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This paper presents the development of a micro-gravity compatible system that
effectively cleans and dries clothing. Common, ground based laundry systems have a few
serious drawbacks that prevent their usage in a micro-gravity environment. The most
obvious is that agitation would not occur as the clothing would float away from the
impellers, or rolling cages, used to impart the necessary mechanical energy. A second
drawback is water consumption. Ground base systems use significant amounts of water to
give the clothing room to flex during agitation. A third, and very significant drawback of
common systems, is the production of soap foam during the washing cycle. Foam is
particularly difficult for space based water processing systems to handle. It can build up in
storage tanks, effectively minimizing the volume in these vessels available to hold liquids.
The Advanced Microgravity Compatible Integrated Laundry System, developed by
UMPQUA Research Company in SBIR Phase I & II programs through AMES Research
Center, addresses these issues. This effort culminated in the delivery of a working prototype
that effectively cleans, rinses, and dries clothing in a single device that does not rely on
gravity, does not produce foam, and uses a minimum of water in the process. The AMCILS
is fully automated, but control parameters can be adjusted to support process refinement
during independent verification and advanced development testing at NASA facilities.
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I. Introduction

L

ong duration manned missions necessitate clean clothing for the crew. One option is to carry sufficient clean
clothing and to simply dispose of it after use. This option carries huge penalties for required mass and volume;
both for clean clothing and for the disposal of used clothing. An alternate option is to develop a clothing laundering
system that would allow re-use of clothing once they become soiled. This study investigated the option of a clothes
laundering device. The primary goal was to develop a method of laundering clothing in a weightless environment
while using a minimum volume of water and without the production of foam. Foam is very problematic to deal with
in the water recovery system.
URC developed a laundry device in the 1980s to support early Space Station Designs.1 That device had a large
development effort that included zero-g testing. The primary goal was to preclude the formation of foam during
wash and rinse cycles. This was accomplished by operating in a completely water filled environment. Clothing and
water in a flexible plastic bag were agitated using water jets. At the end of the wash cycle, liquid was pumped out of
the bag and then air jets were used during the drying phase to produce clothing movement and to displace water
vapor generated by the addition of microwave energy into the washing/drying chamber. Even though this device
produced acceptably clean clothing, it used copious amounts of water since the clothing and water required
sufficient volume / space to be free to move under the force of water jets. The flexible plastic bag also presented
long term concerns owing to the possibility of rupture after repeated flexing during wash cycles. Because of these
issues, this concept was eliminated from consideration.
Important design goals of the more recent AMCILS program were to develop a laundry system that produced
acceptably clean clothing without the production of foam and with a minimum of water use.2 All this while
demonstrating functionality in a weightless environment. The AMCILS approach accomplishes the laundering
process in a vacuum, water vapor environment to prevent the formation of foam. The final prototype utilized off the
shelf components that met system operating requirements with no effort made to minimize their mass or volume.
While general guidelines that promulgated assemblage of the components into a compact AMCILS prototype device
were followed, true space minimization techniques were not employed. Similarly, while power systems were not
directly optimized, different operational schemes were identified that would reduce power usage. Further work is
required before a flight type unit can be built that includes optimal hardware from a mass, volume and power usage
standpoint. No attempt was made in this current work to perform a systems trade study comparison analysis of
AMCILS against alternate laundry systems or approaches, either currently used or under consideration by NASA.

II. Zero-g Test Program
An important part of the AMCILS development work was zero-g flight testing. This experimental work,
performed by the flight crew shown in Figure 1, was carefully planned to focus on the key elements of the laundry
process that were expected to be most susceptible to microgravity phenomena and to evaluate strategies that would
permit effective operation in low gravity environments. These micro-gravity susceptible process elements include
adequate clothing agitation, balanced clothing distribution and
water handling. Video collected during these tests provided the
key insights targeted by this work. These data are by nature
inherently qualitative with little quantitative information garnered
from the brief (< 20 second) periods of weightlessness attained
during each parabola. Nevertheless, the qualitative results obtained
during this testing proved invaluable in the subsequent design of
the deliverable prototype.
Figure 2 shows photos of the flight configured AMCILS device
ready for testing on-board the Zero-G flight. The main objectives
of the zero-g test sequence were to document the action of dry,
damp, and wet clothing during zero-g operation. Results from this
testing provided the necessary data to support development of
Figure 1. AMCILS Zero-G Flight Crew.
operational procedures that would adequately agitate clothing in
the AMCILS during all phases of laundering in a weightless
environment. In addition, potential problems were investigated that were associated with the clothing forming a
tight bundle that would negatively impact the de-watering process. Demonstration that this tight bundle of damp
clothing could be broken up through careful operation of the plunger plate and agitation plate was a major objective
that was achieved during this testing. The use of fixed video cameras and a clear housing permitted critical
observation and verification of the plunger plate effectiveness during the zero-g portion of a flight parabola.
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Figure 2. AMCILS Ready for Zero-G Flight Testing.
Video and audio documentation of the clothing movement and test conditions under zero-g operation of the
AMCILS were recorded and used to extract important performance results during post flight analysis. Select Youtube links are embedded in the text below, along with link paths shown for convenience. Relevant frames from
these videos are also shown in corresponding figures to establish standalone completeness of the published paper.
To stream-line our flight test plan, with minimal system reconfigurations, dry clothing tests were performed first
prior to addition of water to the clothing. To demonstrate adequate agitation of clothing load during the drying
cycle, the plunger plate was set at the 3 inch mark and the spin plate was initially set at 1.2 Hz, and then quickly
adjusted to 3 Hz. Agitation with spin plate was performed while alternating direction. Good tumbling and mixing
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of the dry clothing was observed (https://youtu.be/GyQsfQ94pDY) as depicted by the time sequence photos in
Figure 3 which were extracted from video collected during flight.

Figure 3. Agitation of Dry Clothing. Time Sequence Progressing from Left to Right Over an 18 second Interval.
During the first 3 minute flat and level break period in parabolic testing 4 liters of water were pumped into the
system to begin saturation of the clothing (concurrent with agitation) in preparation for wet zero-g testing
(https://youtu.be/5-UDVlz7QDE) as shown in Figure 4. Four liters corresponds to the amount of residual water in
the clothing bundle after dewatering. Following saturation, the plunger plate was set at the bottom of chamber and
used to compress the clothing to form a clothing brick. The plunger plate was subsequently moved to the 4 inch
mark to view brick formation (https://youtu.be/6myVTV9A7lI) under zero-g conditions (see Figure 5). The brick
of clothing seemed to expand non-mechanically as the plunger plate moved upward, however the clothing mass did
not separate from the spin plate. In yet another parabola, starting with the plunger plate compressing the clothes to
form a brick, the plunger plate was moved to the 7 inch mark, and agitation with spin plate operated at 1.2 Hz while
periodically alternating directions. The photo time sequence seen in Figure 6 for this test shows good breakup and
tumbling of the clothing (https://youtu.be/IfIOuhKBFLk).

Figure 4. Agitation of Clothing During Water Loading. Time Sequence Progressing from Left to Right Over an 3
second Interval.

Figure 5. Clothing Brick Formation after Plunger Plate Compression to Squeeze out Water. Time Sequence
Progressing from Left to Right Over an 15 second Interval.

Figure 6. Break-up and Tumbling of the Clothing Brick after Plunger Plate Compression to Squeeze out Water.
Time Sequence Progressing from Left to Right Over an 16 second Interval (First Frame is Under
Compression Prior to Tumbling).
Due to an unexpected loss of cabin pressure occurring aboard the Zero-G aircraft during parabola 16 (prompting
an immediate emergency landing), additional planned tests with the AMCILS device were unavoidably aborted. As
such, scheduled zero-g wash cycle testing with a full load of water was not investigated. Loss of this planned wash
cycle experimental data was unfortunate, but deemed less critical than dry and damp agitation tests since when there
is a full load of water the clothing is essentially in a neutral buoyancy state in a 1-g environment and should, under
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predominately liquid phase conditions, roughly approximate the same manner of agitation as would occur in 0-g. As
such, 1-g testing performed in our lab was used to predict essential AMCILS functionality during micro-gravity
wash cycle operation with a full water load.

III. Wash Cycle Strategies
The cleaning of clothing has three basic mechanisms: 1) agitation 2) detergent (soap), & 3) time. Good cleaning
can be accomplished with an excess of agitation. Detergent usage and time to complete the washing cycle can be
minimized in this way. With sufficient detergent, agitation and time can be minimized. With sufficient time, both
detergent and agitation can be minimized. The AMCILS device developed in this study can be programmed for
longer agitation or soak times to optimize the laundry process based on any of the three mechanisms affecting
cleansing. For example, longer soak times can be programmed that would minimize the amount of detergent
required and the amount of energy required for agitation. This would be at the expense of time consumed to
complete the wash cycle. The default system parameters for the AMCILS prototype were set to employ a balance of
intermediate soak times and sufficient agitation cycles with minimal detergent usage.

IV. Prototype Design and Fabrication
Following the zero-g flight testing a deliverable prototype was designed and fabricated. This design was guided
by the results obtained from washing/drying experiments performed during parabolic flights under weightless
conditions. The AMCILS is comprised of four basic components shown integrated in Figure 7: (1) The wash vessel
is a vacuum chamber with sufficient volume to allow free clothing movement during the laundering process. Within
this volume is (2) a spin plate to transfer rotational energy to the clothing for agitation; and (3) a plunger plate to
produce a partial compression of the clothing for contact with the spin plate in a weightless environment and to
strongly compress the clothing to de-water them at the end of the wash and rinse cycles. The last major component
is (4) a microwave system for the introduction of phase change energy during the drying cycle.

Figure 7. Integrated AMCILS System Layout.
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The washing vessel for this functional prototype, seen in Figure 7, was designed as a clear PVC, 16” X 16” (40.6
cm x 40.6 cm) right cylinder. A clear housing for this prototype was chosen so that the clothing movement could be
monitored during the various laundering cycles. Polycarbonate has a relatively low microwave radiation coupling
value and was found to serve adequately during testing. The cylinder geometry gives more than enough room for
clothing movement. A cylindrical shape is required so that operation of the spin plate is possible and it avoids the
possibility of clothing “hanging up” in the corners if other, square type geometries, were used. It is required that the
vessel be capable of withstanding an interior vacuum and to have access ports for the addition of clothing, water
inlet / outlet ports, air inlets and outlets, and ports for the plunger plate and spin plate actuators. The chamber is
sealed on the top and bottom with 5/8 inch (1.6 cm) aluminum plates. These relatively thick plates minimize
deformation during operation under hard vacuum and also give sufficient depth for insertion of threaded fittings for
water and air.
A spin plate was employed to impart energy for agitation into the laundry as required to effect cleansing. Water
jets have been used in past designs, but this washing system operates in a vacuum with significant void volume (no
clothing or water). Jets often times would not have liquid water to impart energy to the clothing, only low pressure
water vapor, which does not have the momentum required to produce movement of the clothing. A spin-plate is
located in one end of the device that is operated in both forward and reverse directions. Movement of the clothing is
produced in one direction by tangential contact with knobs located on the surface of the spin plate. The spin plate
rotation is then reversed to stop the clothing movement in the first direction and in the same manner to force the
clothing to move in the other direction. This produces a tumbling of the clothing that is needed for mechanical
agitation.
Early AMCILS designs incorporated a magnetic coupling between magnets embedded in an external drive plate
and magnets embedded in the internal spin plate. Our intent was to minimize (drive shaft) penetrations into the

Figure 8. Spin Plate Detail.
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vacuum tight washing chamber by using non-contact magnetic forces. This approach proved to not be practicable
however. The high strength magnets required to provide sufficient coupling with the internal spin plate through the
aluminum wash vessel bottom plate induce eddy currents on the aluminum plate that are proportional to the speed of
rotation. In turn, these induced currents create magnetic fields that oppose the rotational movement of the original
magnets (Lenz’s Law). As a result, the faster the magnet bearing drive and spin plates move, the stronger the
opposing force that the aluminum plate exerts to limit movement. While the use of a non-metallic material to
replace the lower aluminum plate was considered, such a design would have made microwave drying in the same
chamber untenable. A direct drive, as shown in Figure 8, with its associated vacuum tight shaft seal through the
washer housing was ultimately used in place of the magnetically coupled device.
A plunger plate attached to a moving piston on the opposite end (the top in a terrestrial environment) of the
device from the spin plate is operated to slightly compress the clothing against the spin plate so that in micro-gravity
environments the clothing will contact the spin plate. The plunger plate, shown in Figure 9, is also used to fully
compress the clothing bundle at the end of each laundering cycle to squeeze liquid water out to an evacuation pump.
The pump can then force the liquid water out to the waste water buss.

Figure 9. Plunger Plate Assembly Detail.
The microwave heating system developed for this functional prototype (shown in Figure 10 below) uses a
commercially available 2.45 GHz magnetron based power source and standard WR284 rectangular waveguide
components. A directional coupler samples a small fraction of microwave power, while an attached sensor converts
it to an input signal for a power meter to display. In this way both the input and reflected power levels to/from the
clothes chamber are monitored. Power generated in the magnetron head passes straight through a microwave
circulator and three-stub tuner before entering the clothing chamber via a 180 degree waveguide run. The tuner
allows manual impedance matching (minimizing reflected power and maximizing power absorbed within the clothes
chamber) between the microwave source and load of wet clothing. The microwave circulator serves to divert power
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reflected from the clothes chamber into a waveguide side arm containing the reflected power directional coupler and
a water-load. The water load acts to absorb the reflected microwaves and thereby prevent yet another power
reflection which would subsequently reenter and damage the magnetron head. A rectangular to circular crosssection waveguide transition is used as the final waveguide connection to the top aluminum plate of the clothes
chamber. Finally, a vacuum tight interface is established between the circular waveguide and the aluminum plate by
use of a microwave transparent quartz window and silicone O-rings.
The magnetron head and associated hardware is installed to provide microwave energy into the wash / drying
vessel during the drying cycle, with the spin plate in continuous operation and ever alternating its direction of
rotation. This plate motion aids to avoid development of “hot spot” and overheating of the clothing in the
microwave field. Indeed, no such overheating phenomenon was observed in our testing. Dielectric heating
produces water vapor in the clothes chamber which is then forced out of the vessel by an air stream. During drying
the microwave power is periodically removed, the plunger plate lowered and the spin plate operated to provide
agitation movement and redistribution of the clothing bundle to aid in uniform drying. When this step is completed,
the plunger plate is returned to its home position at the top of the chamber and the microwave power is reapplied.
This process sequence is repeated until the clothes are dry.

Figure 10. Microwave Assembly.
A plumbing / interconnect configuration diagram of the “As Built” system is shown below in Figure 11. The
overall envelope drawing for the AMCILS prototype is shown in Figure 12. Ancillary components within the
AMCILS design include the water removal pump, tankage, the vacuum pump, the air management system. Other
items, not discussed below, include all the tubing, valves, wiring, power supplies and controls required to make a
fully automated stand-alone prototype.
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A water removal pump is required to receive waste water from the wash vessel at the end of wash and rinse
cycles discharging it to either the waste water buss, or tankage where it will be re-used in subsequent laundering
cycles. This pump has to be able to withdraw liquid water from a high vacuum and discharge to a relatively low
pressure storage or disposal system.
The fully functional AMCILS prototype has three tanks to hold process and waste water. Two tanks are used to
hold used rinse water and a third is to receive used wash water. In actual operation the waste water tank would not
be required as disposal of used wash water would be directly to the waste water buss. Rinse water is re-used in

Figure 11. AMCILS "As Built" Plumbing Diagram.
subsequent washes and so must be stored within the laundry system. The first rinse water is stored for re-use in the
next clothing batch wash cycle. The second rinse volume is stored to be used as the first rinse in subsequent washes.
This scheme of using rinse water for subsequent washes reduces the overall water consumed during the laundering
process. There is an argument to be made that this tankage may not be required in actual operation as the water
processing system for waste water will not be presented with any more contaminants than if fresh water were used
for each wash and both rinses. It would require processing more water, but the amount of contaminant mass to be
removed would be the same, although in a more dilute stream. This more dilute contaminant load would have little
effect on the water processor as ionic contaminants make up the bulk of that found in used wash water. Ion
exchange media used in the water processor is little effected by ionic contaminant concentration. The organics in
the system are a different story and would have some effect on the loading of, primarily carbonaceous, sorbents used
in the water processor for removal of organics. A trade off study would be required to determine if the lower
concentration of organics negatively impacted the performance of the water processor to the point that additional
tankage, with its associated mass / volume penalty, was preferred.
The AMCILS prototype uses an oversized vacuum pump, selected from available off the shelf hardware. It
establishes the required vacuum (< 0.75 psia) in the wash vessel relatively quickly which allows testing to be
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Figure 12. AMCILS Envelope Drawing.
completed in a shorter time than would otherwise be the case. If the time to complete the laundering process is not
critical, a much smaller vacuum pump could be used. The only requirement for the system is that the pump be
capable of establishing a system pressure of < 0.75 psia. A low volume, high vacuum pump would suffice. Because
the AMCILS is a fully automated process, the time for completion of the laundering process is likely not critical as it
would not require crew time to operate.
For air management during the drying cycle, water vapor produced by the input of microwave energy is driven
out of the wash vessel by an air stream. A simple squirrel cage type blower provides the motive force to drive out
the water vapor with ambient air. Air flow into to the AMCILS could potentially be used without heat input from
the microwave system to effect drying. The differential in humidity of the relatively dry cabin air compared to the
wet clothing would eventually dry the clothes. This might take an unacceptably long time, however, and heating
with microwave power would serve as a better approach. Microwaves couple with water directly and vaporize it
without having to heat the airstream. With relatively low air flow the water vapor generated by microwave heating
can be discharged at lower temperatures and lower flow rates than with a resistively heated air system. This reduces
the overall heat balance of the spacecraft to achieve the same amount of drying in the same amount of time. The
squirrel cage blower selected for this prototype is oversized in an effort to minimize the need for large penetrations
into the vacuum washing vessel. Small air lines have been used that produce significant resistance to airflow,
necessitating this larger blower assembly.
A photograph of the fully integrated AMCILS prototype just prior to shipping to NASA-AMES is shown in
Figure 13 with development team members. The Water Tank Rack, Washing Rack, and the Microwave Power /
Control Rack are three separate subassemblies. These subassemblies can be disconnected to facilitate easy
relocation or shipping activities. Interfaces between the Water Tank Rack and the Washing Rack include water lines
quick connects and water level sensor connections. Interfaces between the Microwave Power / Control Rack and
the Washing Rack include microwave waveguide flanges and power cables as well as sensor and control
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connections. When located together as shown in the figure, and all connections are made, these subassemblies form
the fully integrated AMCILS prototype.

Microwave
Power / Control
Rack

Water
Tank
Rack

Washing Rack

Figure 13. AMCILS Prototype and Crew on ‘Lunar Outpost’. Front view showing the three subassemblies- from
left to right: Water Tank Rank, Washing Rack and Microwave Power / Control Rack.

V. Prototype Testing
Upon start-up of the AMCILS_Main executable control program a “wait” state is first entered.3 Various system
parameters are monitored and displayed while in this state including chamber pressure, humidity, temperature, etc.
The program can be terminated immediately by pushing the stop button located in the lower right corner of the
screen. Alternatively, by using the cursor to first activate either the ‘Wash Enable’ switch or the ‘Dry Enable’
switch (or both), the operator can initiate Wash/Dry operations by subsequently using the cursor to press/activate the
‘Start’ button, located in the lower left corner of the screen. Note that one or both of these controls must first be
enabled prior to pressing the start button otherwise the program will simply stop. If both the wash and dry cycles
are enabled, then a completed Wash Cycle will be automatically followed by a Dry Cycle. At any point during wash
operation if the operator deactivates the “Dry Enable” switch then the Dry Cycle will not be executed. Conversely,
the “Dry Enable” switch can be activated at any point during the Wash Cycle and the Dry Cycle will be
automatically started at completion of the Wash Cycle.
A screen shot of the AMCILS_Main LabVIEW executable program during shakedown testing operation is
shown in Figure 14. This particular test was for drying only, as indicated by the yellow colored “Dry Enable”
located in the upper right corner of the screen. Various controls and indicators shown on the computer control
screen are associated with Wash Cycle and Dry Cycle operations.
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Figure 14.

AMCILS_Main LabVIEW Computer Screen Captured During Microwave Drying Operation.

Washing tests were performed prior to integration with the microwave drying equipment. The first phase was to
establish a protocol that resulted in effective cleaning with adequate rinsing that used a minimum of water and
produced no foam. The 3.1 Kg test load (see Table 1 below) was used with 2 grams of sodium dodecyl benzene
sulfonate (SDBS) surfactant in 22 liters of water. Two sets of 3 test swatches were included with each test load.
Two test swatches, 4” X 4” (10.16 cm x 10.16 cm) pieces of cotton tee shirt, are soiled with 0.4 grams catsup, two
with 0.32 grams butter, and two with 0.34 grams peanut butter. Various combinations of spin speed, spin duration
and rotation, and soaking times were investigated. A final washing protocol was developed after many iterations.
Photos of the test swatches before washing and after washing are shown in Figure 15. The test swatches were
washed, along with a test load, to provide a visual demonstration of the cleansing action of the AMCILS. Unlike the
test swatches, the “Test Load” is essentially ballast that is not used to directly determine cleaning effectiveness, but
rather serves to help document “visceral” properties of the laundered clothing when worn (i.e., Are they stiff or
uncomfortable? Do they cause a rash? Neither of which were the case as reported by our test subject).

White Cotton Tee-Shirts
Underwear Briefs
Socks – White
“Polo” T-Shirt
Dockers Exercise Shorts
Dockers Exercise T-Shirts
Leisure Shorts
Wash Cloths

Table 1. Laundry Test Load
4
4 pairs
2 pairs
1
2 pairs
3
2 pairs
4
TOTAL

0.922 Kg = 2.03 lb
0.290 Kg = 0.64 lb
0.227 Kg = 0.5 lb
0.209 kg = 0.46 lb
0.472 Kg = 1.04 lb
0.572 kg = 1.26 lb
0.172 Kg = 0.38 lb
0.200 kg = 0.22 lb
3.06 Kg = 6.7 lb

Phase I testing of this SBIR program established that no foam is produced when laundering was performed in a
vacuum environment.4 It was necessary to verify that the as built AMCILS accomplished the same result. The
soiled test load in Table 1 above, along with 2 grams of SDBS detergent are put in the AMCILS wash chamber. A
vacuum is first established and then 22 liters of de-ionized water is introduced. The clothing / detergent / water load
is agitated in a wash cycle. Foam is observed through the clear polycarbonate AMCILS housing, but the foam, as
12
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observed in Phase I testing, is water vapor filled foam. This foam collapses when the AMCILS is allowed to repressurize to atmospheric conditions at the end of the wash cycle.
A wash protocol was developed that resulted in effective cleaning of the test load as visually evidenced by
photos (Figure 15 below) of the soiled test swatches that were included with the wash load. The final wash/dry
protocol used with the AMCILS prototype, summarized below, is commenced after loading of the garments,
detergent and then sealing the chamber. The final dry protocol used by the fully automated AMCILS is also
outlined.
Final Wash Protocol
1. Establish washing vessel vacuum to < 0.75 psia.
2. Allow 22 liters of wash water (18 liters for rinses) to be drawn into the wash vessel.
3. Insert the plunger plate to slight contact with the clothing (agitate position).
4. Operate spin plate 10 revolutions in each direction at 60 rpm 5 times.
5. Allow to soak (no agitation) for 1 minute.
6. Repeat steps 4 & 5 number of times set by LabVIEW screen value.
7. Withdraw plunger plate to top position.
8. Energize spin plate at 120 rpm for 3 seconds each direction, 3 times to redistribute clothing.
9. Redistribute water from the clothing bundle to the top of the plunger plate by inserting the plunger plate to
squeeze the clothing bundle, forcing entrained water to the top of the plunger plate through the external
piping.
10. Withdraw the plunger plate to top position. This forces water from the top of the plunger plate back into
the clothing area of the wash vessel.
11. Re-distribute the clothing bundle (same as step 8 above).
12. Energize the waste water removal pump for 3 minutes to remove free water.
13. Insert the plunger plate to compress the clothing bundle, squeezing extra water from the clothing (waste
water pump is energized).
14. Withdraw the plunger plate to top position.
15. Rinse the washed clothing by repeating steps 1 through 14 two more times: first with once used rinse water
from the previous laundry load; and second with fresh de-ionized water as the final rinse.
Final Dry Protocol (If enabled by LabVIEW screen control, this is automatically initiated following washing.)
1. Dry clothing to near dryness with air flow, constant spin plate motion and 2.45 GHz magnetron heating.
2. Periodic removal of microwave power with a subsequent clothing agitation/redistribution step is performed
every 15 minutes over the course of microwave drying.
3. Drying is terminated by any number of automatic end-points in addition to the operator pressing the Stop
button. These include: exit air humidity ratio approaching that of the inlet room air, as measured at startup; elevated exit air temperature; elevated reflected microwave power; and if none of these occur, then an
upper drying time limit.
4. The final stage of drying employs ambient air stream drying of the hot clothing alone with no further
microwave input. This approach aids in avoiding microwave overheating of the clothing as they approach
their final dry state.
Rinsing is an important part of the laundering procedure. The reduction of conductivity in the rinse water was
used as a measure of the effectiveness of various rinse cycle approaches. Reducing conductivity by a factor of 10,
i.e. to < 10% of the initial wash water conductivity, was used as a minimum cleanliness target.
It became apparent that the removal of as much used water at the end of each wash / rinse cycle as is possible
is vitally important. Rinsing is simple dilution. If there is little used water left over from the previous cycle then a
proportionally greater reduction in conductivity is achieved for the same addition of fresh water. Without the use of
a rotating system to impart substantial gravitational type separation of water from clothing it is very difficult to
remove residual water from the clothing bundle. High speed rotation of systems with significant mass is undesirable
in a space based platform due to the corresponding rotational forces imparted to the spacecraft. The AMCILS
employs a high pressure piston plate to instead squeeze the clothing bundle for liquid separation. This was shown to
be a rather inefficient method of liquid removal. Of 22 liters of liquid added to the dry clothing the best that could
be achieved by squeezing was the removal of 18 liters. This leaves 4 liters in the 3.1 Kg (dry) clothing bundle. As
such, not only does this decreases the effectiveness of rinsing, but will also increase the required overall energy
balance as the water remaining after the final rinse will have to be vaporized in the drying cycle. The excess water
13
International Conference on Environmental Systems

adds significantly to energy expenditure (vaporization) and to the length of time required to complete the laundry
cycle. The magnetron was operated at less than its 1,100 watt capacity to avoid undesirable effects on the
polycarbonate used in this prototype that allows observation of clothing movement within the washing chamber.
Accordingly only 300 – 400 watt operation was allowed. A flight system, made of more microwave robust
materials, would allow full power operation which would significantly decrease the required drying time.
To minimize water usage the scheme developed during testing was implemented in the AMCILS prototype.
The first rinse water as wash water for the next load and the final rinse water from the previous load is used as the
first rinse water and then a second, final rinse with fresh de-ionized water. In all, wash, rinse with once-used rinse
water, and a final rinse with fresh de-ionized water (requiring three storage tanks and a fresh water source). Using
this scheme water usage was minimized while still resulting in a 90% reduction of initial conductivity.

Figure 15. Cotton Test Swatches (4” X 4” = 10.16 cm x 10.16 cm): Left- Soiled Pre-Wash; Right- Cleaned Using
Final Laundry Protocol.

VI. Results and Discussion
The overall objective of the NASA program to allow long duration missions into space by humans has many
technical hurtles that must be overcome in transport systems, communications, and life support. The basics to
support life are rather straight forward and easy to discern, but the psychological factors cannot be calculated with
certainty. Clean clothing is not essential to support life, yet would be a contributor to the psychological wellbeing of
crew members confined in a small space for extended periods of time. For this reason clean clothing must be
available to the crew. The technical difficulties associated with providing this important resource revolve around
system mass and resource utilization. System mass must be minimized due to high launch costs. Resource
utilization, for AMCILS, energy and water, must also be minimized as those come back to increase launch mass in
the way of requiring additional energy production equipment and water recycling hardware. An additional technical
difficulty is the production of foam in weightless environment by laundering systems. Foam is not easily removed
and results in on-board storage tanks being filled with foam (air) rather than liquid. The primary objective of this
program was to develop a micro-gravity compatible method to clean clothing without producing foam and using a
minimum of water. The system mass and energy consumption were not addressed. The time and funding
constraints of this program only allowed for development of a system capable of overcoming the foam production
and water usage issues while operating in micro-gravity, as was demonstrated in zero-g parabolic flight testing.
To prevent the production of foam the underlying concept is to perform the washing function in a vacuum.
The theory behind this approach is that if no air is present then no foam is produced in the final wash water product.
Our development work proved this hypothesis correct. The clear polycarbonate housing of the AMCILS allowed
visual observation during the wash cycle to verify adequate clothing movement during agitation and the monitoring
of foam production, if any. While foam is indeed generated under vacuum, it is comprised of low pressure water
vapor and not air. At the completion of washing the contents of the AMCILS are allowed to equilibrate with
atmospheric pressure. This collapses the water vapor “bubbles” back into liquid water at ambient temperatures and
pressures and the foam disappears.
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To minimize water consumption, it is re-used to the greatest extent possible. The general laundering
sequence is 1) wash, then 2) a first rinse, and then 3) a final rinse. The first rinse water from the previous wash load
is re-used as wash water (with the addition of detergent) for the current load. The final rinse water from the
previous load is then used for the first rinse. Finally, second rinse for the current load is made with fresh, clean
water. The sequence is repeated for subsequent loads. Using this scheme, the final rinse water conductivity was
measured to be less than 10% of the initial wash water conductivity. Good cleansing was thus achieved and the
clothing had acceptable visceral properties without causing the development of rashes or itching when worn. This
result was attained with a total water consumption of only 22 liters (per 3.1 Kg of dry clothing) for the entire
washing and rinsing process. Without use of this water conservation scheme, a total of (22 + 18 + 18 =) 58 liters of
fresh water would have been required for the same wash / rinse scenario.
It is desirable to not only clean clothing, but also to dry the clothing after the wash / rinse cycle as part of a
single, fully automated system. Vacuum is released following the final rinse cycle in preparation for drying. To
minimize the production of excess heat that would occur using a conventional resistive heating system and high air
flow rates, the AMCILS instead uses microwave energy to vaporize water. The water vapor is flushed from the
AMCIILS washing vessel by a small, ambient air stream. This approach precludes the unnecessary heating of large
volumes of air. The unnecessary energy contained in the hot air stream produced by a resistive heating system
would have to be rejected into space, essentially wasting the important resource of energy and adding to the system
mass required by the spacecraft thermal control systems.
Drying is energy intensive. It requires the vaporization of any liquid water that is contained in the clothing
articles that are being dried. The AMCILS does not efficiently remove excess liquid water via its compression step
at the end of the wash / rinse cycles. This leaves a significant amount of liquid water present in the clean clothing
and results in an excessively long, energy intensive drying cycle. As such, while microwave drying is indeed more
energy efficient than conventional hot air drying and will produce dry clothing as the final step in the AMCILS
process, it does so at a high energy cost due to the large amount of liquid water remaining in the clothing following
the wash cycle.
This prototype device was fabricated from off the shelf, readily available hardware. No effort was made to
minimize the mass or energy consumption. The materials of construction were chosen to support the testing
program and for ease of fabrication. There are many areas where optimization of critical components could be
made. Power usage during operation and weights of the AMCILS components are shown below in Table 2.
Table 2. AMCILS component weights and power usage.

DESCRIPTION:

Operating Mode
(as appropriate)

AMPERAGE
(amps)
6.3

VOLTS
(volts)
110

WATTAGE
(watts)
693

WEIGHT
(Lbs/Kg)
32/14.5

spin plate motor @10Hz

no agitation

0.9

110

99

45/20.5

spin plate motor @10Hz

agitation

5

110

550

plunger plate motor

up/down movement

0.8

110

88

18/8.2

plunger plate motor
wash-water water pump

compression

2.2
0.4

110
110

242
44

3/1.4

solenoids valves

open

0.19

110

20.9

2/0.91

ball valves

opening/closing

0.3

110

33

5/2.3

3

110

330

25/11.4

3.8

110

418

9/4.1

2.75

220

605

30/13.6

vacuum pump

microwave chiller pump/ blower
vapor removal blower
microwave power supply
magnetron at 400 W
and magnetron

The total weight of the prototype AMCILS major components, excluding mounting framework and hardware is
169 lbs. The total energy consumed using the final laundry protocol is summarized in Table 3. The drying cycle is
obviously a very large consumer of electric energy at 13.1 Kw-H, this directly corresponds to the amount of liquid
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water left in the washing chamber after washing and rinsing. Conversely, the wash cycle energy consumption is
relatively low at only 256 watt-H.
Table 3. AMCILS Energy Usage for Wash and Dry cycles.
Wash Cycle – 1 hour and 13 mins total time
Vacuum Pump – 5 mins =
58 watt-H
(0.06 KwH)
Spin plate (agitation) – 12 mins
=
110 watt-H
(0.11 KwH )
Plunger Plate ops – 5 mins =
7 watt-H
(0.01 KwH)
Wash Water Pump – 15 mins =
11 watt-H
(0.01 KwH)
Solenoid Valves (x2) – 72 mins =
50 watt-H
(0.05 KwH)
Plunger Plate (compression) – 5 mins = 20 watt-H
(0.02 KwH)
WASH CYCLE TOTAL =
256 watt-H
(0.26 KwH)
Drying cycle – 12 hours
Spin Plate (no agitation)
=
Spin plate (agitation – 48 min)
=
Solenoid Valves (x1)
=
Microwave chiller & blower =
Magnetron Power =
DRYING CYCLE TOTAL =

1,188 watt-H
440 watt-H
251 watt-H
3,960 watt-H
7,260 watt-H
13,099 watt-H

(1.19 KwH)
(0.44 KwH)
(0.25 KwH)
(3.96 KwH)
(7.26 KwH)
(13.10 KwH)

VII. Conclusion
The completed AMCILS cleans and dries clothing using micro-gravity compatible techniques, while producing
no foam and consuming minimal water. It is also fully automated with the option of adjusting many process
parameters including the number and time of agitation cycles, agitation intensity, and soaking periods. This
deliverable prototype has a clear polycarbonate housing to allow visual inspection of the washing vessel contents
during the washing, rinsing, and drying cycles. An operational system on board a spaced based platform would not
require a clear housing. This would alleviate a good deal of problematic design features at sealing surfaces between
the dissimilar materials of construction as well as simplifying microwave chamber design. In addition to generating
no foam and using very little water, the AMCILS prototype also proved the viability of microwave clothes drying.
Future work must be aimed at reducing the amount of residual water left in washed / rinsed clothing prior to the
energy intensive drying step as well as the optimization of balance of plant components from a mass and power
usage standpoint. A flight capable test unit could then be built and evaluated aboard a space based platform to
identify any unknown weakness’ in a flight unit before deployment on a long duration mission.
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