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TDA Research, Inc., Wheat Ridge, Colorado 80033-1917, U.S.A. 

TDA Research, Inc. (TDA) is developing a post-fire air purification system that consists 

of a particulate removal assembly, an adsorbent bed to remove the combustion byproducts 

generated by small-scale fires (such as NH3 and acid gases; NO/NO2, HCN, and HCl) and an 

ambient-temperature oxidation catalyst to eliminate any carbon monoxide (CO) and volatile 

organic compounds (VOCs). The smoke-eater system is a lightweight, compact, gas 

purification system for an advanced spacecraft, designed to rapidly restore the cabin air to a 

safe condition. Reducing the weight and volume of the sub-components of the spacecraft's 

atmosphere restoration system is of critical importance to NASA, particularly for the next 

generation of planetary exploration missions. This paper includes the test results for 

individual adsorbents and the catalyst at the bench-scale, as well integrated testing of a high 

fidelity prototype inside a 
2
/3-scale environmental chamber (6.5 m

3
). Also included is a 

summary of the development of an advanced version of the Fire Cartridge (FC); a First 

Response Respirator Cartridge (FRRC) chemical filter that provides protection for the 

wearer against an ammonia leak and smoke aerosol. These cartridges for the personal 

respirator masks, in tandem with the smoke-eater with its large chemical filter and 

supporting blower will provide the crew with the ability to deal with an ammonia challenge 

of 30,000 ppmv (3%), by revitalizing the 9.9 m
3
 (350 ft

3
) cabin atmosphere in less than 10 

minutes (>99.7% removal to <100 ppmv). 

Nomenclature 

COC = CO-oxidation catalyst 

FC = Fire Cartridge 

FEP = fluorinated ethylene propylene 

FRRC = First-response Respirator Cartridge 

FTIR = Fourier transform infrared 

GHSV = gas-hourly-space velocity, h
-1

 

HEPA = high-efficiency particulate arrestance 

ISS = International Space Station 

L = adsorbent bed depth 

MCT = mercury-cadmium-telluride 

NOx = nitrogen oxides, NO, NO2 and N2O 

ΔP = pressure differential across the adsorbent bed 

ppmv = parts-per-million-by-volume 

scfm = standard cubic feet per minute, ft
3∙min

-1
 

slpm = standard liters per minute, L∙min
-1

 

SMAC = spacecraft maximum allowable concentration 

t = run time 

TC = trace contaminant 

v = face velocity 

V = adsorbent bed volume 

VOC = volatile organic compound  

WSTF  = White Sands Test Facility 

                                                           
1
 Vice President, 

2
 Senior Engineer, 

3
 Engineer,

 4
 Senior Chemist 



 

International Conference on Environmental Systems 
 

 

2 

I. Introduction 

Crew protection strategies onboard spacecraft must cover not just the 

routine mitigation of trace contaminant (TC) buildup and the prevention and 

extinguishing of fire, but also the restoration, repair, cleanup, and 

atmosphere revitalization activities that are required both during and after 

either a small-scale fire, smolder event, or an ammonia (NH3) leak (e.g. 

from the coolant loop).
1
  Depending on the severity of the event, the options 

to restore the air and make the cabin habitable again by removing toxic 

gases, combustion byproducts (e.g., generated by a small-scale fire) such as 

acid gases (NO/NO2, HCN, HCl, and SO2) and volatile organic compounds 

(VOCs), and smoke aerosol, are to either dump the contaminated air into 

space and refill the cabin with clean atmospheric gases (i.e. oxygen and 

nitrogen), or to recirculate the contaminated air through a purification unit 

(often referred to as a smoke-eater or scrubber).  The latter approach 

conserves a valuable resource (air) and minimizes the amount of oxygen 

that must be stored for emergencies.
2
  The weight penalty (and cost) to 

launch and replenish the spacecraft’s air (and the associated tankage) is 

considerably higher than the cost of the system that recirculates the 

contaminated air and removes the toxic gases using an expendable 

adsorbent cartridge. 

We are developing an advanced first-response respirator cartridge 

(FRRC) cartridge for a respirator mask, and a smoke-eater system that can 

remove ammonia and the complete spectrum of airborne particulate matter 

and hazardous contaminants from post-fire cabin air (Figure 1 and Figure 

2).  In case of the possible accident scenarios the response includes a two-

step approach; first, the crew person dons a portable "escape" or "first-

response" respirator that consists of a pair of adsorbent-filled cartridges 

(Figure 1 and Figure 2) affixed to a protective mask to prevent 

exposure to the contaminated air, and then he/she turns on the air 

purification unit to recirculate the cabin air through the smoke-

eater that has a large annular adsorbent cartridge (Figure 3) to 

remove the ammonia or the toxic byproducts of combustion 

(Figure 4).  These two systems in parallel allow the crew to 

secure themselves to the main oxygen supply, and provides them 

with enough time to extinguish the fire or stop the ammonia leak. 

While the crew wears their respirator masks affixed with 

cartridges that protect them from the toxic air, a portable, self-

contained atmosphere cleanup system (smoke-eater) will rapidly decontaminate the cabin atmosphere before the 

cartridges on the escape masks run out of capacity.  Each pair of FRRCs is designed to afford at least 10 minutes of 

protection from the potentially lethal environment (up to 3% ammonia), while the much larger smoke-eater 

adsorbent cartridge (Figure 3), coupled with a high-efficiency blower, revitalizes the 9.9 m
3
 (350 ft

3
) atmosphere by 

treating multiple volumes of cabin air at a flow rate of 5.4 m
3∙min

-1
 (186.4 scfm) to reduce the concentration of 

ammonia or other hazardous contaminants to less than the spacecraft maximum allowable concentrations (SMACs).
1
  

For testing cartridges, these exposure limits are 

referred to as the breakthrough concentrations 

(Table 1). 

The smoke-eater assembly (illustrated 

schematically in Figure 4) will include the 

proper housing for the layers of filters, 

adsorbent/catalyst media, a recirculating 

blower, gas manifolds, an on/off switch, and an 

optional battery pack that meets the electrical 

load of the device for the duration of its 

operation.  The scrubber may have to operate 

under either dry or humid conditions and 

 
Figure 1.  First-response respirator 

cartridge (FRRC) filled with 240 

cm
3
 of an ammonia/hydrazine 

sorbent (TDA-1) by GENTEX, 

loaded into a bench-scale 

environmental chamber for testing 

in contaminated air at 

representative conditions. 

Table 1.  Contaminant exposure and 

breakthrough concentrations used to test 

adsorbents/catalyst  for the FRRC. 

Contaminant Exposure 

Concentration 

Breakthrough 

Concentration 

CO 1500 ppm 50 ppm 

NH3 1500 ppm or 

30,000 ppm 

30 ppm 

 
Figure 2.  Configuration of the advanced FRRC designed to 

protect the wearer from either a small-scale fire or a 30,000 

ppmv (3%) ammonia challenge for 10 min. 

8 cm 

(3.1 in.) 
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therefore must be able to purify the air regardless of the class of suppressant 

used to extinguish the fire (e.g., water-based, CO2-based or Halon 1301). We 

have developed adsorbents  that effectively remove acid gases (e.g., HCl, 

NOx, and SO2) and ammonia (NH3) from air, under both dry and humid (fully 

saturated) conditions.
3
 The atmosphere recovery time depends primarily on 

the volume of air in the spacecraft cabin, the concentration of the 

contaminant(s), the gas recirculation rate, and the effectiveness of the 

adsorbents and catalyst inside the scrubber cartridge. 

The purifier removes any airborne particulate matter (e.g. smoke aerosol) 

from the recirculating gas by using a two-stage filter assembly.  Stage 1 

consists of a coarse pre-filter to remove larger particles and floating debris 

(>1 micron), whereas the second stage is a HEPA filter that removes even 

finer particles to prevent them from impeding the air flow through the 

adsorbent beds.  Clogging of the HEPA filters was one of the major problems 

observed during tests of previous generations of smoke-eaters at the NASA’s 

White Sands Test Facility (WSTF), causing reduced air flow rates that 

degraded the overall performance of the device, but the first filter stage in the 

current design should prevent this from occurring.  

The air then passes through a three-layer adsorbent/catalyst bed.  First, an 

impregnated activated carbon adsorbent is used to remove all of the condensable hydrocarbon fractions (e.g., tars, 

hydrocarbons, and aldehydes). The chemical filter also has a layer of ammonia/hydrazine (NH3/N2H4) adsorbent 

(designated TDA-1) that is capable of removing all of the ammonia in case of a full release of coolant into the 

spacecraft cabin.  Important advantages of this adsorbent are its exceptional stability; in air, in the presence of high 

levels of CO2, and over the entire humidity range. 

The final layer in both types of cartridges is a proprietary catalyst that oxidizes carbon monoxide (CO) and 

volatile organic compounds (VOCs) such as acrolein and formaldehyde that have little or no affinity towards any 

surface, and therefore cannot be removed by conventional adsorbents.  The catalyst completely oxidizes these 

contaminants in air at ambient temperature (e.g. 25°C) into CO2 and H2O (Eq. 1) at extremely short gas-solid contact 

times, for example:   

 
22

22 COOCO   (1) 

The capabilities of our ambient-temperature oxidation catalyst (TDA-COC) have been demonstrated previously; 

prototype filter assemblies were independently tested at WSTF where they outperformed other commercial systems 

such as the Parat-C filter (Dräger).
3
  The successful results of these tests led to the selection of our ambient-

temperature oxidation catalyst for use on the International Space Station (ISS) where we worked with our partners 

GENTEX and Quick Protection Systems to provide flight-qualified escape respirators to NASA.  The flight-

qualified catalyst was also integrated into the onboard oxygen generating system in the Navy's F/A-18 Hornet to 

prevent the CO and VOCs in the intake air from contaminating the pilot’s breathing oxygen. Development of the 

ISS escape respirator is now complete, but there is still a need to develop both an improved personal cartridge and a 

larger smoke-eater system to rapidly remove impurities from air after either a small-scale fire or the release of 3% 

(30,000 ppmv = 20,890 mg∙m-3
) ammonia into the cabin. 

II. Design Criteria 

We designed the advanced FRRC (Figure 2 

and Table 2), and the smoke-eater (Figure 4 

and Table 3) with its large cartridge (Figure 

3) for use aboard the Orion Multi-Purpose 

Crew Vehicle, but it could be scaled-up for 

the ISS (the scrubbers will have different air 

recirculation requirements due to the 

different cabin volumes of these spacecraft).  

The FRRC and smoke-eater are both 

designed to handle the outbreak of either a 

low-intensity fire or an ammonia leak. 

 

 

Figure 3. Full-scale prototype 

annular cartridge filled with 6.5 L 

of adsorbent for a 
2
/3-scale smoke-

eater test inside a  6.5 m
3
 

environmental chamber. 

 
Figure 4. Schematic of the air purification system (smoke-eater) 

for atmosphere revitalization after a fire or an ammonia release 

(not to scale). 

OD = 28.2 cm (11.1 in.) 
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Orion's emergency oxygen supply only lasts 10 min for 

its crew of four astronauts; therefore both the FRRC and 

the smoke-eater must provide them with enough time to 

extinguish the fire or stop the ammonia leak while the 

system restores the cabin atmosphere to a habitable 

state. 

A. Design of the First-Response Respirator 

Cartridge 

The advanced FRRC has the same outer design as 

the existing Fire Cartridge (FC) used on the ISS escape 

respirator (Figure 1), but on Orion it must perform in 

tandem with the smoke-eater to protect the wearer until 

the scrubber renders the cabin habitable again.  The 

defining parameters and NASA’s performance 

specifications for the FRRC are given in Table 2. The 

cartridge design is constrained by the volume of 

adsorbent necessary to protect the wearer from 30,000 

ppmv of ammonia for 10 min so the smoke-eater can 

reduce the ammonia concentration to <100 ppmv (to be 

the most conservative for design purposes, we assumed the ammonia concentration was constant at 30,000 ppmv for 

10 min).  Furthermore, there is a minimum depth of each layer whereupon gas bypassing reduces the per-pass 

effectiveness of the adsorbent/catalyst to <100%. This threshold is approximately where the thickness of the layer 

approaches the size of the largest adsorbent/catalyst particles (i.e. ~2 mm in diameter), which means that each layer 

must contain at least 15 cm
3
 of media. 

B. Design of the Smoke-Eater and the Smoke-Eater Cartridge 

The requirements for Orion's smoke-eater system imposes significant challenges on its design, and the size of its 

cartridge is dictated by the volume of adsorbent it needs to remove >99.7% of the contaminants in <10 minutes (i.e. 

decrease the concentration of ammonia from 30,000 ppmv to <100 ppmv),  There are also limitations on the 

scrubber's electrical power draw; therefore, it is essential to use a high efficiency blower in the smoke-eater in order 

to meet these targets.  The theoretical minimum flow rate of air through the adsorbent cartridge that is required to 

attain >99.7% removal of 30,000 ppmv ammonia in 10 min from a 9.9 m
3
 (350 ft

3
) confined volume of air was 

calculated to be 5.4 m
3
/min (191 ft

3
/min), with the assumption of exponential decay in concentration due to 100% 

removal efficiency by the adsorbents during the 

smoke-eater's first 10 min of operation, i.e., no 

slippage of contaminants through the cartridge.  

Correspondingly, Figure 5 shows the simulated 

ammonia concentration inside the spacecraft cabin 

over time. 

It follows that the differential pressure through the 

adsorbent bed (ΔP) must be kept to a minimum so the 

blower can maintain the required air flow rate while 

consuming minimal power.  The differential pressure 

across the adsorbent bed is related to the blower 

efficiency, the adsorbent particle size, and the bed 

depth.  So, to reduce the power consumed by the 

blower, the adsorbent media and the catalyst must be 

packed in thin layers inside a high-surface-area 

cartridge to maintain a low pressure drop through the 

bed.  Furthermore, it is important to account for the 

pressure increase during operation as the mechanical 

filters become loaded with particulates and the blower 

efficiency also decreases as the temperature increases 

due to the heat released by the adsorption or reaction 

of contaminants on the adsorbents/catalyst.   

Table 2 Key parameters and performance 

specifications for the first-response respirator 

cartridge (FRRC). 

No. of cartridges per respirator 2 (1 pair) 

Adsorbent/catalyst bed volume (V) 240 cm
3
 (14.6 in

3
) 

Adsorbent bed depth (L) 3.1 cm (1.2 in.) 

Average bed diameter 10 cm (3.9 in.) 

L/D 0.31 

Surface area 79 cm
2
 (12.2 in

2
) 

Approximate mass 370 g (0.8 lb) 

Breathing rate (per cartridge) 22 slpm  

(0.78 scfm) 

GHSV 5500 h
-1

 

Linear velocity 4.7 cm∙s-1
  

(1.85 in.∙s-1
) 

Residence time (L/v) 0.66 s 

Pressure drop (ΔP) @ 42.5 slpm <30 mmH2O 

(1.18 inH2O) 

Lifetime @ 30,000 ppmv NH3 10 min 

III.  

Table 3 Key parameters and performance 

specifications for the Orion smoke-eater with its 

annular adsorbent cartridge. 

Materials of construction Ti-6Al-4V frame 

304SS wire mesh 

Empty mass 2556.5 g 

Adsorbent/catalyst bed volume (V) 6.4 L (387 in
3
) 

Adsorbent bed depth (L) 4.57 cm (1.8 in.) 

Adsorbent mass 5.85 kg 

Cartridge height (h) 19.3 cm (7.6 in.) 

Cartridge inner diameter (ID) 18.3 cm (7.2 in.) 

Cartridge outer diameter (OD) 27.4 cm (10.8 in.) 

Cartridge inner surface area 1110 cm
2
 (172 in

2
) 

Cartridge outer surface area 1661 cm
2
 (258 in

2
) 

Blower flow rate 5.4 m
3∙min

-1
 

(191 scfm) 

Gas-hourly-space velocity GHSV 50,000 h
-1

  

Linear velocity 52 cm∙s-1
 

Residence time (L/v) 74 ms 

Anticipated run time 30 min 
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Once the prototype tests have been completed, 

a compact, high-efficiency blower for the final 

high-fidelity prototype will be specified based on 

the required air flow rate through the bed and the 

relationship between blower efficiency, power 

consumption and bed differential pressure.  The 

overall mechanical efficiency of the blower is 

based on a combination of the motor efficiency, 

fan blade efficiency, and the controller efficiency 

(if needed).  The pressure differential across the 

adsorbent bed (ΔP) can be estimated using the 

Ergun equation.
4
  Because ΔP strongly depends on 

the adsorbent particle size distribution, we are 

restricted to using media with a size between -12 

mesh and +20 mesh. 

III. Adsorbent Testing & Evaluation 

Adsorbents were screened for their 

performance at the set of pre-determined 

contaminant exposure levels and breakthrough 

concentrations provided in Table 1 and the test 

conditions in Table 2. The breakthrough 

concentrations are based on NASA's SMAC values.
5
 

A. Adsorbent & FRRC Testing Inside a Bench-scale Environmental Chamber 

The bench-scale environmental chamber apparatus (Figure 6 and Figure 7) was designed to test standard 

threaded cartridges and adsorbent materials inside our custom-built re-usable canister (Figure 8) in contaminant gas 

mixtures.  Contaminant breakthrough tests were carried out in this apparatus to evaluate the performance of the 

prototype FRRCs and full-scale canisters at representative conditions (i.e. 22 slpm air flow rate, 30,000 ppm NH3, 
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Figure 5:  Theoretical conc. of NH3 inside a 9.9 m

3
 (350 ft

3
) 

spacecraft cabin for an initial conc. of 30,000 ppmv NH3, 

assuming the max. possible removal rate (no slippage of 

NH3 through the cartridge) while the smoke-eater is 

operating at a recirculation rate of 5.4 m
3
/min (191 scfm). 

The inset is a close-up of the approach to 100 ppmv. 

 
Figure 6.  Schematic of the bench-scale environmental chamber system used for full-scale testing of 

adsorbent cartridges and canisters with ammonia, CO and other contaminants at representative conditions. 
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25°C and 15% or 80% RH). 

 

1. System Description 

The bench-scale environmental chamber is 

located inside a fume hood in case of a leak.  

Room air was fed through the system at near 

ambient pressure (83.3 kPa = 12 psia in 

Golden, Colorado) by a 1/3 hp blower (Gast, 

Regenair), while the nitrogen supply for both 

the experiment and the purge for the FTIR 

instrument consisted of the boil-off from a 

liquid nitrogen dewar.  Contaminant gases were 

fed into the system by electronic mass-flow 

controllers with Kalrez seals.  Ammonia was 

supplied from an anhydrous ammonia cylinder 

(stored inside a ventilated cabinet) using a dual-

stage SS regulator.   

To obtain the humidity levels required for 

testing (15% and 80% RH), we directed a 

portion of the air flow from the blower through 

a hollow-fiber module humidifier (Perma Pure) 

using a proportional valve and a flow meter 

prior to combining it with the remaining dry feed that contained the contaminant (e.g., ammonia); the balance of the 

dry air flow that contained the contaminant was controlled similarly.  The temperature of the water flowing through 

the humidifier was controlled by a recirculating bath and any gas flowing through it was fully saturated with water 

vapor.  The humidity was monitored using a 0-100% temperature compensated relative humidity probe (Vaisala) 

and the FTIR.  The pressure differential between the inlet of the environmental chamber and the outlet of the 

canister/cartridge was monitored using a differential pressure transducer (Magnehelic) at both the test condition (i.e. 

22 slpm and either 15% RH or 80% RH) and at 42.5 slpm to ensure the cartridges will not overly restrict the 

astronaut's breathing. 

The custom-built adjustable canister (Figure 8) we used to test the adsorbent(s)/catalyst in the environmental 

chamber is similar in surface area (79 cm
2
) to the FRRC (Figure 1).  The canister is beneficial for optimizing bed 

geometry (i.e. media filling order and layer thicknesses).  The 10.0 cm ID stainless steel base (Figure 8a) was filled 

uniformly with sorbent/catalyst using our custom-built "snowflake" machine (Figure 9a) that evenly disperses the 

media in the canister for testing.  A layer of 50 cm
3
 inert glass beads (-20+30 mesh) was also packed uniformly 

upstream (Figure 8b) of the adsorbent/catalyst layer(s) to hold the media in place under the metal grate in the fully 

assembled canister and to help evenly distribute the air flow before it reaches the bed (see Figure 8d).  Porous non-

woven polymer fiber scrim sheets (Figure 8c) were used to keep the layers of media separate (while adding 

negligible resistance to the air flow).  The threaded brass retaining ring secures the scrim sheets, glass beads and 

layers of media firmly in place during testing. 

 
Figure 7.  Bench-scale environmental chamber system used 

for full-scale testing of adsorbent cartridges and canisters 

with ammonia, CO and other contaminants at representative 

conditions. 

 
a)         b)           c)        d) 

Figure 8.  10 cm ID adjustable-depth SS canister used for full-scale adsorbent testing in the bench-scale 

environmental chamber. From left to right; a) porous non-woven polymer scrim sheets separate the layer of 

TDA-1 adsorbent (b) from the 50 cm
3
 layer of  inert glass beads (c) used for flow distribution and the metal 

grate in the fully assembled canister (d). 
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The adjustable canister was filled with either 25 cm
3
, 100 cm

3
, or 240 cm

3
 of 

media to test the ability of each type of media alone (and layered with each other) 

to remove ammonia, CO and other contaminants from air.  The prototype FRRCs 

(Figure 1) that were filled with ammonia/hydrazine adsorbent media (TDA-1) by 

GENTEX were stored in sealed plastic bags and were unpackaged immediately 

prior to testing.  The media particle size was -20+45 mesh size (0.35-0.84 mm 

diameter) in the cartridges filled with either 25 or 100 cm
3
 sorbent, whereas the 

cartridges filled with 240 cm
3
 media contained -12+40 mesh TDA-1 (0.40-1.7 mm 

diameter) to maintain a low ΔP.  The canister ID = 10 cm and the overall media 

depth was either 0.32 cm (L/D = 0.032), 1.27 cm (L/D = 0.127), or 3.06 cm (L/D = 

0.306) for the 25, 100, and 240 cm
3
 beds, respectively.   

Individual cartridges/canisters (from the dual-filter respirator mask system) 

were tested at a constant volumetric air flow rate of 22 slpm to simulate an 

elevated breathing rate with a constant flow of contaminated air.  The face velocity 

was 4.7 cm/s at this flow rate while the gas-hourly-space-velocity (GHSV) was 

either 58,800, 13,200, or 5500 h
-1

 for the 25, 100, and 240 cm
3
 beds.  All tests 

were performed at 25°C ±2°C, 83.3 kPa (12 psia), and either 15% RH or 80% RH 

(±2% RH). 

 

2. Gas Analysis 

A MKS Instruments Multigas 2030 FTIR spectrometer was used to quantitatively 

measure the concentrations of most of the contaminants in the effluent from the 

sorbent tests.  After the effluent gas passes through the sorbent cartridge, a 

slipstream is pulled through fluorinated-ethylene-propylene (FEP) tubing by a 

small sample pump for analysis (sample transfer is via FEP tubing to minimize 

analyte loss).  The analyzer has a fast process interferometer capable of scanning 

at rates of up to 1 Hz with a resolution of 0.5 cm
-1

.  A liquid-nitrogen cooled 

mercury-cadmium-telluride (MCT) detector allows for full range (down to 500 cm
-

1
 or 16 μm) detection; expanding the number of gases that can be detected and 

quantified.  The analyzer incorporates a 5.11 m path-length cell with gold IR 

reflection coatings and Zn–Se windows.  As equipped, it is generally capable of 

analyzing IR-active compounds from percent to sub-ppm levels depending on the 

IR-absorptivity of the material.  Unlike many IR detectors, the Multigas 

instrument records the entire IR spectrum, providing simultaneous analysis of 

multiple species at varying concentrations.  Monatomic and symmetric diatomic 

gases (N2, O2, Cl2, Ar, etc.) are invisible to the analyzer. 

The analyzer utilizes an internal thermostat to maintain a constant analysis 

temperature and heated sample lines to deliver the sample gas to the cell.  When 

operated at sufficient temperature (191°C for these experiments) we can monitor a 

variety of active species (such as NH3) without drying the sample stream.  This is 

beneficial as it eliminates the potential loss of water soluble analytes through the 

drying process.  Moreover, the FTIR provides a direct analysis of the detected 

species without the need for converters as is common for the detection of ammonia 

by chemiluminescence.  Because the conversion step is eliminated, another potential inefficiency in the 

quantification process that can lead to erroneous measurements is also removed.  Therefore with a proper analysis 

matrix, FTIR measurements have reduced impacts from inefficiency, loss of analyte, and bias through interference 

species. 

Factory calibrations were utilized for all of the materials studied in this program and the manufacturer's 

proprietary Health Check Utility was employed to verify that all aspects of the instrument were within spec prior to 

recording data.  Backgrounds were obtained prior to the start of each experimental run using UHP-grade nitrogen as 

the background gas with a minimum of 30 minutes of flow through the gas cell prior to recording the background. 

Because the FTIR analyzer is sensitive to the actual number of molecules in the cell, the analysis stream was 

sampled via a slipstream at a nominal rate of 1 slpm and the pressure controlled to 1 atm ± 1%.   

 

 
a) 

 
b) 

 
c) 

Figure 9. From top; a) TDA's 

snowflake machine used to 

evenly fill the canister with 

layer(s) of adsorbent(s)/ 

catalyst, b & c) close-ups 

showing uniform distribution 

of the adsorbent. 
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3. Carbon Monoxide Breakthrough Test 

We tested  the reusable canister filled with three 

separate layers of adsorbents/catalyst (listed in order 

of exposure to the incoming contaminated air, as 

depicted in Figure 2); 70 cm
3
 of a universal carbon 

sorbent, 100 cm
3
 of ammonia/hydrazine sorbent 

(TDA-2), and 70 cm
3
 of ambient-temperature CO-

oxidation catalyst (TDA-COC) and tested at a 

challenge concentration of 1500 ppmv CO in 22 slpm 

air at 15% RH and 25°C ±1°C (Figure 10).  The 

thickness of the catalyst layer, L = 9 mm, corresponds 

to a L/D = 0.09 and a gas-hourly-space velocity 

(GHSV) of 18,900 h
-1

.   

During the run, the CO2 concentration increased 

from the ambient concentration of ~450 ppm in the 

feed air to a steady-state concentration of ~2000 ppm 

(Figure 10) as the CO was oxidized by the catalyst 

(NASA's 1 h SMAC for CO2 is 2% = 20,000 ppm), 

while the concentration of CO stayed <0.1 ppm for 

more than 6 h until the CO was turned off (the 1 h 

SMAC for CO is 30 ppm).
1
  No traces of other 

reaction products were detected by the FTIR.  This 

catalyst is the last layer in the cartridge because it is 

the most sensitive to deactivation by other 

contaminants.   

 

4. Ammonia Breakthrough Tests 

The results of the ammonia breakthrough tests that were carried out on canisters filled with a single layer of 25 

cm
3
 sorbent at a feed concentration of 1436 ppm NH3 (1000 mg∙m-3

) in 25 slpm air at 15% RH are displayed in 

Figure 11.  The results for Chemsorb 1425 (Molecular Products) and our optimized adsorbent media (TDA-2) are 

shown for comparison; it is apparent that TDA-2 had greater ammonia breakthrough capacity than Chemsorb 1425 

at these conditions.  

The results for the ammonia breakthrough tests that were carried out on FRRCs and the reusable canister filled 

with a single layer of 100 cm
3
 adsorbent at a feed concentration of 1500 ppm NH3 in 22 slpm air are displayed in 

Figure 12a (15% RH) and Figure 12b (80% RH).  The FRRCs were filled with 100 cm
3
 ammonia/hydrazine sorbent 

(TDA-1) sorbent by GENTEX and results for TDA-1, Ammonasorb II (Calgon), Chemsorb 1425 and our optimized 

ammonia/hydrazine sorbent media (TDA-2) in the reusable canister are shown for comparison.  The ammonia 

breakthrough capacities at 15% RH followed this 

trend; FRRC (filled with TDA-1) > TDA-2 > TDA-1 > 

Chemsorb 1425 > Ammonasorb II.  At 80% RH, the 

canister filled with TDA-2 100 cm
3
 sorbent outlasted 

the FRRC filled with 100 cm
3
 TDA-1 sorbent. 

A comparison of the FRRCs and canisters filled 

with either 100 cm
3
 (2045 mesh) or 240 cm

3
 (1240 

mesh) TDA-1 is presented in Figure 13a (1500 ppm 

NH3), and Figure 13b (30,000 ppm NH3) at 15% RH.  

Also shown in Figure 13a are the ammonia 

breakthrough results for the reusable canister filled 

with three separate layers of adsorbents/catalyst (listed 

in order of exposure to the incoming contaminated air, 

as depicted in Figure 2); 70 cm
3
 of a universal carbon 

sorbent, 100 cm
3
 of TDA-2, and 70 cm

3
 of ambient-

temperature CO-oxidation catalyst (TDA-COC).  The 

inclusion of the additional media barely impacted the 

ammonia capacity, which indicates that the universal 

 
Figure 10. CO2 concentration vs. time for a canister 

filled with three separate layers; 70 cm
3
 of universal 

carbon sorbent, 100 cm
3
 of ammonia/hydrazine sorbent 

(TDA-1) and 70 cm
3
 of  ambient-temperature oxidation 

catalyst (TDA-COC) and tested inside the bench-scale 

environmental chamber at a concentration of 1500 ppm 

CO in 22 slpm air (GHSV = 18,900 h
-1

) at 15% RH and 

25°C.  The CO concentration stayed <0.1 ppmv. 

 
Figure 11.  Ammonia breakthrough curves for 25 cm

3
 

sorbent in a 10 cm ID canister. The feed contained 

1436 ppm NH3 in air at 25 slpm (GHSV = 60,000 h
-1

), a 

humidity of 15%±2% RH, and 25°C ±2°C.  
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carbon sorbent and the catalyst have minimal capacity for ammonia. 

Of course, with an increase in ammonia concentration from 1500 ppmv (1046 mg∙m-3
) to 30,000 ppmv (20,890 

mg∙m-3
), the breakthrough times decreased at 15% RH (Figure 13b).  All of the other parameters for the runs carried 

out at 30,000 ppm were the same as for the 1500 ppm runs.  The results show that a cartridge filled with a single 100 

cm
3
 layer of ammonia/hydrazine media (non-optimized TDA-1; 2045 mesh) would protect the wearer from 30,000 

ppmv NH3 for about 8 min while a cartridge filled with 240 cm
3
 of 1240 mesh TDA-1 lasted for >18 min. By 

substituting our optimized NH3/N2H4 media (TDA-2) for TDA-1 in the FRRC we anticipate that it will provide at 

least 18 min of protection or longer at 30,000 ppmv NH3 (based on the data plotted in Figure 12a and b for TDA-2 

compared to TDA-1 and the FRRC).  At 1500 ppm NH3 in the feed air, the same volume of sorbent (100 cm
3
) takes 

more than  30 longer (>2 h; Figure 13b vs. 12a) to reach the breakthrough concentration (30 ppm).   

Next, we are planning to test FRRCs filled by GENTEX that contain layers of universal carbon sorbent, TDA-2 

and ambient-temperature CO-oxidation catalyst against combinations of ammonia, hydrocarbons and carbon 

monoxide to determine the effectiveness of the optimized prototype design against these contaminants in both dry 

and humid air.  We have manufactured >40 kg of optimized ammonia/hydrazine media (TDA-2), which provides us 

with ample material to fill more prototype FRRCs, and much larger smoke-eater cartridges in order to carry out 

evaluation tests on them in a sub-scale environmental chamber (Figure 14), as described in the next section.  . 

 

 
a)                   b) 

Figure 12. Ammonia breakthrough curves for 100 cm
3
 adsorbent in a canister or FRRC (both ~10 cm ID) 

for 1500 ppm NH3 in 22 slpm air (GHSV = 13,200 h
-1

) at a) 15%±2% RH or b) 80%±2% RH, and 25°C ±2°C. 

 
a)                   b) 

Figure 13.  Ammonia breakthrough curves for 100 cm
3
 adsorbent (2045 mesh) and 240 cm

3
 

adsorbents/catalyst (1240 mesh) in a FRRC or reusable canister; at a) 1500 ppmv NH3, and b) 30,000 ppmv 

NH3.  The feed flow rate was 22 slpm air at a humidity of 15%±2% RH, and 25°C ±2°C.  
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B Ammonia Scrubber System Adsorbent Cartridge Testing Inside a 
2
/3-scale Environmental Chamber 

Sub-scale cartridge tests were carried out inside our sub-scale 6.46 m
3
 (228 ft

3
; 

2
/3 the size of the spacecraft 

cabin) environmental chamber (Figure 14) to evaluate the performance of the adsorbents at representative 

conditions.  The 
2
/3-scale prototype smoke-eater (Figure 15) must operate at an air flow rate of ≥3.4 m

3
/min (121 

scfm) to accurately simulate the performance of the full-size unit based on Orion's 9.9 m
3
 (350 ft

3
) cabin (note: 

NASA's design is subject to change).  While we were designing and fabricating the full-scale annular adsorbent 

cartridge (see Figure 3), we tested the adsorbents in square cartridges (Figure 15b) within the 
2
/3-scale prototype 

smoke-eater system inside the environmental chamber (Figure 15a), or the adsorbent bed was loaded directly into 

the smoke-eater by supporting it on a -30 mesh wire screen (Figure 15c) for a greater volume of adsorbent in a 

thinner bed with a higher surface-to-volume ratio.     

 

5. System Description 

A schematic of the 
2
/3-scale environmental chamber is shown in Figure 14c.  The sample pump was operated at a 

flow rate of 10 slpm (as measured by a calibrated electronic volumetric displacement flowmeter; Drycal) so the 

FTIR would respond rapidly to changes in concentrations; i.e. within a few seconds according to the data collected 

   
a)         b)            c) 

Figure 14.  Sub-scale environmental chamber testing system (
2
/3 the volume of the Orion cabin); (a) primary 

6.5 m
3
 (228 ft

3
) chamber with recirculating blower (30 acfm) and humidity control system, (b) outside of the 

secondary containment shell showing the air exhaust outlets, and c) schematic showing the prototype inside 

the primary chamber with its recirculating blower (3 hp) and the FTIR sample loop.   

 

     
a)          b)               c) 

Figure 15. a) Prototype equipped with a 3 hp blower, insertion flowmeter, and a differential pressure 

gauge, b) Prototype cartridges used to contain the adsorbent with surface areas of (left) 490 cm
2
 (filled with 

carbon adsorbent held in place by a SS screen) and (right) 721 cm
2
 that holds up to 4.2 L of adsorbent.  c) 

Greater surface area (839 cm
2
) was obtained without using either cartridge by supporting the adsorbent bed 

on a -30 mesh wire screen to obtain the required recirculation rate; ≥3.5 m
3∙min

-1
 (124.4 scfm).  
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during the chamber fill tests.  The recirculating blower attached to the chamber (not the blower on the smoke-eater) 

was kept running at full power 0.8 m
3∙min

-1
 (30 scfm) to keep the concentration homogeneous while the chamber 

was being filled with ammonia and during the run. 

 

6. Ammonia Removal Tests 

Several preliminary tests that were carried out on 3.47-3.95 L of 1220 mesh Chemsorb 1425 and TDA-1 in the 

square cartridges shown in Figure 15b (with surface areas of either 490cm
2
 = 76 in

2
, or 721 cm

2
 = 112 in

2
) did not 

meet the target ammonia removal rate.  After verifying the hermeticity of the smoke-eater assembly while the 

blower was operating, we ran a series of tests (Figure 16) on our optimized ammonia/hydrazine adsorbent (TDA-2) 

using 1220 mesh material at bed depths of 4.06 cm (1.6 in.), 4.45 cm (1.75 in.), and 4.70 cm (1.85 in.) that was 

loaded directly into the smoke-eater box onto a -30 mesh supported wire screen for greater bed surface area; 839 

cm
2
 (130 in

2
).  The greater surface-to-volume ratio of this configuration allowed us to use more adsorbent in a 

deeper bed, but still obtain a much higher air recirculation rate of 5 m
3∙min

-1
 (175 scfm) from the blower at the same 

ΔP. 

NASA's ammonia removal target of 3% to <100 ppmv in 10 min was almost attained during TDA-2 Run #3 and 

the other runs also came close (Figure 16b and Table 4).  The ammonia adsorption curves for the TDA-2 runs shown 

in Figure 16a closely followed but exceeded the theoretical rate of decrease in concentration for 100% adsorbent bed 

efficiency (100% per-pass ammonia removal), which further confirmed that the flow rate of air through the 

adsorbent bed must have been >3.5 m
3∙min

-1
 (124.4 scfm) and there was also minimal slippage of ammonia through 

 
a)                   b) 

Figure 16. a) Effect of adsorbent bed depth (denoted in the legend) on the ammonia breakthrough curves 

for TDA-2 (-12+20 mesh) sorbent loaded directly into the 839 cm
2
 (130 in

2
) smoke-eater and tested in an 

environmental chamber with an initial concentration of 3% (30,000 ppm) NH3, an air recirculation rate of 5.0 

m
3∙min

-1
 (175 scfm), and an initial temperature of 24°C,  b) close-up of the approach to 10 min, showing that 

only Run #3 came very close to meeting the removal target (<100 ppmv NH3 in <10 min) because it had the 

deepest bed (4.7 cm = 1.85 in.).  The NH3 conc. (dashed red line) was periodically measured downstream of 

the sorbent bed during Run #1, showing that the sorbent still had some NH3 capacity. 

Table 4. Run parameters and results for the NH3 removal tests by TDA-2 sorbent (-12+20 mesh) loaded 

directly into the 839 cm
2
 (130 in

2
) smoke-eater assembly with a feed of 5.0 m

3∙min
-1

 (175 scfm) air at 24°C 

±2°C and 15% RH.  Ammonia capacity was determined at 10 min. 

Run 

# 

Bed 

Vol. 

(cm
3
) 

Bed 

Depth 

(cm) 

GHSV 

(×1000 

h
-1

) 

Bed 

ΔP 

(inH
2
O) 

Conc. 

at 10 

min 

(ppmv) 

Time to 

Reach 

100 ppm 

(min) 

Ammonia 

Capacity 

at 10 min 

(mg∙g
-1

) 

Ammonia 

Capacity 

at 10 min 

(mg∙cm
-3

) 

1 3470 4.1 85.7 8.1 218 39.0 114.3 90.9 

2 3720 4.4 79.9 8.0 196 35.7 107.9 84.8 

3 3950 4.7 75.3 8.1 118 10.6 102.3 80.1 
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the bed.  These results suggest that the smoke-eater was 

operating in the adsorbent-limited regime because the 

measured air flow rate of 5.0 m
3∙min

-1
 (175 scfm) was 

well above the theoretical minimum recirculation rate 

required to remove 30,000 ppmv NH3 in 10 min (3.5 

m
3∙min

-1
 = 124.4 scfm).  Because the quantity of 

adsorbent in the bed was on the threshold of being 

adequate to remove all of the ammonia, these results 

therefore provide us with an estimated minimum 

required volume of 4 L (244 in
2
) to use in designing the 

full-scale smoke-eater unit by scaling this up by a factor 

of 1.5 (the volume ratio of the Orion spacecraft cabin to 

our sub-scale environmental chamber).  The results also 

indicated the reasonably consistent repeatability of runs 

using the same adsorbent media, ammonia 

concentration, and air flow rate at similar bed depths,.   

The air (the dashed red line in Figure 16b) was 

periodically sampled downstream of the adsorbent bed 

during TDA-2 Run #1, showing that some ammonia 

was slipping through the adsorbent bed as evidenced by 

the difference between the ammonia concentrations in 

the chamber and inside the smoke-eater, but the 

adsorbent still had some ammonia capacity. After 

TDA-2 Run #1 (Figure 16) met the targeted concentration (<100 ppmv NH3 after 40 min), we shut off the blower to 

let the adsorbent offgas (Figure 17), which showed that the ammonia concentration drifted back up very slowly and 

then lined out.  After 10 h the ammonia concentration was still below the 100 ppm threshold and when the smoke-

eater's recirculating blower was turned back on the concentration dropped from 73 ppm to <5 ppm NH3 in 10 min.  

This result is important because it demonstrates that the adsorbent does not release the ammonia back into the 

spacecraft cabin once the unit is shut off, and the adsorbent can ultimately reduce the ammonia concentration to less 

than the 1 h SMAC of 30 ppm. 

Unlike the square cartridges, in the new cartridge the adsorbent bed fills the vertical annular space and is held in 

place by SS mesh attached to the inner and outer cylindrical V–6Al–4Ti frames (Figure 3, Table 3 and Figure 18).  

Similarly to the runs on the square smoke-eater cartridges, the blower pulls the contaminated air through the 

adsorbent bed, by entering through the SS mesh on the outer diameter of the cartridge and exiting through the SS 

 
Figure 17. Ammonia release rate and scrubbing 

ability for a 4.1 cm (1.6 in.) deep bed of TDA-2 (-12+20 

mesh) sorbent loaded directly into the 839 cm
2
 (130 

in
2
) smoke-eater and tested in a 

2
/3-scale 

environmental chamber with an initial concentration 

of 3% (30,000 ppm) NH3, an air recirculation rate of 

5.0 m
3∙min

-1
 (175 scfm), and an initial temperature of 

24°C.   

       
a)           b)          c)         d) 

Figure 18. Testing TDA's full-scale prototype annular smoke-eater adsorbent cartridge inside the sub-scale 

environmental chamber; a) filled 2/3
rds

 full with Chemsorb 1425, held in place with a b) fiber-reinforced 

silicone gasket, and a c) rigid SS ring and four SS compression springs to prevent air from bypassing the bed 

during testing. d) cartridge sealed to the 3 hp centrifugal blower inside the environmental chamber. 
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mesh on the inner diameter and out through the blower.  A custom 3-D printed adapter with a rubber gasket was 

used to seal the cartridge directly onto the blower's inlet flange (Figure 18d).  The volume, V, of adsorbent loaded 

into the annular cartridge is adjustable and it can hold up to 6.51 L of media (Figure 18a and b), but the bed depth in 

the annular space is fixed at L = 4.1 cm (1.6 in.).  The parameters and results for all of the runs carried out using the 

annular cartridge are provided in Table 5. 

Figure 19 shows the results for Chemsorb 1425 activated carbon and TDA-2 adsorbent beds housed in the new 

annular cartridge, which was loaded to full capacity for each of these tests (V = 6.51 L).  We tested media with either 

the previous particle size distribution (1220 mesh) or a smaller distribution (1620 mesh) to demonstrate that the 

ammonia removal target could still be met with an acceptable ΔP across the bed (Table 5).  The ammonia adsorption 

curves shown in Figure 19 were nominally the same because 6.51 L of adsorbent proved to be more than adequate to 

achieve 99.7% ammonia removal within the first 7 min.  The corresponding ammonia concentrations at 10 min 

varied by only a few ppm among the three tests, i.e., the goal of <100 ppmv NH3 in 10 min was surpassed by a time 

of 3.5 to 4 minutes (i.e. a concentration of 59 to 62 ppm).  For this reason, and because the cartridge was filled with 

excess adsorbent, the slight variations in performance were attributed to deviations in the air recirculation rate 

through the cartridge.  Maximum power (60 Hz) was 

applied to the smoke-eater's 3 hp centrifugal blower; 

which reached air recirculation rates that were much 

higher (up to 8.7 m
3∙min

-1
 or 310 scfm) than required to 

remove the ammonia in <10 min (Table 5).  The 1220 

mesh Chemsorb 1425 test reached the highest flow rate 

and the 1620 mesh Chemsorb and TDA-2 runs had 

lower recirculation rates due to greater air flow 

resistance through these beds that were composed of 

smaller adsorbent particles.   

Considering the results of the 6.51 liter tests were 

shown to be controlled by the air recirculation flow 

rate, the same three tests were run at two-thirds of the 

volume (4.34 L) of media in an effort to produce results 

in the performance regime where ammonia uptake is 

limited by not only the specific adsorbent’s capacity but 

also on its kinetic uptake rate within the first 10 min 

(Figure 20).  After 4.34 L of sorbent was loaded into 

the annular cartridge, the remaining 2.17 L of empty 

space around the top of the annular space inside the 

cartridge was sealed with two thin polyethylene sheets 

(that are compatible with ammonia) held in place 

against the top of the adsorbent bed by a fiber-

reinforced silicone gasket (Figure 18b), a rigid SS ring 

 
Figure 19. a) Ammonia breakthrough curves for 

6.51 L of Chemsorb 1425 and TDA-2 adsorbents 

(1220 or 1620 mesh as denoted in the legend) in the 

annular cartridge on the smoke-eater inside a 
2
/3-scale-

environmental chamber with an initial concentration 

of 3% (30,000 ppm) NH3, an air recirculation rate of 

5.0 m
3∙min

-1
 (175 scfm) and an initial temperature of 

24°C.  The adsorbent bed depth, L, was 4.1 cm (1.6 

in.). 

Table 5. Run parameters and results for the ammonia removal tests by Chemsorb 1425 and TDA-2 

adsorbents in the annular cartridge at an initial concentration of 30,000 ppmv NH3 in air at 15% RH.  

Ammonia capacities were determined at 10 min. 

Adsorbent 

Media 

Mesh 

Size 

Bed 

Vol. 

(cm
3
) 

Bed 

ΔP 

(inH2O) 

Initial 

Temp. 

(°C) 

Air Flow  

Rate 

(m
3∙min

-1
, 

acfm) 

Time to 

Reach 

100 ppm 

(min) 

Ammonia 

Capacity 

(mg∙g-1
) 

Ammonia 

Capacity 

(mg∙cm
-3

) 

Chemsorb 1220 6510 - 17.4 8.8 (310) 6.0 78.1 53.08 

Chemsorb 1620 6510 - 25.7 8.1 (285) 6.2 117.0 81.1 

TDA-2 1620 6510 - 25.6 7.5 (265) 6.3 88.2 74.7 

Chemsorb 1220 4340 8.52 25 7.2 (255) 17.8 158.5 106.5 

Chemsorb 1620 4340 8.62 26 5.0 (175) 13.9 110.4 75.0 

TDA-2 1620 4340 8.78 25 5.7 (200) 9.8 101.9 85.4 
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and four SS compression springs to prevent air from bypassing the bed (Figure 18c). 

Figure 21 shows the results of the two-thirds capacity tests run on 4.34 L 1220 and 1620 mesh Chemsorb 

1425 and 1620 mesh TDA-2. The reduction in bed volume resulted in ammonia adsorption curves that varied by 

sorbent performance instead of flow rate.  TDA-2 met the target of reducing the ammonia concentration from 30,000 

ppmv to 100 ppmv in <10 min.  The ammonia concentration reached 100 ppm in 9.8, 13.8 and 17.9 minutes when 

using 1620 mesh TDA-2, and for 1220 and 1620 mesh Chemsorb 1425, respectively (the corresponding 

ammonia concentrations inside the environmental chamber after 10 min of air recirculation were 97 ppm, 222 ppm, 

and 298 ppm).   

IV. Conclusion 

An advanced smoke-eater was designed to protect the crew of the Orion Spacecraft from a small-scale fire or a 

large ammonia release inside the cabin by scrubbing the toxic contaminants out of the cabin atmosphere.  An 

advanced First Response Respirator Cartridge (FRRC) was developed in parallel to be worn by the astronauts and 

protect them while the smoke-eater purifies the atmosphere.  Function tests were carried out on both types of 

cartridges to demonstrate the effectiveness of the adsorbent and catalyst media.  Our optimized ammonia/hydrazine 

adsorbent (TDA-2) met the target set for the smoke-eater application; a 
2
/3-scale smoke-eater with a new annular 

cartridge that contained 4.34 L of TDA-2 media removed 30,000 ppmv of ammonia in <10 min from a simulated 

spacecraft cabin (a 6.5 m
3
 
2
/3-scale environmental chamber) at an air recirculation rate of 5.7 m

3
/min (200 acfm).  A 

70 cm
3
 bed of ambient-temperature oxidation catalyst (TDA-COC) in a 3-layer canister with 100 cm

3
 

ammonia/hydrazine (TDA-2) adsorbent and 70 cm
3
 universal carbon adsorbent removed 1500 ppm CO from 25 

slpm air (GHSV = 18,860) for at least 6 h at 15% RH and 25°C without any CO leakage, and it lasted for 9 min 

when challenged with a constant concentration of 30,000 ppm of ammonia.   
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a)                   b) 

Figure 20. Ammonia breakthrough curves for 4.34 L of Chemsorb 1425 and TDA-2 adsorbents(1220 or 

1620 mesh) tested in the annular cartridge in the smoke-eater inside TDA's environmental chamber with an 

initial ammonia concentration of 3% (30,000 ppm) at an air flow rate of 5.0 m
3∙min

-1
 (175 scfm) and an initial 

temperature of 24°C.  The bed depth was 4.1 cm (1.6 in.).  b) Close-up of the approach to 10 min, showing 

that TDA-2 met the removal target (<100 ppmv NH3 in <10 min), but some ammonia was slipping through 

the adsorbent bed because the adsorption curve crossed over the theoretical removal curve after 10 min.   
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