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For decades, direct contact liquid-gas CO2 sorbent beds have functioned successfully aboard 

confined crewed vehicles (i.e., submarines). Despite the unique challenges of microgravity 

fluids management, such approaches also offer attractive benefits for spacecraft air quality 

control. In a recent ISS technology demonstration experiment (CSELS—Capillary Sorbent), 

two 16-parallel open capillary channel contactors plumbed in series demonstrated passive 

‘thin film’ control, modeling both absorption and desorption functions for a potential low-

gravity CO2 scrubbing system for spacecraft. The open wedge-shaped channels mimic 

terrestrial falling film reactors by exploiting capillary pressure gradients instead of gravity. 

In this paper, we highlight the fluid mechanics of the process with and without the effects 

of CO2 absorption across the surface. The dramatic changes in fluid properties due to CO2 

absorption in the contactor and temperature rise in the degasser are addressed via 

approximate analytic and numerical solutions to the species, energy, and momentum 

transport equations. We identify the limits of operation, stability, and transients for systems 

as functions of wedge geometry and working fluid thermo-physical properties. Analytical 

solutions are found that may be applied to systems of n-parallel channels. The analytical 

approach serves as the building blocks for massively parallel systems requiring large surface 

areas to achieve the desired performance.  

Nomenclature 

 = half-interior corner angle 

As = cross-sectional area 

Bo = gravitation Bond Number 

C = scalar function for concentration of CO2 

 = initial condition for CO2 concentration   

d(k) = number of resistors at a depth k in a binary resistor tree. 

D = diffusion coefficient 

 = interface curvature angle   

 = ratio of corner height and length 

f = curvature scale function for interior corners  

Fi , FA = flow resistance and cross sectional area scale factors 

g = gravitational acceleration 

h = centerline meniscus height 

H = height of an interior corner 

H1 = constant height upstream boundary condtion  

H2 = constant height downstream boundary condtion  

L = length of interior corner 

 = contact angle of a liquid 

Q  = volumetric flow rate 

Rc = Flow resistance of an interior corner 

Rm = Flow resistance of manifold tubing 

 = surface tension of liquid   

 = mass transfer parameter 

W0 = characteristic streamwise velocity  
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I. Introduction 

HE analysis of flows dominated by surface tension has immediate applications to fluid transport in space systems. 

Fluid transport in low gravity environments has two unique challenges. First is the problem of orientation. On 

Earth liquids have a natural coordinate system established by the Earth’s gravitational field. This orientation is so 

established that the gravity force has earned its very own term in the Navier Stokes equations reminding engineers to 

not forget this ubiquitous conservative force. For thin film flows this force ensures the liquids remain flat along an 

inclined plane and even drives the flow. However, in low gravity environments there are only local coordinates 

established at the interface of a liquid. The same phenomenon occurs in micro-fluidics when length scales are so small 

that the surface tension of liquids dominates. This orientation on Earth causes liquids fall and bubbles rise while in 

low gravity environments they are more evenly distributed, fundamentally changing the character of the flow.  

 The second challenge is the power requirements needed to transport liquid without the force of gravity. The 

gravitational potential is one of the most efficient power sources. On Earth, this potential powers agricultural, 

municipal, and water treatment systems. In space all fluid, liquid or gas, must be transported with pumps or fans. 

These solutions have considerable energy requirements, and this is a concern for safe, reliable, and repeatable long-

term space travel.   

 This research concerns the specific application of interfacial flows for reliable CO2 scrubbing aboard spacecraft. 

The current scrubbing system uses a dry porous media to remove CO2 from the cabin air. The CO2-rich air stream is 

forced through packed beds until the CO2 molecules bind to the solid walls of the porous media due to van der Waals 

forces. Forcing air through a porous media requires large pressures and has a side effect of circulating fine particulates 

from the beds into the air1. Eventually, these particles can clog air filters and cause other problems in neighboring 

equipment1. An alternative approach is to mimic the systems aboard submarines and coal plant flues. The submarine 

life support system is rated for crew sizes upwards of 300, has over 50 years of proven success, and requires little 

maintanence2. The strict emission requirements on coal flues has motivated several optimizations in scrubbing liquids 

as well16. This amine scrubbing system use thin films that are driven by gravity forces. To achieve similar performance 

in low-g environments, we seek to replace the role of gravity to create thin falling films with an array of thin open 

channels driven by capillary forces. The channels chosen here are open wedge-shaped channels possessing interior 

corners. Figure 1 is a sketch of this terrestrial analogy along with the relevant design variables, this simple model 

assumes all N corners are assigned identical boundary conditions. Upstream variables are denoted by the index 1 and 

downstream index 2. The design is completely analogous to a thin film flow on Earth accept the pressure difference 

created by the gravitational potential is replaced by a pressure difference created by surface tension, geometry, and 

wetting characteristics. What would be a flat film of liquid is comprised of parallel interior corner units. ISS flight 

experiments have already been performed for 16 parallel channels3-4, with plans for many hundreds of channels 

shortly. 

 
FIGURE 1. An effective thin film can be created from N parallel interior corner filled with liquid. This film is only possible if 

the gravitational Bond number Bo = gH2 << 1.The surface area of the entire low-g thin film can be approximately calculated 

using a geometric function f and an average height of the corners �̅�. 
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 This approach has two significant improvements to a porous media approach:  weight savings and efficiency gains. 

Replacing the scrubbing media with a steady flow liquid instead of a batch mode solid takes advantage of the surface 

chemistry of a sorbent liquid that does not produce fines that clog filters. This reduces air filter maintaince and/or 

replacement. Moreover, liquids such as Monoethanolamine (MEA) can strip up to 85% - 95% of CO2
5. The sorbent 

liquids add new concerns for the closed environments of spacecraft. For example, amine liquids are weakly toxic at 

100 mg/kg solution, are eye irritants, and are absorbed readily through the skin5. For long duration exploration 

missions, such risks require mitigation. Current investigations are in work to quantify the hazards associated with 

inadvertent escape of the working sorbent.  

 This analysis presented here focuses on the CO2 mass transport across the surface of a low gravity thin film reactor. 

The added mass of CO2 alters the meniscus profile of liquid along the corner. Previous analyses have been presented 

on the meniscus height dynamics of liquid flowing along an interior corner6-9. In fact, the steady state solution has 

proven to be rich with predictive power for flowrate, pressure, and quasi-steady dynamics10. The key assumptions and 

variables for interior corner flow to occur are summarized in Table 1. The variables that appear are graphically 

described in Figure 2. The flow is driven by the pressure gradient established by constant height boundary conditions 

H1 and H2. 

 
FIGURE 2. The flow schematic in part a. describes the notation required to specify the governing nonlinear partial differential 

equation for the flow. All of our analysis is concerned with finite domains and constant boundary conditions. A cross sectional area 

of the liquid is shown in part b. Conservation of mass is done thru this plane to derive the governing equation. The radius of 

curvature R is geometrically related to the meniscus height h by R = fh. The angle of curvature  is found in the formulae for an 

asymptotic parameter and the liquid/gas interface area in Eq. (2) and (4h).  

 

For a single corner the quantity of interest is the center line meniscus height of the liquid h(z,t), from which variable 

quantities such as flow-rate, velocity, energy, and surface area can be calculated. Beginning with the Navier-Stokes 

scales based on the geometry show the z-momentum is of zeroth order11. The z-momentum equation generates a 

velocity scale W0 which is substituted into the mass balance equation to derive the governing nonlinear partial 

differential equation. The validity of this model has also been experimentally tested aboard the ISS and agrees well 

with measured meniscus height profiles3. For this investigation our concern is how mass transfer across the surface 

effects this centerline meniscus height. We present a control volume on a streamwise differential cross-sectional 

element to consider the diffusion of CO2 across the liquid-gas interface. 

 
Table 1. Key assumptions for interior corner flow to occur in a low-g environment. The variable f is a dimensionless liquid 

surface curvature function. The height and length of a corner H and L are used in a lubrication approximation of the Navier Stokes 

equations.  

Name Assumption Description 

Interfacial Flow Bo = gH2tan2  <<1 Surface forces are dominate over gravitational forces 

Slender Corner   = (H/L)2 << 1 The flow is predominately along the interior corner. 

One Dimensional Flow f ()     The curvature along the corner spine is negligible compared 

to the surface curvature 

Concus & Finn 

Condition  
 +     The free surface that minimizes surface energy given the 

corner constraints is unbounded below.  
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We thus obtain a governing equation that has a sink/source term h representing the additional flux of mass due to the 

diffusion/reaction across the top interface. The second analysis considers the advection-diffusion equation for 

concentration. This first principles analysis gives reasonable estimates for uptake of CO2 when coupled with the 

momentum conservation equation. 

II. Absorption Model 

We pose an infinitesimal control volume of a cross sectional wedge of liquid. An integral mass balance derives a non-

dimensional governing equation 

  
   𝑧𝑧

 ±   .                       (1) 

The diffusion parameter is defined as,  

 =
 𝐷Δ𝐶𝑓𝛿

2𝑊0𝐿𝐷𝐹𝑖𝐹𝐴
 .                       (2) 

This parameter includes a diffusion penetration depth LD, geometric variables found in figure 2b, and well-tabulated 

parameters Fi, FA which are found in the literature12. A common approximation under 10% error is  Fi ~1/7 and FA ~ 

tan . A shallow penetration depth LD allows for a cartesian approximation of the flow provided wedge half-angle  

< 7.5°. When  << 1, asymptotic analysis is possible for the steady state solution of Eq. (1) for h(z).  

A. Control Volume 

We consider a mass balance across the boundary of a small wedge of liquid in a corner. There is flow through the 

cross-sectional plane depeicted in Figure 2b and across the top surface As of the volume such that 
d

dt
∫ d𝑉   rich −  lean −  diff.          (3) 

This balance is combined with the following equations motivated from scaling and geometry11; namely, 

〈𝑤   〉   − 0𝐹𝑖
𝜕ℎ

𝜕𝑧
   ,               (4a) 

 

A =FA h2,                          (4b)  

 

 diff  −
𝐷Δ𝜌

𝐿D
∫ d  ,                   (4c) 

 

 lean         〈𝑤     〉,              (4e) 

 

 rich      +      〈𝑤  +      〉,                  (4f) 

 

dV = dz,                          (4g)  

and 

 

dAs = 2f hdz.                (4h) 

In Eq. (4h),  is the curvature angle depicted in Figure 2b, and As is the surface area of the top surface. Combining 

Eqs. (4a) – (4h) with the scales  

z ~ L,   h ~ H,   t ~ H/W0           (5) 

and substituting into Eq. (3) derives Eq. (1). 

 
FIGURE 3. Control volume for an infinitesimal cross section of an interior corner flowing at steady state absorbing CO2 across 

the liquid-gas interface.  

CO2 Rich Air
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Sorbent
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B. Steady State Solution 

 In order to solve for a steady state condition, we must assign boundary conditions. Previously the steady state 

solution for the wedge flow came with constant height boundary conditions h(0) = H1 and h(L) = H2. For this new 

steady state equation, useful analytical general solutions are not available for which to apply such boundary conditions. 

We thus numerically solve for a family of steady state solutions. Constant height boundary conditions are numerically 

unstable but mixed conditions are stable. Thus, we select the following boundary conditions 

     𝐻               
′    𝑠 .                                                (6) 

These boundary conditions are related to previous analyses as one could vary the end slope value s1 to determine an 

H2. Moreover, for a set flowrate Q, we solve the resulting system numerically and present the results for a range of 

diffusion the parameter in Figure 4. The slope s1 at the boundary is a measure for the flowrate. We look at cases of 

slow and fast flow rate and vary the diffusion parameter, . At low flowrates, we observe that the diffusion parameter 

has a much greater effect on the steady state profile. When the flowrate is high the diffusion parameter has a diminished 

effect on the profile.  

 
FIGURE 4. Two steady state profiles that vary the diffusion parameter for increasing positive values  = {0, 0.125, 0.25, 0.5, 

1, 2}: a. Slow exit flowrate, whereas the diffusion parameter increases the free surface the free surface increases due to the added 

mass and b. Fast exit flowrate, where the liquid does not absorb as much CO2, hence the meniscus profile is barely affected.  

C. Concentration Effects 

We also model the transport of CO2 with the advection diffusion equation, 
𝜕𝐶

𝜕 
 ∇ ⋅  𝐷∇𝐶 − ∇ ⋅  𝐮𝐶 .                       (6) 

The boundary conditions assigned are explained in Figure 5. The schematic is the centerline plane which bisects the 

wedge. The solution of the concentration equation is dependent on the velocity found from the momentum equation. 

The incoming flow should have no concertation of CO2.  The evolution is driven by the interface boundary. 

 The simplest model which yields analytical solutions is to assume the velocity along the corner is so small that the 

advection term is negligible, u = (0, 0, 0). The second level of complexity is to assume a constant velocity profile u = 

(0,0,W0). This is unphysical as it violates no-slip, but for CO2 penetration depths much less that the height of the 

corner, the solutions still garner analytical results for estimation purposes. We increase complexity by assuming a 

more and more complex velocity profiles u = (0, 0, Ay), u = (0, 0, ay2 + by + c), or even the analytical infinite series 

cylindrical velocity field w(r,)13.  

 

zz
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FIGURE 5. Schematic of the concentration mass transfer problem for the function C(t, y, z). This is the centerline plane which 

is the bisection of Figure 2b. The velocity profile u(y) is assumed to be parabolic. The boundary condition at the interface is a 

constant concentration C0 above the meniscus height. At the bottom, there is a zero slope boundary condition to model no diffusion 

into the walls of the container. We assume a general initial distribution  (y, z) of concentration at t = 0. The incoming flow at z = 

0 is set at zero concentration. 

 

From the z-momentum equation we find a quadratic profile for the center plane velocity,  

𝑤 𝑦  
𝑑𝑃

𝑑𝑧

 

 𝜇
 2 𝑦 − 𝑦 ).                       (7) 

We can non-dimensionalize this profile with y* = y/h,   0  
𝑑𝑃

𝑑𝑧

ℎ2

 𝜇
, and w*=w/W0 

𝑤∗ 𝑦∗   2𝑦∗ − 𝑦∗ ).                       (8) 

 We claim that the diffusion coefficient does not vary spatially and can be modeled as a constant. The scales 

involved require this to be the case. If we assume that D = D(z) and carry out the product rule we would find that the 

additional term is negligible compared to the advection term involving the velocity function. In summary with the 

following assumptions, u = (0, 0, w(y)),  H << L, and D constant we have the simplified governing equation 
𝜕𝐶

𝜕 
 𝐷

𝜕2𝐶

𝜕𝑦2 − 𝑤
𝜕𝐶

𝜕𝑧
.                       (9) 

The velocity profile is left arbitrary. In Figure 5, we numerically solve three cases of this advection diffusion equation 

with the same boundary conditions and a quadratic velocity profile (8). The steady state solution is an eigenvalue 

problem after separation of variables is considered C(y, z) =Y(y)Z(z). The eigen system is  
𝑌′′

𝑤 𝑦 𝑌
 

𝑍′

𝐷𝑍
 𝜆.                       (10) 

The steady state solution can be expressed as an infinite series. 

𝐶 𝑦    ∑𝐾𝑛𝑌𝑛 𝑦 exp 𝐷𝜆𝑛  .                       (11) 

Where Yn(y) are the eigenfunctions and the Kn are coefficients which are calculated with orthogonality relations and 

satisfying the concentration at C(y,0) =  (y) defined in Figure 5. Explicit expressions for these eigenfunctions are 

only possible if we assume the velocity profile is constant or linear. This problem is analogous to the radial coordinate 

system for the thermal entrance problem14. The eigenfunctions are hypergeometric functions and the eigenvalue 

problem is transcendental. Numerical eigenvalues can be calculated, tabulated, and used in the series calculation. 

C (t, y, z)
u(y)

y

z

C (t  z) = C0

Cy(t 0 z) = 0

C (t, y, 0) =  (y)  

C (0 y z) =  (y, z)

h(z, t) ~ 

C0 y = 

0    y < 
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FIGURE 6. Steady state contour plots for increasing maximum velocity profiles (left to right). The concentration contours are 

normalized by the interface boundary condition for constant concentration. The length of the corner is normalized by L to make ~ 

O(1) plots. As velocity increases less absorption occurs. 

 

We are always concerned with the total mass of CO2 absorbed in the slender column of liquid which is an integral 

quantity.   

𝑀𝐶𝑂2
 l m

𝑇→∞
∫ ∫𝐶 𝑦      d𝑉 d 

 =𝑇

 =0
.                       (12) 

We wish to estimate how the velocity function changes the quantity in Eq. (12). The non-dimensionalized steady state 

concentration equation is expressed with a Peclet number Pe = W0h/D as 

  
𝜕2𝐶∗

𝜕𝑦∗2 −  𝜀Pe 𝑤∗ 𝜕𝐶∗

𝜕𝑧∗.                       (13) 

A non-dimensional mass of CO2 can be numerically integrated over the region with increasing values of 𝜀Pe. 

 
FIGURE 7. Steady state non-dimensional mass of absorbed CO2. There is a negative correlation with increasing  Pe. The best 

linear fit is MCO2 = 1 – 0.18( Pe) with goodness of fit 0.997. This mass can be redimensionalized with the interface concentration 

C0 and the dimensional corner volume LH2tan.  

III. Resistor Network 

We now seek to investigate the effect meniscus height, concentration, and temperature has on the flow resistance 

and transients. We propose a one-way calculation where the concentration and temperature equations generate the 

parameters    These parameters are used to calculate meniscus height the h(z, t) function. This solution is finally 

used to calculate resistance and capacitance values to use in a nodal network flow resistance model. A simulation of 

a large network of parallel wedge channels must be able to answer two critical questions. 

i. How much variation in temperature and concentration can cause network failure? 

ii. How much mass of CO2 is being absorbed or desorbed? 
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We define a network failure to be when enough corners are drained so that the remaining corners must accept too 

much flowrate and an embolism occurs. Each corner has a maximum allowable flowrate. A system curve can be found 

using the steady state solution for the meniscus height15. Figure 8 depicts that when this flowrate approaches a 

maximum value the pressure difference across the corner diverges. The pressure difference does not actually diverge 

to infinity as bubbles begin to ingest into the manifold tubing. 

 
FIGURE 8. System pump curve for a single interior corner. The maximum non-dimensional flowrate thru the corner is 

approximately 0.717. 

A. Corner Resistance Ratio 

In order to develop a circuit network to predict the system behavior of thousands of corners we look at the steady 

state solution for the interior corner. The resistance to flow is proportional to the boundary values, just as in heat 

conduction. The choice of governing equation (CO2 flux or not) only effects the interior of the corners so we need not 

consider them in this comparison. We manipulate the steady state equations found in previous analysis15 to consider 

the ratio of Pousielle linear flow resistance of inlet manifold tubing with a tube radius r, to the flow resistance of the 

corner with height H. This relation is plotted in Figure 9. Evidently the resistance of the corner is always negligible 

when compared to the path for the liquid to reach the corners in a massively parallel system.  

 

 

 
FIGURE 9. The ratio of the corner resistance to Rc to the resistance of the manifold tubing Rm as a function of the ratio of the 

lowest meniscus height in the corner H and the inlet tub radius r. Three values of half interior angles  are plotted, 7.5º is the most 

common angle. The axis of 1 is plotted in bold to identify intersections with the curves. 

B. Flow Rate Distributor Effects 

It is apparent that the most dominant impact to parallel corners is the distribution of flowrate amongst the corners. 

This distribution could be analytically derived for a small number of corners but thousands would require matrix 

calculations. Moreover, the small defects or angles in the manifold tubing all contribute to uncertainties to linear flow 
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resistance in manifold tubing. It is not immediately obvious how upstream resistance changes alter the corner 

conditions.   

  
FIGURE 10. A binary tree representation of massively parallel interior corners. Each open channel is represented as an 

impedance block Zk which is modeled as a resistor and capacitor in parallel. The number of wedges is determined by the depth of 

the binary tree denoted by d(k). 

 

This resistor model reveals a similarity to the porous media solution. To analyze such a massively parallel system we 

must take the results of single corner analysis and apply them to a numerical simulation which updates the resistance 

values of the corners at each step. Figure 9 allows a critical band for when the model must include the resistance of 

the corners in calculations. Figure 8 identifies the limits of operation in each corner, when the flowrate becomes too 

large due to small flowrate perturbations we turn the corner off at that time step. This simulation could rapidly evaluate 

stochastic resistance values at every manifold tube and the dynamic resistances in the open channels. High fidelity 

modeling of the interior corner flow using CFD would only improve such a simulator, however since the corners is 

already insignificant compared to the bifurcating path this may not be necessary. The most relevant analysis to improve 

the accuracy of the corner element is to derive similar relationships for when the corner is fully filled. Until now all 

analyses have assumed a partially filled channel, which makes the equations simpler. Investigations of the governing 

equations for the fully filled case are already in progress. Initial results show this set-up is much more stable simply 

from the form of the governing equation alone.  

IV. Conclusion 

The most important part of this parallel network is how the flow is distributed. All interior corners must have fluid 

circulated by manifold tubing. For small defects in tubing in bifurcation trees this uncertainty can diverge. The 

geometry of this tubing dominates the flow resistance so the model of an interior corner should just be a capacitor 

term and a wire short. The flow rate decreases or increases based on the chemical composition or meniscus height. An 

increase of CO2 concentration increase the height value but only by an asymptotic amount. This is due to the extremely 

small coupling term between a scrubbing fluid (MEA or DGA) and gas diffusion coefficients, there is much more 

diffusion of gas into liquid than liquid into gas. Temperature alters the fluid properties of surface tension, viscosity, 

and contact angle. These values alter response times weakly. This change can be accommodated by corner dimensions 

to maintain a desired flowrate along the corner. There is a major uncertainty that develops based on how the flow is 

manifolded. A bifurcating tree allows for the most divisions of flow in the smallest space, but slight defects throughout 

this nodal network make the flowrate through any one corner uncertain. The analysis of a complete failure is of interest 

for further research. One solutions is occasional perpendicular smaller corner allows blocked corners to refill from a 

neighboring embolism.   
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