Detailed Modeling of Distillation Technologies for Closed-Loop Water Recovery Systems.

Detailed chemical process simulations are a useful tool in designing and optimizing complex
systems and architectures for human life support. Dynamic and steady-state models of these systems help
contrast the interactions of various operating parameters and hardware designs, which become extremely
useful in trade-study analyses. NASA’s Exploration Life Support technology development project
recently made use of such models to compliment a series of tests on different waste water distillation
systems.

This paper presents efforts to develop chemical process simulations for three technologies: the
Cascade Distillation System (CDS), the Vapor Compression Distillation (VCD) system and the Wiped-
Film Rotating Disk (WFRD) using the Aspen Custom Modeler and Aspen Plus process simulation tools.
The paper discusses system design, modeling details, and modeling results for each technology and
presents some comparisons between the model results and recent test data. Following these initial

comparisons, some general conclusions and forward work are discussed.
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I. Introduction

he ability to recover and purify water through physico-chemical processes is crucial for realizing long-term

human space missions, including both planetary habitation and space travel. Although short-duration missions
have relied on storage and transport instead of on-board water recovery, an estimated requirement of 8 to 15 kg of
water per crewmember per day will pose a significant launch penalty and significant barrier to longer duration
missions’. Therefore, future water recovery, purification, and processing technologies should possess the ability
to accept wastewater streams from various sources (gray water, urine, and condensate from humid air) and recycle
them to a high level of chemical purity and potability. These processes also must be able to function in both zero-
gravity and low-gravity environments while consuming modest power resources and requiring little maintenance
and few consumables. Eventually, such systems may even be expected to operate in a completely closed-loop
fashion with the ability to recover most of the water from various waste streams.

Several technologies, including reverse osmosis?, catalytic and electrochemical processes®, and distillation®
have been explored as candidates for next generation water recovery systems (WRS). Because of the robust
nature of distillation processes, vacuum distillation has been actively pursued as a technology for water recovery".
Distillation at very low pressures has demonstrated the ability to significantly reduce power requirements over
traditional distillation technologies and has therefore been developed for space applications. This report discusses
the development of dynamic process simulations for the CDS, VCD and WFRD technologies.

Detailed chemical process simulations are useful tools for designing and optimizing complex systems and
architectures for human life support. Dynamic and steady-state models of these systems help contrast the
interactions of various operating parameters and hardware designs, which become extremely useful in trade-study
analyses. Aspen Custom Modeler (ACM) is a chemical process modeling package that has the ability to perform
both steady-state and dynamic simulations and has been used frequently for developing detailed models for
various engineering analyses™®. Dynamic modeling is particularly useful because it allows the ability to study a
process technology in great detail, identifying process limits as well as process dynamics. Because life support
processes are often highly sensitive to disturbances and seldom reach true steady-state conditions, dynamic
modeling and data are crucial to developing robust descriptions of the process dynamics.

By relating operating and hardware-related variables to process efficiency, it is possible to optimize the unit
sizing and its operating parameters. Accurate models can even generate data for a wide variety of operating
conditions, which can then be used to develop a process control strategy that is based on process-specific
operating data instead of a generalized theoretical description. Detailed models can also simulate off-nominal
scenarios that are rare, difficult, or even dangerous to reproduce, which can help in sizing for worst-case operating
conditions. Ultimately, the goal of modeling is to develop accurate dynamic descriptions of processes that can be
used to optimize the complete life support architecture by considering process efficiency, equivalent system mass
(ESM), and the general operating limits of the technologies. For water recovery, such comparisons will be made
between technologies like the VCD, WFRD and CDS.

This report presents the status of modeling efforts for the CDS, VCD and WFRD water recovery technologies.
The report discusses system design, modeling details, and modeling results for each technology and then presents
some general conclusions and forward work. Updates to this report will be made available as the three models
gain greater fidelity and accuracy. Eventually, the three water processing technologies will be evaluated using
ESM metrics, test data and model results in order to optimize the water processing architecture for the life support
systems. Modeling will also be used to design and evaluate process control schemes.

I1. Technology Desscriptions

The systems that have been modeled are the CDS, VCD and the WFRD. Even though all three of these
systems rely on distillation technology to reclaim water, they vary in their design and operation. The following
presents a brief discussion of the mechanical and operating principles of each processor. Further details are
provided elsewhere*®.

A. Cascade Distillation System (CDS)

The CDS is being developed in conjunction with Honeywell International Inc. and Thermodistillation. The
CDS presents a variant on the vacuum rotary distillation concept through a multistage rotating distiller coupled
with a thermoelectric heat pump that provides heating and cooling. The vacuum is provided by a mechanical
pump that reduces the distiller chamber pressure to 50 mmHg. Heat transfer surfaces between the stages serve to
capture the heat of vaporization and transfer it to the adjacent stage. Figure 1 presents a schematic of the CDS.
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The multistage vacuum rotary distiller (CD5 in the diagram) consists of chambers (stages) with rotating heat
transfer surfaces separating brine and condensate and with stationary pitot-tube pumps providing liquid transfer
between stages. Feed waste water is fed into the fifth stage of the CD5 and is partially vaporized using heat from
condensation of vapor from the fourth stage. Countercurrent flow of brine and vapor/condensate occur as a result
of heating the most concentrated brine in the first stage. This leads to a temperature gradient between stages,
increasing in the direction of brine flow and decreasing in the direction of condensate flow. The heat of
vaporization is captured by heat transfer surfaces within the stages and used to heat the liquid in the next stage.
Once the brine has reached a maximum concentration, it is fed into a separate holding tank. A cooled condenser
stage provides final condensate collection.

Heat energy for the process is supplied by a | Beressre
thermoelectric heat pump (THP)®". A portion of T
the liquid from stage one is fed to the heat

- .. Feed \Waste
pump and then recirculated back to the distiller Water Tank
to supply heat for the process. Thls_heat energy ot ___\_)Hiﬂ
is actually drawn from a portion of the | oistiate Tark }
recovered water as a recirculating water stream. 4
The THP itself requires less power than a - -
traditional heater, and since it uses thermal | i.mosectic E

energy from the cold side to heat the hot side, it Heat Pump

functions as both the condenser and the reboiler = T [i
stages of a traditional distillation column.
Reducing the pressure inside the distiller using Wasuum Pump (used ——y .
the vacuum pump reduces the distillation Trim Coolr s Co5
temperature thus reducing power requirements

even further’. Since the THP generates heat Figure 1. Schematic description of Cascade Distillation
from electrical resistance within the device, a System®. The blue stream represents distiller water flow
trim cooler (TC) is used to remove additional while the yellow stream indicates the flow of waste water
heat from the colder recirculating stream. (urine). The brine is represented by the orange stream.

B. Vapor Compression Distillation

The VCD system is a single-stage distillation process that has been developed at Marshall Space Flight Center
for the International Space Station (ISS). The distillation assembly, the primary component of the Vapor
Compression Distillation system, appears in Figure 2.

Wastewater is deposited in a thin film along the inner evaporator surface of the rotating drum. As water
evaporates, it is pulled into the compressor through the hollow stationary shaft. The compressor raises the
saturation temperature and pressure of the water vapor, and the compressed vapor then passes into the condenser,
where it condenses on the outer surface of
the rotating drum, in thermal contact with Saro 11O 2 pRomngDemte ~Roting Centfugs -~ Housing
the evaporator surface. The resulting heat T : - /
flux from the condenser to the evaporator, —/ L/ -~ Magnatic Drive
driven by the saturation temperature Prosiust Out ;
difference, drives the further evaporation of E,wmlu,_\\ { A el
water inside the evaporator, and the VCD P S\ = i i
process thus recovers the latent heat of |funiowiswsa . Sl V| 7
evaporation/condensation. = = s
The evaporator pickup tube (Recycle rewie il / '
Out) collects the wastewater not evaporated pugeon
inside the evaporator. This concentrated . e A x % x|SR
wastewater (brine) flows through a recycle .
loop and is mixed with fresh wastewater for
reprocessing. The condensed water vapor is Han e Seneor
collected from the condenser by the product
water pickup tube (Product Out). The
condenser is periodically purged (Purge Out) to remove non-condensable gases and to maintain the operating
pressure.
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Figure 2. VCD distillation assembly schematic®*2.
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The VCD evporator process nominally operates at 3.4 to 5.5 kPa (0.5 to 0.8 psia) and ambient temperature (32
to 43°C, 90 to 110°F). Further details of the VCD process and system, including other components such as fluids

pumps, the recycle filter tank, etc., are provided elsewhere®!%*,

C. Wiped Film Rotating Disk (WFRD)

Thin film distillation offers improved efficiency by enhanced heat transfer. In the WFRD system, a preheated
feed is sprayed onto a rotating hollow disk assembly to create a thin film. The film evaporates quickly and the
vapor is compressed and fed into the condenser section (the inside of the hollow disk assembly) of the unit. The
heat of condensation is transferred back to the evaporating film hence conserving some energy. The overall
process consumes less energy than a traditional distillation system. In essence the film evaporates via a combined
convection/conduction process. Figure 3 presents a schematic for the WFRD evaporator assembly and Figure 4
presents the process flow diagram for the WFRD system. =

The basic operation for distillation within the WFRD can PROCUCT
be summarized by Figure 3. The hot feed is sprayed onto the TUBES
hollow rotating disk within the partially evacuated still. As
the fluid evaporates it is pumped out through the “vapor out”
port and fed into the inside portion of the hollow rotating disk HATIHG
through the “heating steam” port. The vapor is moved from
the outside of the rotating disk to the inside using an external
compressor. As the vapor condenses, the heat of
condensation is conducted through the wall of the rotating oRNE
disk assembly and used to evaporate more of the feed. This :<: - PRODUCT

combination of processes results in efficient evaporation with
low power consumption. Feed that is not evaporated
becomes enriched with waste byproducts while the vapor =y
consists primarily of water and volatile gases. The enriched A
brine is disposed through the brine scoops on the outside of
the rotating disks while the collected distillate (pure water) is
sent to the distillate tank through a product tube. The entirety FEED
of the process is discussed using Figure 4 below.

As mentioned earlier, the evaporated feed (vapor) is
moved from the outside portion of the hollow rotating disk
assembly to the inside of the hollow disk where it is
condensed. The external compressor is shown in Figure 4.
Figure 4 also shows the flow paths for the brine and distillate
collection. It is also worth noting the integration of various
streams for heat exchange. For example, feed is heated by the
hot brine exiting the evaporator loop and heated again by the hot liquid product exiting the condenser. This heat
exchanged between hot and cold streams provides substantial savings in operational power.

Figure 3. WFRD Evaporator Assembly
Schematic'.

I11. Modeling Principles

For water modeling, ACM interfaces with the thermo-chemical properties subroutines and databases in Aspen
Plus (AP), which provides electrochemical and thermodynamic relations that describe component solubility and
phase behavior in the model system. AP provides an extensive database of intrinsic physical properties for
chemical species as well as several methods for determining thermodynamic, physical and state properties.

A salt water system (NaCl-H20) was used for the initial modeling of the technologies. Once the initial models
appeared to operate successfully, the salt-water system was replaced with an ERSATZ waste water formulation
and the models were run with the ERSATZ model containing a host of inorganic and organic components found
in typical urine and humidity condensate streams. The current model for the feed was based on the results of the
distillation comparison test (DCT). The DCT Feed uses 24 of the most prevalent components found during the
DCT and incorporates phenomena such as solids precipitation and production of VOCs and non-condensible gases
such as carbon dioxide.

For all three technologies, separation was modeled using flash calculation routines supplied by ACM. For the
WFRD and VCD, one flash calculation was used to predict the split between liquid (and solid) and vapor, while
five sequential flash calculations were used to model the CDS. Although the flash is the most straight forward and
logical choice for predicting the separation between liquid and vapor, it does rely upon assuming thermodynamic
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equilibrium with the processors. Although equilibrium
flash may be a reasonable assumption, especially for a g
multi-staged distiller like the CDS, it may not be as robust compresac
for a single stage unit like the WFRD or the VCD,
particularly when modeling the affects of process upsets.

Condenso:

I1l.  Results and Discussion Fuooraior

At present, preliminary models for the CDS, VCD, and o A—DL®
the WFRD have been completed. In addition to the Vocwn Fute e ™
processor models, a model for the DCT Feed formulation
has been developed in AP, and the CDS and WFRD have
been adapted to the new model.

Figure 5 presents the ACM flowsheet for the CDS. The
CDS process simulation includes a number of models for
individual components of the system. The multistage rotary
vacuum distiller is modeled as a number of stages; five
evaporating stages and five condenser stages.

Each evaporator stage passes evaporated water to the |
adjacent condenser stage and the heat of condensation is ] 1
passed to that stage’s evaporator (except for Stage 1). The Figure 4. WFRD schematic™.
split between vapor and liquid phases is calculated by the rigorous flash routines mentioned earlier. The THP and
the TC are modeled as heat exchangers. The THP equations are based on the operation of a thermoelectric heater
that draws heat from the cold loop and passes it to the hot loop. Since the inefficiencies of the THP (due to
electrical resistance) have not been characterized
in great detail, the model uses empirical factors

Heat
Exchanger

to replicate the efficiency. The trim cooler = =
. - =) =T
operates as a conventional countercurrent single . PRI - ]

pass heat exchanger and incorporates heat

. , —5¢
transfer coefficients based on the manufacturer’s K% 9 =) 1, SlopeCondStaped_Cond Staped_Cond Staged_
P1

1

data. The recirculation flow rates for the hot and con:ung| il iicit
cold loops are fixed and balanced and the target “(ﬂ_lvbl IJf:LIJfI I¢I :

FinalCander

water temperature for the distillate is fixed. The P > s s
COO|ing Water ﬂOW rate iS ﬁxed in Order '[0 et _— Staged_Fvap Staged_Evap Stagel Evap Stage? Evap  Stagel
achieve the target distillate temperature. Feed i

and production rates are allowed to vary and are I I

ProductTank FeedTank

determined by the model based on the process
operating parameters.

The chemistry within the process simulation
is based on thermodynamic data generated by AP
and all agueous components are tracked during
mass balance calculations as neutral (apparent)
species as opposed to ionic species to improve the efficiency of the calculations. Vapor-liquid equilibrium
calculations are performed using actual true-component compositions (considering ionic species). The DCT feed
also incorporates solid formation in parts of the CDS such as the feed tank and the evaporator sections. Since only
water vapor and gases reach the condenser blocks, solids formation was not calculated in these blocks.

Figures 6 — 8 present urea mole fraction (Xurea), Stage temperature (°C) and stage pressure (bar), respectively,
within each of the five evaporator stages of the CDS. As expected, the highest urea concentration, stage
temperature and stage pressure were predicted at Stage 1, the stage closest to the brine recirculation loop, with the
lowest values predicted for stage 5. The simulation also models the successive enriching of the brine in Stage 1 by
the slow removal of water from the waste input stream. Similar calculations of pressures, temperatures and species
concentrations can be generated for the condenser side components. Concentrations of any individual liquid phase
species can be tracked using plots similar to Figure 6.

Figure 5. ACM flowsheet model of Cascade Distillation
System. The multistage rotary vacuum distiller is
represented by five evaporating and compressing stages.

5
American Institute of Aeronautics and Astronautics



0.04 - ‘ ‘
— Stagel.x("UREA") kmol/kmol

— Stage2_Evap.x("UREA") kmol/kmol

— Stage3_Evap.x("UREA") kmol/kmol

— Stage4_Evap.x("UREA") kmol/kmol
0.03 | —stage5_Evap.x("UREA") kmol/kmol .~

0.02 /

AY

0.01 yd

g =

0 2 4 6 8
Time (hours)

Urea Mole Fraction (kmol/kmol)

Figure 6. Variation of Urea concentration in evaporator stages of the CDS. Stage 1 is closest to the
brine recirculating loop. Stage 5 is closest to the brine final condenser.

Stream chemistry, pH in particular, showed reasonable agreement between the DCT and the modeling results.
For the feed stream the pH variation between the model and the test was small (less than 5%). For the brine and
distillate streams, the pH variation between model and experiment was within 10% in both cases. Small to
marginal deviations in stream chemistry are expected since the model uses only a portion of the components
detected during the DCT.

Figures 7 and 8 illustrate the gradient of temperature and pressure (respectively) over the evaporating stages of
the CDS. The temperature and pressure varies in correspondence with the enrichment of the brine over the stages
of the CDS. Stage 1, the most concentrated stage, exhibits the highest temperature and pressure due to boiling
point elevation effects. These predictions are made by Aspen Plus’s thermodynamic calculations.
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Figure 7. Variation of temperature in evaporator stages of the CDS. Stage 1 is the stage closest
to the brine recirculating loop. Stage 5 is the stage closest to the brine final condenser.
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Figure 8. Variation of pressure in evaporator stages of the CDS. Stage 1 is the stage closest to
the brine recirculating loop. Stage 5 is the stage closest to the brine final condenser.

The model predicts a distillate flow rate of 4.7 I/hr and predicts an energy consumption rate of 265 W by the
THP. Although the distillate production rate appears to be within observed values (~ 4.5 I/hr), the THP power
consumption appears lower than documented values (~300 W). At present, the model assumes that all gases from
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the feed are removed before distillation. It will be also necessary to use ACM’s estimation tools to refine model
parameters (such as heat transfer coefficients) based on the test data. In addition, the CDS model does not
incorporate energy consumption by the rotating distiller and therefore the total energy consumption of the system

is not predicted.

Figure 9 presents an ACM flowsheet of the | ... ’
VCD system. This model has been updated to —— @
process the ERSATZ waste water formulation. - < P

The current model lumps the liquid hold-up & e ot '
volume of the evaporator and recycle filter tank 3y
together in the DA_Evaporator stage and treats e (1) Co
the volume as well mixed. A more detailed J
model of the recycle loop is currently being & . _u—
developed that will provide a more realistic F O
dynamic description of VCD batch processing '
and start-up behavior. The compressor model D u
assumes an idealized compressor with a fixed
efficiency.  The Pressure Control and Pump e

Assembly (PCPA)

is modeled as a total

condenser and the additional condensate is  Figure 9. ACM representation of the VCD system. The
collected as part of the distillate. rotating distiller is modeled as two equilibrium stages.

Estimates of the internal pressures and temperatures or the evaporator and condensers are provided by Figures
10 and 11 respectively. Internal temperatures for the condensers and the evaporator show reasonable agreement

with the DCT results.
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Figure 10. VCD Evaporator and Condenser pressure predictions.
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Figure 11. VCD Evaporator and Condenser temperature predictions.

Figure 12 presents an ACM flowsheet of the
WFRD system. The single stage Rotating Disk
Evaporator is modeled as two blocks; an evaporating
side and a condensing side. The compressor is
modeled as an adiabatic compressor with a fixed
efficiency.

Flash routines are wused to determine the
vapor/liquid split for the exit streams from the
evaporating side and a similar flash routine is used to
determine the amount of condensate formed. The film
thickness is determined (as a total hold-up) from a
combination of the mass and energy balances in each
block. The film thickness is calculated by
approximating the holdup as a cylinder of fluid. The
heat transfer between the two sides as well as the heat
transfer coefficient is calculated from the energy
balance between the condensing and evaporating
sides. The heat transferred out the condensing side
block is the exact amount required to produce vapor
from the evaporating side. Some of the operating
parameters, such as the evaporator pressure and the
brine recycle rate were fixed values, similar to those
used in the DCT.

Figures 13 - 15 provide estimates of the film
thickness and internal pressures and temperatures
(evaporating and condensing sides) respectively.

9

L

Cond_Side Ewap_Side

-

ProductT ank FeedTank

Figure 12. ACM flowsheet model of the Wiped
Film Rotating Disk system. The rotating distiller
is modeled as two equilibrium stages.
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Figure 15. WFRD Evaporator and Condenser side temperature estimates.

Because there is no information on film thickness measurements for the current configuration, the ratio of the
film thicknesses between the evaporating and condensing sides was fixed, based on literature values™.The film
thickness values obtained by the model showed reasonable agreement (within 10%) of values during previous
demonstrations of the WFRD™. Heat transfer coefficients, based on these film thicknesses have yet to be
compared to those for the current configuration.

The internal pressure estimates showed significant deviations from values in the DCT data**. These deviations
were mainly due to convergence issues in model. The compressor exit pressure estimate from the model was
significantly lower than the condenser side pressure in the test due to convergence issues.

Temperatures reported by the model are theoretical temperatures (based on thermodynamic equilibrium)
within the evaporator and condenser sides and are not necessarily equivalent to the evaporator and condenser
temperatures during a test. In particular, the condenser side temperatures reflect the temperature after the vapor
has condensed. Therefore the temperatures reported in the model may be more reflective of the actual film
temperature vs. the bulk temperature within the unit. Although there was good agreement between theory and
experiment for the evaporator side temperature, significant deviation (~25%) was found between model
predictions and the DCT results for the condenser side temperature. Although, this deviation can be partially
attributed to the convergence issue discussed earlier, it may also highlight the differences that may result from
assuming a stable equilibrium with the condenser side. In the actual process, condensation may occur faster than
thermal equilibrium can be realized.

Specific energy consumption predicted by the model (for the compressor) was high (50 W-hr/kg) when
compared to the test results (~30 W-hr/kg)™* which may be a result of the differences in pressure between the test
and the model. These results are presented in Table I .

Significant deviations between the model and the test results were also seen in the pH values for the feed,
brine and the distillate streams. Although the feed pH values showed much lower deviations (less than 10%), the
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distillate pH predicted by the model was greater than the test results by 30% and conversely the brine pH
predicted by the model was 30% lower than the brine pH during the DCT. These results are presented in Table I.

Table I. Comparison between DCT results and model predictions for the WFRD.
13,14

Property Data Model Deviation
P, Compressor In (torr) 82.0 80.0 -2.44%
P, Compressor Out (torr) 110 91.0 -17.27%
T, Compressor In (C) 52.6 49.1 -6.65%
T, Compressor Out (C) 75.0 65.0 -13.33%
compressor specific energy (W-hr/kg) 25.0 50.0 100.00%
Condenser Film thickness (mils) 0.95 1.11 16.84%
Evaporator film thickness (mils) 0.33 0.38 15.15%
Feed pH 2.25 2.09 -7.11%
Distillate pH 3.5 4.66 33.14%
Brine pH 1.8 1.32 -26.67%

IVV. Conclusion

Detailed simulations for three distillation technologies, CDS, VCD, and WFRD were developed using ACM.
The CDS and the WFRD models have been updated to simulate distillation of a complex feed stream similar to
that used in the DCT. The current VCD model processes the ERSATZ urine formulation and the DCT version is
being developed. This report presents some preliminary modeling results along with comparisons of the model
predictions with test results from the DCT.

At this point it is necessary to further refine and validate models of the individual components to ensure that
they accurately represent the hardware. Convergence issues and stability of the simulations pose significant
hurdles to model operation. Some preliminary work to improve stability of the models has been undertaken using
AP. One solution may involve reducing the number of components, while retaining key chemical interactions like
solids precipitation.

Acknowledgments

The authors acknowledge the contributions of Distillation Comparison Test team as well as contributions from
Dr. M. Callahan and Dr. K. Pickering towards developing the CDS model. The authors also wish to acknowledge
continuing support from Life Support and Habitation Systems (LSHS).

References

'Rifert, V., Usenko, V, et al. (1999). Comparison of Secondary Water Processors Using Distillation for Space
Applications. International Conference on Environmental Systems. Denver, CO USA.

2Hermann, C. C. (1992). High-Recovery Low-Pressure Reverse Osmosis. 22nd International Conference on Environmental
Systems, Seattle, WA USA

3Akse, J. R., J. E. Atwater, et al., Eds. (1994). A Breadboard Electrochemical Water Recovery System for Producing
Potable Water from Composite Wastewater Generated in Enclosed Habitats. Water Purification by Photocatalytic,
Photochemical, and Electrochemical Processes, Electrochemical Society.

“Allada, R. (2008). Water Recovery Technology Development: 2008 Joint NASA/ESCG Report to SIMA, ESCG-4470-08-
TEAN-DOC-0383, NASA Johnson Space Center, Houston, TX, October 2008

®Allada, R. (2009). Status of Modeling Efforts for Water Recovery Technology Development, ESCG-4470-09-TEAN-
DOC-0169, NASA Johnson Space Center, Houston, TX, September 2009

®Rifert, V., Usenko, V., et. al, (2001) Design Optimization of Cascade Rotary Distiller with the Heat Pump for Water
Reclamation from Urine, International Conference on Environmental Systems. Colorado Springs, CO, USA.

12
American Institute of Aeronautics and Astronautics



"Callahan, M., A. M. Lubman, et al. (2008). Cascade Distillation Subsystem Development Testing. International
Conference on Environmental Systems, San Francisco, CA, USA.

8Lange, K. E. and J. P. Van Buskirk (2006). Transient Modeling of an Early Lunar Outpost Life Support System. Systems
Integration Modeling and Analysis (SIMA)

®Holder, D. W. and C.F. Hutchens. (2003). Development Status of the International Space Station Urine Processor
Assembly. International Conference on Environmental Systems, VVancouver, British Columbia, Canada. 2003-01-2690.

Ywieland, P., Hutchens, C., Long, D. and B. Salyer. (1998). Final Report on Life Testing of the VVapor Compression
Distillation/Urine Processing Assembly (VCD/UPA) at the Marshall Space Flight Center (1993 to 1997). NASA/TM—1998-
208539

“Hoelzel, N. M., R. S. Barker and R. B. Boyda (1993). Comparative Test Data Assessment and Simplified Math
Modeling for the VVapor Compression Distillation Subsystem. SAE 932194. International Conference on Environmental
Systems, Colorado Springs, CO, USA.

2Crenwelge, L., McQuillan, J. (2009). Exploration Life Support Water Recovery System Distillation Comparison Test
Plan. Houston, TX, NASA Johnson Space Center

¥Tleimat, B.W. et al. (1982). "Wiped-Film Rotating-Disk Evaporator for Water Reuse," U. S. Department of the Interior,
Bureau of Reclamation, Report RU-82/15, 1982

“McQuillan, J., Pickering,K.D., Anderson,M.S., Carter, D.L., Flynn, M., Callahan, M., Vega, L. Allada, R., Yeh, J.,
Distillation Technology Down-selection for the Exploration Life Support (ELS) Water Recovery Systems Element,
Proceedings of the 40th International Conference on Environmental Systems, Barcelona, Spain July 11-15, 2010

13
American Institute of Aeronautics and Astronautics



