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OWR Project Summary

nic Waste Reformer (LOWR) converts organic
lunar bases or other space outposts into useful
is substantially reduced while producing

with organic matter at elevated
eratures to produce mostly hydrogen, carbon monoxide,

eformer exhaust is then combined with supplemental
ogen in a catalytic Sabatier reactor to make methane.

0 e LOWR was shown to be highly reliable and suitable for
\ automated, continuous operation. During the NASA Phase II
project, Pioneer Astronautics built and demonstrated a system
capable of converting multi-kilogram quantities of organic waste
per day into propellant components.
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LOWR Block Flow Diagram

0, to Reformer

|

Reformer

Reformer *

Exhaust
Ash &

Contaminants

Dry
A Reformer
Exhaust

Condenser

Reformer
Condensate
to Electrolyzer

Reformer
Condensate

H,

A 4 A 4

Sabatier
Reactor

Sabatier
Exhaust

N

Electrolyzer H,

Dry
Sabatier
Exhaust

Recycle

Membrane
Permeate

Condenser

Total Electrolyzer O,

v

Sabatier
Condensate

Oxygen
Product

0
J

Electrolyzer

T

Membrane
Separator

Membrane
Retentate

CH,
Liquefaction

v

Methane
Product

PIONEER

ASTRONAUTIC




LOWR Process Flow Diagram
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s and As-Built LOWR



| W Mass and Power

ized for a 4-person crew is projected to



LOWR Reactions

xidation Reactions

AH=-112.1 kd @ 750°C
CO, AH =-282.5 kd @ 750°C

Steam Reforming Reaction
CHH0,=CO+H,  AH=1358kJ@ 750°C

& The exothermic partial oxidation reactions supply thermal energy to
- support non-catalytic endothermic steam reforming. The oxygen flow
rate controls the overall waste processing rate. The steam rate is set to
provide a stoichiometric excess to push the reforming reaction to
completion and to provide reactor temperature control.
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LOWR Reactions

ter gas shift reaction partially takes place depending on
2mperature and steam content.

. aturally produced methane is also formed in the reactor as a
\ result of p of hydrocarbons in the waste feed.

After condensing water, the reformer exhaust gas consists of
hydrogen, carbon monoxide, carbon dioxide, and methane.
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AH = -219.2 kJ @ 400°C

€O, +41H, =\CH, + 2H05 8 AH =-180.9 kJ @ 400°C

present in the reformer exhaust is supplemented by hydrogen from
to satisfy the exothermic reactions shown above. Equilibrium
\ are high, leading to high per-pass conversions. In addition, a

g membrane and gas recycle system provides excess hydrogen in the reactor
to ensure complete conversion of CO and CO, to CH, while providing diluent
to control reactor temperatures. Methane is collected as a LOWR product,
and water is fed to electrolysis.

o
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LOWR Reactions

H50/) = Hy + 750, AH = 285.8 kJ @ 25°C

S rate is set to provide the supplemental hydrogen
for methanation of CO and CO, while simultaneously
 oxygen. A portion of the oxygen is used for partial



System Components

rmer, Steam Generator, O, Delivery System, Sulfur Trap

ainless steel and consists of a
3 inches inside diameter.
loaded into the reformer to a
1e oxygenated steam injection

bal produces minimal tars
eating and start up.

to upper feed magazine.
‘idelity Waste Simulant
represents food waste and packaging,
urine brine, fecal matter, paper, wipes
and towels, gloves, and maximum
absorbency garments.

* Oxygen is mixed with steam just upstream of
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Steam Reformer Feed

Robust system processes variety of feeds ...
potatoes, plastics, dog residue, charcoal, NASA simulant

* A weight forces feed into the
reaction zone as the waste is
consumed near the
oxygenated steam inlet.
Alternatively, a spring could
be used in microgravity
applications.

* The feed magazine volume
can be increased to boost the
operating time.

Oxygen/Steam

Injection Port

- .777' !v\ - f ST . 3 - 1
Ve p: /," : £ - 7 E 7 - | |
/ : i ¢ . EN : e aq i
N% ; iz - & N . Nl P'ONEESTRRONAUTIC
| if N [ g
4 4 : d ] %




LOWR System Components

ier Reactor, Membrane Separator, Recycle Pump

.- ) \E? & NG
atier inlet gases consist of the dry A4 /
er exhaust, supplemental hydrogen, — me<s > é g\
and hydrogen-rich recycled membrane " /g s

permeate.

« The Sabatier reactor is configured as an up-
flow, fixed-bed vessel of 2 inches inside
diameter

» The Sabatier catalyst is ruthenium on
alumina.

 Inlet gas is conveyed through a co-current, o

J{, /;l ‘ indirect heat exchanger inside the reactor to |
e help remove the heat of reaction. -

N o * The indirectly heated inlet gas is then

Y _.. partially cooled and re-directed to the catalyst

/?\ o i bed.
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c.)W System Components

r Reactor, Membrane Separator, Recycle Pump

ut 10 percent stoichiometric excess
he conversion of carbon oxides to
eat of reaction.

ature profile in which high
it kinetics in the middle
he reactor and lower temperatures (in the 350C range)
vorable thermodynamics near the reactor outlet.

iust is cooled and water is condensed for use in

atier exhaust gas is introduced to a compressor that
essure from about 1 bar absolute to about 3 bar

: gas is fed to a membrane to recover hydrogen-rich
\ permeate for recycle to the reactor while generating a methane-rich
- retentate (at 90 to 98 percent methane) product.
* Ina fully integrated system, the methane rich product is liquefied
to produce a nearly pure product.
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View and CO,/CH, Sensor Control Station
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OWR Model

as written to aid the development of the LOWR process

abatier membrane performance is specified based on previously
observed separation results.

«  An on-stream factor is specified to calculate instantaneous operating rates
and power inputs to account for process down time.
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ODWR Model
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. o A Reformer
(Optional) _J Reactor
Reformer
Feed
from Dryer Exhaust Exhaust
18
s ‘
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Lunar Organic Waste Reformer Flow Sheet and Material Balance

PIONEER

ASTRONAUTIC



OWR Model

I-Ilgh Fidelity Waste Simulant

o Waste
, 1.854 kg/day Feed
5.400 kg/da
1.741 kg/day gday H,
Recycle
HO 0.015 kg/day
Sabatier
Reformer
Reactor
4 t& Sabatier Membrane
" ts ot Exhaust Electrolyzer H, Permeate
ontaminants
7.100 kg/day 0.642 kg/day 0.681 kg/day
Reformer 0.520 kg/day
Exhaust
8.475 kg/day Dry Dry
Reformer Sabatier
Exhaust Exhaust Membrane
Condenser Condenser A S ¢
5.762 kg/day 2.926 kg/day eparator
Reformer Sabatier Membrane
Condensate Reformer Condensate Retentate
2.713 kg/day Condensate 4.174 kg/day 2.245 kg/day
to Electrolyzer
0.972 kg/day

Total Electrolyzer O,

Oxygen
Product

3.243 kg/day

5.097 kg/day

Electrolyzer

|

Make Up
Water

0.594 kg/day

Liquefaction

v
Methane
Product

2.230 kg/day
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Phase Il Accomplishments

wide range of individual feed constituents and mixtures

High Fidelity Waste Simulant with minimal

oximating NASA full scale needs
Achieved virtually complete conversion of organics to H,, CO, CO,, and CH,

uccessfully cleaned condensate to levels suitable for electrolysis feed water

aled up to accommodate full flow from reformer
eloped novel reactor system with enhanced thermal controls

- Utilized Sabatier product gas membrane separation and recycle system to
achieve virtually complete conversion of carbon oxides to methane

- Established control method to meter supplemental Sabatier reactor hydrogen
feed using on-line methane and carbon dioxide product analyses
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Phase Il Accomplishments

exchangers to recover exhaust gas heat from reformer and
team preheating

rming to generate valuable products while
minimizing electrolysis p input compared to alternate waste treatment

ystems

emonstrated successful operation with a wide range of feeds (and variable
rmer exhaust gas compositions) while achieving virtually complete
onversion

owed that estimated LOWR system mass results in rapid break even time
nonstrated low consumables requirements

- Verified robust nature of hardware and controls through multiple start up/
shut down cycles

- Showed potential for LOWR to be adapted to non-Lunar applications in
i, reduced- or micro-gravity environments
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