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Honeywell Aerospace has developed a distillation technology to process wastewater streams 

in microgravity environments for recovering potable water. The wastewater processing 

Cascade Distillation System (CDS) utilizes an innovative and proven multi-stage 

thermodynamic process to produce purified water. The Cascade Distiller (CD) is the core 

component of the CDS technology. The CD is a Centrifugal Vacuum Distiller (CVD) that 

processes wastewater as a feed source and purifies it to near potable water. Some volatile 

substances escape to the purified water. With minimum post processing, the water can be 

restored as potable for human consumption. The CD was tested at the National Aeronautics 

and Space Administration (NASA) Johnson Space Center (JSC) with a greater than 90% 

recovery rate during a technology comparison test. The results were compared with two 

other technologies. All three systems were challenged with two pretreated test solutions, each 

intended to represent a feasible wastewater generated in a deep space environment. An 

expert panel assembled by NASA down-selected the CDS as one of the technologies for 

further development. NASA internally developed the Vapor Compression Distiller (VCD) 

technology, which has reached Technology Readiness Level (TRL) 9. The VCD has paved 

the way for future development of wastewater recovery technologies by identifying critical 

requirements. However, the VCD has limited distillation capacity when compared to the CD. 

Currently, Honeywell Aerospace has an Indefinite Delivery, Indefinite Quantity (IDIQ) 

contract with NASA for further development of the CD. 

Nomenclature 

AWRSDF = Advanced Water Recovery Systems Development Facility 

CD = Cascade Distiller 

CDS = Cascade Distiller System 

COP = Coefficient of Performance 

CVD = Centrifugal Vacuum Distiller 

DCM = Drive Control Module 

DI = Deionized 

hr = hour 

IDIQ = Indefinite Delivery, Indefinite Quantity 

ISS = International Space Station 

JSC = Johnson Space Center 

kg = kilogram 

L = liter 

LEO = Low Earth Orbit 

mm = millimeter 

MRL = Manufacturing Readiness LEvel 

NASA = National Aeronautics and Space Administration 

RO = Reverse Osmosis 

RPM = revolutions per minute 
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RTD = Rapid Technology Development 

THP = Thermoelectric Heat Pump 

TRA = Technology Readiness Assessment 

TRL = Technology Readiness Level 

VCD = Vapor Compression Distiller 

W = watt 

I. Introduction 

NE issue for space exploration beyond low Earth orbit (LEO) is sustainability of human life. Vital elements 

for sustainability are air, water, and food. Storage may be feasible for short duration visits to the International 

Space Station (ISS) and brief lunar missions. However, for long duration human space exploration, recycling of air 

and water is critical. 

 

NASA has been interested in the development of distillation technologies for recovery of wastewater in 

spacecraft for more than 30 years [2]. Planned and proposed applications include the recovery of water on the ISS 

and on future exploration missions beyond LEO. On ISS, recovery of water by distillation is limited to a treated 

urine feed stream [3]. For future exploration missions, mixed waste streams are being considered. These mixed 

streams may include, but are not limited to urine, humidity condensate, Sabatier produced water, hygiene 

wastewater, and laundry wastewater. The CDS is one of two distillation technologies currently under development 

to support closed-loop water recovery from the mixed waste streams anticipated for long-duration missions. 

 

The CDS technology has been in development for a number of years. Beginning in early 2000, Honeywell 

(Torrance, Ca) working in conjunction with Thermodistillation Company (Kiev, Ukraine), sponsored and led the 

development of the CD, a new five-stage CVD machine [4,6,11]. The CD distills wastewater at reduced pressure to 

produce purified water condensate and concentrated brine waste. 

 

In 2003, Honeywell received funding through NASA as part of a Rapid Technology Development (RTD) program. 

The objective of the RTD was to promote the CDS to a Technology Readiness Level (TRL) of 6. This paper 

discusses the technology behind the Honeywell CDS. 

II. Cascade Distillation System 

A simplified schematic of the CDS is shown in Figure 1. 

 

 
Figure 1. Cascade Distillation System Schematic 

 

O 
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In general, operation of the CDS involves evaporation and condensation of wastewater and brine within a 

rotating drum apparatus. The drum is divided into five distillation compartments by means of specially designed 

baffles. Influent feed and recycled brine solutions are fed into the rotating drum at various stages within the 

distillation process. The vapor formed within each distillation chamber is condensed on the surface of the partition 

opposite to the surface used for the next stage of evaporation. Each of the five distillation compartments is 

maintained at successively lower operating pressures allowing the heat of vaporization to be recovered four times. 

 

To enhance the liquid evaporation process, an external thermoelectric heat pump (THP) is used to provide heat 

energy to the hot side of the liquid recirculation loop. The THP also provides cooling energy to the cold 

recirculation loop used to remove the heat of vaporization. A trimming heat exchanger provides additional cooling 

energy to balance inefficiencies common to the THP technology. 

 

By operating at reduced pressure, and recovering the latent heat of vaporization and evaporation, the energy of 

the CDS is conserved. In addition, the centrifugal forces produced during rotation of the drum assembly support the 

transport of all liquids within the system and allow operation of the distiller in a reduced gravity environment. 

III. Cascade Distiller 

Most of the water recovery systems for space application use a variant of the CVD system. The CD is based on 

the same principle. 

 

Illustration of the CD is shown in Figure 2. The drive motor is located on the right side and fluid in/out manifold 

is located on the left side. 

 

 
Figure 2. Cascade Distiller 

 

The CD function is water distillation from various streams of wastewater by centrifugal vacuum distillation to 

produce purified water. Selection of materials is important due to the corrosive environment of the wastewater. In 

addition, chemicals used to stabilize wastewater prior to distillation can have a negative effect on the material. Thus, 

all parts contacting waste or product water are fabricated from titanium. The CD is shown in Figure 3. It is the large 

cylindrical component in the center of the figure. The specifications for the prototype CD are given in Table 1. 
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Figure 3. Cascade Distiller and Thermoelectric Heat Pump 

 

Table 1. Prototype Cascade Distiller Technical Requirements 

 

No. Requirement Unit Parameter 

1 Dimensions, length x diameter mm ≤ 600x270 

2 Weight kg ≤ 20 

3 Production rate (distillate), maximum L/hr 5.0±0.5 

4 Production rate (distillate), minimum L/hr 2.5±0.5 

5 Cascades  5 

6 Water recovery % 93.0±3 

7 Speed rate RPM 1,000-1,500 

8 Driver power consumption at 5 L/hr W < 160 

9 Voltage Vdc 20-30 

10 Modes of operation  Batch continuous 

11 
Processed fluids: aggressive solutions 

contaminated with solid particles of ~25µ 
 

Salt water, pretreated urine, 

RO ersatz, gray water 

12 Ambient temperature °C 20-60 

13 Ambient pressure bar 1±0.1 

 

The prototype CD is a 270 mm diameter cylindrical vessel that is 340 mm long (cylindrical portion only). The 

full length, including the motor and hydraulic connections, is 600 mm maximum. The weight of the CD assembly is 

approximately 20 kg. 

 

A rotor assembly is installed on bearings inside the cylindrical housing. The CD rotor is divided into five 

distillation stages by means of specifically designed baffles. Vacuum is applied reducing the boiling temperature and 

energy usage. The vapor formed in one stage is condensed on the heat transfer surface of the opposite side of the 
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surface of the next stage being used for liquid evaporation at a lower pressure. With the five stages, the heat of 

condensation is recuperated four times and utilized for evaporation. 

 

Pitot pumps within the CD transport the process liquid and the distillate through the circulation loops. Figure 4 

illustrates the physics behind the pitot pumps. The CD ports are used for connections of the 6 mm internal diameter 

vacuum tubes or hoses. The drive assembly is attached to the CD rotor. It consists of a high-speed electric motor and 

gearbox. The permanent-magnet motor requires a control module. The drive control module (DCM) maintains the 

CD rotor speed at approximately 1300 RPM. The weight of the DCM is approximately 0.5 kg. The DCM is 

connected to 28- Vdc power supply, motor, and speed readout. 

 

 
Figure 4. Conceptual Illustration of the Pitot Pump 

IV. Cascade Distiller Scaling 

One way to look at the limitation of the number of cascades is the vapor thermal gradient between the first and last 

stages. The first cascade for this explanation is the first evaporation stage and the last cascade is final condensation 

stage. Each stage has a thermal conducting surface separating the evaporation zone from the condensation zone. 

Product is produced when steam from one stage condenses on the subsequent stage. CD performance, efficiency, and 

design is determined by the heat transfer mechanism and the heat transfer surface design. The CD process flow 

diagram is depicted in Figure 5. 

 

  
Figure 5.  Cascade Distiller Process 

Ax = Orifice Area 

Sx = Steam Flow 

Tx = Temperature 

Wx = Mass 
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The number of cascading stages are limited by the increase in brine concentration. However, considerable thought 

have been given to scaling by increasing the diameter, speed and improving heat transfer between condensing and 

evaporation. Though this maybe possible, heat transfer between condensing and evaporation plane and heat transfer 

area requires further understanding. This will help understand the increase and decrease of production rate by 

increasing heat transfer area (increasing diameter) and speed. The relationship is not fully defined at this stage, but 

work in this area is continuing and considerable understanding has been gained. 

 

The CD prototype design has a total heat transfer surface area of 99 in
2
. Increasing the radius of the CD rotor 

and/or length will improve the heat transfer surface area. The relationship below the relative rotor radius and length to 

the relative surface area in shown in Figure 6. 

 

 
Figure 6. Distiller Surface Area Scaling 

 

The scaling issue is important for at least two reasons. First, to support different crew sizes for space exploration 

beyond LEO, as different capacity distillers will be needed. Currently, for a Mars flyby mission, NASA is considering 

a 2 to 8 person crew. Secondly, the CD has a possibility for a terrestrial application. A distiller sized for much larger 

production rate could be ideal for wastewater. 

 

The re-sizing of the CD is possible because of the relatively low operating speed and subsequent light structural 

loading. A rotor dynamic analysis was performed on the existing CD showing a critical speed of 15,000 RPM that is 

considerably higher than the operating speed of < 1500 RPM.  

 

The bearing load for inlet side bearing is 13.1 lbs and for the drive side bearing is 12.3 lbs. These loads are 

insignificant considering the bearing sizes used. Structural analysis for the operating loads was not analyzed. During 

the operation of the prototype CD, no wear and tear was noticed in ~2000 hours of operation. 

V. Thermoelectric Heat Pump 

The function of the THP is to transfer heat from the cold loop to the hot loop. The heat transfer is based on use of 

the Peltier effect thermoelectric devices and heat exchanger surfaces. Besides the transfer of heat that is caused by 

the electrical current through the thermoelectric devices, there is also some resistive heating from the devices. This 

heat is transferred to the cold loop and is removed by the auxiliary cooling heat exchanger. The THP is 
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manufactured from titanium. The THP is shown in Figure 7. It is the gray rectangular box. The electrical power 

connections are on the top. 

 

 
Figure 7. Thermoelectric Heat Pump 

 

The specifications for the prototype THP are given in Table 2. The THP is a key component in the system and 

since it functions to heat with a 2.3 Coefficient of Performance (COP), it is 230 % more efficient than a simple 

resistive heater. This is one of the reasons that the CDS has a very low specific power consumption. 

 

Table 2. Prototype Thermoelectric Heat Pump Technical Requirements 

 

No. Requirement Unit Parameter 

1 Dimensions, length x width x height mm 410 x 125 x 160 

2 Weight kg ≤ 6.5 

3 The power consumption at 5 L/hr W 400 

4 Voltage Vdc 20-30 

5 Maximum power consumption W 500 

6 Coefficient of performance at 5 L/hr  2.3 

7 Mode of operation 
 

Batch, continuous 

8 
Operation media: liquid-to-liquid aggressive 

solutions contaminated with solid particles of ~25µ 
 Salt water, pretreated urine, 

RO ersatz, gray water 

 

The THP is sized for a maximum power of 500 W. The typical operating power is 400 W, which is used to 

produce distillate at 5 liter/hr. At the maximum heating rate, the temperature of the liquid being evaporated in the 

circulation loop downstream from the heat pump should not exceed 55 °C when using urine. The THP uses a 

dedicated 28 Vdc, 1000 W power supply that can be controlled manually or automatically. The maximum current 

load of THP does not exceed 20 A. 

VI. Prototype Cascade Distillation System Design 

The prototype CDS has been designed to meet the requirements established for system testing at NASA JSC 

[8,9,10]. 

 

There are seven major components in the system: CD, THP, feed tank, product tank, brine tank, vacuum 

subsystem, and auxiliary chiller subsystem. In addition to the major components, there are 20 solenoid valves, 8 

manual valves, and 23 sensors. The solenoid valves are electrically controlled valves that are used to control the 

system and can be operated manually or automated. The sensors are for system monitoring and control and consist of 

temperature, flow rate, conductivity and pressure sensors. 
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The NASA JSC Advanced Water Recovery Systems Development Facility (AWRSDF) provides interface 

hardware for the CDS prototype. A facility rack was designed and constructed to provide interfaces for vacuum, 

vacuum vent, pressurized deionized (DI) water, power, control and data acquisition systems, and fluid handling, 

including: wastewater, brine, and condensate. Table 3 shows the identified CDS interfaces. The complete CDS test 

stand is shown in Figure 8 along with the integrated AWRSDF hardware. 

 

Table 3. Interfaces 

 

Interface Description 

Control System Provides user and system interface for CDS control and data acquisition 

AC Power Provides power to computer control system 

DC Power Provides power to DCM and THP 

Vacuum System Provides facility vacuum to vacuum receiver 

Influent Tank Provides Influent Test Solution to Influent Tank 

DI Water System Provides pressurized DI water for system purge 

Chiller System Provides supplemental cooling media to THP 

Vent System Provides exhaust of any non-condensable CDS gasses 

Facility Drain Provides waste solutions to facility drain 

 

 
Figure 8. Completed AWRSDF and CDS Build-up 
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VII. Unit Operation Test 

A prototype design of the CD and its associated CDS was tested at NASA JSC AWRSDF during 2008-2009 

[5,7,12]. The purpose of the test was to collect a standard set of data for comparison against other technologies. 

NASA selected two solutions for comparison testing, referred to as test solutions 1 and 2. Each test solution was 

formulated based on candidate waste streams anticipated for a lunar outpost. According to the plan, the CD was to 

process a four-person wastewater load of each test solution for a duration equivalent to a 30 lunar mission days. 

Table 4 shows the composition of the two test solutions 

 

Table 4. Composition of Distillation Comparison Test Solution 

 

 

Component 

 

Waste stream 

component by type 

Component % by 

weight 

Test 

Solution 

1 

Test 

Solution 

2 

1 
Pretreated humidity 

condensate 
56.5 18.2 

2 Pretreated Urine 43.5 14.1 

3 
Pretreated Hygiene 

water 
 67.7 

 

Over the six weeks of testing solution 1, 27 test runs were completed. The average batch size per run was 14 ± 2 

kg. Approximately 96 hours of distiller operation were accumulated over the test series. For the test runs completed, 

the total amount of test solution 1 processed was approximately 377 kg. The average recovery rate predicted over the 

27 batches was 93.4 ± 0.7 percent.  

 

Over the seven weeks of testing solution 2, 43 full runs were completed. The average batch size per run was 28 ± 

1 kg. Approximately 256 hours of distiller operation were accumulated over the test series. The total amount of 

solution 2 processed was approximately 1198 kg. The average recovery rate predicted over the 43 batch runs was 90.3 

± 0.5 percent. 

 

Subsequently, chemical analyses of both CDS process streams were performed. Data collected for both test series 

was determined by NASA to be sufficient to meet the testing requirement of the comparison test. The CDS 

technology fared favorably in the comparison test. As a result, the expert panel assembled by NASA down-selected 

CDS as one of the technologies for further development and an IDIQ contract was awarded to develop the CD 

Generation II [1]. 

 

However, the data needed for characterizing the CD alone were not collected. In 2012, a system level test was 

conducted to characterize the CD. The purpose of the test is to determine boundary conditions through experiment, 

which are consistent with mass and energy balances over the CD at operating conditions of interest. The test stand at 

the Honeywell Torrance Grey Water laboratory is shown in Figure 9. The fluid ports are identified in Table 5. 
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Figure 9. Test Stand at Honeywell Grey Water Laboratory 

 

Table 5. Cascade Distiller Port Assignments 

 

Port 

Identification 
Port Function 

1 Hot recirculation loop returned to unit 

2 Feed liquid input 

3 Distillate output to product tank 

4 Distillate outlet to recirculation loop 

5 Hot recirculation loop output from CD 

6 Not in use; plugged 

7 Output to liquid feed overflow sensor 

8 Cold recirculation loop returned to unit 

9 
Vacuum line: pulling vacuum on the unit allows the possibility of 

a complete distillation at lower pressures 

 
The CD was tested for vacuum integrity, hydraulic performance, and the ability to produce high quality distillate 

from an aqueous salt solution at the nominal rate of 100 ml/min. 

 

Seal integrity against vacuum was tested, both as a stand-alone CD unit and with an integrated test stand. The 

CD’s ability to hold vacuum was found to be acceptable according to the device’s original performance 

specifications. It was also determined that the ability to hold vacuum throughout the CDS test stand was satisfactory 

for the purpose of this test. Figure 10 shows the leakage rate. 
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Figure 10. CD Vacuum Leak Check 

 

Hydraulic performance of the CD was tested with the integrated test stand by recirculating fluids at both the hot 

and cold manifolds and introducing a variable pressure drop into the recirculation loops to quantify performance of 

the brine and condensate pitot pumps. The overall motor power consumption of the CD was also logged. Pump curves 

were developed that characterize the brine recycle loop pitot pumps. 

 

Lastly, the CD was run in the integrated test stand to determine the effect of rotation rate on the performance of the 

CD. Although some difficulties arose with liquid sampling, tracer dye added to the feedstock provided a good 

representation of the CD’s capability to separate water from an aqueous feedstock. Higher rotational speeds lead to 

greater product quality. Mass balances over the operation of the CD were less than 1% error for each speed line. 

Similarly, power balances were close to less than 10% for each speed line. 

 

Figure 11 illustrates that higher speeds produce higher quality product and more highly concentrated brine 

solution. Ports 1 and 5 reflect concentration of the concentrated feed solution. Ports 3 and 4 reflect concentrations of 

some initial product water condition within the CD. The fluid ports are identified in Table 5. With time (and 

increasing sample number), the hot loop concentrations steadily increased while the cold loop sample concentrations 

moved toward an equilibrium value. The equilibrium cold loop concentration is very low and near pure water. It is 

visible that best product quality can be achieved at cascade distiller speed between 1300 and 1400 RPM. 
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Figure 11. Unit Operations Test Results 

VIII. Roadmap to TRL 6 

The TRL behind CD is assessed per Aerospace Procedure AP-1038. TRL and Manufacturing Readiness Level 

(MRL) are used widely in industry to describe technology and manufacturing maturity. A technology readiness 

assessment (TRA) calculator, which includes the TRL and MRL provides a measure of the technology risk 

associated with a technology and establishes requirements and responsibilities for assessing the readiness of 

technology for use. The CD has been assessed to be TRL 4 and MRL 3. Honeywell and NASA jointly developed a 
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roadmap to take the technology to TRL 6 and beyond. This roadmap leads to flight test by 2020 and is shown in 

Figure 12. 

 

 
Figure 12. NASA CDS Roadmap 

 

Honeywell is currently working on the CD Generation II. The CD Generation II layout design work was 

completed at the end of 2013.  

 

NASA has outlined two separate tasks for 2014. The first, continue with the detailed design of the CD Generation 

II. Honeywell will be tasked to complete the detailed design including component detailed drawings. Detailed 

drawing will be completed by end of 2014. Detailed design work will include but is not limited to component 

drawing, manufacturing plan, procurement plan, and any analysis that is required to support detailed design. 

 

The second task for 2014 will be to support NASA integrated test using the current prototype CD. NASA will 

challenge the CD with various feed streams, including ISS urine. All recovery rates will be maintained at about 85%. 

Once all required tests are completed, NASA will test the prototype CD to higher concentration levels establishing 

maximum capacity of distillation. 

 

NASA plans to down select between CD and VCD at the end of 2014. If down selected, further development of 

the CD will continue. In 2015, the plan is to procure and build the CD Generation II. In 2016, the plan is to 

demonstrate the CD Generation II in a relevant environment. 

 

CD Generation III will be designed in 2017 to 2018, built and tested by 2020. A flight test of CD Generation III is 

scheduled for late 2020. 
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