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Liquid sorbents have provided a primary means for robust carbon dioxide (CO2) control 

aboard submarines for decades. Unfortunately, such systems have not been adopted for use 

aboard spacecraft due to the fact that fine droplet sprays, thin falling films, and buoyancy-

driven bubbly flows are not easily managed in the essentially gravity-free environments of 

orbiting spacecraft. Such applied engineering challenges have remained outstanding for the 

microgravity fluid physics community. As a work-around, in this research, a stable, silent 

capillary-driven ‘thin film’ is produced over a massively parallel network of open channels 

for both CO2 uptake and degas functions in a microgravity environment. Following several 

quantified assumptions, simple analytical models of species, heat, mass, and momentum 

transport are invoked providing clear design guides for a future engineering demonstration 

of the approach aboard the International Space Station. For critical sorbent properties such 

as CO2 capacity, effective diffusion rate, and concentration- and temperature-dependent 

viscosity, we provide the essential requirements of flow rate, size, shape, stability, power draw, 

and other aspects of the system. The results imply that a considerable reduction in system 

mass and volume is possible for the liquid sorbent approach for CO2 scrubbing when 

compared to the current state of the art. 

Nomenclature 

 = wedge channel half-angle 

t = thermal diffusivity, k/cp 

a = acceleration 

A = cross flow area 

cp = specific heat 

C = concentration of CO2 

D = liquid sorbent CO2 diffusion coefficient 

DEA = Diethanolamine 

DGA = Diglycolamine 

                                                           
1 Principle Investigator, 2828 SW Corbett Ave., Suite 143. 
2 Engineer, 2828 SW Corbett Ave., Suite 143. 
3 Lead Engineer, 2828 SW Corbett Ave., Suite 143. 
4 Principle Investigator, Life Support Systems Branch, MC EC3. 
5 Research Scientist, Experimental Aero-Physics Branch, MS 260-1. 
6 Principle Investigator, Bioengineering Branch, MS 239-15. 
7 Principle Investigator, Bioengineering Branch, MS 239-15. 
8 CapiSorb PMSE, Flight Implementation Branch, MS 240A-3. 

 = liquid sorbent diffusion layer thickness 

am = air mom. boundary layer thickness 

at = air thermal boundary layer thickness 

ac = air CO2 boundary layer thickness 

 = interface curvature angle, /2−− 

f = curvature function, sin/(cos −sin) 

FA = area function, f 2(cos sin /sin –) 

h = meniscus center line height 

hfg = latent heat of vaporization 
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H = meniscus height at entrance/exit  

k = thermal conductivity 

L = channel length 

 = dynamic viscosity 

�̇� = mass flow rate of CO2 

MEA = Monoethanolamine 

ν = frequency 

P = pressure 

 = liquid contact angle 

q = heat 

Q = liquid sorbent flow rate 

 = density 

R = wedge channel half-width 

S = sorbent volumetric source/sink 

t = time 

 = surface tension 
T = temperature 

U = mean air flow velocity 

V = volume 

w = z-component of velocity 

W = z-component average velocity 

x = wedge channel depth coordinate 

y = wedge channel lateral coordinate 

z = wedge channel axial coordinate 

I. Introduction 

ontrolled removal of carbon dioxide from the spacecraft crew habitat atmosphere is critical for crew health for 

all NASA missions. The International Space Station (ISS) currently uses the Carbon Dioxide Removal Assembly 

(CDRA), which relies on a packed bed of molecular sieve solid sorbent. CDRA has experienced many years of 

successful operation, despite certain performance issues.1,2 Various alternatives, as well as a next generation version 

of CDRA, are in development.3 

One alternative is to employ liquid sorbent systems, as used on many submarines. The microgravity space 

environment, unlike submarines, requires special handling to control liquids. Various approaches to liquid control in 

microgravity include powered centrifuge,4 hollow fiber membranes,5 and use of capillary forces to hold the liquid in 

place.6,7 The ability to control liquids in microgravity applications is pivotal in leveraging high-capacity liquid sorbents 

that have proven to be essential to terrestrial industrial CO2 removal applications. Additionally, liquid sorbent systems 

can be used in a continuous flow mode between CO2 uptake and degassing components. This is a key advantage over 

current solid bed-based systems, due to the ability to provide relatively low but positively pressured product gas to 

downstream processors in a continuous mode.  

In a safety-conservative environment such as the ISS, high-capacity CO2 liquid sorbents such as 

monoethanolamine (MEA) and diglycolamine (DGA) require additional hazard controls beyond those employed in 

submarine and petroleum industry environments. On the ISS, the failure tolerant approach to prevent release of 

hazardous materials has traditionally been through the implementation of ‘levels of containment,’ based on the severity 

of the hazard. The levels of containment approach require concentric, independent, physical barriers in the design, 

where each barrier is able to contain the material through all worst-case environments. However, recent progress in 

demonstration of liquid control using surface tension and capillary action on ISS8-10 has resulted in allowance of 

alternatives to physical barriers during on-orbit operations (i.e., experiment setup, data collection, and tear-down) for 

liquids rated as ‘toxicity hazard level 1.’11 Such migration toward acceptance of non-physical barriers for liquid control 

is exemplary of the forward-thinking that enables substantial advancements in technology efficiency and/or size 

reduction. 

In this paper we briefly introduce the Liquid Amine Carbon-dioxide Removal (LACR) approach to CO2 scrubbing 

aboard spacecraft, where the primary design challenge over similar terrestrial systems is one of addressing the unique 

challenges of microgravity fluid mechanics. We begin with a description of the elements of the design with the intent 

of replacing the passive role of gravity with that of surface tension. We then provide the dimensional limitations of 

such systems for stable operation aboard spacecraft. The analysis that follows considers the various time scales of 

most aspects of the species, momentum, and heat transport, and offers area, volume, and power expectations for the 

LACR approach for a candidate working sorbent. The work is summarized by a recipe for the analysis which may be 

further pursued for component- and system-level design, testing, performance analysis, and trade studies.    

II. The LACR Approach 

The LACR approach seeks to exploit capillary forces to establish stable thin film flows through which to efficiently 

absorb and desorb CO2 through a largely silent passive process in a microgravity environment. A simplified 

representative cycle is shown in Fig. 1, where CO2 absorber (Contactor) and desorber (Degasser) are pictured in simple 

serial operation. In this example, the Contactor functions at cabin pressure. A reversible pump and system control 

valve allow for slightly positive or negative gauge pressure operation in the Degasser. Though numerous stably 

contained capillary flows might be adopted,12-14 we exploit an interior corner flow approach of which a large literature 
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exists with key demonstrations performed aboard the ISS.9,14,15 The unit cell function of the interior corner (wedge) 

inherent in both Contactor and Degasser is identified and annotated in Fig. 2.  

 
Figure 1. Simplified LACR System: fan-driven air through Contactor and heater-driven release of CO2 in Degasser. 

 

 
Figure 2. a. LACR Contactor or Degasser device from Fig. 1 with b. sub-deck, c. single open capillary wedge channel,  

and d. single channel cross section with relevant notation. 

 

Both Contactor and Degasser possess massively parallel, open, capillary channels to form essentially thin flowing 

films. The films extract CO2 from CO2-rich cabin air into the CO2-lean liquid sorbent in the Contactor and exhaust 

CO2 from the CO2-rich liquid sorbent to the headspace in the Degasser. It is the number of channels, their dimension, 

and performance that determines the performance envelope of the LACR system. Figure 2 illustrates that, using this 

approach, a single open wedge channel can mimic the role of gravity by combining the effects of surface tension, 

wetting, and channel geometry; as liquid is withdrawn from the wedge, a capillary under-pressure is created in the 

liquid, drawing the fluid from the entrance to the exit. In this way, such flows can occur essentially passively in the 

reduced acceleration environments aboard spacecraft. Because they can accommodate both microgravity and gravity 

conditions, such systems are ‘omni-gravitational’ and thus ground testable. The stability of capillary surfaces to 

background acceleration fields is long-established for simple geometries.17,18 For the wedge geometry of Fig. 2c, 

provided the Bond number criteria Bo ≡ aRL/ 1 is satisfied, the flow across the channel will be fairly insensitive 

to background g-levels on the same order as on Earth, where a = go = 9.8 m/s2, as well as spacecraft flight perturbations 

or accelerations such as crew kickloads24 (a ≤ 0.2go at modest frequencies ν > 1 Hz), docking25 (a < 10-2go), and 

thruster firings26 (a < 10-2go)—all of which are considered significantly less than go. Typical spacecraft orbit or coast 

acceleration levels are routinely a << 10-4go, where LACR capillary channel flows are designed to be completely 

insensitive.  

The thermophysical properties of the working fluids are critical to all aspects of the momentum, species, and heat 

transport. It can be shown for the purposes of assessing LACR system performance relevant to other methods of 

spacecraft CO2 scrubbing that at least two figures of merit arise for the working fluid; 

𝑉𝑙𝑖𝑞 ≈
�̇�𝛿2

𝜌𝑙𝑖𝑞𝐷∆𝐶

�̇� 𝛿2

𝜌𝑙𝑖𝑞𝐷∆𝐶
    and   𝑞 ≈

�̇�𝑐𝑝∆𝑇

∆𝐶
,                                     (1) 

the former which provides a characteristic measure of the active liquid volume Vliq in circulation and the latter a 

measure of the power q required. For the above two metrics, the effective liquid film thickness,  is the only fluid 

system design parameter present. The working fluid properties dominate the performance primarily through the CO2 
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uptake capacity C and effective diffusion coefficient D. A competitive design will minimize both expressions in Eq. 

(1), while addressing the ever-present concerns of safety, reliability, compatibility, human factors, maintenance, mass, 

volume, cost, crew time etc.  

III. LACR Analysis 

 The steady flow along a single open capillary wedge channel is represented schematically in Fig. 3. The notation 

for the transport analysis to follow is adopted in reference to Fig. 2c-d. As sketched in Fig. 3, CO2-rich air at known 

temperature, pressure, relative humidity, and CO2 concentration Ca is forced over the liquid free surface at a specified 

rate Qa leading to known air momentum am, concentration ac, and thermal at boundary layers. The maximum or 

characteristic CO2 penetration depth in the liquid is . The instantaneous local CO2 concentration in the liquid at the 

free surface, C0, depends the CO2 concentration in the air that is in direct contact with it, Ca0, via an experimentally 

determined temperature-dependent solubility function. For physical and weakly reactive aqueous sorbents (including 

pure water), the dependence is nearly linear (Henry’s law19) and C0 ≈ Ca0 . In contrast, highly reactive sorbents (e.g. 

DGA) exhibit effective solubilities that are nonlinear and several orders of magnitude higher (e.g. C0 = 104 Ca0 for a 

particular value of Ca0).20,28 

 

 The CO2-lean liquid sorbent of diffusion coefficient D absorbs CO2 as the liquid is wicked along the channel driven 

by a negative capillary pressure gradient created by differing meniscus elevations H1 and H2 corresponding to the 

pressure difference of the liquid inlet and outlet, respectively. Note that the liquid is delivered to and removed from 

the wedge channel by a pump, but the flow across the channel is driven passively by capillary forces in an analogous 

manner to when significant gravity is present. For optimal performance, the channel dimensions must be chosen to 

maximize stability to physical perturbations, CO2 uptake rate, and desired degree of CO2 saturation, while minimizing 

liquid volume, flow rate, and system envelope. We repeat that maximizing CO2 saturation minimizes the liquid volume 

through the contactor which in turn minimizes the power required to eventually degas the liquid, ref. Eq. (1). The 

concentration of CO2 in the sorbent is C = C(x,y,z). The liquid properties that most govern sorbent performance include 

surface tension , density , dynamic viscosity , contact angle , CO2 diffusion coefficient D, CO2 saturation level 

at the inlet Cliq,i, and desired CO2 saturation level at the outlet Cliq,o, where C ≡ Cliq,o − Cliq,i ≡ Co − Ci. Such properties 

are functions of CO2 saturation level, temperature, relative humidity, and relative concentration ratio if the sorbent is 

an aqueous mixture (i.e., DGA-water). Critical channel dimensions include channel height H, length L, and interior 

corner half-angle , where channel half-width is R ≈  tan. The steady axial meniscus centerline profile is given by 

h(z).  

 
Figure 3. a. Schematic of transport in LACR Contactor with co-flow air and liquid sorbent left to right with b. cross-

section view. Representative air boundary layers and liquid entrance lengths are identified along with the nearly flat 

liquid interface profile h(z). Degasser transport may be addressed in a similar manner. 

A. Assumptions 

Practical fabrication and operation considerations drive the design. For example, excessively small flow 

passageways may improve performance via thinner films with higher transport rates, but such passageways are 

difficult to machine en masse and may lead to premature clogging in practice. We expect that our devices will be 3D-

printed. With this method in mind, assuming a c = 1 mm thick CO2 active liquid amine film (i.e., DGA) at T = 20C 
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(/ ~ 2∙10-7 m2/s,  ~ 10-7 m2/s, D ~ 10-9 m2/s) the characteristic time scales for momentum, thermal, and species 

transport are tm ~ c
2/n ~ 5 s, tt ~ c

2/ ~ 10 s, and tc ~ c
2/D ~ 1000 s. Within the liquid, we thus expect to decouple 

both momentum and thermal flow problems from the dominating CO2 transport process. Subsequently, three primary 

assumptions are employed in this zeroth order analysis: 

• First, by forming a ratio of air to liquid sorbent diffusive resistances, when CO2 concentration boundary 

layers are of similar order, we find that Da/Dac << 1, since typically Da ~ 10-5 m2/s. We again find that 

the contactor CO2 transport is liquid diffusion-dominated allowing the liquid flow problem to be further 

decoupled from the air flow problem. 

• The second major assumption is that for long CO2 diffusion times tc, the liquid flow velocities are 

expected to be low, such that Re << 1, and liquid velocity distributions are quickly fully-developed and 

steady capillary meniscus profiles h(z) are essentially linear and nearly flat.21,22 Temperature profiles are 

also quickly established and nearly uniform, since tm < tt << tc. 

• Thirdly, the capillary channels are slender such that  2/L2 << 1 allowing the 3-dimensional momentum 

equations to be approximated by the 1-dimensional z-component equation, where ū = (0,0,w). 

Additionally, the wedge channels themselves are narrow such that  
2 << 1, with shallow active depths 

( ≈ H/3) allowing them to be approximated as cartesian slots, where the span-flow area-averaged velocity 

is approximated as a function of x only, or even as a constant, where w ≈ w(x) ~ W. 

As a result, the liquid momentum equation may be decoupled from both the liquid species and heat transport 

equations such that the momentum, continuity, heat, and species transport equations (i.e., CO2 and sorbent mixture 

constituents) may be solved analytically and in succession. Iterative and simultaneous solutions as well as full CFD 

simulations are pursued and will be reported at a later date. Most liquid sorbent property changes due to CO2 absorption 

are slight (i.e., , , and  ), allowing them to be assessed and addressed within the momentum and mass balances. 

However, sorbent viscosity , temperature, and water content may change significantly as CO2 and water vapor are 

absorbed/desorbed. The model described above is based on a simple absorption process that is entirely physical or 

involves only weak chemical reactions (e.g. CO2 in water). However, with minor modifications, it can be 

approximately applied to highly reactive sorbents, as discussed below. 

For certain sorbents, the CO2 transport in the liquid is governed by diffusion with local chemical reactions serving 

as a sink or source if either CO2 is being desorbed (Contactor) or liberated (Degasser), respectively. In particular, 

primary amines (e.g., DGA) and secondary amines (e.g., DEA)DEA) chemically absorb CO2 via the same reaction 

mechanism. The multi-step process that occurs is usually described via the zwitterion intermediate.27 As an example, 

for DGA the chemical reactions involved in absorption of CO2 into aqueous amine are 

DGA +  CO2  ↔  DGA+ COO−                                                               (2a) 

DGA+COO−  +  H2O ↔  DGACOO− +  H3O+                                                   (2b) 

2H2O ↔  H3O+ + OH−                                                              (2c) 

CO2 + 2H2O ↔  H3O+ + HCO3
−                                                          (2d) 

HCO3
− + H2O ↔  H3O+ + CO3

2−.                                                          (2e) 

First, the amine group on the DGA binds to the CO2, forming a zwitterionic intermediate. A base then deprotonates 

the zwitterion, forming a carbamate product. In an aqueous solution the base is water. In pure DGA the base is another 

molecule of DGA. The CO2 also minimally reacts with water to form bicarbonate and carbonate. The rate of reaction 

of DGA with CO2 is higher than the rate of diffusion of CO2 into the liquid, thereby generating a sink for CO2 

absorption until all DGA is reacted, which sharpens the concentration gradient and improves the rate of CO2 absorption 

by the liquid.  

 The strong chemical reaction can thus provide CO2 uptake (both capacity and liquid-surface flux) that is several 

orders of magnitude greater than that of a physical sorbent.20,28 Hence, these liquids offer tremendous performance 

advantages.29  

 In the model previously described, these characteristics can be crudely represented by a hypothetical aqueous 

physical sorbent with an enhanced solubility that can amplify the CO2 concentration at the liquid surface (C0) by 

several orders of magnitude. (e.g. C0 = 104 Ca0). By doing so, we ultimately neglect the concentration sink/source term 

in the species transport equation. The potential for far greater CO2 flux invalidates the previous molecular-diffusivity 

argument for negligible mass-transfer resistance within the gas phase. However, that condition can be reasonably 

reestablished by specifying a thin energetic turbulent boundary layer. 

Additionally, the diffuso-chemical absorption/desorption of significant CO2 (and water) will thus lead to unique 

volumetric changes within a reactive sorbent along the channels. Fortunately, for the momentum transport analysis, 

these volumetric changes in the sorbent upon CO2 and water absorption/desorption may be addressed via known 
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analytical methods and by small volumetric source/sink terms added to the mass conservation equation within the 

momentum balance for the flow as will be shown.   

B. Transport Equation Approximations 

We first address the liquid sorbent momentum and mass conservation equations in reference to Fig. 4. In Fig 4a, 

an assumed uniform velocity enters the channel at z = 0 and the capillary free surface h(z) adjusts due to pressure 

changes due to viscous resistance. The cartesian momentum equation for this flow is 

guPuuut  ++−=+ 2)( ,                        (3) 

subject to mass/volume conservation equation At = − Qz ± S (employing subscript  notation for partial differentiation), 

where S is a source or sink term depending on thermal expansion, contraction, and absorption/desorption of CO2 and 

water. Due to the low velocities expected, inertia is small such that Lem/W 
2sin2 << 1 and the flow is essentially 

fully developed immediately. The same is true for the thermal entrance length, tLet/W 2sin2 << 1. For the small 

wedge channel dimensions, we find that Bo = gH 

2tan2/ << 1 such that gravity effects can be neglected at zeroth 

order, especially in the reduced gravity environments aboard spacecraft. Thus, balancing capillary pressure with 

viscous resistance, Eq. (3) reduces to  

𝑃𝑧 ≈ 𝜇(𝑤𝑥𝑥  +  𝑤𝑦𝑦),                   (4) 

which may be solved to find21,22 that the average velocity and flow rate in the channels are 

 𝑊 ≈
𝜎𝛥𝐻

3𝜇𝑓𝐿
       and       𝑄 ≈

𝜎𝐹𝐴𝛿2𝛥𝐻

3𝜇𝑓𝐿
,            (5) 

respectively, where  is the average viscosity for the temperature range expected. We note that for the narrow wedge 

section that approximately 70% of the flow rate is contained within a distance of approximately 0.3H from the free 

surface. For very low speed flows we find that H ≡ H1 – H2 is miniscule such that the free surface in Fig. 4a is 

essentially flat as depicted in Fig. 4b, where h ≈ H. To be discussed, provided volumetric changes along the channel 

are low SL/W2tan << 1, Q1 ≈ Q2 as sketched in Fig. 4. Thus, the flow rate in a single channel is Q ≈ FAH2L/tc, with 

which we use in connection with Eq. (5) to determine H.  

 
Figure 4. a. Developing flow with h(z) and b. fully developed flow model with h ≈ H ~   ≈ H/3. 

 

Heat is conducted, convected, and generated within the liquid as it absorbs/desorbs CO2 and moisture at the free 

surface. However, we note that thermal advection is small relative to axial conduction, such that Wd2sin2/L << 1, 

where temperatures in the Contactor and Degasser are essentially uniform and constant. On the other hand, the steady 

species transport equation is 

𝑤𝐶𝑧 ≈ 𝐷(𝐶𝑥𝑥+𝐶𝑧𝑧) ± 𝐵𝐶,               (6) 

where B is the source/sink coefficient. We note that the source term may be ignored when B2/D << 1, that the flow 

is slender 2/L2 << 1 such that Czz may be ignored, and since W2/DL ~ 1, the concentration entrance equation 𝑊𝐶𝑧 ≈

𝐷𝐶𝑥𝑥,  subject to C(x,0) ≈ Ci and C(,z) ≈ Co. Assuming w ≈ W  from Eq. (5), we find the exact solution   

𝐶(𝑥, 𝑧) = 𝐶𝑖 + (𝐶𝑜 − 𝐶𝑖) {1 − ∑
4(−1)𝑚+1

(2𝑚−1)𝜋
∞
𝑚=1 exp [−

(2𝑚−1)2𝜋2

4

𝐷𝑧

𝛿2𝑊
] cos (

(2𝑚−1)𝜋

2

𝑥

𝛿
)}.        (7) 

This CO2 advection-diffusion problem is depicted in Fig. 5. Equation (7) identifies the effective entrance length for 

CO2 saturation along the channel Lec ~ 2W/D ≈ 1 cm, which is the flow length for 91% average CO2 saturation for 

the desired sorbent flow rate. With solutions such as Eqs. (5) and (7) and their respective constraints, we are now able 

to specify a LACR design assuming required CO2 transport rates, CO2 and water capacities of the fluids at Contactor 

and Degasser temperatures, and the temperature- and concentration-dependent thermophysical properties of the air 

and liquid sorbent flows for the environment operating conditions. 
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Figure 5. a. Concentration entrance problem with simplified model analyzed in b. 

IV. LACR Design Guides 

The LACR transport system design follows from specification of the CO2 processing rate �̇� required of the target 

Contactor and Degasser environment temperatures, pressures, humidity, and CO2 concentrations. It is then a question 

of liquid sorbent selection to meet the manifold performance requirements of quiet, stable, safe, small, lightweight, 

fast, low power, etc. Thus, the thermophysical properties of the sorbent are critical to a successful design. These 

include primarily temperature-, pressure-, and concentration-dependent density, viscosity, surface tension, contact 

angle, CO2- and H2O-diffusivity, and CO2- and H2O-capacity. Such data are readily available for amines such as MEA 

and DGA, but not necessarily so for all other liquids such as ionic liquids or ‘tox-zero’ ersatz candidates. Air-side CO2 

and H2O transport properties are well established. We outline a typical design procedure for a Contactor here and 

provide suggestive sample quantitative values for a spacecraft application employing 65/35 DGA/Water as the liquid 

sorbent. The Degasser design is similar. With the thermophysical properties in hand, the LACR design proceeds in 

the following steps: 

1. Choose wedge channel dimensions that meet stability requirements of given application—dimensions that 

prevent the liquid from ‘spilling out’ of the channels when perturbed. Assuming the channels are completely 

filled, there are three Bond number criteria used to guide this choice: for capillary dominance BoR ≡ aR2/ 

<< 1, for overall channel stability BoRL ≡ aRL/ 1, and for overall system stability BoRLsys ≡ aRLsys/ ~ 

1, where R = Htan. Dimensions R, L, and Lsys may be selected to meet these constraints producing highly 

stable interfaces, especially in the low-g environments of orbiting spacecraft. For our application we choose 

R = 1 mm and L = Lsys = 10 mm, leading to marginally stable conditions for terrestrial 1-go demonstration, 

but highly stable conditions for anything less ((i.e., 100x FOS at 10-2go).). Stability is dramatically increased 

for reduced liquid fill levels. We also note that viscous damping (L/R) and natural frequencies (/R3)1/2 

are high such that only DC g-levels are relevant, ν << 1 Hz. 

2. Select desired CO2 concentration boundary layer penetration depth, c. This is the depth of CO2 penetration 

in the liquid desired to establish acceptable CO2 concentration levels to meet overall CO2 transport 

requirements. Too small and liquid delivery becomes challenging, too large and the time for saturation 

become excessive. We again note that the majority of the flow occurs near the free surface of the flow such 

that the lower 2/3 of the flow is relatively inactive from a transport point of view. Thus, an H = 3 mm deep 

narrow wedge channel provides an approximately 1 mm deep active region. Accordingly, we choose c = 1 

mm (≈ H/3) due also due to practical 3-D print limitations. 

3. Compute static CO2 diffusion time, tc ≈ c
2/D (≈ 1000 s).  

4. Compute capillary wedge channel flow characteristics providing liquid residence time tc; i.e., w(x,y), H2, W, 

Q = WFAH2, and �̇� ≈ FAH2L/tc. Stable flows must not exceed jetting velocities We ≈ W2R/ < 1, or 

ingestion flow23 rate 𝑄𝑙𝑖𝑛𝑔 <  (𝜇𝐿/2𝜌𝛼2)((1 + 𝑆𝑢+)1/2 − 1), where Su+ ≡ 3H3/2L2. 

5. With knowledge of differing CO2 concentrations between rich outlet and lean inlet streams, compute single 

channel CO2 absorption C (i.e., ≈ C50°C – C100°C ≈ 114 g CO2/kg DGA). 

6. Compute CO2 uptake rate per channel �̇�𝑐 = C/tc. 

7. Compute number n of channels needed to achieve the CO2 requirement per crew member per day, = 1 kg 

CO2/day∙person, �̇� = 𝑛�̇�𝑐. 

8. Apply margin. Due to the degree to which the primary assumptions of the flow are satisfied, the accuracy of 

these predictions is largely dependent on the accuracy of the fluid properties. A performance margin might 

be established assuming practical accommodations for non-ideal CO2-air transport,  undersaturation of 

exiting liquid at tc (i.e.,  91% saturated for 70% of flow), convection enhancements, enhancements for full 

accounting for curved free surface area, and second order impacts of volumetric liquid expansion along the 

channel. We currently estimate a margin of at least ≈ 3 needed to meet quantitative expectations of the system 

with a factor of safety of 2.  
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9. Compute total liquid flow rate Qtot, total active area AContactor, Contactor/Degasser envelope estimates, etc. 

10. Design manifold, air side ducting, fans, etc. 

11. Compute total power required; i.e., heat  𝑞 = �̇�𝑐𝑝∆𝑇 + �̇�𝐻2𝑂ℎ𝑓𝑔, qpump, qfan, etc. 

The order of these steps may vary and iterations are readily pursued to optimize certain parameters or groups of 

parameters. The LACR approach presents a system with attractive performance characteristics: silent, largely passive, 

stable, compact, with steady, nearly atmospheric pressure CO2 delivery. Assuming spacecraft compatibility can be 

achieved, we find that to minimize the system power consumption we must minimize the liquid volume in circulation 

in the system as required in Eq. (1), which is achieved by ever thinner liquid films  with ever higher CO2 uptake 

capacities C and diffusion rates D. 

V. Outlook 

We have described fundamental models influencing the design of a liquid sorbent, capillary-based system for 

transport and control of liquids, carbon dioxide uptake, and degasser power draw. Models for transport and control of 

liquids have been validated through microgravity experiments on the ISS (e.g. CSELS, etc.). Models for carbon 

dioxide uptake and degasser power draw will be validated in future ground and microgravity experiments. Steps are 

provided for applying the models for sizing a CO2 scrubber system, including contactor/absorber, degasser, and other 

microgravity components as needed. This approach is being applied in the design of the ISS payload experiments that 

will serve to validate the models and sizing approach. The sizing approach will also be useful in the future comparison 

of the LACR approach to other CO2 removal and storage systems. 

The LACR project team is in the early stages of design and development, but the LACR Design Guide process has 

already provided insights:  

1. Liquid sorbents can be stably contained and recirculated through a LACR system with considerable margin 

for fluid containment in microgravity conditions. Design guide rules drive the designs towards small flow 

channels with film thickness on the order of 1mm. Systems with simple corner wedges, and channels that 

provide film thickness on the order of 1mm are stable and contain the liquid under spacecraft conditions. 

2. Liquid sorbent properties vary throughout the system, and this variability is driven primarily by temperature.  

The contactor and the degasser operate at different temperatures, and fluid data collected to date suggest that 

temperature changes dominate fluid variability. Initially, there were concerns that CO2 uptake would change 

fluid volume to an extent that it impacts fluid flow. Available data suggests that volume change caused by 

CO2 uptake has a negligible effect on fluid behavior compared to temperature effects. 

3. Fluid velocity is set by chemical kinetics and film thickness. LACR designs are capable of recirculating fluids 

orders of magnitude faster than necessary. Even though capillary gradients drive the fluid flow and capillary 

gradients are relatively small, LACR designs have more than enough pumping capacity. 

4. Total system size will be set by the film thickness, and film thickness will be set by manufacturing capability 

and practical considerations for filtering and fouling.  Reference designs use channel depths on the order of 

3mm and effective film thicknesses on the order of 1 mm.  Improved manufacturing capabilities would enable 

thinner liquid films, lower quantities of recirculating liquid, and more compact CO2 removal systems.  

The LACR project team is developing a flight experiment system that can demonstrate fluid management of the 

LACR loop configuration and demonstrate fluid containment and loop recirculation for ambient temperature fluids in 

the contactor section and for elevated temperature fluids in the degasser section. To simplify the experiment, the first 

LACR flight experiment will use a liquid sorbent surrogate that is less toxic and has fewer restrictions for use on ISS.  

This experiment will measure fluid behavior in a recirculating loop that includes ambient and heated sections, and 

demonstrates control of a system with evaporation and loss of fluid volume in the degasser section, and stable 

performance across a wide range of fluid conditions. This LACR flight experiment is referred to as the ‘visible system’ 

because key elements of the system will be constructed in a way that fluid behavior can be visualized. Ground 

experiments will be run that correlate and compliment the data collected on ISS. If the LACR flight experiment and 

supporting ground experiments suggest that liquid sorbents can be used in a stable, silent, capillarity-driven CO2 

removal system that is substantially smaller than existing systems, the LACR project team will propose to develop a 

working CO2 removal system based on capillary flow of a liquid sorbent.  
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