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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, a sorbent bed to remove the combustion byproducts 

generated by small-scale low intensity fires (such as acid gases, NO/NO2, HCN, HCl, SO2 and 

NH3) and an ambient-temperature oxidation catalyst to eliminate any carbon monoxide 

(CO) and volatile organic compounds (VOCs). The unit is designed to rapidly restore the 

spacecraft cabin air to a safe condition.  TDA’s Smoke-Eater system is a lightweight, 

compact, gas purification system for an advanced spacecraft.  Reducing the weight and 

volume of the subcomponents of the spacecraft atmosphere restoration system is of critical 

importance to NASA, particularly for next generation planetary exploration missions.  The 

paper will include the test results for integrated testing of a high fidelity prototype filter 

assembly inside 6.5 m
3
 (230 ft

3
) 46%-scale environmental chamber.  The paper will also 

include a summary of a version of the chemical filter that provides protection against an 

ammonia leak and a trace contaminant control system for next generation spacesuits.  This 

chemical filter and its supporting fan was able to handle an ammonia challenge of 30,000 

ppmv (20,890 mg∙m-3
), and revitalize the atmosphere inside a 6.5 m

3
 (230 ft

3
) simulated cabin 

in <11 minutes (>99.9% removal to <30 ppmv). 

Nomenclature 

CCV = commercial crew vehicle 

CFC = computational fluid dynamics 

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 

MPCV = Multi-Purpose Crew Vehicle 

NOx = nitrogen oxides, i.e. 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

 

SAE = Society of Automotive Engineers 

SMAC = spacecraft maximum allowable concentration 

SS = stainless steel 

t = run time, min 

TC = trace contaminant 

v = face velocity 

V = adsorbent bed volume 

VOC = volatile organic compound  
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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), volatile organic compounds (VOCs), and 

smoke aerosol, are to either vent 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 canister. 

We are developing an advanced 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, Figure 2 and Figure 3).  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 cartridge (FRRC) that 

consists of a pair of adsorbent-filled cartridges affixed to a protective mask to prevent exposure to the contaminated 

air (described in detail previously)
3
, and then he/she turns on the air purification unit (Figure 2) to recirculate the 

cabin air through the smoke-eater that has a large annular adsorbent canister (Figure 1) to remove the ammonia or 

the toxic byproducts of combustion.  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. 

The portable, self-contained atmosphere cleanup 

system (smoke-eater) must 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 canister (Figure 1), coupled with a high-

efficiency fan (Figure 2), revitalizes the 14.2 m
3
 (500 

ft
3
) atmosphere by treating multiple volumes of cabin 

air at a flow rate of 6.8 m
3∙min

-1
 (240 cfm) to reduce 

the initial concentration of ammonia (or other 

hazardous contaminants) from 30,000 ppm (20,890 

mg∙m-3
) to less than the spacecraft maximum 

allowable concentrations (SMACs).  The 1 h SMAC 

for ammonia is 30 ppm.
4
   

The smoke-eater assembly will include the proper 

housing for the layers of filters, adsorbent/catalyst 

media, a recirculating blower, gas manifolds, an on/off 

switch, and a 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 therefore must be able to purify 

the air regardless of the class of suppressant used to 

 

Figure 1. Full-scale prototype 

annular canister filled with 11.3 L 

of adsorbent for a full-scale 

smoke-eater test. 

 
Figure 2. Sub-scale (6.5 L) smoke-eater test setup inside 

TDA's 6.5 m
3
 (230 ft

3
) environmental chamber. Note: 

the insertion probe flowmeter assembly (all of the white 

PVC pipe) is removed for ammonia testing so as not to 

impede the fan's performance due to its air flow 

resistance. 

OD = 38.4 cm (15.1 in.) 
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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.
5
 For the tests 

described herein, we demonstrated the effectiveness of 

a layer of ammonia/hydrazine (NH3/N2H4) adsorbent 

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 

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 adsorbent inside the scrubber 

canister. 

II. Design Criteria 

We designed the smoke-eater (Figure 2 and Table 

1) with its large annular canister (Figure 1) for use 

aboard the Orion Multi-Purpose Crew Vehicle 

(MPCV), 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.  Both the personal FRRCs and the 

smoke-eater must provide Orion's crew of four astronauts 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 Smoke-Eater and the Smoke-Eater Canister 

The full-scale scrubber was designed to remove contaminants from Orion's 14.2 m
3
 (500 ft

3
) cabin.  The 

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

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

decrease the concentration of ammonia from 30,000 ppmv to <100 ppmv). According to our contaminant removal 

model
3
, the full-scale smoke-eater must operate at an air flow rate of 8.1 m

3
/min (285 cfm) to accurately simulate 

the performance of the full-size unit, based on 

Orion’s 14.2 m
3
 (500 ft

3
) cabin volume.  There 

are also limitations on the smoke-eater's electrical 

power draw because it will be supplied by a 

battery pack; therefore, it is essential to use a high 

efficiency blower (fan) to meet the performance 

specifications.   

It follows that the differential pressure 

through the adsorbent bed (ΔP) must be kept to a 

minimum so the fan can maintain the required air 

flow rate while consuming minimal power.  The 

differential pressure across the adsorbent bed is 

related to the fan 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 canister to 

maintain a low pressure drop through the bed.  

Furthermore, it is important to account for the 

 
Figure 3. Cross-section schematic of the full-scale 

scrubber showing the direction of air flow in through 

the sorbent bed in the canister and out through the 

fan.  The total capacity is 11.3 L of sorbent at a bed 

depth (layer thickness) of 4.1 cm (1.6 in.).  The outer 

diameter of the canister is 38.4 cm (15.1 in.). 

Table 1 Key parameters and performance specifications 

for the Orion smoke-eater and its annular adsorbent 

canister. 

Materials of construction SAE 304 SS 

Empty mass 5375 g 

Adsorbent/catalyst bed volume (V) 11.3 L (689 in
3
) 

Adsorbent bed depth (L) 4.06 cm (1.6 in.) 

Adsorbent mass 10 kg 

Canister height (h) 26.2 cm (10.3 in.) 

Canister inner diameter (ID) 38.4 cm (15.1 in.) 

Canister outer diameter (OD) 30.2 cm (11.9 in.) 

Canister inner surface area 2488 cm
2
 (385 in

2
) 

Canister outer surface area 1661 cm
2
 (258 in

2
) 

Blower flow rate 6.8 m
3∙min

-1
 (240 scfm) 

Gas-hourly-space velocity GHSV 36,000 h
-1

  

Linear velocity 40 cm∙s-1
 (15.8 in. s

-1
) 

Residence time (L/v) 101 ms 

Battery run time 30 min 
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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.   

The overall mechanical efficiency of the fan 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) was 

modeled using the Ergun equation.
6
  Because ΔP strongly depends on the adsorbent particle size distribution, we are 

restricted to using media granules with a diameter >20 mesh (0.85 mm).  The volume, V, of adsorbent loaded into 

the annular canister is adjustable and it can hold up to 11.3 L of media, but the bed depth in the annular space is 

fixed at L = 4.1 cm (1.6 in.) to limit the pressure drop through the sorbent bed. 

III. Testing & Evaluation 

A. Testing the Smoke-Eater Adsorbent Canister & Fan Inside a 46%-scale Environmental Chamber 

Tests were carried out on the prototype smoke-eater and its canister filled with sorbent in different 

configurations to determine which compact, high-efficiency fan will provide the required air flow rate through the 

canister and to find out the relationship between sorbent performance, fan efficiency, power consumption and bed 

differential pressure.   

 

1. System Description 

For ammonia removal tests, the smoke-eater's full-scale radial canister was loaded with up to 11.3 L (690 in
3
) of 

1620 mesh ammonia/hydrazine sorbent media (including an additional amount of sorbent to provide a 20% margin 

on a volumetric basis).  The adsorbent bed filled the vertical annular space in the full-scale canister and was held in 

place by SS mesh attached to the inner and outer cylindrical SAE 304 SS supporting ribs (see Figure 1, Figure 2, and 

Table 1).  The fan pulled the contaminated air through the adsorbent bed, by entering through the SS mesh on the 

outer diameter of the canister and exiting through the SS mesh on the inner diameter of the annular sorbent bed and 

then back into the chamber through the fan.  A custom 3-D printed adapter with a rubber gasket was used to seal the 

canister directly onto the fan's inlet flange (not shown).   

Both sub-scale and full-scale ammonia scrubbing tests were carried out on the smoke-eater inside TDA's sub-

scale 6.5 m
3
 (230 ft

3
; 46% the size of the Orion's cabin) environmental chamber (see Figure 2) to evaluate the 

performance of our ammonia sorbent at representative conditions (Table 2).  The environmental chamber was 

described previously.
3
  The sample pump that withdraws (and returns) air from the center of the chamber (away 

from the fan outlet) 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 during the chamber fill tests.  The recirculating blower attached to the 

chamber (not the blower on the smoke-eater) was run continuously at 0.8 m
3∙min

-1
 (30 scfm) while the chamber was 

being filled with ammonia and during the run to keep the concentration homogeneous. 

 

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 air passes through the sorbent canister, 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 

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

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

Ammonia capacities were determined at 10 min. 
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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.  Factory calibrations were utilized for all of the species 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.  A new background was obtained prior to the start of each experimental run 

using UHP-grade nitrogen 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 that was controlled at a nominal pressure of 1 atm ± 1%.   

 

3. Ammonia Removal Tests 

The parameters and results for all of the ammonia removal runs carried out with the smoke-eater using the 

annular canister are provided in Table 2. The initial temperature in the chamber was 24°C ±2°C prior to the start of 

each run.  Fan testing was also carried out to simulate full-scale operation, characterize the airflow resistance 

through the sorbent bed and to quantify the total flow resistance of the system.  The first candidate (LMB 75HD, 

OptiFan) was selected because of its low power draw during operation (140 W).  Because our previous tests with a 

much larger centrifugal blower (230 VAC)
3
 showed the media performed with little or no slippage (ammonia 

bypassing the sorbent bed due to incomplete removal efficiency) during operation at conditions of high space 

velocity and low contact time, ammonia slippage was not a concern when using smaller fans with lower flow rates. 

The 6.5 m
3
 (230 ft

3
) environmental chamber is 46% of the full-scale volume of Orion's cabin, so the volume of 

sorbent was reduced to 46% of the full-scale canister's capacity during the first two runs.  The capacity of the 

sorbent bed (i.e. its height) was reduced by sealing off part of the volume inside the annular space with polyethylene 

film to prevent air from bypassing the bed (Figure 4), while the bed depth was reduced from 4.1 cm (1.6 in.) to 3.6 

cm (1.4 in.) by using a plastic spacer wrapped with porous fabric that was placed inside the annular space to 

subdivide it (Figure 4).  

Because adding a flow measurement device with the associated ductwork would restrict the performance of the 

fan by increasing the air flow resistance, the actual air flow rate attained during each run was extrapolated from the 

ammonia removal data collected in the initial period of the run when the concentration was still at elevated 

concentrations (i.e., the upper left side of Figure 5).  This was achievable with the assumption that no slippage 

occurred when the ammonia concentration inside the chamber was higher than 3000 ppm, and adjusting the 

theoretically predicted concentration until it matched the ammonia concentration measured inside the chamber (solid 

vs. dashed lines in Figure 5).  The pressure-flow data from these tests were then used to plot the resistance curve of 

the system using the unmodified form of the Ergun equation for pressure differential through a packed bed.  Slight 

variations in the void fraction of the packed sorbent bed heavily influence the pressure-flow relationship. 

Additionally, void fraction and sphericity are difficult to measure accurately over the entire bed.  For these reasons 

the experimental data was used to reveal the relationship between the void fraction and sphericity of the packed 

sorbent bed and the pressure drop through the bed (Table 3).  Understanding this relationship vastly improved the 

Figure 4. Full-scale radial sorbent canister with its annular space 

filled to 46% of its capacity for initial tests. The depth and volume 

of the sorbent bed were reduced by using nonporous polyethylene 

film (to prevent air bypassing) and a plastic spacer frame 

wrapped with porous fabric to subdivide the annular space. 
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Ergun flow resistance model of the system 

and this improved model allowed more 

confident predictions of the operating 

performance to be made when adjusting 

sorbent bed characteristics, and when 

changing fan models.   

The OptiFan produced an air 

recirculation rate of 85 cfm through a 5.2 L 

sorbent bed (1.6 in. deep) inside the 46%-

scale canister, which according to the 

model we developed previously
3
 should 

have reduced the ammonia concentration to 

100 ppm in approximately 16 min and to 30 

ppm (the 1-h SMAC) in 19 min, if 100% 

removal efficiency was achieved.  

However, due to the inhomogeneous 

distribution of ammonia inside the 

environmental chamber during operation 

due in part to insufficient mixing of the air 

as a result of the low air recirculation rate 

and the square geometry of the chamber 

(which possibly creates dead zones), the 

ammonia removal efficiency was <100% when the concentration dropped below 1000 ppm NH3, as evidenced by 

the deviation of the ammonia adsorption curve from the theoretical concentration inside the chamber predicted by 

the model (indicated by the dashed lines in Figure 5). The delay in ammonia adsorption caused by the effect of 

insufficient mixing inside the chamber at an air flow rate through the canister of 85 scfm caused the concentration to 

reach 100 ppm and 30 ppm in 17 and 23 minutes, respectively. 

When comparing the performance of the ammonia scrubber using the OptiFan to the results that were obtained 

with a much larger centrifugal blower (described previously)
3
 that attained an air recirculation rate through the 

canister of >200 scfm, it appears that the rate of air circulation inside the environmental chamber caused solely by 

the smoke-eater fan influences the ammonia removal efficiency at lower concentrations (because the 

decontaminated air is not mixed very well with the contaminated air in the rest of the chamber if the fan has a low 

recirculation rate).  CFD analysis performed by NASA confirmed this and also showed that using the fan to pull air 

through the outer perimeter of the sorbent bed and blow it away from the canister directly downward was much 

more efficient than propelling the air in the opposite direction (i.e., pulling air in through the fan and forcing it 

through the bed).  This is because in the former case, the air is at a low velocity going into the system and at a high 

velocity upon leaving the system at the fan outlet, which helps better mix the air inside the chamber.  But for the 

latter case, when low velocity air leaves the system (i.e., after flowing through the sorbent bed), its flow path is 

easily changed by the suction of the blower.  Subsequently, a large portion of the newly decontaminated air is 

promptly recirculated through the canister instead of mixing with the contaminated air remaining in the chamber, 

thereby decreasing the removal efficiency. 

Because the air flow rate through the canister produced by the OptiFan was substantially lower than that 

 
Figure 5.  Decontamination of a 6.5 m

3
 (230 ft

3
) environmental 

chamber filled with 3% ammonia in air using 5.21 L sorbent in 

the annular canister (46%-scale bed) and the 140 W LMB 

OptiFan 75HD axial fan. The adsorbent bed depth, L, was either 

3.6 cm (1.4 in.) or 4.1 cm (1.6 in.)  

Table 3. Void fraction and sphericity relationship for a packed sorbent bed based upon the experimental 

results and the Ergun equation for flow through a packed bed. 
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produced by the centrifugal blower (85 cfm 

compared to >200 cfm)
3
, the sorbent depth 

(bed thickness) was reduced while 

maintaining its volume to optimize the 

performance of the scrubber (Figure 6).  

Doing so improves the flow rate attainable 

by the fan two-fold; reducing the distance 

through the sorbent bed that air is required 

to travel and increasing the bed surface area 

lowers the velocity of the air while 

maintaining high volumetric flow.  Both of 

these factors work in favor of minimizing 

the pressure differential through the bed, 

which in turn increases the performance of 

the fan.  Indeed, the flow rate increased 

from 85 cfm to 100 cfm using the same fan, 

while showing an increase in ammonia 

removal rate (Figure 6).  Additionally, the 

difference between the theoretical and 

actual ammonia concentration decreased by 

15 seconds at the 30 ppm mark.  This 

contributed to decreasing the overall time 

to reach concentrations of 100 ppm and 30 

ppm NH3 in the chamber to 14.5 min and 20 min, respectively.   

Next, the full-scale system was operated with the canister filled with 11.3 L of sorbent to its maximum capacity, 

minus the volume attributed to the 0.2 inch reduction in bed depth (200 cm
3
), to evaluate the functionality of the 

OptiFan during full-scale operation and to validate the predictions of the flow model obtained from previous tests 

(Figure 6).  The model predicted that the OptiFan would achieve a flow rate of 179 cfm and a pressure differential of 

2.27 in. H2O across the 11.3 L sorbent bed inside the full-scale canister (Figure 7).  In fact, the increase in surface 

area of the sorbent bed allowed the flow rate to increase from 100 cfm to 177 cfm, which is approximately 1% under 

the predicted flow rate. The measured differential pressure drop of 2.25 in. H2O was slightly lower than the 

predicted pressure.  The ammonia concentration in the 230 ft
3
 chamber was reduced from 3% to 100 ppm in 8.7 

minutes (1.3 min longer than ideal removal rate at 177 cfm), and 30 ppm in 12.5 min (3.75 min longer than the ideal 

removal rate at 177 cfm).  Projecting these results to a 500 ft
3
 volume that contains 3% ammonia, the concentration 

would be reduced to 100 ppm in <17.4 min 

and to 30 ppm in <23.3 min. 

Because the environmental chamber 

was undersized for a full-scale sorbent bed, 

plenty of ammonia capacity was available 

after the first run (Figure 6).  After a 

concentration of 30 ppm NH3 was 

measured in the chamber, the door was 

opened and the sorbent cover was replaced.  

The chamber was then reloaded with 3% 

ammonia and subsequently decontaminated 

to 30 ppm using the same sorbent canister; 

this was repeated four times.  The second 

run showed a very slight decrease in 

performance. The third run showed some 

degradation in performance, but still 

removed 99.7% of the ammonia in the 

same 12.5 minutes.  The forth run reduced 

the ammonia concentration from 3% to 

approximately 1100 ppm in the same 12.5 

minutes, which equates to 96.3% removal. 

 
Figure 6. Four consecutive decontamination runs using the same 

full-scale canister filled with 11.3 L TDA-2.2 sorbent and a 140 W 

LMB OptiFan 75HD axial fan in a 6.5 m
3
 (230 ft

3
) environmental 

chamber refilled with 3% ammonia prior to each run.  

 

 

 
Figure 7. CCV ammonia removal and smoke-eater system 

resistance curves at 1.4 in. and 1.6 in. bed depths plotted with all 

four fan candidates.  
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To alleviate power restrictions aboard 

the spacecraft, NASA has developed a 

battery to power the ammonia removal 

system.  This opened the door to consider a 

broader selection of fans.  Initially, two 

additional fans were chosen for testing; a 

293 W axial fan and a 166 W centrifugal 

fan (both manufactured by ebm-papst, 

Inc.). Although both fans have very 

different performance curves (Figure 7), 

both curves happened to intersect the 

system flow resistance curve at 

approximately the same place.  The 

centrifugal fan (EBM RER175) was 

preferable due to its low power 

consumption, but there was a concern that 

the radial expulsion of gas would not 

achieve the same overall removal efficiency 

that the axial fan (EBM6318) produces.  

For this reason, a bowl-like shroud was 

created to re-direct the outwardly ejected 

gas downwards. 

The volume of sorbent was then 

increased to its maximum depth of 4.1 cm 

(1.6 in.) at its full-scale capacity (11.3 L) to evaluate the performance of both fans (Figure 8).  The bed depth was 

increased to 1.6 in. deep because of concerns that the increased air flow rate would have the potential to result in 

slippage of ammonia through the 1.4 in. deep bed.  The axial ebm-papst fan produced a flowrate of 205 cfm and the 

centrifugal ebm-papst fan produced a flow rate of 211 cfm.  In spite of the higher flow rate attained by the 

centrifugal fan, the ammonia concentration inside the chamber reached 30 ppm approximately 0.6 min faster by 

using the axial fan (10.6 min compared to 11.2 min).  The flow rate attained by the ebm-papst axial fan also deviated 

from the resistance curve and its own performance curve.  The successful testing of the centrifugal fan proved the 

effectiveness of the shroud design.  The difference between the ideal and the measured time was also reduced by 0.8 

minutes to reach a concentration of 100 ppm NH3 and 2.7 minutes at 30 ppm NH3.  

Upon successfully testing the centrifugal fan with its accompanying shroud, NASA selected a 241 W centrifugal 

fan manufactured by NMB Minebea. The ammonia scrubber system is currently in flight-qualification protocol tests 

using the Minebea fan and custom battery.  This fan is predicted to produce a flow rate of 240 cfm through the full-

scale sorbent bed. It is also very likely that a sorbent bed with a 1.4 in. bed depth could be used, increasing the 

attainable flow rate to 250 cfm. This flow rate is predicted to reduce the ammonia concentration in a 500 ft
3
 chamber 

from 3% to 100 ppm in <12.2 min and to 30 ppm in <16.5 min (accounting for removal inefficiencies mentioned 

previously). 

Due to the higher performance standards of the ammonia scrubber over the smoke-eater, in regards to 

contaminate removal percentage and time requirements, and that the fan, battery, and sorbent housing (canister) will 

be flight qualified, the same overall design will be applied to the smoke-eater system that will be able to remove 

additional contaminants. The only modification will include radial material separators to divide the different sorbent 

materials used and the addition of particulate filtration.  The ammonia sorbent bed is currently being modified to do 

so. 

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.  Function 

tests were carried out on the full-scale system inside a 6.5 m
3
 (230 ft

3
) 46%-scale environmental chamber to 

demonstrate the effectiveness of the canister filled with 11.3 L of adsorbent media for removing representative 

concentrations of ammonia (3%) at the air flow rates attainable by different fans. Our optimized ammonia/hydrazine 

adsorbent loaded into a 11.3 L full-scale annular canister reduced the ammonia concentration inside a 6.5 m
3
 (230 

ft
3
) simulated spacecraft cabin from 30,000 ppm to 30 ppm in <11 min using a 293 W axial fan (ebm-papst 6318) 

 
Figure 8. Decontamination of a 6.5 m

3
 (230 ft

3
) environmental 

chamber that contained 3% ammonia in air using  the full-scale 

canister filled with 11.3 L of TDA-2.2 sorbent and using either a 

140 W LMB OptiFan 75HD axial fan, a 293 W ebm-papst 6318 

axial fan, or a 166 W ebm-papst RER175 centrifugal fan. 
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that attained an air flow rate of 5.8 m
3
/min (205 cfm).  This allows us to project that the full-scale ammonia scrubber 

will be able to reduce the ammonia concentration in Orion's 14.2 m
3
 (500 ft

3
) cabin from 30,000 ppm to 30 ppm in 

<16.5 min. 
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