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Water recovery from wastewater brine is a crucial technology for exploration missions 

outside of low-earth orbit (LEO). Brine Residual in Containment (BRIC) is one technology 

for brine processing that focuses on minimal manipulation of dewatered brine residual, and 

safe containment of this toxic substance. CapiBRIC is a permutation of the BRIC concept that 

leverages dominant capillary effects for fluid handling and phase separation in microgravity. 

A brief development history of CapiBRIC is provided. A variation on the baseline CapiBRIC 

design utilizes highly-wetting polymer foam as a capillary structure, rendering a new concept 

– FoamBRIC. Progress to date on the design and testing of a FoamBRIC system will be 

summarized. Testing and analysis of the wetting and drying properties of a leading material 

candidate, melamine foam, will be described. Design and manufacturing considerations for a 

foam-based, disposable brine evaporator will be presented. A multi-tiered approach to 

designing an evaporator to safely contain brine in the presence of g-disturbances and adverse 

crew interaction will be illustrated. Finally, the integration of the disposable evaporator with 

a reusable balance-of-plant to provide auxiliary functions and redundant layers of brine 

containment will be described. 

Nomenclature 

a  = acceleration, m/s2 

AES  = Advanced Exploration Systems 

ARFTA  = Advanced Recycle Filter Tank Assembly 

Bo  = Bond Number, the ratio of acceleration forces to surface tension acting on a fluid 

BOP  = Balance of Plant 

BRIC  = Brine Residual in Containment 

CapiBRIC  = Capillary Brine Residual in Containment 

CFD  = Computational Fluid Dynamics 

CoBRA  = Coiled Brine Recovery Assembly 

CTSD  = Crew and Thermal Systems Division 

g0  = standard acceleration due to gravity 

ISS  = International Space Station 

JSC  = Johnson Space Center 
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LEO  = Low Earth Orbit 

mil  = milliinch, or thousandths of an inch, 10-3 inches 

NASA  = National Aeronautics and Space Administration 

PET  = Polyethylene Terephthalate 

pH  = Potential of Hydrogen, measure of acidity or basicity 

PTU  = Pretreated Urine 

PTAU  = Pretreated Augmented Urine 

PU  = Polyurethane 

RFI  = Request for Information 

TCCS  = Trace Contaminant Control System 

UPA  = Urine Processor Assembly 

VCD  = Vacuum Compression Distillation 

WHC  = Waste Hygiene Compartment 

WPA  = Water Processor Assembly 

I. Background 

N the context of manned spacecraft, brine is the concentrated byproduct discharged from a primary wastewater 

processor. On the ISS, the Urine Processor Assembly (UPA) is the primary processor that recovers water from 

pretreated urine (PTU) via vapor-compression distillation (VCD). The amount of water recovered by the UPA has 

varied over its lifetime, but has typically been in the range of 80-90%. UPA receives urine that has been pretreated by 

the Waste Hygiene Compartment (WHC), historically by a mixture of sulfuric acid and chromium trioxide, and more 

recently a mixture of phosphoric acid and chromium trioxide. On a period of 28 days, UPA completes a distillation 

cycle of a batch of PTU, resulting in an Advanced Recycle Filter Tank Assembly (ARFTA) filled with 22 L of brine.  

Because the distillation process evaporates water from the urine and leaves solids behind, the resultant brine is a 

concentrated liquid containing all of the pretreatment solution and dissolved solids the PTU originally contained. This 

results in a very concentrated brine with a pH around 2.0 and a high oxidation potential. Because of its low pH and 

potential carcinogenicity owing to the chromium trioxide (Cr(VI)) content, crew exposure is hazardous, and ISS brine 

is assigned a toxicity level of 2 (tox-2). While system architecture and pretreatment chemistry for future missions may 

differ from that of ISS, brine production is a nearly inevitable consequence of a primary processor. At the same time, 

brine is a valuable resource to any mission because of its residual water content, which is the reason for NASA’s 

interest in brine processing.  

 Brine processing, brine water recovery, and brine dewatering are interchangeable terms that refer to technologies 

built for the purpose of recovering water from the brine generated by a primary wastewater processor. Deep-space 

exploration missions outside of LEO cannot rely on resupply of water from Earth; 98% closure of the spacecraft water 

loop must be achieved to make such missions feasible. NASA’s goal is to develop a brine processor capable of 

achieving this water loop closure, demonstrate the technology on ISS, and have it ready for use on exploration 

missions. Brine water recovery systems have the added potential benefit of providing dissimilar redundancy in the 

event that the primary processor becomes unusable due to required maintenance or any other reason. 

The foundational requirements for the systems discussed herein are adequately summarized by the need to process 

approximately 22 L of brine per 26-day period by recovering a minimum amount of water equal to 40% of the brine’s 

original volume. The system must perform this task in a microgravity environment over an operational period of three 

years. The ratio of consumable mass to the mass of water recovered from brine shall be at most 0.25, a single fill event 

shall take no longer than 30 minutes, and the external envelope should not exceed 110 by 58 by 25 cm (L x W x H) 

or 164 L. Mass of both the consumable and non-consumable elements of the system should be minimized to the 

greatest extent possible. For the systems herein, emphasis was placed on minimizing the mass of the consumable 

element, referred to here as the “evaporator.” This is due to the fact that the total consumable mass is the mass of a 

single evaporator multiplied by the number required to complete a given mission. As with most space missions, this 

multiplier effect can quickly cause consumable mass to be a dominating contributor to total system mass.   

Test and analysis findings discussed herein will be based on brines of interest with two different compositions. 

“PTAU brine” is made by pooling real human urine, augmenting it with minerals to more closely match the 

concentrations found in astronaut urine, treating it with the new ISS pretreatment formula, then concentrating it via 

rotary distillation. “Oxone® brine” is made by the same process, except it is treated with Oxone (potassium 

monopersulfate) and sulfuric acid.  

I 
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II. A Brief History of BRIC – Brine Residual in Containment 

When the remaining water is removed from ISS brine, it results in 

a viscous, “gooey” liquid, sometimes laden with crystalized solids, 

depending on the method of water recovery. This substance is usually 

called “brine residual” or “brine solids.” An example of ISS brine that 

has been dewatered to yield a viscous residual is shown in Figure 1. 

Brine residual possesses similar chemical characteristics as the brine 

from which it originated, namely low pH and high toxicity. In 

addition, its sticky physical characteristics mean that whatever 

system is devised for brine dewatering, physical manipulation of the 

brine residual should be kept to a minimum. This paradigm of 

minimal manipulation was the genesis of the Brine Residual in 

Containment (BRIC) concept originated by the NASA JSC Water 

Recovery Systems Development team in 2009.  

BRIC’s design focused on solids management through a process of 

“in-place” drying - the drying of brines within the container used for 

final disposal. This type of brine recovery system can be split into 

two distinct high-level elements – the single-use, disposable evaporator, and the multi-use balance-of-plant (BOP). 

The evaporator is a simple container that holds the brine in place while water is evaporated from it, and ultimately 

becomes the disposal vessel for the resulting brine residual. The evaporator is the heart of the system, and the BOP is 

designed around it to provide whatever auxiliary functions are necessary – brine delivery, secondary containment of 

brine, air flow, heating, control functions, etc. Originally BRIC was targeted at terrestrial missions - Moon or Mars - 

where partial gravity exists. In this case, the evaporator could be a simple tray that holds brine with the help of gravity, 

while the BOP could be a containment chamber with a heat source to drive evaporation of water from the brine. Ideally 

the evaporator would include a means for self-sealing upon removal from the drying chamber, thus minimizing the 

opportunity for crew contact. Some permutations of the BRIC concept, as well as other technologies, include their 

own condenser for collecting the product water evaporated from the brine. Another approach is to vent the humid air 

into the cabin where the water is captured by the spacecraft condensing heat exchanger, and any resultant volatile 

organics are managed by the TCCS. 

A natural extension of the BRIC concept is to make it microgravity-compatible, and thus useful for the transit 

phase of a planetary mission, or for any mission conducted in a zero-g environment. CapiBRIC, shorthand for capillary 

BRIC, is a version of BRIC that leverages capillary-fluidic phenomena to manage brine in the absence of gravity. In 

2015, NASA released a Request for Information (RFI) on potential “Brine Concentrator” technologies. The JSC Water 

Team partnered with IRPI, LLC of Wilsonville, OR, and  in October of that year, responded to the RFI with a package 

featuring CapiBRIC for consideration in a Stage Gate Review. The proposed incarnation of CapiBRIC consisted of 

an “apple-core” evaporator design – a cylinder with radial vanes extending outwards. The vanes form sharp internal 

corners that serve as capillary fluid wicks and wells in the absence of gravity, while maintaining a large free surface 

for direct evaporation of water. The evaporator concept is depicted in Figure 2 a-b with devices built and successfully 

demonstrated in numerous drop tower tests. In an operational mode where fresh brine is continuously fed into the 

evaporator, a 1 L 48-vane apple-core BRIC unit is stable to ±10-2g0 disturbances and capable of drying 7 L of Oxone-

treated brine to a solid in 50 days. This is accomplished without enhancements such as weak air flow which is known 

to increase evaporation by a factor of 3. Unfortunately, the mass of the apple-core evaporator is comparatively higher 

than other concepts and scale-up adds undesirable complexity. Furthermore, because it is explicitly designed to 

function in microgravity with the aid of capillary forces, it is impossible to test the device(s) in 1-g0. For these 

detractions, CapiBRIC was not selected by the RFI board for a flight demonstration, but the selection board did 

recognize the potential of the approach, and CapiBRIC was provided funding by NASA’s Advanced Exploration 

Systems (AES) program for further development.  

Figure 1. Video screen-grab of ISS brine 

residual sticking to and slowly dripping off 

of a spatula in 1-g0 conditions. 
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Figure 2. Full-scale development models of a. unfurling capillary BRIC apple-core, b. axially compressing apple-

core and c. linearly compressing RuBRIC design. d. A 2x2x2 cell RuBRIC array expanded and collapsed, and e. the 

porous foam approach. 

 

 During the development of CapiBRIC the team  began considerations of a “stacked cell” design. This quickly 

evolved into a “woven-cell” or “RuBRIC” design. The RuBRIC evaporator design consists of an array of “cells” each 

containing any number of “pores,” as part of a larger collapsible porous structure. A pore is the smallest fluid-

containing feature of a cell, the dimensions of which play an important role in calculating the stability (i.e. resistance 

to g disturbance) of the fluid it contains, as determined by the Bond number. Figure 2c shows a single collapsible cell 

consisting of an 8x8 array of pores. Cells are woven together from pre-cut pieces of 4 mil (0.10 mm) PET film, has 

overall dimensions of 4x4x2 cm, a nominal liquid capacity of 30 mL, and weighs approximately 2.1 grams. A 2x2x2 

cell array is shown in Figure 2d. A 7x7x15 array, totaling 735 cells, with 4.7 m2 of free liquid surface area, having an 

envelope size of 36 cm by 22 cm by 76 cm is needed to meet the full-scale 22 L system requiements. Several different 

plastic films were considered for constructing RuBRIC cells, but polyethylene terephthalate (PET) was chosen 

primarily for its inherent stiffness and its optical transparency, which is important for imagery techniques used in 

testing. Based on capillary stability, the woven-cell design is superior to the apple-core, being stable up to ±10-2g0 

based on numerical computations with SE-FIT® software.  

 Mass of the woven-cell design depends on the thickness of the film used for construction. The most common 

thickness that has been used for prototype construction is 3 mil (0.076 mm), so chosen for its balance of stiffness, 

durability, and mass. Prototypes have been constructed with film as thick as 5 mils (0.127 mm), and as thin as 1 mil 

(0.025 mm), but the 1 mil was not durable or stiff enough to be practical. Woven-cell structures constructed of 3 mil 

film have an attractive ratio of mass to brine-holding capacity of 57.2 g/L, and the concept as a whole has the added 

benefit of collapsing flat to a volume ratio of 20:1 for minimal stowage volume. Extensive drop tower testing 

demonstrated enormous passive capillary infill rates, with each cell completely filling in approximately 0.6 s. Sample 

RuBRIC evaporation data is presented in Figure 3 where rates up to 546 g/hrm2 are observed for Oxone-treated brine 

and the effect of brine treated with the current ISS formula is quantified. At such rates, the required 22 L of Oxone 

brine could be ‘dried’ in less than 10 hours. ISS pretreated brine could be similarly dried in less than 3 days with 

sufficient air flow; less than 12 days with a lower air flow. 

a.

c.

b.

d. e.
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Figure 3. a. Normalized brine mass for four separate evaporation experiments where the average air flow rate 

is incrementally increased. Initial linear evaporation fluxes are 196 (g h-1 m-2), 269 (g h-1 m-2), 356 (g h-1 m-

2), and 546 (g h-1 m-2), respectively. Differences in initial brine concentration as well as ambient relative 

humidity during the experiments are considered in the flux calculation. b. Normalized drying curves comparing 

the Oxone-treated brine to brine treated with the ISS formula (PTAU brine). Tests were performed in stagnant 

air in RuBRIC test cell. 

 

 A system-level concept for BRIC based on 

a woven-cell evaporator is depicted in Figure 4. 

In this concept, a simple box-like chamber 

houses the evaporator during brine infill and 

drying. The chamber door is designed to 

accommodate a disposal bag supported in a 

frame. When the evaporator is loaded into the 

chamber, the bag frame is inserted into the door, 

which is then closed, sealing the evaporator 

inside. Brine is then loaded into the evaporator 

through a penetration (not depicted) in the 

chamber wall. Air is then flowed through the 

chamber, commencing the drying cycle. Once 

drying is complete, the crew member would 

then grasp the residual-filled evaporator 

through the disposal bag, pulling it into the bag. 

The bag is then twisted, much like a garbage 

bag, to provide temporary containment of the 

brine residual. The door is then opened, and the 

evaporator, inside the bag, is removed. The 

intent of this scheme, and others like it, is to 

provide continuous containment of brine 

throughout the dewatering cycle, including the 

removal and disposal operations of the 

evaporator. 

 One major drawback of the woven-cell 

evaporator concept is its manufacturability. The 

largest structure made to date is 2x2x3 cells. 

a. b.

Figure 4. Concept of BRIC based on a woven-cell evaporator. 

Here, the concept of operations is depicted in a sequential 

manner, beginning with loading a new RuBRIC evaporator into 

the drying chamber, and ending with removal of the residual-

filled evaporator into a containment bag. 
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While manufacturing has proven possible, the current assembly technique is time-consuming. Assembly of the full-

size 7x7x15 array required to accommodate 22 L of brine is a daunting challenge. Designing this full-size structure 

with an integrated disposal bag is challenging, as is the design of the assembly procedure and requisite tooling. Further, 

demonstrating the function of a full-size evaporator and disposal bag in 1-g0 is impossible. This implies that the first-

ever attempt to remove and dispose of a used, full-size, woven-cell evaporator, with the attending microgravity fluid 

behaviors and crew interactions, would occur on a spacecraft and would be performed by astronauts. The desire for a 

cleaner design, both from a manufacturability and a testability perspective, drove the JSC team to investigate polymer 

foams as an alternative capillary structure. 

III. Foam-Based CapiBRIC, ‘FoamBRIC’ 

A. Foam as a Capillary Structure 

 Foam is useful as a capillary structure because its pores naturally take shape en masse during the carefully 

controlled foaming process. In other words, the engineer is not faced with designing and fabricating each individual 

pore, as in the case of the woven-cell. Polymer foams are available in a variety of chemistries. Pore size for most 

foams can be adjusted, density can be varied, as can the stiffness, all within a certain range that depends on chemistry. 

Once the foam manufacturer determines the correct process parameters, the creation of the foam happens in a reaction 

vessel, and a “bun” emerges, ready to be cut to size for use in a variety of industries. In our application, foam is used 

as a bulk capillary material that can be fabricated into highly engineered geometries and functional assemblies using 

various manufacturing processes: sawing, routing, die cutting, lamination, and coating to name a few. So far, the term 

“pore” has been used to describe the smallest fluid-containing feature in a capillary structure. In the foam industry, 

“cell” is the name used to describe the “pores” in foam. Going forward, “pore” and “cell” will be used interchangeably 

to discuss foam as a capillary structure.  

 Because the naturally-occurring pore size typical of most foams is smaller than that of the woven-cell design, foam 

provides additional liquid stability, as indicated by the Bond number. At the expense of liquid stability, woven-cell 

RuBRIC designs with a pore size around 5 millimeters do well to create direct liquid-air contact, thus maximizing 

evaporation rates per unit of surface area. On the opposite extreme, competing ~1 m pore-size membrane solutions 

improve stability dramatically at the expense of direct liquid-air contact. As a capillary containment structure, ~10-

100 m pore open-cell foams provide a middle ground, splitting the difference between RuBRIC and membrane 

solutions due to an intermediate pore-size distribution. Foams with these pore sizes yield a stability ~100 times that 

of the RuBRIC design, and provide significantly more direct liquid-air contact surface area than membrane solutions. 

Regarding stowage volume, RuBRIC designs have a marginally better compressibility ratio of 20:1, compared to foam 

that can achieve a ratio up to 20:3. However, foam can drastically reduce mass, achieving masses as low as 6 grams 

per liter of brine contained, compared to 57 g/L for woven-film RuBRIC structures. 

B. Foam Selection 

1. General Considerations 

For the purposes of a capillary structure for holding liquids for evaporation, the network of cells in a foam should 

be as open as possible. This helps with the in-fill process, and promotes mass transfer during evaporation. Foam starts 

as a liquid polymer resin, to which a gas blowing agent is introduced. The blowing agent turns the liquid resin into a 

mass of bubbles, that when solidified, turns into a network of cavities called cells. Cells consist of a series of 

interconnected struts, between which is a thin, planar surface of plastic called a window or face. In some foams, these 

windows are damaged or destroyed when the blowing agent exits the foam, rendering open-cell foam. In polyurethane 

(PU) foam, these windows can be removed completely through a process called reticulation. We report here that there 

are relatively few truly open-cell foams available. Reticulated polyurethane foam is the most commonly available, 

where it finds applications in filtration. Melamine foam is another; this is what “Magic Eraser” scrub sponges are 

made of. Polyimide (Kapton®) foam is also available, but is only partially open-cell. Other absorbent polymers exist, 

as found in diapers and wound dressings; these include formulations based on acrylic acid, and high internal phase 

emulsions (HIPEs). These were considered initially, but soon abandoned due primarily to manufacturing 

considerations. 

Basotect® melamine foam is a product line of flexible, open-cell foams made from melamine resin, a thermoset 

polymer, manufactured by BASF in Ludwigshafen, Germany. Different varieties of Basotect are marketed for 

different applications. All are astoundingly lightweight, making it an attractive choice for our application. The lightest 

PU foam available has a density of 21 g/L.  Most varieties of Basotect foam are 9 g/L; one is 6 g/L. We focus on two 
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varieties here: W and UL. Basotect W is white in color, has a density of 9 g/L, and is marketed as a “low-

formaldehyde” melamine foam. Formaldehyde content will be discussed further in the Off-Gassing and Materials 

Compatibility section. UL is the “ultra-light” variety, having a density of 6 g/L, and is pale yellow in color. Both 

varieties are ~99.7% open volume, meaning a 1 L block of foam could hold 997 mL of brine.  

From a capillary perspective, factors influencing foam selection include pore size, the wetting characteristics of 

the polymer itself, and any additional coatings that are present from the foaming process or applied post-process. 

These factors influence fluid in-fill dynamics, stability, evaporation performance, and migration during processing. 

Preliminary foam evaporation tests were performed to identify the performance of candidate foams. Normalized 

drying curves for evaporating water in various foam samples are presented in Error! Reference source not found., 

where polyurethane (PU) foams from different manufacturers, and with different stiffnesses and pore sizes are 

compared to Basotect melamine foam. Melamine yields the largest evaporative mass flux, maintaining a nearly linear 

evaporation rate throughout the test. 

2. Wetting/Wicking Characteristics  

Melamine foam exhibits superior wicking characteristics for aqueous liquids due to the presence of a soluble 

surfactant on the foam. This surfactant is used by the manufacturer to aid in the foaming process, and ends up as an 

apparently uniform coating on the surfaces of the internal structure of the final product. The surfactant reduces the 

surface tension of the liquids enhancing wetting and thus wicking, while slightly retarding evaporation by less than 

10%. The variable pore-size distribution within the melamine foam leads to hysteretic wetting: low advancing rise 

heights ~ 10 mm, but high hold-up rise heights ~ 50 mm. Scanning electron microscope (SEM) images provided in 

Figure 6a includes low-magnification images of both the edge and face of the foam. Wicking of the partially wetting 

brine solutions into such foams must overcome the extensive array of pinning edges. Figure 6b shows an image of a 

single pore in the range 100 - 200m listed by the manufacturer. However, it is clear that such ‘pores’ are made of 

filament elements whose ‘pores’ are approximately 5-times smaller than the largest pore. Note that this 5-fold variation 

in porosity produces the hysteretic height difference between capillary rise and hold–up in the foam which yields a 

3.3 to 6.6-fold variation in rise height behavior. From Figure 6c the pore filaments are estimated to be approximately 

4m in width. Figure 6d shows a magnified view of the dashed circular region identified in Figure 6c and reveals 

monolithic filaments – no filament porosity. 

 

Figure 5. Drying curves showing normalized mass versus time for water evaporation in different foam samples 

representing various foam types, stiffness values, manufacturers, and pore sizes.  
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Figure 6. a. Face and edge of melamine foam. b. Specified ~ 100 to 200m pore. c. and d. high magnification 

images showing network and solid filament detail.  

 

3. Evaporation Rate  

Evaporation experiments with the melamine foam were conducted with water and PTAU brine in ambient 

conditions to guide full-scale system performance models. The experimental set up of the evaporation testing is 

shown in Figure 7a. Foam blocks measuring 4x4x1 cm thick were saturated with brine and placed on an analytical 

balance for drying. The  = 1 cm thick foam limits water-brine diffusion lengths and thus drying times for the 

samples, which are expected to scale with ~ 2 .  However, for the foam approach we find that diffusion length 

effects are offset by the wetting nature of the foam, wicking brine to surfaces of high evaporation. Mass, 

temperature, relative humidity, and air flow data are collected during the drying cycle to determine evaporative 

mass fluxes that are then used for comparisons. The mass flux is given by 𝑚𝑒𝑥𝑝
′′ = 𝑏(1 − 𝛽𝑖)/𝐴𝑒𝑣𝑎𝑝(1 − �̅�), where 

b is the linear evaporation rate determined from the mass measurements, 𝛽𝑖 is the initial solids concentration of 

the fluid, Aevap is the evaporative surface area, and �̅� is the average relative humidity. Figure 7b shows normalized 

drying curves for PTAU and water in melamine foam in a variety of air streams characterized by velocity V. We 

observe an increase in evaporation rate by at least 260% with a modest air flow of 0.84 m/s vs stagant conditions. 

Water evaporating in melamine serves as a baseline displaying a nearly linear evaporation rate throughout the 

entire drying cycle. The melamine foam is selected as the baseline evaporator foam. 

 

a. b.

c. d.

~200m

~40m
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Figure 7. a. Experimental setup for foam evaporation tests with PTAU brine: 4x4x1 cm blocks are tested on an 

analytical balance saturated with brine and allowed to evaporate in known ambient conditions while logging 

mass, temperature, relative humidity, and forced air flow velocity data as typified in b. 

 

4. Off-gassing and Materials Compatibility 

 For its low density and flame retardancy, melamine foam is favored in the aerospace industry for sound absorption 

and thermal insulation applications. However, NASA has historically avoided its intravehicular use in manned 

spacecraft due to the material’s tendency to off-gas formaldehyde, a toxic air contaminant. NASA’s materials database 

is MAPTIS – the Materials and Processes Technical Information System. MAPTIS has several entries for various 

types of melamine foam, with test dates ranging from 1995 to 2004, and off-gassed formaldehyde ranging from 0.14 

to 2.9 µg/g. Aside from being rather old, the primary problem with these entries is lack of traceability. The materials 

tested were procured from third parties that perform value-added fabrication of melamine foam into sound absorption 

panels. Thus the records cite the names of these firms as the manufacturer, rather than the manufacturer of the actual 

foam (i.e. BASF or otherwise). Further, aside from “melamine foam,” the variety of foam is not specified. So the test 

reports may as well read “melamine foam, variety XXX from manufacturer YYY.” JSC materials experts were 

informed of this discrepancy, and also informed of the new formulations that BASF has recently developed, 

specifically Basotect W, the low-formaldehyde version. Based on this new information, it was decided to perform new 

off-gas tests on BASF Basotect W and UL varieties of melamine foam. These tests were performed at NASA’s White 

Sands Test Facility (WSTF) using standard off-gas test procedures. Material samples were sealed in chambers held at 

120 °F, and air samples were analyzed for off-gassed compounds. The test results indicate that the ISS maximum 

weight limit is 151 lbs (68.5 kg) for Basotect W, and 64 lbs (29 kg) for Basotect UL. 151 lbs of Basotect W would 

occupy 7.6 m3, more than the pressurized volume of a Progress resupply vehicle. The MAPTIS material codes for 

Basotect UL and W are 09368 and 09369, respectively. 

 Samples of Basotect W and UL were soaked in ISS PTAU brine to identify and materials compatibility problems. 

Observations made after 26, 81, and 122 days of soaking showed no visible signs of mechanical degradation. This 

was a qualitative test performed by handling a soaked sample in a gloved hand to check for gross degradation. The 

foam only has to survive the 26-day drying period without disintegrating. Once disposed, any additional degradation 

of the foam is of no consequence. 

a. b.
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C. Foam Evaporator Design 

1. Initial Work on Foam Brine Evaporators  

Pensinger investigated open-cell polymer foams as a 

material for constructing brine evaporators in a 2013 

project named Coiled Brine Recovery Assembly 

(CoBRA), funded by the JSC Office of Chief 

Technologist. This evaporator concept took inspiration 

from self-inflating foam sleep pads commonly used for 

camping and backpacking. One example of such a 

product is the Therm-a-Rest® series of mattresses made 

by Cascade Designs, Inc of Seattle, WA. In collaboration 

with Cascade Designs, JSC designed and built its first 

prototype of a foam-based brine evaporator, depicted in 

Figure 8. The design consists of a flat slab of open-cell 

polyurethane foam to which a top and bottom layer of 

impermeable urethane film, or urethane-coated fabric is 

bonded. The top and bottom layers are sealed to each 

other around the perimeter, forming a closed envelope around the foam to contain brine and air flow. Bonding the top 

and bottom layers to the foam slab allows the foam to act as a tensile member between the layers, helping the 

evaporator retain its shape when pressurized with air flow. Cut into the foam slab is a simple “M”-shaped serpentine 

air channel to increase evaporative surface area and to catch entrained brine droplets. As air flow rounds the corners 

of the serpentine path, centrifugal effects will cause heavier liquid droplets to collide with the foam walls, where it 

will be reabsorbed into the foam. The prototype also includes air inlets and outlets, a brine inlet, and an outlet for 

expelling liquid-phase brine residual. One of the benefits of this style of construction is that it is relatively simple to 

manufacture. Bonding the top and bottom layers to the foam, and to themselves around the perimeter, can be performed 

in a single operation with a heat press. Many of these concepts provided a foundation for the development of 

FoamBRIC evaporator, as will be shown. 

2. Evaporator Foam Geometry Design Evolution 

The RuBRIC woven cell design required an air gap between cells of at least 1 cm to optimize structure 

performance and minimize humid air flow concentration boundary layers. This spacing led to a brine-to-air volume 

ratio near 1:1. The brine to air ratio is a single metric that is used to compare overall size between the many 

different evaporator geometries considered. The 22.5 L down-selected prototype is shown in Figure 5. The ‘flat’ 

geometry effectively allows for grount testing with the longest dimension of the unit less than the capillary length 

of device given is pore size and worst case g-environment with margin. The serpentine pattern of the air channels 

provides an important free rogue droplet collection function while improving heat and mass transfer by increasing 

evaporative surface are per unit foam volume. The design of Figure 5 provides 1.3:1 brine to air ratio. It is 

113x49x8 cm with air channels 7 cm deep and 1 cm wide.  

 

Figure 5. a. Full Size Melamine Foam Evaporator Design: Volfoam = 25.4L, Volair = 18.9L, Air channel length is 

169cm, 16 Air channels. b) Image of full-size Basotect G+ prototype. 

 

a. b.

Figure 8.  JSC’s first prototype of a foam-based brine 

evaporator. 
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Transient low-g capillary rise in a 1:3.3 scaled version of the device is show in Figure 6 during drop tower tests 

using a dyed water.  Such tests demonstrate the ability of the air channels to aid in capillary infill at elevated flow 

rates. Subsequent low-g and horizontal terrestrial tests were conducted demonstrating the eventual capillary 

clearing of the air channels as liquid is wicked into the smaller pore foam rather than the larger pore air passages. 

 

Figure 6. Sequence of images from a drop tower test showing the capillary infill of a scaled foam evaporator 

design from a bath of red-dyed water.  

 

3. Evaporator Drying Rate 

The maximum linear evaporation rate, �̇�𝑤, is given by �̇�𝑤 = 𝜌𝑎𝑖𝑟𝑄𝑎𝑖𝑟(𝜔𝑜𝑢𝑡 − 𝜔𝑖𝑛), 𝑤ℎere ρair is the density 

of the air, Qair is the air flow rate, and ωout and ωin are the outlet and inlet specific humidity, respectively. Equating 

the maximum linear evaporation rate with the evaporative mass flux determined from experiment, and accounting 

for the exponential decay seen at long times in the drying curves, the saturation length, Lsat, is calculated by 𝐿𝑠𝑎𝑡 =

𝐶2𝜏�̇�𝑤/𝑚𝑒𝑥𝑝
′′ (𝑁𝑐ℎ𝑃𝑒𝑣𝑎𝑝), where C2τ is the exponential time constant multiplier, �̇�𝑤 is the maximum linear 

evaporation rate, 𝑚𝑒𝑥𝑝
′′  is the experimentally determined mass flux, Nch is the number of air channels, and Pevap is 

the length of the evaporative perimeter of a single air channel. The saturation length is the distance down the length 

of the air channel until the air becomes fully saturated, and is important when evaluating total drying time. The 

total time to dry is determined by 𝑇𝑑𝑟𝑦 = 𝐶4𝜏𝜌𝑤𝑉𝐵(1 − 𝛽𝑖)/𝑚𝑒𝑥𝑝
′′ (𝐴𝑒𝑣𝑎𝑝𝐿𝑠𝑎𝑡/𝐿𝑐ℎ), where C4τ is twice the 

exponential time constant multiplier, 𝜌𝑤𝑉𝐵(1 − 𝛽𝑖) is the mass of water to evaporate, Aevap is the total evaporative 

surface area of the foam evaporator, and Lch is the total length of a single air channel. For a local air velocity of 

~0.5 m/s per air channel, ambient conditions of ~20° C and 45% RH, an experimental mass flux of 110 g/(hm2) 

(PTAU in melamine foam with ~0.5 m/s air flow), for the current evaporator geometry we predict it will take ~300 

hours (~12.5 days) to completely dry 22.5 L of PTAU. 

4. Water Recovery Estimates 

To meet the specified water recovery requirement, 40% reduction in the brine’s original volumn, an equivalent 

mass reduction is 32.3% of starting brine mass for 95th percentile urine assuming that the brine residual liquid 

volume does not swell above the 90% recovery level.  As shown in Figure 7b, PTAU on melamine displays an 

approximately 45% reduction in mass as it dries thus meeting the water recovery requirement. It is anticipated that 

future quarter scale testing with PTAU brine will confirm the results of the subscale tests. It is important to note 

that the observed ~ 45% reduction in mass of PTAU drying on melamine matches laboratory tests where dishes of 

PTAU were allowed to air dry at ambient conditions in a fume hood.  

5. CapiBRIC Design Comparisons: RuBRIC vs FoamBRIC 

A preliminary comparison of RuBRIC and FoamBRIC approaches is provided in Table 1 based on metrics of 

mass, volume, collapsibility, evaporation performance, and fluid stability. The foam evaporator is significantly 

lighter, more compact, has 5 times the fluid stability, and is most favorably ground-testable in the horizontal 

configuration, whereas the RuBRIC design provides improved evaporation performance and greater collapsibility, 

but is not ground testable at full scale. Overall, the foam approach is favored additionally due to ease of 

manufacture and inherent ergonomic simplicity of the evaporator consumables.  

 

 

 

t = 0.5s t = 1s t = 1.5s t = 2st = 0s

t = 0s t = 0.5 t = 1 t = 1.5 t = 2
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Table 1. RuBRIC vs FoamBRIC Evaporators: Top Level Trade. (PTAU with V = 0.43 m/s air) 

Evaporator 

Design 

Basic Mass 

(kg) 

Volume 

(L) 

Volumetric 

Compression 

Lin. Evap. Flux 

(g h-1 m-2) 

Fluid Stability 

g-level, Bo =1 

RuBRIC 1.53 66 20:1 131 0.004 

FoamBRIC 0.23 44.3 7:1 109 0.02 

 

6. System-Level Design Consideration for a Disposable Foam CapiBRIC Evaporator Unit 

Considering the complete system, a disposable foam evaporator requires the melamine foam evaporator at its 

core, precautions to contain the brine, headers, fittings, and an exterior fabric-backed polyurethane cover. A 

suggestive integrated disposal unit solid model is presented in Figure 7. The inlet and outlet of the melamine foam 

air channel network are capped with a thin flush-mounted polyurethane foam sheet. These sheets provide the 

simultaneous functions of uniform air flow distribution, spurious droplet capture, humid air filter, capillary 

containment during operation, and stability against adverse acceleration and pressure gradients. The melamine 

foam itself provides these functions to a lesser degree, but the addition of these hydrophobic entrance and exit 

Diffuser Manifolds (HDM) adds dramatic and demonstrated margins for stable operation. The HDM layer 

surrounds the melamine also providing additional mechanical and structural stability because it bonds better to the 

external polyurethane fabric.  The HDM was modeled as a humid air diffusing manifold. CFD simulations were 

run in Fluent 16.1 using the incompressible viscous solver with a realizable k-ε turbulence model [9]. The results 

aimed at flow distribution and P ≈ 12.3 Pa and revealed that only inlet-outlet diameter to the device had a 

significant influence on overall device performance. Analytical estimations of the pressure drop across the 

melamine foam alone confirmed the numerical predictions with P ≈ 10Pa.  

 

Figure 7. FoamBRIC evaporator. 

 

In the nominal micro-gravity environment (< 10-4go), the melamine foam has excellent fluid stability with 

significant margin for infill, full capillary containment, stable convective air drying, and crew handling for 

evaporator removal and disposal operations without spillage or droplet entrainment. Nonetheless, 10 overlapping 

precautions are employed to assure brine containment as listed below: 

1. Highly wetting melamine foam for passive distribution of forced brine infill to desired regions in foam—

saturated foam with open air channels. Foam pore size (R ~ 0.5mm) and overall foam dimension (L ~ 1 m) 

provides nominal capillary containment 
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2. Airflow through the device is well below brine entrainment limit predicted for the system (FOS ~ 10) 

3. Flush-mounted polyurethane HDMs at entrance and exit of melamine foam to serve the air distribution function 

in addition a capillary stabilizing function against adverse acceleration or g-levels by effectively increasing the 

bubble point of brine-HDM interface (FOS ~ 10) 

4. Tapered air inlet/exit manifold space to wick brine away from inlet/exit tubing 

5. Stove-piped inlet/outlet to create stable capillary region retarding brine ingestion 

6. Further filters/membranes may be added to the inlet/outlet tubing with the cost of increased pressure losses 

7. Poorly wetted surfaces downstream HDM exit to adhere drops expected to eventually dry in place 

8. The serpentine air passageways act to significantly limit brine pooling and/or spillage in the event of a 

significant excursion in pressure or g-force loading. High frequency disturbances are inconsequential. 

9. The symmetry of the system allows for air flow reversal if found beneficial. 

10. Downstream condensation may be prevented via slight local heating if determined necessary. 

 

D. Overall system design for Foam Evaporator CapiBRIC 

A notional depiction of the overall FoamBRIC system is shown in Figure 8. The system consists of a disposable 

evaporator enclosed in a multi-layered containment bag, with a multi-function avionics enclosure. The bag portion 

consists of two nested layers of urethane-coated fabric that are independently sealed around the entire perimeter. 

These layers, together with the evaporator, provide the three independent layers of containment required for tox-2 

fluids on the ISS. The bag system has a Nomex liner layer on the inside and outside for flammability and puncture-

protection considerations. The avionics enclosure provides power conditioning functions for the electromechanical 

devices. These include a blower for the generation of air flow through the evaporator during the drying phase, and 

a small vacuum pump to evacuate the evaporator of air post-drying for minimization of stowage volume of the 

used evaporator. Air hoses connect the balance of plant to the evaporator inside the containment bag. Air enters 

and exits the sealed volume of the containment bag via tiered “wedding cake” style flange fittings that are sealed 

independently to each of the two containment bag layers. A watertight zipper in each of the containment layers 

allows for opening of the containment bag system for replacement of the disposable evaporator. 

 

Figure 8. Notional FoamBRIC system design showing integration of the disposable evaporator with the 

reusable balance-of-plant. 
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Table 2. Evaporator Mass Breakdown 

  Baseline 

Alternate Bladder 

Material 

Alt. Bladder and 

Melamine 

Bladder Material Radius Fireball Fireball 

BASF Basotect Melamine Class W W UL 

Evaporator Assy Total Mass 

(lbm) 2.371 2.024 1.855 

  

Mass 

(lbm) 

% of 

Total 

Mass 

Mass 

(lbm) 

% of Total 

Mass 

Mass 

(lbm) 

% of Total 

Mass 

Melamine Foam 0.506 21% 0.506 25% 0.337 18% 

Demister Foam 0.386 16% 0.386 19% 0.386 21% 

Fabric, Top 0.490 21% 0.316 16% 0.316 17% 

Fabric, Bottom 0.490 21% 0.316 16% 0.316 17% 

Fitting Assy, Air Inlet 0.245 10% 0.245 12% 0.245 13% 

Fitting Assy, Air Outlet 0.226 10% 0.226 11% 0.226 12% 

Fitting Assy, Brine Inlet 0.028 1% 0.028 1% 0.028 2% 
 

IV. Recommended Continuing Effort 

Based on the authors’ assessment, the FoamBRIC concept as a whole is at TRL 3, while certain aspects are at 

TRL 4-5. Extensive design iteration, analysis and prototyping qualifies the foam-based capillary evaporator as 

TRL 3. Benchtop testing of foam wettability, infill rate, drying rate, and chemical compatibility qualify these 

aspects as TRL 4. Drop tower tests have provided short periods of microgravity in which the melamine foam and 

the proposed foam geometry have been tested. These tests reveal favorable characteristics for brine infill and phase 

separation. Due to the complete 1-g0 testability of the foam evaporator design, TRL 6 should be achievable prior 

to flying the FoamBRIC system in space. 

In the near term, the focus will be on testing prototypes representative of the foam geometry and evaporator 

construction. Quarter-scale FoamBRIC evaporators have been constructed for the purposes of conducting drying 

tests. These evaporators exhibit full-scale dimensions in the thickness and length of the foam evaporator element, 

but are ¼-size in width. This design was chosen to emulate the drying dynamics of the full-size design, while only 

requiring ¼ the amount of brine for testing, thus maximizing economy due to the high production cost of brine. 

This ~30 day long test will provide data to establish a realistic water-loss versus time profile, and the ultimate level 

of water recovery achievable by the FoamBRIC system. Samples of effluent air will also be taken during this test 

for analysis of trace contaminants. This data, coupled with an appropriate analysis of dilution in the cabin and 

removal rate of the TCCS, will determine the feasibility of direct cabin venting from a toxicology standpoint. 

Degree of compression set of the melamine foam remains an open question. Foam samples have been 

compressed and vacuum packed in foil-lined impermeable pouches. These pouches will be opened after six 

months, one year, and two years of storage to observe degree to which the samples recover their original shape. 

Compatibility of the evaporator materials of construction with ISS brine is another open question. Soak tests are 

ongoing, but only serve as a qualitative indicator of material degradation. It is recognized that the evaporator must 

only maintain integrity for the short period over which it is performing brine evaporation. Once used, the 

evaporator will be stored in a redundant sealed container, at which point leak integrity of the evaporator makes 

little difference since the possibility for leaks can be addressed procedurally or incorporated into the design of the 

redundant container. However, some criteria for material compatibility should be set, and testing performed.  

Further assessment of failure modes and effects, and reliability should be performed. As described above, great 

effort has been made to ensure containment of brine by the system, even in the presence of an adverse g-event or 

crew interaction. However, the validity of this approach should be analyzed by the team in conjunction with a 



47th International Conference on Environmental Systems ICES-2017-350 
16-20 July 2017, Charleston, South Carolina 
 

 

International Conference on Environmental Systems 

This document does not contain any export controlled technical data 

 
 

 

15 

safety expert. At the cost of some added complexity, liquid sensors can be integrated into the air inlet and outlet 

of the system. These sensors could be used to initiate any number of responses, including setting a caution/warning 

flag for crew advisory, shutdown of the fan, and even activation of shutoff valves to isolate the system from the 

cabin. 

Based on test data, additional CFD modeling will be done to validate and increase fidelity of current models. 

Air flow and delta-pressure measurements of the quarter-scale prototype will provide insight into the accuracy of 

the model at a gross level. Methodical air flow testing of candidate foams for construction of the hydrophobic 

diffuser manifold (HDM) will fill gaps where simple permeability-based analytical models have so far been used. 

This will allow quantification of the known effect of air bypassing the evaporator foam through the HDM down 

the longitudinal borders of the evaporator. An ultimate goal of analysis is to develop a model of the CapiBRIC 

system that solves the governing momentum, heat, and mass transfer equations. 

V. Conclusion 

In collaboration with capillary fluidics experts at IRPI, the JSC team has executed a period of rapid design iteration 

and ideation. This process has yielded a number concepts and discoveries that are disruptive to the field of 

microgravity fluid handling, and brine processing in particular. Discovery of melamine foam as a small pore-size, 

highly wetting, compressible, low density, foam capillary structure has resulted in great simplification and mass 

reduction for the BRIC concept. The potential applications for this foam in microgravity fluid handling and phase 

separation are numerous. It is already being considered for use in a system to replace the Separator Plumbing Assembly 

(SPA) of the ISS UPA. Another application is in a system being designed to replace the multifiltration (MF) beds in 

the WPA. This system purifies water via reverse osmosis (RO), and thus produces a brine that needs to be dewatered. 

Aside from its low density and excellent traits as a capillary structure, we have shown that melamine foam has other 

benefits when used in a brine evaporator. Its ability to be fabricated into useful geometries, then assembled into an 

easy-to-assemble containment envelope are quite useful. This approach has rendered an evaporator with a multi-tiered 

brine containment strategy, while also simplifying engineering and manufacturing over the woven-cell approach. 

Further testing and analysis will qualify both the evaporation performance and brine containment ability as it pertains 

to system safety. 
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