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Researchers at NASA’s Marshall Space Flight Center are refining a system-level model
of the Carbon Dioxide Removal Assembly (CDRA) which will aid in the design of the next
generation four-bed molecular sieve for human exploration beyond low earth orbit. A
vacuum characterization test-stand (VCTS) has been built to study sorbent thermal and
sorption characteristics in support of this modeling effort. This paper describes the VCTS
and presents experimental results of hydraulic and thermal characterization, CO2
breakthrough, and vacuum desorption tests on the VCTS. We then compare experimental
results with the one-dimensional model.
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mean diameter of the sorbent pellets, mm
dry mass of sorbent in bed, kg
superficial fluid velocity through the sorbent bed, m/s
volume of the sorbent bed in the VCTS
void fraction
dynamic viscosity, Pa·s
density, kg/m3
bulk density of the packed bed in the VCTS, kg/m3
envelope density of the UOP RK-38 zeolite 5A sorbent pellets, kg/m3
true density of the UOP RK-38 zeolite 5A sorbent, kg/m3
standard (1 atm, 0 ºC) cubic feet per minute

I. Introduction

EEP space exploration places unprecedented demands on space launch systems; vehicles will not only be
propelled further than any previous crewed mission, but they also must carry the supplies needed to sustain a
crew for years compared to the two-week forays into space during the Apollo missions. This new challenge places
added importance on minimizing mass, volume and power loads for all spacecraft systems, including the life support
systems (LSS) responsible for the removal of metabolic carbon dioxide from a crewed vehicle.
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As part of the National Aeronautics Space Administration’s
Empty channel
(NASA) Advanced Exploration Systems (AES) program, the
Filled channel
Life Support Systems (LSS) project aims to improve LSS
“using the International Space Station’s (ISS) state-of-the-art
hardware as a point of departure” 1,2. Predictive simulation
tools can greatly reduce the hardware testing requirements of
Fins span the gaps between heater elements
the LSS project3,4. Ideally, predictive models are developed
and calibrated using sub-scale experiments then validated with
data from a full-scale system. Researchers at NASA’s
Marshall Space Flight Center developed predictive models of
the Carbon Dioxide Removal Assembly (CDRA) in efforts to
create a complete model of the air revitalization system
onboard the ISS3,5. These are one-dimensional models that
neglect radial variations of velocity, concentration, and
Electric resistive heaters span the bed width
temperature. An axially-dispersed plug flow velocity profile is
also assumed. These models also use a simplified kinetic
model to express the rate of adsorption which neglects
Figure 1. Cross section view of CDRA
concentration variations within the sorbent pellets. The
sorbent bed partially filled with RK-38
simplified kinetic model approximates the mass exchange rate
between the adsorbent and its surroundings as a linear function dependent on the gas concentration and the mean
concentration within the pellet, specifically using linear driving force (LDF) approximation6. These assumptions
greatly reduce the computational expense required to estimate system-level performance metrics such as total power
consumption and CO2 removal rate. Researchers are refining this model of the ISS air revitalization system to
improve predicative capability, and, once this capability is established, they will use the model to conduct virtual
tests evaluating new configurations and to optimize operation variables.
To further this modeling effort, we built a vacuum characterization test stand (VCTS) to perform sub-scale tests
for refining a predictive model of CO2 adsorption and vacuum desorption in sorbent pellet beds, such as those
onboard the ISS’s CDRA. The ultimate goal of the VCTS is to validate mathematical models, computer
simulations, and to determine heat and mass transfer rates in sorbent beds. The VCTS provides a highly controlled
and well instrumented environment in which to study the adsorption and desorption of carbon dioxide in sorbents.
The stand is capable of cylindrical breakthrough tests (CBT), vacuum desorption, cyclical tests, and measuring
competitive adsorption for water and carbon dioxide. This information will be used to select sorbents for future
space missions and to calibrate the aforementioned predictive models of CDRA. The calibrated predictive model of
CDRA will then be used to optimize the ISS CDRA and explore alternative configurations of the four bed molecular
sieve (4BMS) for the next generation air revitalization system. This paper discusses the development of the VCTS,
preliminary test results, and comparisons to a one-dimensional model. This paper also discusses the purpose of the
VCTS in regards to NASA’s larger goal of developing predictive models for the design of next generation LSS.

II. Carbon Dioxide Removal Assembly Background
The CDRA, built by Honeywell7, utilizes a fully regenerative thermal/pressure swing adsorption process to
remove CO2 from the ISS cabin air. The CDRA has been proven to be very effective because it is capable of
removing 100% of metabolic CO2 generated by six crewmembers. CDRA operates cyclically and employs two
desiccant beds and two adsorbent beds. As one desiccant bed and one adsorbent bed operate in adsorption mode, the
other two beds are desorbing (regenerating). Halfway through a cycle, the beds switch modes, providing continuous
CO2 removal capability. The fourth generation CDRA used UOP RK-38, a spherical 5A zeolite in the CO2 sorbent
bed and silica gel in the desiccant bed.
Adsorption and desorption in CDRA are controlled by changing the bed’s temperature and pressure. The rate of
adsorption and adsorption capacity in RK-38 is a strong function of carbon dioxide pressure and temperature. As
the temperature of the sorbent decreases both the rate of adsorption and adsorption capacity increase. In contrast,
elevated temperatures increase the rate of desorption and decrease adsorption capacity. Thus during the
regeneration half-cycle, the sorbent bed is heated to 204 °C (400 °F) and is put under a vacuum to remove the CO2
efficiently. Because the RK-38 has a low thermal conductivity and due to the only incidental intra-pellet contact
which further inhibits heat transfer, the effective bulk conductivity is very low. Accordingly, an array of heaters and
fins are imbedded within the sorbent to facilitate heat transfer throughout the bed. These heaters and fins form
rectangular channels whose cross sections are approximately 4 by 6 pellet diameters across.
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III. Experimental Purpose
In order to validate the existing model, high fidelity test data were required to determine certain unknown
parameters. Though the model is designed to work with any dry sorbent provided it has sufficient definition of the
isotherms, density, porosity, pellet size, and conductivity, RK-38 was selected because extensive ground testing has
been conducted with RK-38 in an integrated ground test CDRA8, and the material properties have been fully
defined9. Table 1 summarizes the VCTS tests discussed in this paper.
Table 1. Summary of experimental tests and their purposes.
Test
Purpose

Variables modified

Pressure Drop

Confirm packing efficiency, effect of inlet/outlet
screens, determine inlet CO2 flow rate necessary
for particular partial pressures at bed entrance

Gas flow rate

Transient Thermal
Characterization

Determine thermal mass of system, including
sorbent media and heat transfer coefficients
without reaction

Flow rate, inlet temperature,
surface temperature,

CO2 Breakthrough

Back diffusion, capacity (isotherms)

CO2 partial pressure, gas flow rate

Vacuum Desorption

Verification / calibration of heat and mass transfer
coefficients in vacuum desorption

CO2 partial pressure

IV. Experimental Facility
We built a vacuum characterization test-stand (VCTS) at NASA’s MSFC to study sorbent thermal and sorption
characteristics in support of the LSSP predictive modeling effort. The VCTS is capable of carbon dioxide and
humidity breakthrough testing, thermal characterization, and carbon dioxide and humidity cyclic testing with precise
control over air flow rate, partial pressure of carbon dioxide, and dew point. Prior to the development of the VCTS,
models were validated using experimental data from the ground-test CDRA revision 4 Engineering Unit (CDRA4EU) and the Cylindrical Breakthrough Test Stand (CBTS). Because of the numerous heater elements and fins the
flow field within the CDRA sorbent bed is inherently complex and multidimensional. This multidimensional flow
and the transient nature of continuous operation in CDRA/CDRA-4EU present a formidable challenge when
developing and calibrating a one-dimensional model, thus CDRA data are used primarily for system-level
verification. The VCTS, similarly to the CBTS, was designed minimize multidimensional and other complicating
effects and thus provides the perfect platform for calibrating one-dimensional models. The VCTS and CBTS are
used to both derive heat and mass transfer coefficients and to validate models with test conducted at other conditions
than those used for fitting. Both the VCTS and CBTS provide a high level of control over boundary conditions and
plentiful instrumentation, but the VCTS also provides the unique attribute of vacuum desorption with high
conductance to characterize the physics of fixed zeolite bed desorption under conditions of low pressure. Finally,
the VCTS has a much higher bed diameter to pellet diameter ratio than the CBTS, and is closer overall to the scale
of the flight beds. This larger bed diameter reduces the effects of channeling and better approximates the thermal
behavior of the zeolite in the flight beds.
A. Test Stand
The test stand consists of a cylindrical test chamber which holds the sorbent and allows gases to flow through the
bed. The chamber is connected to a high capacity vacuum line via a gate valve at the top of the test chamber.
Because the gate valve cannot open against a pressure differential larger than 12 kPa, there is also a roughing line
which allows the pressure within the chamber to pulled down to 12 kPa before opening the larger gate valve.
Two flow controllers set the volumetric flow rate of N2 and CO2 individually. The two gases mix after the
nitrogen passes through a moisture membrane which humidifies the flow to a constant dew point. The moisture
membrane is bypassed for these tests and dry gases are sent to the test chamber. The bottled CO2 and facility N2
have only minute water levels and measured dew point is maintained around -60 °C for all tests. Immediately
before the test chamber there is an inline Chromalox heater which preheats the influent to a defined set point.
Insulation surrounds the inline heater and all tubing downstream until the flow exits the test chamber.
Gas lines before and after the test chamber are fitted with four solenoid valves, two upstream and two
downstream, which seal off the chamber from gas flow in or out. There is also a bypass line with a fifth valve that
allows the flow to bypass the chamber and vent to the environment while the chamber is sealed off. This bypass line
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Figure 2. Schematic of vacuum characterization test stand with a view inside the sorbent chamber
showing thermocouple locations with respect to the mesh screens and spacers.
allows the precisely controlled flow to maintain its steady state humidity and CO2 concentration during the
desorption portion of cyclic tests. Under normal operating conditions, the bypass line is closed off and the four
solenoid valves before and after the test chamber open. This allows influent to enter at the top of the bed and
effluent to leave out the bottom of the bed and vent to the environment.
CO2 concentration and humidity are measured at the inlet and the outlet of the test chamber. Before the first
solenoid valves and just upstream of the bypass line inlet there is a small sample line that redirects a portion of the
influent to a metered sub-sampler. The sub-sampler sends a continuous stream of 1075 mL/min to the inlet CO2 and
dew point sensors. Similarly, there is an effluent subsample line downstream of the second solenoid valves and just
after the bypass line outlet. This line goes to a second sub-sampler which sends a flow of 1075 mL/min to the outlet
CO2 and dew point sensors.
B. Test Chamber
The test chamber is sized to minimize the wall effects on fluid flow through the sorbent bed. Achieving a
homogeneous pack of near constant porosity is very important for validating the one-dimensional model. Packings
of spherical pellets are not homogeneous in reality; porosity varies sharply near walls as the geometry of the pack is
interrupted. As a result, the velocity profile inside the packed bed is severely distorted near the wall, a phenomenon
known as flow channeling. A simple way to minimize the effect of inhomogeneity on fluid flow through the bed is
to ensure that the bed is “large enough” in comparison to the pellets. Several experimental and numerical studies
have found that a ratio of pellets to bed diameter of 30 is sufficient criteria to neglect wall channeling effects10. The
test chamber housing the sorbent bed in the VCTS has an inner diameter of 93.6 mm (3.687 in) corresponding to
approximately 43 pellets across the bed.
The sorbent chamber is connected to the gas inlet piping at the top and to the outlet piping at the bottom. In
addition, it is connected to the vacuum line at the top of the bed via a gate valve. The chamber a hollow cylinder
with an outside diameter of 114.3 mm (4.5 in) and a height of 326.4 mm (12.85 in). The sorbent chamber is
aluminum and the Swagelok fittings are stainless steel. The chamber is insulated with 12.7 mm (0.5 in) thick
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Pyropel insulation and then a 3.175 mm (0.125 in) thick fiberglass cover from top to bottom. Tubing after the heater
to the sorbent chamber is insulated with 12.7 mm thick Pyropel insulation.
There are ten thermocouples reading temperatures in and around the sorbent chamber. Three thermocouples
measure the gas temperature within the chamber. These are 1.59 mm (1/16 in) diameter exposed tip thermocouples
sheathed in 3.175 mm (1/8 in) stainless steel tubing which extend to the center of the sorbent chamber. The sheaths
allow for vacuum pressure transducers to read the pressure within the sorbent chamber. The center location is
currently instrumented with a pressure transducer. Two sensors will be added to the other locations in the future.
Two more exposed tip thermocouples measure the inlet and outlet gas temperature inside the sorbent chamber, but
before and after the screens which retain the sorbent bed. There are five thermocouples on the surface of the sorbent
chamber under the insulation. Additional thermocouples record the ambient temperature and protect sensors from
overheating.
There are six pressure sensors in and around the sorbent chamber. Three vacuum sensors measure the inlet
pressure before the bed, pressure inside the bed, and pressure after the outlet. Two pressure sensors are placed at the
inlet and outlet before and after the bed. In addition, a differential pressure sensor is placed across the bed to
measure the pressure drop of the sorbent chamber. The differential pressure sensor provides a more accurate
measurement of the difference between the inlet and outlet sensors.

V. Experimental Procedure and Results
A. Test Chamber Packing and Preparation
The sorbent chamber contains 872.8 grams (dry mass) of RK-38 packed via the Snowstorm filling method11.
The solid volume fraction of the sorbent bed is 0.65, which is equal to the random close packing for monodisperse
hard spheres. The sorbent contains 0.61% kg water per kg dry sorbent after equilibrating with the facility nitrogen
line.

1. Activation
Activation is the process of off driving contaminants, such as CO2 and H2O, by simultaneously heating and
flowing dry nitrogen through the sorbent.
6 mm
Approximately 1.5-liters of RK-38 zeolite 5A
sorbent from lot # 2103009803 was sieve cut
15°
between no.
8 and no.
12 sieves
(corresponding to diameters of 2.38 mm to 1.68
mm respectfully) then poured into two baking
canisters (Figure 3a). These canisters were
Snowstorm
placed in an oven and connected to nitrogen
Baking canisters
screens
a
b
lines flowing at 30 SLPM per large baking
canister. The oven heated to 333 °C at a rate of
1.8 °C/min where it then dwelled for 8-hours.
After baking, the canisters remained in the oven
Snowstorm
screen
to cool for approximately 2-hours until they
were safe to handle. We then sealed the baking
canisters and moved them from the oven to the
Sorbent test
glove box while still hot (approximately 270
chamber
°C). The total time for the process of sealing
the baking containers and moving them to the
glove box was around 5-minutes. The glove
box maintained a dew point of -50 °C ± 10 °C
Baking canisters
due to fluctuations as the gloves were used or
items taken in/out. After weighing the sealed
RK-38
canisters, we connected them to a nitrogen line
Hydrometer
in the glove box then left the sorbent with
nitrogen flowing through it for 20-hours
Shaker table
Scale
c
absorbing a small amount of water till it reached
equilibrium loading.
This allowed us to
determine the baseline water content due to the Figure 3. a) baking canisters, b) Snowstorm screens, c) filling
minute water content in the facility N2 line. The test chamber using Snowstorm filling process in glove box.
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initial dry mass of sorbent, measured immediately after placing the baking canisters in the glove box, was 872.75 g,
and the mass of slightly humidified sorbent after equilibrating was 878.06 g. The water mass fraction is therefore
0.61% kg water per kg dry sorbent.

2. Packing Procedure
Prior to packing, moisture was driven off of the sorbent chamber and out of the test stand by running nitrogen at
a flow rate of 100 SLPM through the sorbent chamber and the test stand for 24-hours. During this time, the
Chromalox heater preheated the nitrogen to 95 °C before it entered the sorbent chamber to help drive off any
residual moisture. We then moved the sorbent chamber from the test stand to the glove box and clamped it down to
the shaker table. Finally, we placed the Snowstorm screens on top of the sorbent chamber. The Snowstorm
apparatus consists of two square mesh screens with a spacing of 0.25-inches (6 mm) between wires, offset at an
angle of 15-degrees (Figure 3b). These screens radially diffuse the incident particles, spreading them across the
entire cross sectional area of the sorbent chamber to produce a uniform pack.
The sorbent was activated in parallel with this process. With the sorbent chamber, Snowstorm screen, and all
other necessary equipment in the glove box, we added the sorbent through one of the glove holes to minimize the
influx of ambient air. Here, as mentioned previously, the sorbent was connected to a nitrogen line and allowed to
adsorb water until it reached equilibrium with the facility supply line over a period of approximately 20-hours.
After equilibrating, the nitrogen line was disconnected from the baking canisters and connected to the bottom of the
sorbent chamber preparatory to packing; this allowed a slow flow of nitrogen to pass through the pellets as they
were poured into the sorbent chamber. This flow also allowed us to pressurize the sorbent chamber before removing
it from the glove box, thus reducing the chance of contaminating the sorbent with humid, ambient air during
transport to the test stand.
Having completed preparations, we removed the sorbent from the baking canisters and poured it into a beaker.
We manually held the beaker against the rim of the Snowstorm screen and allowed the sorbent to slowly pour
through these screens into the chamber, increasing the bed height at a rate between 0.5 and 5 mm/min to a total
11
height of 165.1 mm (6.5 in) . The shaker table vibrated the chamber throughout this process to better pack the
sorbent and to level the top of the bed. The uniformity of the top of the bed was verified by observation. A total dry
mass of 872.8 g was packed into the sorbent chamber in this manner. The bulk density of the bed is therefore,

ρbulk =

mbed
= 767.4 kg/m3 .
Vbed

(1)

The sorbent’s pellet density, 𝜌( is also needed in order to calculate the beds density. The pellet density, also known
as the envelope density, is a measure of the bulk density of a single particle. We measured this density using a
Micrometrics envelope density analyzer, GeoPyc Model 1360, conformal to ASTM D-6683. First, a small sample
of the RK-38 sorbent was activated in an oven at 360 °C for 18-hours. After activation, we measured the dry mass
of the sorbent sample to be 5.76038 g. A 25.4-millimeter inner diameter, precision bore glass cylinder was then
filled with 9.8 cm3 of DryFlow powder, a proprietary substance that acts as a quasi-fluid composed of small, rigid
spheres having a high degree of flow-ability. The glass cylinder was placed in the GeoPyc where the exact volume
of powder was measured with a consolidation force of 52 N. The sorbent was then added to the cylinder along with
the powder and the volume of the sorbent plus DryFlow powder was measured (see Figure 4). The difference
between these two measurements is the envelope volume of the sorbent. For our sample, the envelope volume was
measured to be 4.8866 cm3, which yields a pellet density of,
(2)
ρ p = 1179 kg/m3 .
Given this bulk density and the pellet density of the sorbent, the bed void fraction is

Figure 4. Volume determination by displacement of a dry medium in Micrometric, GeoPyc Model 1360,
schematic of the measurement technique and photograph of the RK-38 sample during measurement.
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ε=

ρ p − ρbulk
= 0.35
ρp

(3)

This void fraction value is equal to that of a random close packing for hard sphere ( 0.36 ± 0.02 )12. Noting that the
goal is to efficiently pack the sorbent bed, this is an important finding that suggests that the Snowstorm filling
method for packing CDRA is highly effective.
Once we packed the bed we inserted the baffle, springs and spacer into the chamber above the sorbent bed. We
then capped the top of sorbent chamber while nitrogen continued to flow, pressurizing the container. The bottom
was then capped and the sorbent chamber was transported to the VCTS. Great care was taken to reduce risk of
exposing the sorbent to ambient air during transport and installation in the VCTS.

3. Sorbent Desorption Between Tests
Between tests the sorbent bed is desorbed of CO2 and any H2O which may have leaked in by heating the sorbent
chamber and flowing dry N2 through the bed. Rope heaters wrapped around the test chamber’s outside heat the
sorbent chamber to approximately 100 °C. The inline heater also preheats nitrogen from the facility to 100 °C
before it flows through the bed. The flow controller maintains a flow rate of 100 SLPM for a minimum of 12-hours
after which the operator turns off the rope heaters and sets the Chromalox heater to 24.4 °C (76 °F). The flow
continues to pass through the sorbent chamber at 100 SLPM until the chamber and bed reach steady state. Note that
the gas is preheated to be slightly warmer than ambient so that the gas entering the sorbent chamber will have the
same temperature regardless of fluctuations in ambient or supply line temperatures. Because of the large thermal
mass of the sorbent chamber and the attached fittings, the sorbent chamber and bed take several hours to equilibrate.
The desorption process is shown in Figure 5.

Figure 5. Regeneration of the sorbent bed. The bed was exposed to dry nitrogen at 100 °C while heated via
rope heaters on the surface at 100 °C for 12 h. Afterward, the bed was cooled with dry nitrogen at 24 °C.
B. Hydraulic Characterization
In order to fully characterize the performance of the bed, pressure drop, heat transfer, and mass transfer
measurements all had to be made at various operational states. First, the pressure drop through the sorbent bed was
determined as a function of superficial velocity, 𝑣) . In order to isolate the pressure drop due to the sorbent bed the
differential pressure across the sorbent chamber was measured for an unfilled bed as well as a bed packed with RK38 at several superficial velocities (Figure 6). It is assumed that the pressure drop due to expansions and
contractions at the inlet and outlet of the sorbent chamber can be superimposed with the pressure drop through the
granular bed. Thus, the difference between these two measurements permits the pressure drop contribution due to
the RK-38 packing to be isolated. Absolute pressure measurements at the center of the bed were also recorded
during these tests. Determining the pressure in the bed is important to setting the overall flow rate and inlet CO2
concentration to match desired interstitial velocities and CO2 partial pressures.
The temperature of the gas and bed were at an average temperature of 24.5 °C for this test. Pressure drop was
measured via a differential pressure transducer (DP100) and verified via the difference between two absolute
pressure transducers at the inlet (P104) and outlet (P107) of the sorbent chamber respectfully. Pressure drop and
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flow rate were averaged over the last 25 s of each measurement to allow ample time for the pressure drop to
equilibrate. To reduce the bias in measured pressure drop due to hysteresis each flow rate was run three times for
three sets of data. Furthermore, the order of flow rates in each set was randomly within each set. Figure 6 plots the
steady sate pressure drop across the sorbent chamber both when empty and when filled with sorbent. Reported
pressure drops were measured by the differential pressure transducer, DP100. For superficial velocities greater than
0.3 m/s the pressure drop through the packed bed exceeded the range of the differential pressure transducer so the
difference between the absolute pressure transducers before and after the sorbent chamber, P104 and P107
respectfully, were used for those high velocities.
6
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Figure 6. Pressure drop across sorbent chamber with a packed bed of RK-38 as a function of superficial
velocity
The data for each case, packed and unpacked, were fit with second-order polynomials and the difference
between the two is taken to be the pressure drop through the sorbent bed as a function of superficial velocity. A
second-order polynomial was used to match the functional form of the Ergun equation, which describes the pressure
gradient, 𝑑𝑃/𝑑𝑥, through a packed bed as,
dP 150 µ (1 − ε ) 2
1.75 ρ 1 − ε
(4)
=
vs +
vs ,
2
2
dx
Dp ε 3
Dp
ε
where 𝐷( is the mean pellet diameter, 𝜀 is the bed void fraction, and 𝜇 and 𝜌 are the fluid’s dynamic viscosity and
density respectfully. The empirically determined pressure drop is approximately five times larger than the pressure
drop predicted by the Ergun equation, this discrepancy suggests that the assumption that the pressure drop through
the sorbent chamber’s expansions and contraction and the sorbent bed itself can be superimposed is invalid. Further
investigation of this anomaly will be performed by adding pressure measurements within the sorbent bed. This will
allow researchers to truly isolate the pressure drop through the sorbent to compare with model predictions.
C. Transient Thermal Response
The transient thermal response of the bed was then examined. For these experiments, the bed was initially at
thermal equilibrium with the environment, then exposed to a flow of hot nitrogen. Nitrogen, supplied at 119 SLPM,
traveled through the inline heater and initially bypassed the bed, venting directly to the environment while until
stable temperatures were reached. The flow was then redirected to travel through the bed. Meanwhile temperatures
from the imbedded and surface thermocouples were measured. The ambient temperature was also recorded. These
measurements allow validation of several physical parameters used in the one-dimensional model such as bed
diffusivity and thermal capacity.
In addition, a vacuum test was performed whereby the bed was first saturated with N2 at 100 °C and then
exposed to vacuum. When the bed is exposed to a vacuum N2 desorbs from the sorbent in an endothermic process
which causes a temperature drop. This temperature drop is more pronounced in CO2 desorption since CO2 adsorbs
to a higher bed loading than N2, but it still perceptible as N2 desorbs. The purpose of this test was to determine the
8
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transient response of pressure in a bed saturated with N2 in a vacuum. This is important because for future vacuum
desorption tests the partial pressure of CO2 cannot be directly measured. CO2 sensors cannot be connected to the
vacuum line and other traditional methods such as mass spectroscopy cannot provide the temporal resolution desired
for studying the transient process of vacuum desorption. In absence of traditional measurement methods, it is
helpful to employ a knowledge of the relative concentrations and rates of CO2 and N2 sorption. Zeolite has a much
higher adsorption affinity for CO2 than N2; it both adsorbs more CO2 and is slower to release that CO2. It is
therefore assumed that the total pressure within the bed during vacuum desorption is a good approximation of the
partial pressure of CO2 within the bed.
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Figure 7. Temperature rise across sorbent chamber with a packed bed of RK-38 during thermal test with dry
nitrogen.
D. CO2 Breakthrough Test
To determine CO2 capacity of the bed, as well the dispersion coefficient, a series of breakthrough tests were run
at two partial pressures, 0.31 kPa and 0.69 kPa (2.3 torr and 5.2 torr), which correspond to a low and high level of
carbon dioxide which could exist on the ISS13. The majority of the tests used a superficial fluid velocity of 0.28 m/s
to match the superficial velocities seen in CDRA, though one test at 0.69 kPa and 0.14 m/s was also performed. In
these tests, a gas flow of CO2 in nitrogen was heated to 24.4 °C (76 °F set point on the inline heater) and bypassed
around the test bed. At the start of the test, the flow was directed through the bed. CO2 sensors sampling from the
inlet and outlet measured the adsorption of CO2, and the thermal response of the bed was recorded. The
breakthrough process is shown in Figure 8. The adsorbed amount of CO2 is computed from the flow rate, bed
loading, and CO2 measurements, Figure 9.
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Figure 8. Procedure for breakthrough test. Initially equilibrated with dry nitrogen at 24 °C (panel 1), the
bed was exposed to CO2 in N2 at 0.31 kPa or 0.69 kPa (panel 2). CO2 partial pressure at the inlet/outlet was
recorded until outlet concentration matched inlet concentration (panel 3).

Figure 9. Adsorption of CO2 on RK-38 at 0.31 kPa and 𝒗𝒔 = 0.28 m/s
There exist infinite combinations of parameter inputs that would cause the model to match the CO2 breakthrough
curve in a cylindrical breakthrough test (CBT). Similarly, the temperature data does not by itself allow the mass and
energy balance parameters to be fitted deterministically; rather, temperatures provide additional information useful
in model validation. To this end, the temperature data before (TC 1), after (TC 5), and at three locations imbedded
in the bed (TC 2, TC 3, and TC 4) are also recorded. Figure 2 shows a diagram of the locations of these five
thermocouples in relation to the sorbent bed. The adsorption of CO2 into the zeolite pellets is exothermic. Thus, as
the CO2 travels down through the bed a wave of heat is generated that precedes the CO2 concentration wave. This
can be clearly seen in Figure 10, where the temperature at the first thermocouple imbedded in the sorbent bed, TC 2,
rises sharply 120 s after the mixture of N2 and CO2 enters the sorbent chamber, followed by the second (TC 3) and
third (TC 4) thermocouples at 180 s and 260 s respectfully.

10
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Figure 10. Thermal response of imbedded thermocouples for 0.31 kPa CO2 at 𝒗𝒔 = 0.28 m/s
The exact timing and shapes of these curves are complicated functions of the permeability, solid and fluid phase
thermal diffusivity, mass diffusivity, heat of adsorption, and, of course, superficial velocity. No attempt is currently
made to isolate any of these factors directly from test data. Rather these breakthrough experimental data provide a
robust metric against which the suitability of parameters estimated from established correlations can be evaluated.
E. Vacuum Desorption Test
Finally, preliminary vacuum desorption data will be discussed. After the bed was loaded to equilibrium and
allowed to thermally stabilize, the chamber was isolated from the flow and a desorption test performed (Figure 11).
The desorption tests show a fast drop in pressure following the opening of TAGV. The pressure falloff occurs
rapidly (approximately 30 s after opening TAGV) and continues during the desorption process slowly. For instance,
in the test shown in Figure 12, the pressure in the center of the bed (P103) decays from 193 Pa to 48 Pa over 31 min
despite a vacuum pressure in the 1 Pa range (see Figure 1). It is important to note that the pressure in the sorbent
chamber increases with distance from the vacuum source (i.e. P101 < P103 < P102) for all tests.

Figure 11. Vacuum desorption test procedure. After equilibrating the bed at a particular CO2 partial
pressure (0.31 kPa or 0.69 kPa; frame 1), the bed was isolated and the vacuum pump turned on (frame 2).
Then the gate valve was opened, desorbing the bed at room temperature (frame 3). Finally, the surface
heaters were enabled to complete desorption (frame 4).
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Figure 12. The pressure response during vacuum desorption in a test bed saturated with CO2 at 0.31 kPa and
27 °C
Additionally, thermal data from the vacuum desorption tests show a decrease in temperature during the slow
depressurization step (before TAGV opens). After the fast depressurization, the two end thermocouples (TC 1, TC
5) experience a slight reversion to their initial temperature followed by apparent equilibration by a rapidly-chilled
bed (see Figure 13). The three thermocouples within the packed bed (TC 2, T012, TC 4) all continue their decrease
in temperature before starting to increase in temperature between 0.5-1.5 h into the test. The 0.31 kPa samples did
not reach as low temperature (~11 °C) as the 0.69 kPa samples (~6 °C), which is consistent given that the primary
cooling mechanism is the heat of adsorption of CO2 and the 0.69 kPa samples have a high initial loading of CO2.
Interestingly, all samples show the middle thermocouple (TC 3) lagging the two end thermocouples (TC 2, TC 4).
The surface thermocouples show very isothermal behavior, and only drop as low as ~20 °C in any test due to the
large thermal mass of the sorbent chamber.

Figure 13. Temperature profile of imbedded thermocouples during vacuum desorption, loaded at 0.31 kPa
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VI. Comparison of Experimental Results and Model
F. COMSOL Adsorption Model
A transient, one-dimension model of the VCTS was constructed through the COMSOL Multiphysics code using
the chemical transport, Darcy flow, and heat transfer modules to solve for concentrations, pressures, and
temperatures, respectively. The cylindrical VCTS is represented using a 1-D mesh domain of 92 nodes along the
axial direction. Each node contains information on the temperature of the gas, sorbent, surrounding aluminum, and
insulation. The temperature of the sorbent, gas, and surrounding aluminum, and insulation are coupled through heat
transfer coefficients. Homogeneous properties of void fraction, 𝜀, the envelope density of the sorbent, 𝜌234 , and the
measured mean particle diameter of the sorbent pellets, 𝐷( , are used for the bed (Table 2). The 1-D model uses a
transient solver and is dependent on VCTS initial conditions, inlet condition from the experimental test data.
Table 2. Test conditions and COMSOL simulation inputs
Parameter
Value
𝜀

35 %

𝜌234

1179 kg/m3

𝐷(

2.2 mm

G. Thermal Characterization Simulation and Heat Transfer Parameters.
In order to simulate the thermal characterization test, the inlet boundary condition for the 1-D VCTS COMSOL
model was modified to exactly match the inlet temperature and flow rate from the experiments. The inlet flow rate
held constant at 2.5×10-3 kg/s (corresponding to a superficial velocity of 0.28 m/s) respectfully while the simulation
inlet temperature varied with time. This temperature was specified by the inlet temperature recorded by the
experimental data. The simulation ran until it reached steady state at approximately 900 min of physical time. The
temperatures of the sorbent bed, nitrogen gas, aluminum can and insulation are tightly coupled through heat transfer
parameters. Only the convective heat transfer coefficient from the insulation to the ambient was adjusted. The
simulation study was used to verify the external heat transfer coefficient of 10 W/m-K, this value provided the best
fit to the test data. Figure 14 shows the comparison between the simulation and experimental data. The simulation
followed the general trend of the experimental data. Looking at the first 10 min, however, shows that there is
approximately a 2 min delay in the thermocouples temperature response from the experiment. This is more than can
be attributed to thermocouple latency and might be due to overestimated permeability in the simulations.
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Figure 14. Simulation vs experimental data temperature profiles of imbedded thermocouples during thermal
characterization test.
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H. Breakthrough simulation in COMSOL
A 1-D COSMOL baseline model was created to understand the Multiphysics of the adsorption process. The
inlet and initial conditions came from the experimental CO2 breakthrough test data. The bed, initially at 27 °C and
completely void of CO2, experienced a prescribed fluid mass flow rate of controlled CO2 mass fraction, temperature
(Table 3). The actual test data for inlet CO2 partial pressure and upstream gas temperature were imported as the
inlet boundary condition for the simulation domain in order to provide more accurate simulation results. It took
COMSOL 3 min to run the breakthrough model for a total experimental time of 9000 s (150 min), see Figure 15.
Table 3. Experimental conditions and COMSOL simulation inputs for breakthrough test.
Parameter
Value
Flow rate

2.76×10-3 kg/s
(vs = 0.28 m/s)

Initial temperature

27 °C

Incoming air temperature

27 °C

Inlet CO2 partial pressure

.31 kPa

The 1-D baseline model results compared to the experiment data are shown in the following figures. Three
thermocouples record the center line gas temperatures during the CO2 breakthrough test (Figure 2). These
thermocouples are situated at depths into the bed of 25.4 mm (1 in), 82.6 mm (3.25 in), and 139.8 mm (5.5 in)
henceforth referred to as the beginning, middle, and end of bed respectfully. Figure 15 compares the experimental
temperatures to the 1-D simulation results. The experiential data is in dashed lines. The experimental temperatures
are slightly lower at their peak compared to the 1-D model.
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Figure 15 Simulation vs experimental temperature profiles of imbedded thermocouples during CO2
breakthrough test.
The 1-D breakthrough curve is compared to the experimental data in Figure 16. The S-shape of the experimental
CO2 breakthrough curve matches the initial breakthrough and the end of the simulation. This means that the 1-D
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model accurately predicts the breakthrough and saturation times. This is an important observation which indicates
that the simulation parameters of permeability and binary diffusion coefficients accurately approximate the physical
process of advection and diffusion through the bed. The error with the middle of the S-curve is still being examined.
The discrepancy between the slopes of the simulation and experimental data could be contributed to an error in the
mass transfer coefficient, which is a tunable parameter. Further investigation is required before drawing final
conclusions.
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Figure 16. Simulation vs experimental data of outlet CO2 partial pressure during breakthrough test.

VII. Conclusion
A test stand for validating models of adsorption and vacuum, temperature-swing desorption in sorbent beds was
developed. The VCTS provides high-fidelity data for model validation by minimizing multidimensional effects.
Prior to development of the test stand models were compared against data from CDRA and CDRA-4EU. In both of
these units, flow through the sorbents is disrupted by series of fins; multidimensional effects such as flow
channeling dominate the advective flow of gas through these beds. The VCTS uses a cylindrical test chamber to
hold the sorbent that is void of these artifacts and has sufficiently large diameter (~43 pellets across) to reduce the
effects of flow channeling along the walls. Beyond being larger in diameter than other CTB test stands, the VCTS is
unique from other CBT test stands in its ability to study vacuum desorption. The VCTS is connected to a highpower vacuum pump which enables us to simulate exposure of a sorbent bed to hard space vacuum by reducing the
pressure in the bed to nearly 10-2 kPa in less than a minute after the gate valve opens. This is the first experimental
facility that is both one-dimensional and capable of studying vacuum desorption. At this point it is prudent to
mention the VCTS’s limitations. Axial conduction through the walls of the metal chamber to the inlet and outlet
tubing is a concern, as is the large thermal mass of the chamber. It is also important to recognize the potential
temperature difference between the temperature of the sorbent in the bed and the gas flowing through the bed. The
thermocouples in the chamber are exposed tip thermocouples with the intent of measuring the temperature of the gas
stream under normal operating conditions and sorbent bed temperatures during vacuum desorption. Since the
thermocouples contact both the gas stream and the sorbent pellets the thermocouple’s measurement is a function of
both sorbent and gas temperature. We have not considered the potential difference between the temperature of the
sorbent and the gas in our current analysis. The VCTS’s unique capabilities will help scientists and engineers
develop computationally efficient, system-level models for designing the next-generation of LSS for deep space
exploration. Comparisons with one-dimensional models indicate that the VCTS matches well with models for
thermal transport and adsorption processes. Further investigation into the tunable parameters for adsorption in the
simulations is required, as is a comprehensive look at the preliminary vacuum desorption data.

15
International Conference on Environmental Systems

Acknowledgments
This work was supported by NASA Space Technology Research Fellowships NNX13AL55H and
NNX12AM46H.

References
1

NASA, Human Exploration & Operations (HEO), 2012.
2
“Life Support Systems Project Description” Available: http://techport.nasa.gov/view/32915.
3
Coker, R., Knox, J., Schunk, G., and Gomez, C., “Computer Simulation and Modeling of CO2 Removal Systems for
Exploration,” International Conference on Environmental Systems, Bellevue, WA: 2015.
4
Chambliss, J., Stambaugh, I., Sargusingh, M., Shull, S., and Moore, M., “Development of a Water Recovery System
Resource Tracking Model,” International Conference on Environmental Systems, Bellevue, WA: 2015.
5
Coker, R. F., and Knox, J. C., Predictive Modeling of the CDRA 4BMS, 2016.
6
Glueckauf, E., and Coates, J. I., “241. Theory of chromatography. Part IV. The influence of incomplete equilibrium on the
front boundary of chromatograms and on the effectiveness of separation,” Journal of the Chemical Society (Resumed), Jan. 1947,
p. 1315.
7
Kay, R., International Space Station (ISS) Carbon Dioxide Removal Assembly (CDRA) Protoflight Performance Testing,
1998.
8
Knox, J. C., and Stanley, C. M., “Optimization of the Carbon Dioxide Removal Assembly (CDRA-4EU) in Support of the
International Space System and Advanced Exploration Systems,” International Conference on Environmental Systems, Bellevue,
WA: 2015.
9
Knox, J. C., Coker, R., Huff, T. L., Gatens, R., Miller, L. A., and Stanley, C., “Development of Carbon Dioxide Removal
Systems for Advanced Exploration Systems 2014-2015,” International Conference on Environmental Systems, Bellevue, WA:
2015.
10
Torquato, S., “Random Heterogeneous Media: Microstructure and Improved Bounds on Effective Properties,” Applied
Mechanics Reviews, Vol. 44, 1991, p. 37.
11
Afandizadeh, S., and Foumeny, E. ., “Design of packed bed reactors: guides to catalyst shape, size, and loading selection,”
Applied Thermal Engineering, Vol. 21, Apr. 2001, pp. 669–682.
12
Berryman, J. G., “Random close packing of hard spheres and disks,” Physical Review A, Vol. 27, Feb. 1983, pp. 1053–
1061.
13
James, J., Matty, C., Meyers, V., Sipes, W., and Scully, R., “Crew Health and Performance Improvements with Reduced
Carbon Dioxide Levels and the Resource Impact to Accomplish Those Reductions,” International Conference on Environmental
Systems, Reston, VA: 2011.

16
International Conference on Environmental Systems

