILST Same as print but for last full cycle.

Initial Conditions. -

11. ICXC Initial loading of CO2 on X sites

IZ. ICYH Initial loading of H2O on Y sites $

13. ICZC Initial loading of H2O on Z sites

al
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Hamilton.,,..,.. ,,,.,.pup,„ ^^,^.„^, CR-115568
Standard SVHSFR-6040

Data Loc. S	 o1 Definition Units

14. ICYHC Initial loading of CO2 onlYH2O sites I

15. PIH2O
i

Inlet Partial pressure ofIH 2O mmHg

16. PICO2
S

Inlet partial pressure of 	 D2 mmHg

i
s

Pro am Constants. -

2l. XOL Ultimate loading capacity of CO2 on %
X sites

22. YOL Ultimate loading capacity of H2O on Y sites	 %

23. ZOL Ultimate loading capacity of H2O on Z sites

24. KX Forward rate coefficient for CO2 on 1
X sites Rug-

25. KXR Reverse rate coefficient for 002 on 1
X sites ttAr

26. KY Forward rate coefficient for H2O on 1
Y sites m̂̀i -Tg-

27, KYR Reverse rate coefficient for CO 2 on 1
Y sites min

28. KYH Forward rate coefficient for OD2 on I
YH20 sites m

29. KYHR Reverse rate coefficient. far CO2 on 1
YH20 sites min

30. KZ Forward Rate coefficient for H2O on 1
Z sites

a

.v.
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F.	 .

Data 1,oc. S	 1 Definition

32. MZT Bed weight

33. PAIR Process gas pressure at bed inlet

34. Q Process gas flow

35. TCIN Coolant inlet temperature

36. TGI Process gas inlet temperature

37. PIN Bed inlet total pressure during vacuum
desorption

38. POUT Bed outlet total pressure during vacuum

Hamilton	 UDiVIS X.0. ("T[p 11NCA4/t GOFl4 &Tplo

Standard	 As

desorption

CR-115568
SVHSER-6040

Units

lb

mmHg

ft3/ min

OR

OR

mmHg

mmHg

39. ADSORB Adsorption cycle time min

.	 40. DDSORB Desorption cycle time min

41. VB Bed void volume ft3	 +

V	 42. XNU Viscosity lb-sec/in2

43. DIA Bead diameter inches

44. :LB Bed length ft

45. WeTOT Coolant flow rate lb/min

.-	 46. CPC Specific heat of cool ant flow BTU/1b-'F

47. LB Bed length ft

48. ABM Heat transfer area between bed ft2
and heat exchanger

49. AAMBT Heat transfer area between heat ftz
exchanger and ambient

r+	 50. WHX Heat exchanger core weight lb

51. WBED Bed weight lb

52. CPHX Heat exchanger specific heat BTU/Ib- °F

53. CPBED Bed specific heat BTU/lb-°E

.a
^.

I^-3	
-

s __	 4L



CR-115568
Standard	 q
	

SVHSER-6040

Data Loc. 	 Symbol Definition	 Units

54.	 AB Bed cross sectional area 	 ft2

55.	 AIM Heat exchanger cross section area 	 ft2	 -

56.	 KB Bed axial conductance 	 BTU/min-ft-OF

57.	 KHX Neat exchanger metal thermal conductivity	 BTU/min-ft-°F

58.	 TAMB Ambient temperature	 OR

59.	 HAMB Ambient hest transfer coefficient 	 BTU/min-ft2 OF

60.	 NPT1 No. of points in hB vs WT curve

61.	 NPT2 No. of points in hHX vs we curve

o2.	 PRI.AST Durling last cycle print every PRLAST (DT) 	 N.D.

A Cross sectional area of bed 	 in•2

64.	 E Void fraction	 N.D.

Curve Inputs.-
3

1.	 Heat transfer coefficient, hB vs flow rate

l Data Location Input

101 to 120 Values of flow through bed (1b/min)
121 to 140 Values of heat transfer coefficient

corresponding to values of flow in
data location 101 to 120.

2.	 }feat transfer coefficient, h e vs coolant flow rate

Data Location
a

Înput

141 to 160 Values of coolant flow (lb/min)
161 to 180 Values of heat trimsfer coefficient

corresponding to values of flow in
data location 141 to 160.

A description of the subroutine. LOAD follows along with.an  example of the
inputing of data.	 The example used is for the test case included in the
source listings.
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NAM: LOAD
CATEGORY: Input/Output
TITLE: Standard Load Routine
PURPOSE: This routine loads a variable amount of floating point

decimal input.
METHOD: To load variables, 2 dimensional or 3 dimensional or

arrays programer must use gEQUIVALENCE statements to
assign these parameters storage as part of the one
dimensional array.used as an argument to LOAD.

Program Information
The two items in t is group specify the number (n) of
pieces of data to be loaded per card or line, and where
in the computer memory, location number, to put this input
data.	 The local:--on number is also used to terminate
loading and start computing the results.	 See HS Form
1199A 9/63.

A)	 "n" specifies the number of pieces of input data to
be loaned on this card or line and is a number from
1 to 5 written without a decimal point.	 "n" is coded
in card co umn

USAGE:

B) Location number, specified by the particular program,.
defines where the first piece of input data will be
loaded in the computer memory. Successive pieces of
input data will be loaded into successive locations
in memory. The location number is coded in card colums
3 through 12. Other features and requirements are:

1. The location number must be written with a
decimal point.

2. If the location number is omitted, the input data
on this card will be loaded consecutively in
memory following the previously loaded input data.

3. A minus sign before the location number terminates
loading at the end of this card line, and the
computer will proceed to calculate the results of
-the analysis.

4. The input data is coded such that the first piece
of data is in card columns 13 through 24, the
second in card columns 25 through 36, etc.

CALL LOAD (DATA)
DATA - 1 dimensional array floating point into which
data is to be loaded.

D-5
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Output Parameters

The following system variables are printed out ea'h print interval
(set up by PRINT (3)).

SYMBOL,	 DEFINITION UNITS	 j

TIME	 Transient elapsed time min

PCTL	 Total percent loading on bed $

EFFH	 H2O removal efficiency %

EFFC	 002 removal efficiency $	 '

LTH2O	 Total loading of H2O on bed %

LTCO2	 Total loading of 002 on bed %

LM12	 Total loading of H2O on Y sites %

LZH2	 Total loading of H2O on Z sites $

LXCO2	 Total loading of CO2 on X sites $

LY]1C	 Total loading of 002 on 1,'H20 sites $

TCOUT	 Averag:	 atlet coolant temperature OR

The following variables are printed nodally or at nodal interfaces

Weight percent adsorbed by nodes
LTCO2	 -	 Total CO2
LTH2O	 -	 Total H2O	 a

Flow rates between nodes
CO2	 (lb-moles)/min
H'0	 (lb-moles) /min
Total	 (lb-moles)/min

Rate of adsorption ....
002	 (lb-moles)/min
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The following system variables vs time are also printer plotted at the end
of each run:

PCfL	 PHOUT	 TG(out) - outlet process gas temperature

LTH20	 PCOUf

LTCO2	 TCOUC

PROGRAM SOURCE LISTINGS

The source listings of each program module shown in the computer printout
are included in this section, with the exception of subroutines BEGIN, LOAD,
PPLOT,and PACK which are listad in "Digital Computer Program for Desiccant
Humidity Control System" date 21 July 1971.

PERFORMANCE MATCHING

A sample case has been processed to simulate cycle 16 of Rim Series III
of the large scale tests and is included on pages D-22 through D-57.

The computer program utilizes eleven constants to describe the reaction
kinetics at a given temperature. Three of these are the basic capacities
associated with each kind of adsorption site while the remaining eight are
the forward and reverse reaction rate coefficients associated with each of the
four kinetic reactions. These constants can be determined experimentally
using thermogravimetric equipment. Alternatively, the eleven constants can be
manipulated to match large scale test performance. In this case the basic
rate data determined for an earlier material preparation was used as a point
of departure and the individual Yates then adjusted to match the large scale
test results. The capacities associated with each of the basic ac:serption

_	 sites were scaled on the basis of the quantity of coating used in the prepar-
ation. The forward and reverse rate coefficients were adjusted to fit the
experimental breakthrough curves and to provide the observed interactiornls
between water and CO 2 capacity. It was necessary to increase all of the for-
ward rate. coefficients to produce correlation with the test data. CO2 break-
through curve is quite fast and therefore simulation consists simply of
achieving the correct cyclic capacity. The water adsorption curve does not
completely breakthrough and requires curve fitting at the experimental
valve of cyclic capacity. The water breakthrough curves for cycle 16 of..
Rim Series III and the results of the sample printout of the computer
simulation are shown in figure D-1. It is evident from figure D-1 that the
revised rate coefficients permit a satisfactory fit of the test data.

D-7
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The computer was then used to prepare graphs of performance similar to
the experimentally derived figures 13, 14, and 15 of the main body of this
report. 'these are presented as figures.D-2, D-3 and D-4. Comparison with
the experimental data shows similar trends, indicating a satisfactory com-
puter. program. In the case of capacity as a function of flow rate, it must
be pointed out that the computer run is for a bed of half the size of the
comparative test data, 'Therefore it is to be expected that the curve will
be foreshortened along the flow axis.
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HS—C LARGE SCALE PARAMETRIC TESTS

EFFECT ON INLET HUMIDITY ON CYCLIC CAPACITY
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PROGRAM FLOW CHARTS

Figure D-5 illustrates a general flow chart of the program.

A complete set of "Auto Flow" charts is included in this appendix

following the sample case printout.

PROGRAM SYMBOL DEFINITIONS

This section relates Fortran names to physical quantities in each of
the subroutines.

Main Program

5YMBOL DEFINITION UNITS

ADSORB Adsorption cycle time (min)

tVCO2 Total loading of 002/node ( )

APH20 Total loading of H2O/node M

DCO2 002 adsorption/desorption . rate/node (lb-mole/min)

DESORB Desorption cycle time,
a

(min)

kO H2O adsorption/desorption rate/node (lb-mole/min)

DIFF Difference between present average coolant {°F}
outlet temperature and past average coolant
outlet temperature

at Nodal 002 inlet flow rate (lb mole/min)

DMCO CO2 flow rate out of each node
9

(lb mole/min)

DM-I Nodal H2O inlet flow rate (lb mole/min)

DMHO H2O flow rate out of each node (lb mole/min)

DT Computing time interval (min)

DTP Computing time interval for subroutine PVAC (min)

EFFC CO2 removal efficiency
y

($)

EFFH H2O removal efficiency ($)



Hamilton.-..w,.^.Uw..,.,,.M .,".
Standard	 Re

y(^

i

CR-115568

SVHSr-R-6040

(ORAL PLOW CHART

MAIN PROGRAM

H465



CR-115568

SMSER-6040
Hamilton rNr 	U.vr+ n: urr..^[r ^.-N. awe ^..w.t wrw^ N]N

Standard	 Ron

SYMOL DEFINITION UNITS

FN Number of nodes

a
I nodal index

Y

ICXC Initial loading of 002 on X sites (^)

ICYti Initial loading of 1120 on Y sites [$)	 i

s

.
a

ICY}TC Initial loading of COZ on YH2O sites (^)

ICZC Initial loading of H2O on Z sites {$}

IDES Indicator used fcr system desorption

ISOT Indicator used to operate system
isothermally or nonisothermally

IND Indicator used to specify whether
system is adsorbing or desorbing

JIND Indicator from subroutine ALOGIC
_ specifying whether the program is

in its lst pass, or whether on adsorb/
desorb or desorb/adsorb switch has
occurred

KX Forward rate coefficient for CO 2 on
X sites

KXR Reverse rate coefficient for COQ.
on X sites

KY Forward rate coefficient for H2(7
on Y sites

KYH Forward rate coefficient for CO2
on YH2C sites

KYHR Re-rerse rate coefficient for CO2 t
on YH2O sites

KYR Reverse rate coefficient for H2O
on Y sites

KZ Forward rate coefficient for H2O f

on Z sites a

D-15
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SYMBOL DEFINITION

KZR Reverse rate coefficient for H2O
on Z sites

LTCO2 Percent loading of CO 2 on bed

L'[1-120 Percent loading of H2O on bed

LXCO2 Loading of CO 2 on X sites

LYH2O Loading of H2O on Y sites

LYHC Loading of CO2 on YH 2O sites

LZHZ Loading of H2O on Z sites

MCO2 Molecular weight of CO2

MH2O Molecular weight of H2O

ATTC0Z Total mass of CO2 on bed

M20 Total mass of H2O on bed

MZ Bed weight/node

MZT Bed weight

N Number of nodes

NPLOT Indicator use to obtain printer plots

NPRINT Indicator used to print system output

PAIR Total pressure of process gas

PCO Bed outlet OD2 partial pressure

(fig)

(mmS)	 a

PCOUT	 Nodal outlet partial pressure of CO 2	(mdig)

PCO2	 Nodal inlet partial pressure of CO 2	(Mcg)

PCTL	 Total percent loading on bed 	 ()

PHO	 Bed outlet. H2O partial pressure	 (mmHg)

PHOUT	 Nodal outlet partial pressure of H 2O	 (mmHg)

z`

€?-16
F^

CR-115568
SVHSER-6040

UNITS

M

M

(lb/lb)

(1b/lb)

(lb/lb)

(lb/lb)

(lb/lb mole)

(lb/lb mole)

(lb)

(lb)

(lb)

(lb)
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Standard	 A^
	 SWSER-6040

SYMWL

PH20

PICO2

PI112O

PIN

POUT

Q

R

TB

TCIN

TM

TCOUfL

DEFINITION UNITS

Nodal inlet partial pressure of H2O (mmHg)

Bed inlet partial pressure of CO2 (mmHg)

Bed inlet partial pressure of H2O (mmHg)

Bed inlet total pressure during vacuum (mmHg)
desorption

Bed outlet total pressure during vacuum (mmHg)
desorption

Process volumetric flow rate (ft3/min)
1

Gas constant	 (555 ft5-mmHg/°R-lb mole)

Bed nodal temperature (°R)

Heat exchanger coolant inlet temperature (°R)

Average coolant outlet temperature (°R)

Past value of average coolant outlet (°R)
temperature

Process gas nodal temperature (°R)

Process gas inlet temperature (°R)

Elapsed transient time (min)

Maximum time duration of transient (min)

Mass flow rate of process gas (lb/min)

Coolant mass flow rate (lb/min)

Loading of CO2/node on X sites (1b-mole/Ibb6d)

Ultimate loading rapacity of CO2 ()
on X sites

Loading of CO2/node on YH2O sites (lb mole/lbbed)

YH2O sites available for CO2 adsorption (1b mole/lb)

which have absorbed H2O

D--17
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SYBMDL DESCRIPTION	 ^ UNITS

YOL Ultimate loading capacity qE H2O on M
Y sites

ZOL Ultimate loading capacity o£ H2O on M
Z sites

Subroutine TEMP

SYMBOL DESCRIPTION UNITS

AAMB Heat transfer area between heat (ft2)
exchanger and ambient/node

"MT Total heat transfer area between (ft2)
heat exchanger and ambient

a

AB Bed cross sectional area (ft2)

ABHX Heat transfer area between L,.-.,d and (ft2)
heat exchanger node

ABIUr Total heat transfer area between bed (ft2)
and heat exchanger

ACIiX Total Feat exchanger heat transfer surface (ft2)

AIIX Heat exchanger cross sectional area (ft2)

CPBED Bed specific heat
l

(BTU/lb-2F)

CPC Specific heat of coolant flaw (BTU/lb-°F

CPHX Heat exchanger specific heat (BTU/lb-°F

DELL Bed length of each node (ft)

DMCO CO2 	 rate out of each nodeZ lb mole min^	 /	 )

DMHO H2O flow rate out each node (lb mole/min)

Tn' Subroutine computing time interval (min)

I  Heat transfer coefficient between: (BTU/ft2-min-6F
heat exchanger external surface and
ambient



DEFINITION	 UNITSSYMBOL

HB

HXX

I

JIND

KB

KHX

K1

K1l

K3

K4

Heat transfer coefficient between (BTU/ftz-min-°F
process gas and bed

Heat transfer coefficient between (BTU/ft2-min-°F
coolant air and heat exchanger surface

Nodal index

Indicator specifying whether the program
is in its 1st pass or not

Bed axial conductance (BTU/min-ft-°F)

Heat exchanger metal thermal conductivity (BTU/min-ft-°F

Total process gas (diluent + CO2 + HZO) (lb/min)
mass flow rate

Absolute value of total process gas (lb/min)
mass flow rate

Effective heat transfer coefficient (BTU/min- °F

for bed axial conductance

Effective heat transfer coefficient (BTU/min-°F
for heat exchanger axial conductance

Bed length (ft)

Heat capacity of bed/node (BTU/ OF

Heat capacity of heat exchanger/node (BTU/ OF

Number of nodes

Heat of adsorption (BTU/min)

Heat transfer rate between process (BTU/min)
gas and .bed

Heat transfer rate between heat (BTU/min)
exchanger and bed

Axial heat transfer rate into bed node (BTU/min)

Axial heat transfer r*te out of bed node (BTU/min)

LB

MGB

MCHX

N

QR

Q1

Q2

Q3

Q4

r	 ^	 1	 r

CR-115568
SVHSER-6040Hamilton	 U
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SYMBOL DESCRIPTION UNITS

Q5 Heat transfer -rate between coolant and (BTU/min)
heat exchanger -

Q6 Heat transfer rate between ambient and (BTU/min)
heat exchanger

Q7 Axial heat transfer rate into heat (BTU/min)
exchanger node

Q8 Axial heat transfer rate out of heat BTU/min)
exchanger node

TAME Ambient temperature (°R)

TB Bed nodal. temperature (°R)

WIN Coolant inlet temperature (°R)

TCOUT Coolant nodal outlet temperature (°R)

TGI Process gas inlet temperature (°R)

TG Process gas nodal temperature (°R)

THX Heat exchanger nodal temperature (°R)

TIME Elapsed transient time (min)

TOUT Average coolant outlet temperature (°R)

UAMB Heat transfer coefficient between (BTU/ft2-mi.n,-°F)
ambient and heat exchanger

UBHX Heat transfer coefficient between (BTU/ft2-min-9F)
heat exchanger and bed

WAIR Process gas mass flow rate (lb/min)

WBED Bed weight (lb)

WC Coolant mass flow rate/node (1b/min)

WCO2 CO2 mass flow rate (lb/min)

WCTOT Coolant mass flow rate (lb/min)



r	 j

Hamilton U
CR-115568

Standard
„^f,	 , ./INYfnfNNy

A SVITSER-6040

IfWL DESCRIPTION UNITS

WHX Heat exchanger core weight (lb)

WH2O H2O mass flow rate (1b/min)

Subroutine AM1SC

SYMBOL DESCRIPTION UNITS

DCO2 002 adsorption/desorption rate/node (lb-mole/min)

DH2O H2O adsorption/desorption rate/node (1b-mole/min)

DMC Nodal CO2 inlet flow rate (1b mole/min)

DMi Nodal H2O inlet flow rate (lb mole/min)

DT Subroutine computing time interval (min)

I Nodal index

IDES Indicator used for system desorption

IND Indicator used to specify whether system
is adsorbing or desorbing

JIND Indicator from subroutine ALOGIC defined
under Main Program Symbol Definitions

KX Forward rate coefficient for OD2 on
X sites

KXR Reverse rate coefficient for CO2 on
X sites

ICY Forward rate coefficient for H2O
on Y sites

KYH Forward rate coefficient for CO2
on YH2O sites

KY HR Reverse rate coefficient for CO2
on YH2O sites

KYR Reverse rate coefficient for H2O
on Y sites
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SYML DESCRIPTION

KZ Forward rate coefficient for H2 O
on Z sites

M002 Molecular weight of CO2

MH2O Molecular weight of H2O

MZT Nodal bed weight

W Bed weight/node

N Number of nodes

PCAVG Average nodal 002 partial pressure

PCOUT Nodal outlet pc, .:ial pressure of CO2

PL'02 Nodal inlet partial pressure of 002

PHAVG Average nodal H2O partial pressure

PHOUT Nodal outlet partial pressure of H2O

PH2O Nodal inlet partial pressure of H2O

TYH2O Total loading of H2O/node of Y sites

T Bed nodal temperature

XCO2 Loading of CO2/node on X sites

XO Ultimate loading capacity of CO2 on
X sites

XOL Ultimate loading capacity of CO2 on
X sites

XR Adsorption rate of CO2/node on
X sites

YHCR adsorption rate of CO2/node on
YH2O sites

YHOCO Loading of 002/node on YHZO sites,
also H20/node on these sites

YH2O Loading of H^0/node on : sites
with no CO2 accepted

UNITS

(lb/1b mole)

(lb/lb mole)

(lb)

(lb)

(fig)

(fig)

(fig)

(mmg)

(Meg)

(fig)

(1b mole/"tbbed)

(°R)

(lb mole/lbbed)

(lb mole/lbbed)

M

(lb mole/min/lobed)

(lb mole /min/lbbed)

(lb mole/lbbed)

(lb
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SYMWL DESCRIPTION

YO Ultimate loading capacity of H2O
Y Sites

YOL Ultimate loading capacity of H2O
on Y sites

YR Adsorption rate of H2O/node on
Y sites

ZH2O Loading of H2O/node on Z sites

ZO Ultimate loading capacity of H2O
on Z sites

ZOL Ultimate loading capacity of H2O
on Z sites

ZR Adsorption rate of H2O/node on
Z sites

CR-115568
SVHSER-6040

UNITS

(lb mole/lbbed)

M

(lb mole/min/lbbed)

(1b mole/lbbed)

(lb mole/lb ed)

(t)

(lb mole/min/lb
bed)

1- —
Subroutine FOUT

SYbBOL DEFINITION

MffM Total constituent loading on bed

311 Constituent inlet flow rate

DT Subroutine computing time interval

EFF Removal efficiency of constituent

FCT2 Mass of constituent passed through
bed during one computing time interval

HCOTC T Total mass of 002 passed through
bed at any t ime

H2OTOT ;sotal mass of H2O passed through
bed at any time

I Nodal index

IND Indicator used to specify whether
system is adsorbing or desorbing

UNITS

(lb)

(lb mole/min)

(min)

M

(lb)

(lb)

(lb)

3
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SYMBOL DESCRIPTION UNITS

LTOT Total constituent loading for each node M

AIDLWT Constituent molecular weigh: (lb mole/lb)

NIZ Bed weight per node (lb)

MZT Total bed weight (lb)

N Number of nodes

Pon Loading at site 1 (%)

PC MZ Loading at site 2 M

PCTL Total constituent bed loading M

'riw Total elapsed time (min)

X1 Constituent nodal loading at site 1 (lb mole/lbbed)

X2 Constituent nodal loading at site 2 (lb mole/lbbed)

Subroutine PVAC

SYMBOL DE1~INITTON UNITS

DCO2 CO2 adsorption rate/node (lb mole/min)

DEW Apparent laminar flow resistance

DH2O H2O adsorption rate/node (lb mole/min)

D1A Apparent bed restriction diameter (inches)

DMC CO2 flow rate out front end of bed (lb mole/min)

DMCO 002 flow rate out of each node (1b mole/min)

DhH H2O flaw crate out frmt end of bed (lb mole/min)

DMW H2O flow rAte out of each node (lb mole/min)

DMI Total.flow rate out of front end of bed (lb.mole/min)

DMD Total nodal outlet flow rate (lb mole/min)
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SYMBOL DEFINITION UNITS

DT Subroutine computing time interval (min)

I Nodal Index

JIND Indicator from subroutine ALOGIC
defined under Main Program Symbol Definitions

L Node bed length (inches)

N Number of nodes

PCOUT CO2 partial pressure out of bed (mmHg)

P002 Nodal average CO2 partial pressure (mmHg)

PHOUT H2O partial pressure out of bed (mmHg)

PH2O Nodal average H2O partial pressure (mmHg)

PIN Bed inlet pressure (mm[0

POUT Bed outlet pressure (mmHg)

Pt Nodal total pressure (WHO

PTA Average total pressure (mmHg)

R Gas constant (ft3-mmHg/°F-lb mole)

TG Nodal process gas temperature (°R)

VB Bed void volume (ft3)

VNODE Nodal void volume (ft3)

XLEN Bed length (ft)

MC Absolute viscosity (lb-sec/in2)

Subroutine PCAL

SYWL DEFINITION UNITS

DAD Constituent adsorption rate/node (lb mole/min)

0-25
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HAMILTON STANPARD	 PAGE T Of

PjAN gF _U$T

,o B: lksiccal^t l hunidity i:ontral System 	 ^^^,^ PR2 r AM :Q eY	 1' .l. I.Luide_

PROJECT A ONOER. I-01- 1 00-OOOA	 APPROVeF LIT.

INSTRUCTION: large Scale Impro ved M - C Material 	TEST &afidEA: 11. KnlnsbcrR

Demonstration Test
TIME  PER IOD: .^3L]u;jl V l9^— —	 — —	 TO Januaa 197 2 ^^^..

1,	 WHAT 15 ITEM BL ING TESTED?

2. 00 IS TEST BEING RUN T WHAT WILL RESULTS S# /OW ON BF. USED FC*7

3. DESCRIM TEST SET TIP INCLUI , ING INSTRUMENTATIUN.	 ATTACH SIIETCH OF INSTALLATION.

4. ITEMIZE RUNS TO BE MADE GIVING LENGTH Of LACI1 AND READINI,S TO BE TAKEN.

S, SPECIAL INSIRUCFIONS. SAFETY PRECAUTIONS FOR OPERATUR y AND HANULIN6 EQUIPMENT.
OBSERVATIONS BY SIGHT, FEEL, UR HEARING. LIST POINTS OF OOSERVATION WHICH MI(;b+T
CONTRIBUTE TO ANALYSIS OF (A) PERFORMANCE Of UNITS. ( G) Iff(lPIENT TROUBLE 6EFORE

IT OCCURS. ANr (C) CAUSE OF FAILURE.

6. HOA WILL DATA BL USED OR FINALLY PRFSLNTED T GIVE SAMPI.E PLOT. CURVE. OR TABULATION
AS IT WILL BE FINALLI PRESENTED.

NUMBER ENTRY AS L.STED ABOVE AND DESCRieE BELOW

"1 F - a,^+ p 1 .,0

VEST NU.

r5z

a
oa
W

9

I. 5 lbs. HS-C, pr"gkrg4 by 11ami Iton stand -r 

To demonstrate i roved fl y -C material for use on shuttle for

desiccant and CO2 control, in a,full scale test. 	 -

3. The conditioned air to the canister is run in a closed loop, i.e. air

effluent-Isom the can ister i s  reconditioned . aro- becomes_ incQ@ing air by

thg	 ion of water and COI. The Coiadded is weighed and reported for

each cycle,le, but this is not possible with the water because the water is^^

stored within the rig and cannot be easily measured.

Air must be added to the loop once each cycle to compensate for the

ullage lost during desorption; this air is weighed and reported.

During the adsorption cycle the control valves will be as shown and air

flow directed through the test canister. The C0 7 partial pressure at

the canister inlet will be maintained constant by adding CO2 under

closed looms control. The COi cylinder will be weighed after each cycle.

E-3
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TEST FLAN

'Pest Requirements

A. Test Equi"ont Reggirements

Hamilton Staulard test rig #88 will be used for this test program (see
Figure 1). It will provide a stream of conditioned air to the HS-C
material under test with automatically controlled pressure, flow rate,
C©z partial pressure, clew point, and temperature. The conditioned air
shall be maintained for the selected adsorption time while the canister
is cooled by a constant temperature water coolant. At the expiration of
this time desorption begins automatically with the isolation of the test
canister from the conditioned air and the application of a high vacuum
to the HS-C in its canister. The water coolant is maintained, and heats
the canister during desorption. The entire cycle is repeated until the
results repeat, when the system is said to be in "cycle equilibrium."

B. Reliability

The reliability of the test equipment must be such that the initial and
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LARGE: SCALE TESTS
R1[. 88 BIM DIAGRAM

See Figure 30, Page 39 of text

FIGURE I
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lk w point, preasure, inlet gas temperature, bed temperature and cycle times
will be autcmiatically controlled to test values by Rig 88. Desorption
vacuum will depend on rig capacity.

The 111;-C canister is to be set up on Rig 88 as shown in Figure 1. Rig 88
will be adjusted to give the desired experimental conditions during cyclic
operation.

Required measurements are as follows:

Units	 Accuracy

	

(.Ncle Time	 Minutes	 ±11 of Interval

Air Flow Rate

	

	 in 1120	 ±10% of Flow
Reported in CFNI

Inlcc Temperature OF +2*F

Inlet Pressure psia +0.2 psia

Hygrometer (dew point) OF +2°F

Water Temperature OF +2°F

Inlet and Outlet CO2 volts *2% of full scale
Reported as mm Hg (full scale = 5 mm)

Weight CO2 Added lbs *.02 lbs

Weight Air Added lbs *.02 lbs

Desorption Vacuum Microns *5% of non-linear
scale of Hastings
gauge, as calibrated
for air.

4. 11S-C Bed Weight, 5 lbs, Maximum

Nine runs will be made, with test conditions as follows:

Nominal:

Pressure
	

14.7 psi

PCO2
	 5.0 mm Hg

Tgas Inlet
	

70°F
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[bntinued

Dew Point
Bed Temperature
Inlet Flow
Half-cycle Time
Desorption Conditions

CR-1ISS68
SMSER-6040

52°F
80OF
20 cfm*
30 minutes*
80°F - Exact desorption pressure
will depend on rig considerations
since this variable is not under
direct control. Target pressure
is 20 microns.

*Or as appropriate for the HS-C system design.

Specific Tests:

ILut 1 Nominal conditions
13ut 2 Increased cycle time
Ehut 3 Decreased cycle time
Run 4 Decreased dew point (46°F)
Rut 5 Increased dew point (57°F)
ILut 6 Increased air inlet flow (3/2 nominal; or

maximum rig capability)
-	 W.ut 7 Decreased air inlet flow (2/3 nominal)

kut 8 Decreased PCO2 (3 tin)

Ikm 9 Nominal conditions

Each runt will be continued until a cyclic equilibrium is reached such that
the breakthrough curves for water and CO2 are essentially identical for two
successive cycles.

The sequence and numbering of these tests 2-8 may be varied to more efficiently
utilize the test equipment and manpower.

During each cycle of record the following variables will be measured at least
once or preferably continuously recorded on strip charts.

Inlet Dew Point (recorded as water coolant temperature)
Outlet Dew Point
Inlet P0D2
Outlet PCO2
Total Pressure
Inlet Temperature
Bed Coolant Temperature
Inlet Flow
Cycle Times
Desorption Pressure
Air Cylinder weight
CO2 Cyclinder height
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Continued

A cycle of record will be selected by noting that the controlled variables
have been constant for two successive cycles, and successive tracings of the
recorder charts for outlet P CO2 and dew point show no trends and in general
agree ± 1/8-in on the 10-in strip chart. Past experience indicates three
cycles are gerc rally sufficient if conditions are held steady.

The cyclic caFacity for ELm 9 shall be demonstrated at the end of 168 hours
of testing as at least 2% for carbon dioxide and 4% for water vapor.
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Desiccant timidity Control
	

PL AM PAE P ARto w'	 E.	 LIM2 P _

Pl+n.jccT A oRDER: B77-400-100A
	

AP rWV[D tv
	 W. A. Blether__,_

INSTRUCTION	 Large Scale HS - C	 TEST &V ofW d&A.	 H. Kolnsbcrn.

TIME PERIOD:	 October 1971_	 .  	 TO	 November 1971	 -_

1. VHAT IS ITEM SLING TESTED'

2. WNV IS TEST Of ING RUNT WHAT WILL RESULTS S#IOW Old BI UMM Poo'

3. DES t- 111 11111 TEST SET UP INCLUDING INSTRUMENTATION. 	 ATTACH SFIETC14 OF INSTALLATION.

a. ITEMIZE RUNS TO CE MADE GIVING LENGTH Of kAC11 AND READIN%sS Tn RF TAKEN

S. SPECIAL INS I WJCT10NS	 SAIETY PRECAUTIONS IOR UPERATON-3 Aho MANIKIN(, (901dENT.
OBSERVATIONS RV ^JGHT. TEFL. UN NEARING. LIST POINTS OF OBSERVATION WHIC14 Mltil4f

CONTRIBUTE TO ANALYSIS OF IA) PfR#ORAANCE OF UNITS. (oI INCIP I ENT TROUBLE 6EFORI

IT OCCURS. AND (C) CAUSE O ► FAILURE.

S, HOW RILL DATA BE USED OR FINALLY PPISLNTEO t GIVE SAMPLE PLOT. CURVE. OR TABULATION
AS IT WILL BE F INALL Y PRESENTED.

NUMBER EN TRY AS LIS TED A BOVL AND DESCRIBE SELOW

1. 5-10 lbs. HS-C prepared in house.

To dgwastratefeasibility NHS-C -material for use on shuttle for
desiccant and 002 control in a full scale test.

3. The conditioned air to the canister is run in a closed loop, i.e. air effluent
"`- from the canister is reconditioned and becomes incoming air by the addition of

water and 002 . The COZz added is weighed and reported for each cycle, but this
is not possible with tfie water because the water is stored within the rig and
cannot be easily measured.

Air must be added to the loop once each cycle to compensate for the ullage
lost during desorption; this air is weighed and reported.

During the adsorption cycle the control val-es will be as shoum and air flow
directed through the test canister. The CO2 partial pressure at the canister
inlet will be maintained constant by adding CO2 under closed loop control.
The CO2 cylinder will be weighed after each cycle.
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SVHSER-6040

M S`MR TEST PLAN

Test Requirements

A. Test Equipment Requirements

Hamilton Standard test rid; #88 will be used for this test program (see Figure
1). It will provide a str,;am of conditioned air to the HS-C materila under test
with automatically controlled pressure, flow rate, CO2 partial pressure,
dew point, and temperature. The conditioned air shall be maintained for
the selected adsorption time while the canister is cooled by a constant
temperature water coolant. At the expiration of this time desorption be-
gins automatically with the isolation of the test canister from the con-
ditioned air and the application of a high vacuum to the HS-C in its
canister. The water coolant is maintained, and heats the canister during
desorption. •I1ie entire cycle is repeated until the results repeat, when
the system is said to be in "cyclic equilibrium'.

B. Reliability

The reliability of the test equipment must be such that the initial and
final test runs are reproduced within the run tolerance (see item E below).

C. Loads

Not applicable

D. Predicted Environments

Not applicable

F. Allowable Tolerances

Each run shall be repeatable to the'"run tolerance", defined as + 10% on
CO2 and H2O capacity.

F. Applicable Standards

None
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f

Dew point, pressure, inlet gas temperature, bdd temperature and cycle times will
he automatically controlled to test valves by!Rig 88. Desorption vacuum will
depend on rig capacity.

The HS-C canister is to be set up on Rig 88 as shown in Figure 1. Rig 88 will
be adjusted to give the desired experimental conditions during cyclic operation.

Required measurements are as follows:

	

Units	 Accuracy

Cycle Time	 Minutes	 + 1% of Interval

Air Flow Rate	 in H2O	 + 10% of Flow
Reported in CFI

Inlet Temperature 	 OF	 + 2°F

Inlet Pressure	 psia	 + 0.2 psia

Hygrometer (dew point) 	 OF	 + 2°F

Water Temperature	 OF	 + 2°F

Inlet and Outlet CO 2	Volta	 + 21 of full scale
Reported as mm IIg Tfull scale - 5 mm)

Weight CO2 Added	 lbs	 + .02 lbs

Weight Air Added	 lbs	 + .02 lbs

Desorption Vacuum 	 Microns	 + 5% of non-linear
scale of Hastings
gauge, as calibrated
for air.

4. ILS-C Bed Weight, 10 lbs Maxi:man

Fifteen runs will be made, with test conditions as follows:

Nominal:

Pressure
P 2
Tgai Inlet
PO2
Dew Point
Berl Temperature

4

14.7 psia
3.0 mrn Ag
70° F
52°Fpsia (atmospheric air)

80°F

E-14
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4. Continued

Inlet Flow	 50 cb)*
IlaIf-cycle 'rime	 30 minutes*

Desorption Conditions 	 80°F - Exact desorption pressure
will depend on rig considerations
since this variable is not under
direct control. Target pressure
is SO microns.

*Or as appropriate for the HS-C system design

Specific Tests:

Run 1 Nominal conditions
Run 2 Increased air inlet temperature (75°F)
Rini 3 Decreased air inlet temperature (65°)
Run 4 Decreased dew point (46°F)
Mini S Increased dew point (57*)
RlII] 6 Increased bed temperature (90°F)
Rani 7 Decreased bed temperature (70°F)
Run 8 Increased PCO2 (5/3 nominal)
Run 9 Decreased PCO2 (1/2 nominal)
RD1 10 Increased air inlet flow (3/2 nominal; or

maximum rig capability)
Rini 11 Decreased air inlet flow (2/3 nominal)
Rim 12 Increased cycle time (3/2 nominal)
Rni 13 Decreased cycle time (2/3 nominal)
Piri 14 Increased desorption pressure.	 Exact

pressure will depend on rig considerations
since this variable is not under direct
control.	 Target pressure is 100 microns.

Rm 15 Nominal conditions

Each nin will be continued until a cyclic equilibrium is reached such that the
breakthrough curves for water and CO2 are essentially identical for two
successive cycles.

The sequence and numbering of these tests 2-14 may be varied to more efficiently
utilize the test equipment and manpower.

During each cycle of record the, following variables will be measured at least
once or preferably continuously'xecorded on strip charts.

Inlet Dew Point (record.o3 as water coolant temperature)
Outlet Dew Point
Inlet PCO2
Outlet PCO2
Total Pressure
Inlet Temperature
Bed Coolant Temperature
Inlet Flow
Cycle Times
Desorption Pressure
Air Cylinder Weight

CO2 Cylinder Weight
E-15
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4 . Continued

A cycle of record will I)e selected by noting that the controlled variables
have been constant for two successive cycles, and successive tracings of the
recorder charts for outlet PCp2 and dew point show no trends and in general
agree + 1/8-in on the 10-in strip chart. fast experience indicates three
cycles aregenerally sufficient if conditions are held steady.

At the end of Run 1 or 15 the circulating airstream will be saWled and analyzed
for the toxicants listed in paragraph 3.4.4 of the SOW.

R.
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