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Abstract

This study provides a post-flight analysis of video-recorded centimetric-scale bubble migration experiments performed aboard
the International Space Station as part of the second Capillary Flow Experiments circa 2010 - 2016, currently archived to the
NASA database available for download at https://psi.nasa.gov/. During the microgravity tests, air is displaced by perfectly
wetting liquids within containers of varying geometry that include at least one interior corner. The displacements are driven
by capillary pressure gradients along the interior corners resulting from the tapering container geometries pursued herein:
linear, stepped, and vane tapers. The 12-year old archived video data is newly mined and digitized to collect dynamic bubble
position data within the containers. From an interior corner flow perspective, time-dependent advancing and receding bub-
ble front locations are quantified and compared to theoretical lubrication model predictions. We show that despite increased
container complexity, the models adequately predict flow transients for the geometric families of container types tested and
for the flow regimes achieved. Such flows serve as critical unit operations for passive no-moving-parts solutions for gravity-
free fluid phase/bubble separations aboard spacecraft.
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1 Introduction

Phase separations readily occur via buoyancy under ter-
restrial conditions, where, for example, heavier liquids fall
while lighter gases rise. In nearly weightless ‘microgravity’
environments there is no notion of ‘up’ and ‘down’ since
there is no gravity. Instead, surface tension, liquid properties,
and surface geometries, herein referred to as capillarity, dic-
tate the positioning of gas-liquid interfaces. Capillarity can
be exploited to induce or retard spontaneous liquid migra-
tions (Kubochkin and Gambaryan-Roisman 2022). Here
container geometries dictate the rates of phase separation,
with applications in bubble trapping (Bico and Quéré 2002),
drainage (Weislogel and McCraney 2019; McCraney et al.
2021), bubble arrest (Lamstaes and Eggers 2017; Li et al.
2019), free surface morphology (Kolliopoulos et al. 2021),
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CO, scrubbing (Moher et al. 2019), among others. The
prevalence and passivity of interior corners among space-
craft are readily exploited by fluid management devices to
induce liquid migration along desired paths (Jaekle 1991;
Chato and Martin 2006). While ubiquitous in micrograv-
ity environments, recent developments in terrestrial micro-
systems also exploit capillary phase separation, such as
for thermodynamic and kinetic characterization of protein
liquid-liquid phase separation (Stender et al. 2021). Recent
microgravity passive phase separation analyses investigate
rapid transients, the time scales of which are well suited
for drop tower (Torres and Weislogel 2021) or parabolic
flight (Bisht and Dreyer 2020) experiments. However, bub-
ble migration occurs at time-scales larger than drop tower or
parabolic flight conditions allow. Due to the expense of con-
ducting large time scale experiments in microgravity, data
are lacking, which limits theoretical predictions and numeri-
cal benchmarks. This work aims to fill this gap by providing
large length and time scale experimental microgravity data
for passive phase separations. We compare the experimental
data to a lubrication model, and remark on model agreement,
identifying the limitations thereof.

Bubbles within terrestrial microfluidic devices can be
harmful to proper system function. This situation has led
to the development of numerous bubble mitigation methods
and devices (Peng et al. 2022). Provided the bubbles are
small, when the Bond number condition Bo = pgr? /o < 1,
where p is the density difference across the liquid surface, g
is the local acceleration field strength (i.e., gravity), r is the
characteristic free surface length (i.e., bubble radius), and o
is the surface tension, the bubbles are essentially spherical.
Such bubbles are relatively stiff and can lodge in undesirable
locations, where they can merge, become wall-bound, and
disrupt, if not obstruct, the liquid flow. Provided character-
istic channel dimensions (i.e., diameters) are larger than the
bubble diameter, buoyancy drives bubbles to the top walls of
channels such that they do not fully occlude the passageway.
Depending on the channel geometry and wetting conditions
of the liquid, larger bubbles can fully occlude the passage-
ways (Manning et al. 2011). The phenomena is highly exag-
gerated in reduced-gravity environments where Bo < 1 not
because the bubble radii are microscale, but because the
acceleration field is. Thus, bubbles in the microgravity envi-
ronments aboard spacecraft suffer similar challenges as do
microfluidic devices on earth. One outstanding example is
the primary hydrolysis oxygen generator aboard the Inter-
national Space Station (ISS) which has failed on numerous
occasions due to a single bubble lodged in a circular inlet
tube preventing the flow of water to the device (Korneva
et al. 2005). A non-occluding conduit or other passive bub-
ble mitigation method could solve the problem. However, at
the 1000-fold larger length scales of ‘capillary fluidic’ sys-
tems aboard spacecraft, capillary flow rates, perturbations,
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and inertia are also increased to unearthly degrees requir-
ing some minimal number of benchmark-level fluids experi-
ments performed in space.

In part to this end, the Capillary Flow Experiments (CFE/
CFE-2) were conducted aboard the ISS by NASA as a series
of handheld, centimetric-scale liquid experiments designed
to probe capillary phenomena of fundamental and applied
importance including contact line dynamics (CFE-CL, Con-
tact Line), critical wetting in discontinuous structures (CFE-
VG, Vane Gap), and passive bubble migration and bubble
separations (CFE-ICF, Interior Corner Flow) (Weislogel
et al. 2004, 2009). Following completion of the experiments
in flight, a NASA CFE video archive was made publicly
available at https://psi.nasa.gov/. The data may be used to
benchmark theoretical and numerical models for a variety
of applications. The spaceflight data we analyse herein is
mined from this resource.

Each CFE space experiment required the partial filling of
a certain container with a perfectly wetting liquid, observ-
ing the response of the liquid for particular tests, and then
draining that same liquid from the container. Approximately
2 to 3 hours of crew time were required for each operation
which included time to retrieve, set-up, operate, and stow
the hardware. Many dozens of operations were conducted
between 2004 and 2017 on an ‘as-crew-time-allows’ basis
(ISS task listed). Some 55 operations were conducted for the
CFE-ICF containers alone (CFE and CFE-2). In this paper
we are interested in air bubble migration in containers with
interior corners—a passive means of bubble phase separation.
We thus focus on the CFE-ICF experiments (CFE-2/ICF,
completed between 2010 and 2016). Of the nine ICF test
cell geometries sketched in Fig. 1, and of the many hundreds
of individual test points recorded, only eight individual
tests are analysed and reported herein. The results provide
benchmarks for analytical and numerical methods predict-
ing passive bubble migration within incrementally complex
containers in low-g environments.

Fig. 1 Wire model sketches of
ICF test cells with dimensions
in cm

ICF-2 ICF-3 ICF-4 ICF-5 ICF-6 ICF-7 ICF-8 ICF-9

2 Experiment

The experiments we specifically analyze from the CFE-2
database were conducted over a 5-year period between 2010
and 2015. Figure 2 provides an annotated schematic, solid
model, and wire model sketch for the ICF-9 vessel-a tapered
isosceles triangle-based pyramid (cf. Fig. 1, ICF-9). For a
partially filled vessel, the taper of the container provides a
passive means of bubble migration and separation (Weislo-
gel et al. 2011). We briefly describe the ICF bubble migra-
tion experiment protocol. The ICF vessel was placed on an
ISS workbench, back-lit by a diffuse light screen via cabin
and portable lighting, and filmed via an HD Canon XF305
video camcorder at 30 to 60 fps. The Test Chamber was par-
tially-filled with prescribed liquid volume, where the astro-
naut then opened Valve 1 or 2 of the primary acute interior
corner of the vessel and positioned the bubble at the small
container end. The particular valve was then closed and the
air bubble migrated passively through the Test Chamber. An
annotated sketch of the flow is provided in Fig. 3 with profile
and sectional views. Figure 4 provides time-stamped side
perspectives of a bubble event for ICF-1 and ICF-3. Since
the liquid wets the container walls it flows to the small end,
thereby forcing the air bubble to the large end. This corner
flow is driven by the capillary pressure gradient created by
the differing fluid heights. The container geometry, fluid
properties, and initial fill volume serve as the independent
variables of the tests. Here we investigate Test Chambers
with tapered cross-sections, stepped geometries, and com-
plex vane networks.

The CFE-ICF video data on the NASA archive is digi-
tally reduced and analyzed herein, yielding time-dependent
interface profiles and bulk meniscus velocities. In reference
to Fig. 3, the primary objective is to digitize the fluid inter-
face for the advancing z,(#) and receding z,(¢) bulk menisci
and interior corner height profiles h(z, f). We employ in-
house developed automated interface tracking algorithms to
digitize the data (Weislogel and McCraney 2019; McCraney
et al. 2020). In brief, we first convert the video to low-loss
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Fig.2 Schematic of ICF-9 test vessel: a slender truncated equilateral
triangle-based pyramid with 4.408° tapering faces. a Camera view of
apparatus with valves V| and V, identified, b solid model, ¢ tapered
Test Chamber wire model with dimensions in cm and d cropped and

d

0.3~
L

overlaid initial and final images of Test Chamber bubble test with
coordinate origin and blue arrow indicating the direction of bubble
migration
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Fig.3 Sketch of bubble migration for vessel ICF-4 in a perspective profile and b cross-sectional view. Arrow denotes direction of bubble migra-

tion

still images and then binary files. To reduce image noise due
in part to small sparse air bubbles and spurious reflections,
we employ a Canny filter (Canny 1986) applying two thresh-
olds for edge detection sensitivity. We then loop through the
region of interest for each image and tabulate the desired
interface pixels. This process is performed many hundreds of
times totaling over 2.5 h of low-g bubble data over thousands
of pixels for each still frame. The intermediate interface
detection data are then passed through a moving-average fil-
ter establishing smoothed meniscus profiles. Further details
of the data are provided in the Supplemental Material.

@ Springer

3 Lubrication model

A theoretical prediction of capillary drainage from
‘tapering’ containers with interior corners (Weislo-
gel et al. 2011) exploits the lubrication approximation
for slender flows. We summarize the key details of the
theory herein to compare to the newly reduced experi-
mental data. Figure 3a provides a sketch of the bubble
problem for the ICF-4 container, where the z-axis runs
along the interior corner vertex and defines the primary
flow direction. For wetting liquids satisfying the Concus-
Finn corner wetting condition (Concus and Finn 1969),
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Fig.4 Time-stamped images of bubble migration in the a tapered ICF-1 and b stepped ICF-3 test vessels with predicted height H (black line)

the bulk fluid interfaces establish quasi-steady equilib-
rium configurations, which feed capillary pressure/height
conditions into the weakly varying elevation of the cor-
ner flows where the cross-sectional meniscus profiles are
composed of nearly circular arcs as sketched in Fig. 3b.
Since the flow is characterized by 1-d cross-flow cur-
vature as depicted in Fig. 3b, the capillary pressure can
be modelled as P(z) = -oc(1/R, +1/R,) % —c/R (low
streamwise curvature implies |R,| > |R;| = R), where
R = R(z,t) = fh(z, t) with cross-flow interface curvature
function f = sina/(cos 8 — sin a) (Weislogel et al. 2011),
where «a is the interior corner half-angle and 6 is the liquid
contact angle (= 0° in this study). Thus, liquid at lower
meniscus elevations achieves more negative pressures than
at higher elevations, inducing a capillary pressure gradient
that drives liquid from higher to lower elevations. As the
incompressible liquid wicks toward the narrower end of
the chamber, the bubble is forced toward the larger end as
required by mass conservation. The more hemispherical
2-d curvature end cap regions are referred to as bulk flow
regions. These are characterized by quasi-steady advanc-
ing (z,(¢)) and receding (z,(¢)) bulk menisci. The dynami-
cal boundary condition H,(z;;¢) provides a matching region/

condition between effectively 2-d bulk and 1-d corner flow
regimes for the small H, and large H, elevations.

3.1 Stepped & tapered conduits

In general (Weislogel and Lichter 1998; Weislogel 2001), we
assume slender container geometries with n geometrically
wetted interior corners satisfying the Concus-Finn condition,
where j serves as an index for the jth of n wetted corners;
j=1,2,...n. Figure 3 depicts the ICF-4 container with a sin-
gle n = linterior corner of half-angle a;. The flow is largely
parallel to the contact line, permitting a constant contact
angle 6 condition. As demonstrated from a priori predictions
(de Lazer et al. 1996; Finn and Neel 1999; Weislogel and
Collicott 2004) and a posteriori measurements (Weislogel
and Lichter 1998; McCraney et al. 2020; Weislogel 2001;
Weislogel et al. 2007), it can be shown for quasi-steady lig-
uids in semi-infinite columns under zero-gravity conditions
that

H = P cos @ | 1 4ZA; 172
i 2%, P2cos? 6 ’ M
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where P (z) and A (z) are the container cross-sectional
perimeter and area, respectively, which are functions of z
(black lines in Fig. 4). Here X, F Ajo and f/ are the dimension-
less normalized total wetted corner cross-sectional flow area,
jth corner cross-sectional flow area, and jth corner cross-
flow interface curvature functions, respectively:

cos 0 sin 6;
E‘ _ 2 i
== f?’ Fay=J, < sin 5j>’

J
sin aj

cos 6 —sina; ’

(@)

Ji

where 6; = 7/2 — a; — 0. H; serves as the key dynamical
boundary condition for the corner flow analysis. Because
H; is known as a function solely of the geometry and wet-
ting conditions of the container, it is known a priori and
used to scale the governing momentum equations. Thus, by
choosing scales

i~L h~H, t~AL/Q, Q,~ ZFA]F,]Hf/L, 3)

j=1

and assuming a slender interior corner flow satisfying
HJ 2 /I* < 1, the governing system reduces to a single dimen-
sionless z-component visco-capillary momentum equation
which may be solved along with the continuity equation to
find solutions for the dimensionless height
hi(z,1) = hy(z,1) = h(z, 1), and advancing z,(¢) and receding
z,(¢) bulk meniscus positions (Weislogel 1996; Weislogel
and Lichter 1998; Weislogel et al. 2011). We note that
F; = Fi(a,0) is a weak geometric viscous flow resistance
function (Weislogel 1996) such that 1/8 < F; < 1/6. The
aforementioned analysis admits an analytic solution for bub-
ble height for containers of types ICF-1,-3,-4,-5,-9:

z-7 13
hen =g+ —-@-2) ) - @
(Zz - Z])

When applied to stepped geometries (ICF-3,-4,-5), first-
order asymptotic self-similar solutions for advancing and
receding fronts are implicitly given by

1-+/1

—2(1-b2 -
1-b2

b’ + bd)t/3

Z](t) = . (5)
7 =1 +b%z. (6)

where b = H, /H,.

For tapered geometries, similar to previous works (Weis-
logel et al. 2007), it can be shown for quasi-static liquids
in semi-infinite columns under microgravity conditions that
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where
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20) - 2(0) ,
= (A= Fu ), ®)

When applied to pyramidal tapered conduits (ICF-1,-9),
first-order asymptotic self-similar solutions for advancing
and receding fronts are implicitly given by

= A+ -z 1) ©
=0+ (10)
4 Results

We present the experimental results for various test cells
and compare them to the lubrication predictions of advanc-
ing and receding bubble fronts z,,, and bubble height A.
The theoretical predictions for both the stepped ICF-3,-4,-5
and tapered ICF-1,-9 compare favorably to experiment. ICF-
2,-6,-7 are irregular tapers or contain a bisecting vane, the
complexities of which are not easily reduced for experimen-
tal comparisons (ICF-2), or do not readily conform to the
lubrication analysis. However, the processed data has been
archived for future use. We note all experimental results ana-
lyzed exhibit tracking error within +1 pixel, which implies
tracked pixel location is within 0.2 mm for all experiments
analyzed. Further details of the experimental data archival
process can be found in the Supplemental Material.

4.1 Tapered conduits ICF-1,-9

Figure 5 plots bubble results for both tapered vessels ICF-1,-
9. The ICF-1 experiments and theory show excellent agree-
ment, as maximum error for both advancing and receding
fronts for all runs is within +£5%, as shown in Fig. 5a. The
self-similar meniscus height solution (4) also compares
favorably to experiment, with average agreement within
+8%, as shown in Fig. Sc.

The ICF-9 test cell bubble advancing and receding
fronts initially agree well with lubrication predictions, but
as migration ensues deviations are observed, as shown in
Fig. 5b. This result is expected in part due to the larger
taper v = 4.408° of ICF-9, where faster migration from
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Fig.5 Results from the tapered geometries of (a, ¢) ICF-1 and (b, d)
ICF-9 test vessels presenting (a, b) advancing z, and receding z; bub-
ble fronts and (c, d) self-similar bubble height (4* — zg)(zz -z1)+2
with axial coordinate z. Each color signifies a single bubble migration
experiment which is compared to theory (black)

narrow to large ends is observed, as captured by the volu-
metric flow rate Q,, and therefore the height dependence
H;, on P (z) and A(2), (2). Despite this reduction in fidelity
to the lubrication model assumptions, both bubble fronts
show maximum error within 16% when compared with
experiment. The bubble height agrees well with experi-
ment showing average error within +9%, as presented via
self-similar scales in Fig. 5d.

4.2 Stepped conduits ICF-3,-4,-5

Bubble transients are presented in Fig. 6 for stepped ves-
sels ICF-3,-4,-5. The bubble advancing and receding
fronts z, and z, (color) qualitatively agree with theoreti-
cal predictions (black), as shown in Fig. 6a-c. Average
agreement for both fronts across all runs for ICF-3,-4,-5 is
within 20%, 23%, and 23%, respectively. The lubrication
solution predicts the meniscus height temporal evolution
remarkably well, as shown in Fig. 5d-f. Average height
agreement for vessels ICF-3,-4,-5 are within 13%, 16%,
and 5%, respectively. Here we expect good agreement for
the ICF-3,-4 geometries, as these conduits conform well
to the model assumptions. It is interesting, however, that
despite the lubrication prediction neglecting inertia, the
model accurately predicts these non-negligible inertial
flows, Table 2. Additionally, the simple lubrication model
does well to predict the somewhat confounded stepped
geometry created by the vane-network of ICF-5. Despite
the geometric complications, the model accurately predicts
bubble displacement, giving confidence to the utilization
of the theory as a design guide for applications (Table 1).

4.3 Irregular conduits ICF-2,-6,-7

Bubble migration experiments were also analyzed in the
irregular tapered cell of ICF-2, Fig. 1. Since the taper
does not conform to the pyramidal taper of ICF-1,9, the
lubrication theory is not applicable to this flow. However,
the bubble migration data (advancing/receding fronts)
for ICF-2, while not presented here, are available for
download at McCraney (2023). We note the interfacial
height is not available for this test cell, as both the view-
ing perspective of the camera and the interior corners
are orthogonal to the side wall and not the corner flow
interface profile.

Also analyzed are bubble migration experiments in the
tapered-vane cells ICF-6,-7 which are constant cross sec-
tion conduits shown in Fig. 1. The tapered vane establishes
a capillary pressure gradient (H, > H,) driving the liquid
(bubble) toward (away from) the diagonally divide end. Fig-
ure 7 presents timestamped images of such passive bubble
migration flows in the ICF-7 test cell, with measured inter-
facial height shown for reference. For these geometries, no
current lubrication prediction exists for data comparison, so
we omit further results, but note that multiple bubble tests
for these vessels have been analyzed and are available for
download at McCraney (2023). Measured quantities include
dimensional bubble advancing/receding front locations as
functions of time and bubble interfacial height, as plotted in
Fig. 7b. For this specific test vessel, a vane accounting for
3% of the total tank volume passively repositions liquid and
gas in minutes, offering passive fluid control with small cost
in conduit/tank volume.

5 Conclusion

We reduce the data of spaceflight experiments of passive
bubble migration flows in a number of conduits/vessels with
interior corners from the Capillary Flow Experiment per-
formed aboard the ISS. The flow conditions and conduits
analyzed are such that the lubrication approximation can
be applied to the flow, which admits analytic solutions for
the bubble shape as a function of time. Comparing these
analytical solutions with the experimental shows favora-
ble agreement, which builds confidence in the model and
modeling assumptions. The experimental data is detailed in
the Supplemental Material made publicly available as sim-
ple MATLAB files (McCraney 2023), providing practical
benchmarks for further model development and the verifica-
tion and validation of numerical methods. The lubrication
model solutions validated herein allow one to optimize con-
tainer shapes for specific applications. In space, the results
can be used to design specific capillary fluid elements for
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Table 1 ICF-1,-9 fluid properties, average scales, and average constraints for all runs. Subscript 1 denotes the primary a,; corner

Property Units ICF-1 ICF-9
Density, p kg m™3 950 950
Viscosity, kgm™'s! 0.019 0.019
Surface tension, ¢ Nm™! 0.0206 0.0206
Contact angle, 0 deg 0° 0°
Scales Units ICF-1 ICF-9
Half angle, a; deg 15° 30°
Flow length, L = (3VM/FAS)1/3 mm 216 77
Height, H, = LFy/f, mm 11.6 6.5
Perimeter, P, mm 66 85
Surface area, A, mm? 1100 346
Geometry, F; | - 0.141 0.129
Velocity, W, = osin” a, F; | / uf; mm s~ 1.6 29
Flow rate, 0 = ¥, W, F, ;i /L mm3 s~ 1348 1433
Time, t ~A,L/Q S 982 460
Time offset, 7, - 0.5544 0.0579
Lubrication assumptions Constraint ICF-1 ICF-9
Slender geometry, €; = H, /L e <1 1073 1073
Capillary dominance Box 1 10~ 1074
Low streamwise curvature efy < 1 1073 1073
Low inertia poH, sin*a, /(fu?) < 1 1072 107!
Low normal stress e% sina; < 1 1074 10-3
Low saturation limit s/ -p) <1 10~ 107°
Static CL e fpsin’a, /f; < 1 107" 10710
Concus-Finn wetting 0 <90° —a; Satisfied Satisfied
Fig.6 Results from stepped 1 b 5 C 15
vessel geometries (a, d) ICF-3, 5 z z .
(b,e) ICF-4, and (c, f) ICF-5 — 2 22
plotting (a, b, ¢) advancing z, 1 17
and receding z; bubble fronts h 1 )
and (d, e, f) self-similar menis- 0.5 R 05
cus height (h* — 2)(z, — 7)) + 2, ' '
against axial coordinate z. Each 0 <1 0 <1 0 Z1
color signifies a single bubble
migration experiment, which is 1 2 3 0 S 10 15 0 1 2
compared to theory (black) & t t t

+2 e 2 f 5

© 4

& 1 1 1

g d

o 0 0

< 1 2 0 1 2 0 1 2

z z z

large length scale passive capillary fluidic control for flues,
coolants, and water processing equipment for life support.
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On earth, the results may be employed for passive bubble
management in microfluidic systems.
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Table 2 ICF-3,-4,.-5 fluid properties, average scales, and average constraints for all runs. Subscript 1 denotes the primary a, corner

Property Units ICF-3 ICF-4 ICF-5
Density, p kg m™3 839 839 839
Viscosity, kgm™'s™! 0.0017 0.0017 0.0017
Surface tension, o Nm™! 0.0180 0.0180 0.0180
Contact angle, 6 deg 0° 0° 0°
Scales Units ICF-3 ICF-4 ICF-5
Half angle, deg 45° 25° 45°
Flow length, L mm 60 55 80
Height, H mm 3.2 7.3 2.2
Perimeter, P, mm 107 83 80
Surface area, A, mm? 803 418 400
Geometry, F; - 1/7 0.133 1/7
Velocity, W = o sin® aF,;/ uf mm s~ 313 344 313
Flow rate, Q ~ WF,H? /L mm? s~! 204 1062 26
Time, t ~ A,L/Q s 235 18 308
Time offset, £, - 0.5 0 0.45
Lubrication assumptions Constraint ICF-3 ICF-4 ICF-5
Slender geometry, ¢ = H/L 2«1 1073 1072 1074
Capillary dominance Box 1 10~ 10~ 10
Low streamwise curvature ef <1 1073 1072 1073
Low inertia e2poH sin® a/(fu?) < 1 4 29 107!
Low normal stress e2sinfa < 1 1073 1073 1074
Low saturation limit p/l-p <1 1072 102 1072
Static CL efsin’a/f < 1 1074 1073 103
Concus-Finn wetting 6 <90° —« Satisfied Satisfied Satisfied

! ——

l n u I

20
10

20
10

20

107}

’8\20
£10
< 0

Fig.7 ICF-7 experiment in a side view during bubble migration with and b corresponding bubble height data as detected from the image track-

ing algorithm
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Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00348-023-03677-w.
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