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Abstract

We study the physics of flow through porous materials in twitedent ways: by di-
rectly visualizing flow through a model three-dimensiorzlD) porous medium, and by
investigating the deformability of fluid-filled microcagsa having porous shells.

In the first part of this thesis, we develop an experimentakagch to directly visu-
alize fluid flow through a 3D porous medium. We use this to itigase drainage, the
displacement of a wetting fluid from a porous medium by a netting fluid, as well as
secondary imbibition, the subsequent displacement of tdmewetting fluid by the wet-
ting fluid. We characterize the intricate morphologies & tlon-wetting fluid ganglia left
trapped within the pore space, and show how the ganglia agatigns vary with the wet-
ting fluid flow rate. We then visualize the spatial fluctuatian the fluid flow, both for
single- and multi-phase flow. We use our measurements tatifutre strong variability
in the flow velocities, as well as the pore-scale correlatiorthe flow. Finally, we use our
experimental approach to study the simultaneous flow of Aatletting and a non-wetting
fluid through a porous medium, and elucidate the flow instaslthat arise for sufficiently
large flow rates.

In the second part of this thesis, we study the mechanicalgties of porous spherical
microcapsules. We first introduce emulsions, and desciobetheir rheology depends on
the microscopic interactions between the drops comprigiegr. We then study the for-

mation and buckling of one class of microcapsule — nanapestioated emulsion drops.
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We also use double emulsions, drops within drops, as teagptatform another class of
microcapsule — drops coated with thin, porous, polymernshéle investigate how, under
sufficient osmotic pressure, these microcapsules buakteshow how the inhomogeneity
in the shell structure can guide the folding pathway takea byicrocapsule as it buckles.
Finally, we study the expansion and rupture of microcapsuteler the influence of elec-
trostatic forces. For both buckling and expansion, we shawthe deformation dynamics
can be understood by coupling shell theory with Darcy’s lawflow through the porous

microcapsule shell.
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Chapter 1

Introduction

1.1 Visualizing flow through a model 3D porous medium

Filtering water, squeezing a wet sponge, and brewing caffeall familiar examples
of forcing a fluid through a porous medium. This process is alsicial to many tech-
nological applications, including geological flows, theeogtion of packed bed reactors,
chromatography, fuel cells, chemical release from cofibmhpsules, and even nutrient
transport through mammalian tissués 2, 3, 4, 5, 6, 7]. Such flows, when sufficiently
slow, are typically modeled using Darcy’s latp = pqL/k, wherep is the fluid dynamic
viscosity andk is the absolute permeability of the porous medium; this kelates the pres-
sure dropAp across a length of the entire medium to the flow velocity averaged over a
sufficiently large length scale. However, while appealihgs simple continuum approach
does not explicitly treat local pore-scale variations ia tlow, which may arise as the fluid
navigates the tortuous 3D pore space of the medium. Such #aations can have signifi-

cant practical consequences; for example, they may ressjitatially heterogeneous solute
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transport through a porous medium. This impacts divers@tsins ranging from the dry-
ing of building materials§], to biological flows B, 9, 7], to geological tracer monitoring
[1]. Moreover, many situations, such as groundwater aquéierediation, geological CO
sequestration, oil recovery, and the operation of tricldd beactors, involve the flows of
multipleimmiscible fluids [L]. This imparts further complexity to the flow. For example,
the multi-phase flow can lead to the formation, trapping, obitization of discrete gan-
glia of a non-wetting fluid within the porous medium( 11, 12, 13, 14, 15, 16, 17, 18§].
This phenomenon is particularly relevant to oil recoverlgeve over 90% of the oil within
a reservoir can remain trapped after primary recovery. tstdeding the physics of flow
through a 3D porous medium, on scales ranging from that aidimidual pore to the scale
of the entire medium, is therefore both intriguing and imaot.

Some of this complex flow behavior can be visualized in twothsional (2D) mi-
cromodels 14, 19]; however, a complete understanding of the physics unuhgylhe for-
mation and trapping of ganglia requires experimental nreasents on 3D porous media
[16, 20, 13, 21]. Optical techniques typically cannot be used to direathage the flow
through such media due to the light scattering caused byitfezehces in the indices of
refraction between the different fluid phases and the soéitenal making up the medium
itself. Instead, magnetic resonance imaging (MRD, 23] and X-ray micro computer to-
mography (X-rayuCT) [24, 25, 26, 27] have been used to visualize either the bulk flow
dynamics, or some pore-scale behavior, within 3D porousiamdtbwever, fast visual-
ization, both at pore-scale resolution and over the scatkeoéntire medium, is typically
challenging. While theoretical models and numerical satiahs provide crucial additional

insight [28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 1, 38, 39, 4Q], fully describing the disordered
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structure of the medium can be challenging. Consequerghlpite its enormous practical
importance, a complete understanding of flow within a 3D psemmedium remains elusive.
In the first part of this thesis, we report an approach to Viseaingle- and multi-phase
flow through a model 3D porous medium, at scales ranging flahdf individual pores
to that of the entire medium. We first describe the experialesgppproach [Chapter 2].
We use this approach to investigate drainage, the dispkateai a wetting fluid from a
porous medium by a non-wetting fluid [Chapter 3], as well asdary imbibition, the
subsequent displacement of the non-wetting fluid by theimgeftuid [Chapter 4]. We
characterize the intricate morphologies of the non-wetlimid ganglia left trapped within
the pore space, and show how the ganglia configurations viéintine wetting fluid flow
rate. We then visualize the spatial fluctuations in the fla/{flboth for single- and multi-
phase flow [Chapter 5]. We use our measurements to quangfgttiong variability in
the flow velocities, as well as the pore-scale correlationhe flow. Finally, we use our
experimental approach to study the simultaneous flow of Aatletting and a non-wetting
fluid through a porous medium [Chapter 6], and elucidate the fhstabilities that arise

for sufficiently large flow rates.

1.2 Deformations of porous microcapsules

A microcapsule is a micrometer-scale liquid drop surrouhiofea solid shell; because
this shell acts as a barrier separating the core from thera{tenvironment, microcap-
sules are promising candidates for encapsulating andattaitly releasing many impor-
tant active materials. These include surfactants for ecdgtioil recovery 41], agricul-

tural chemicals42, 43, 44, 45, 46, 47], food additives {18, 49, 50, 51], pharmaceuticals

3
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[52, 53, 54, 55, 56, 57, 58, 59, 60, 61], cosmetic component$P, 63, 64, 65, 66], cells
[67, 68, 69, 70, 71, 72], biochemical sensors’B, 74, 75, 76], catalysts for chemical re-
actions ['7, 78], restorative agents for self-healing materiai8,[80], inks for carbonless
copy paper 1], and electronic inksg2, 83, 84]. These applications often require mi-
crocapsules to have unique mechanical properties, sudteaability to withstand large
deformations. Thus, studies of the mechanical properfiesicrocapsules are essential.
Because microcapsule shells are often porous, understatitkir deformations requires
an understanding of fluid flow through them.

In the second part of this thesis, we investigate the defbilihaof fluid-filled spher-
ical microcapsules having porous shells. We first introderoeilsions, and describe how
their rheology depends on the microscopic interactionséen the drops comprising them
[Chapter 7]. We then describe the formation and mechametdbilities of one class of mi-
crocapsule: nanoparticle-coated emulsion drops [Ch&pt&We also describe how double
emulsions, drops within drops, can also be used to temgiat®tmation of microcapsules
with precisely-controlled geometries [Chapter 9]. We stigate how, under sufficient os-
motic pressure, these microcapsules buckle [Chapter A@laow how the inhomogeneity
in the shell structure can guide the folding pathway takethleymicrocapsule as it buck-
les. Finally, we study the expansion and rupture of micreadgs under the influence of
electrostatic forces [Chapter 11]. For both buckling andagsion, we show that the de-
formation dynamics can be understood by coupling shellrthedth Darcy’s law for flow

through the porous microcapsule shell.



Chapter 2

Experimental approach to visualizing
multi-phase flow in a three-dimensional

porous medium

In this Chaptet, we describe the experimental approach by which we viseiaiizgle-
and multi-phase flow through a model 3D water-wet porous oradWe match the refrac-
tive indices of the wetting fluid, the non-wetting oil, anethorous medium; this enables
us to directly image the structure of the medium, and theirphilase flow within it, in 3D

using confocal microscopy.

1Based on “Visualizing multi-phase flow and trapped fluid cgufations in a model three-dimensional
porous medium”, A. T. Krummé|] S. S. Datta, S. Munster, and D. A. WeitzZAIChE Journal59, 1022
(2013) *Equal contribution.



Chapter 2: Experimental approach to visualizing multi-phdlow in a three-dimensional
porous medium

2.1 Preparation of the medium

We prepare rigid 3D porous media by lightly sinterii@]densely-packed hydrophilic
glass beads, with polydispersity4-6%, in thin-walled rectangular quartz capillaries [sola¢ic
in Figure 2.1]; these have cross-sectional afeasl mmx 1 mm, 1 mmx 3 mm, 2 mmx
2 mm, or 3 mmx 3 mm. The beads have average radius 19, 32, 36, 60, or 7pm, and
the packings have lengths~ 1 — 30 mm. The media thus have lateral dimensions ranging

from approximately 7 to several hundred beads.

2.2 Formulating refractive index-matched fluids

Scattering of light from the interfaces between the wetdng non-wetting fluids, as
well as from the interfaces between the fluids and the begg&ally precludes direct
observation of the multi-phase flow in 3D. We overcome th@sé&dtions by matching
the refractive indices of the wetting fluid, the non-wettwifj and the beads, enabling full
visualization of the multi-phase flow in 33§, 87, 88, 89, 90, 91].

We formulate two different wetting fluids of differing vissities: the less viscous is a
mixture of 91.4 wt% dimethyl sulfoxide and 8.6 wt% water, {ehihe more viscous is a
mixture of 82 wt% glycerol, 12 wt% dimethyl sulfoxide, and ®awater. The viscosities
areu,y = 2.7 mPa s oy, = 110 mPa s, respectively, as measured using a strain-dewtrol
rheometer, and the densities gig~ 1.1 g cm 3 or py, ~ 1.2 g cnT 3, respectively. To
visualize the wetting fluid using confocal microscopy, we &d01 vol% fluorescein dye
buffered at pH = 7.2. We formulate another non-wetting flundhprised of a mixture of

aromatic and aliphatic hydrocarbon oils, obtained fromg@iarLabs. This fluid is undyed,
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porous medium

Quartz

Objective Lens

Figure 2.1:Overview of the experimental approach. (Left) Schematic illustrating the
structure of a typical 3D porous medium and imaging of flowhimitit using confocal
microscopy. (Top Right) Three optical slices, of thickn@93 um and lateral area 912
pum x 912 um, taken at three different depths within a medium comprafdoeads with
average radiua = 75 um. The medium has been saturated with dyed wetting fluid; the
black circles show the beads, while the bright space in betvahows the imaged pore
volume. (Bottom Right) 3D reconstruction of a porous medeomprised of beads with
average radiua = 75 um, with cross-sectional area 910n x 910 um; the image shows
the reconstruction of a section 3pdn high for clarity.

has a viscosityih,, = 16.8 mPa s, and a densipay ~ 0.8 g cnt 3. The interfacial tension
between the wetting and non-wetting fluidsyis- 13.0 mN m~, as measured using a du
Nouy ring; this value is similar to the interfacial tensibetween crude oil and wate®7).
We use confocal microscopy to estimate the three-phasadoangle made between the

wetting fluid and a clean glass slide in the presence of thewedting fluid, 8 ~ 5°.
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porous medium

2.3 3D visualization using confocal microscopy

We exploit the close match between the refractive indicetheffluorescently-dyed
wetting fluid and the glass beads to visualize the structtitbeoporous medium in 3D.
Prior to each experiment, the porous medium is evacuateerwaduum and saturated with
CO», gas; this gas is soluble in the wetting fluid, preventing trenfation of any trapped gas
bubbles. We then fill the medium with the fluorescently-dyesdting fluid by imbibition;

a similar approach is used to saturate a rock core prior ®-ftood experiments. We use a
confocal microscope to image an optical slice, eithgn® 7 um, or 11um thick, spanning

a lateral area of 912m x 912 um within the medium, and identify the glass beads by their
contrast with the dyed wetting fluid, as exemplified by theedishown in Figure 2.1. To
visualize the pore structure in 3D, we acquire a 3D imageksptdenultiple slices, each
spaced by several micrometers alongzli#rection, within the porous medium, as shown
in 2.1. We use these slices to reconstruct the 3D structutreeahedium [Figure 2.1]. The
packing of the beads is disordered; to quantify the porogitgf this packing, we integrate
the fluorescence intensity over all slices making up a stagkisualize the pore structure
of the entire medium, we acquire additional stacks, at theesggoositions, but at multiple
xy locations spanning the entire width and length of the mediwe find ¢ = 414+ 3%
independent of position along the length of the medium, asvehin Figure 2.2; this is
comparable to the porosity of highly porous sandstcis. [ Moreover, @ is similar for
different realizations of a porous medium, as shown by tfferéint symbols in Figure 2;
this illustrates the reproducibility of our protocol.

We repeatedly acquire these image stacks during the mhageflow. The non-wetting

oil is undyed; we thus visualize its flow using its additionahtrast in the measured pore
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Figure 2.2:Porosity @ of porous media is the same for different positions and reata-
tions. We find ¢ = 41+ 3% at multiple positions along the length of the porous mestha
for different porous media prepared in the same way (diffesgmbols).

volume. Moreover, in some cases, we take movies of multiptecal slices, acquired at

the sameyzposition, with~ 10 ms time resolution.

2.4 Measurement of permeability

To quantify the bulk transport behavior, we use differdrgrassure sensors to measure
the pressure drofAP across a porous medium. We saturate the medium with thengetti
fluid and vary the volumetric flow rat@,, over the range- 0.2 — 50 mL h%; by measur-
ing the proportionate variation iAP, we determine the single-phase permeability of the
medium k = uw(QuwL/A) /AP; for example, for a medium composeda= 19 um radius
beads in a capillary with cross-sectional afea 9 mn?, we measur& = 1.67 um?. The
permeability of a disordered packing of monodisperse sshiexr typically estimated us-
ing the Kozeny-Carman relatiok,= 4%% [94]; this yieldsk = 1.59 um?, in excellent

agreement with our measured value.
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Drainage in a three-dimensional porous

medium

One important class of multi-phase flow is drainage, theldtgment of a wetting fluid
from a porous medium by an immiscible non-wetting fluid. Tepdiace the wetting fluid
from a pore, the pressure in the non-wetting fluid at the poteaace must exceed the
pressure in the wetting fluid, as schematized in Figure Big pressure difference is given
by P, ~ y/a, wherey is the interfacial tension between the fluids @nd the radius of the
pore entrancedb, 96, 97]. For a homogeneous porous medium, characterized by pbres o
a single average sizBy is typically much larger than the viscous pressure assatiatth
flow into a pore,~ Lnw(Qnw/PA)/a;, Wherep, is the viscosity of the non-wetting fluid,
Qnw is the imposed volumetric flow rate of the non-wetting fluddis the medium cross-
sectional area, ang is the medium porosity. Consequently, the flow path takermndur
drainage depends primarily on the slight pore-scale vanatfa; [98, 99, 100, 101, 107.

However, many porous media are stratified, consisting ddlfgrstrata characterized by

10



Chapter 3: Drainage in a three-dimensional porous medium

K P

Figure 3.1: Schematic showing invasion of a pore by the nettiag fluid, shown in or-
ange. The pore is initially filled with the wetting fluid, shown blue. If the non-wetting
fluid pressure is too small, the fluid interface is not suffitiecurved, and the non-wetting
fluid does not invade the pore (left). If the non-wetting flaicteeds a threshold, the curva-
ture of the fluid interface is sufficient for the non-wettingidl to invade the pore, displacing
the wetting fluid in the process (right).

different average pore size$, [L03, 104. Such additional variation in the pore structure,
on scales much larger than a single pore, may strongly madéyflow behavior 105,
106, 107, 108 109, 110, 111, 101]. Despite its enormous practical importance, a clear
picture of how the subtle interplay between capillary arstous forces determines the flow
through a 3D stratified porous medium remains elusive. Tdusires direct visualization
of the multi-phase flow, both at the scale of the individuatgsoand the overall strata.
Unfortunately, the medium opacity typically precludesswisualization. As a result,
knowledge of how exactly drainage proceeds within a steatifiorous medium is missing.
In this Chaptet, we use confocal microscopy to investigate drainage wiatib porous
medium. We first study drainage within a homogeneous poradium. We then study
drainage within a heterogeneous porous medium havinglebs#iata oriented along the

flow direction. For the heterogeneous case, we find that ftficently small capillary

2Based on “Drainage in a model stratified porous mediug”S. Dattaand D. A. Weitz, EPL 101,
14002 (2013), “Mobilization of a trapped non-wetting flurdm a three-dimensional porous mediurg’,S.
Datta, T. S. Ramakrishnan, and D. A. Weitz, to be submitted (20413, “Visualizing multi-phase flow and
trapped fluid configurations in a model three-dimensionabps medium”, A. T. Krummél S. S. Dattd,
S. Munster, and D. A. WeitZAIChE Journals9, 1022 (2013) *Equal contribution.
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Chapter 3: Drainage in a three-dimensional porous medium

numbersCa, the non-wetting fluid flows only through the coarsest stratif the medium.
By contrast, above a threshdlh, the non-wetting fluid is also forced laterally into part
of the adjacent, finer strata. By balancing the viscous presdriving the flow with the
capillary pressure required to invade a pore, we show how that thresholdCa and the
spatial extent of the invasion depend on the pore sizess-@@gional areas, lengths, and
relative positions of the strata. Our results thus helpidate how the path taken by the

non-wetting fluid is altered by stratification in a 3D porousdium.

3.1 Drainage in a homogeneous porous medium

To mimic the migration of a non-wetting fluid into a homogenggeological forma-
tion, we first drain a homogeneous 3D porous medium [scheedhin Figure 3.2(a)],
initially saturated with the dyed low-viscosity wettingiti, with the undyed non-wetting
oil at a volumetric flow rateQny = 1 mL h™1. To quantify the competition between the
viscous and capillary forces at the pore scale, we calculeecorresponding capillary
numberCa= pnw(Qnw/A)/y ~ 4.0 x 10~°. This definition ofCafrequently occurs in the
literature, and we therefore use it in this and the next Ghrdptfacilitate comparison be-
tween our results and previous work. However, we note thair@ mccurate representation
of the viscous force would also incorporate the medium ptyr@s the ratio of the viscous
and capillary pressures then scale#ﬁ*éQ‘;,V/Vf/itM = Unw(Qnw/@A)/y instead. We use
this more accurate definition @fain Chapter 6.

ForCa~ 4.0 x 107°, the oil displaces the wetting fluid through a series of imient,

abrupt bursts into the pores; this indicates that a threlstagillary pressure difference must

build up in the oil before it can invade a porell]. This pressure is given byy2os0/a;,
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Figure 3.2:Visualizing drainage within a 3D porous medium(a) Schematic of experi-
mental setup. We directly visualize the flow within the mexdiusing confocal microscopy.
The pore space is initially saturated with the fluorescedylgd wetting fluid, which is dis-
placed by the undyed non-wetting oil. (b) Optical sectiorotiyh part of the medium,
taken as the oil displaces the wetting fluid@#y = 1 mL h™1. Section is obtained at a
fixed z position, away from the lateral boundaries of the mediumgi&rareas show the
pore space, saturated with the fluorescently-dyed wetting, fand the black circles show
cross-sections of the beads making up the medium. Additiolaak areas show the in-
vading oil. The path taken by the oil varies spatially, ansedhe region spanned by the
arrow. (c) Optical section through the same part of the nmmadiiaken after invasion by
~ 9 pore volumes of the oil. Some wetting fluid remains trappeithé crevices and pores
of the medium, as indicated. (d) Time sequence of zoomedocahimicrographs, with
the pore space subtracted; binary images thus show oil ok lals it bursts into the pores.
Time stamp indicates time elapsed after subtracted franppetand lower arrows in the
last frame show wetting fluid trapped in a crevice or in a pogspectively. Scale bars in
(b-c) and (d) are 50@m and 200um, respectively. Imposed flow direction in all images
is from left to right.
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Chapter 3: Drainage in a three-dimensional porous medium

Thin Wetting Film

Figure 3.3: Pore-scale dynamics of drainage depend strongly o6a. Images show
multiple frames, taken at different times, of a single agitglice. The slice is 1um thick
and is imaged within a porous medium comprised of beads wélege radiua =75 um,
with cross-sectional width 3 mm and height 1 mm. The first #ameach sequence shows
the imaged pore space, saturated with dyed wetting fluidd#nk circles are the beads,
while the additional dark areas show the invading undyedldie beads, and the saturated
pore space in between them, are subtracted from the suliddrpraes in each sequence;
thus, the dark areas in the subsequent frames only showheimg oil. Direction of bulk
oil flow is from left to right. The final frame shows the unchargsteady state. Labels
show time elapsed after first frame. (a) At @& = 6 x 10~°, the oil menisci displace the
wetting fluid through a series of abrupt bursts into the paed the invading fluid interface
is ramified over the scale of multiple pores. (b) At high= 4 x 1023, the oil bursts occur
simultaneously, and the invading fluid interface is more paat over the scale of multiple
pores. In both cases, we observe & um-thick layer of the wetting fluid coating the bead
surfaces after oil invasion, indicated in the last frameaafresequence. Scale bars are 200

um.
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Chapter 3: Drainage in a three-dimensional porous medium

wherea; ~ 0.16a is the typical radius of a pore entraneds the average bead radius, and
6 is the three-phase contact andlé,[97, 96, 113 114]. The bursts are typically only one
pore wide [L15, but can span many pores in length along the direction ofdbal flow
[third frame of Figure 3.3(a)]; moreover, the oil remainsitoually connected during flow.
Because the packing of the beads is disordexedhries from pore to pore, forcing the path
taken by the invading oil to similarly vary spatially, as exgified by the optical sections in
Figures 3.2(b, d) and .3[98, 100, 99, 101, 107. Consequently, the interface between the
oil and the displaced wetting fluid interface is ramified fiithe arrow in Figure 2(b)].

As the oil continues to drain the medium, it eventually filleshof the pore space, as
shown in Figure 2(c); however, the smallest pores remain filled with the wgtfluid
[rightmost indicator in Figure .2(c) and lower arrow in Figure.3(d)]. Thin layers of
the wetting fluid,~ 1 um thick, remain trapped in the crevices of the medium, sundeu
ing the oil in the pores [shown by the leftmost indicator iguiie 32(c), the upper arrow
in Figure 32(d), and the indicator in Figure 3.3(a)]; because we usiEa@pmaging, we
can resolve this layer to within hundreds of nhanometers.s Bhiservation provides di-
rect confirmation of the predictions of a number of theosdtaalculations and numerical
simulations 14, 116,117,118 17,119 120 121, 122,123 124, 125, 18, 124.

As the oil bursts into a pore at a speedt displaces the wetting fluid, initially con-
tained within the pore, over a lengththrough the porous medium. This length can be
estimated by balancing the threshold capillary pressuypraximately %/a;, with the
viscous pressure required to displace the wetting fluid dverlengthl, approximately
twovl /k, wherep,, is the viscosity of the wetting fluid andis the medium permeability;

this yieldsl ~ (2yk)/uw@va. Our experimental approach enables us to directly visual-
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Chapter 3: Drainage in a three-dimensional porous medium

ize, and quantify the speed of, individual bursts. For a psnmedium witha = 75 um,
k=75um?, @ = 0.41, and cross-sectional widih= 3 mm, we measure a maximum burst
speedv ~ 10 mm s'%; this corresponds to wetting fluid flow overs (2yk) /tw@va ~ 10
mm. While the details of this flow are complex, this simplelisgpestimate suggests that
the wetting fluid is displaced over a length scale compartablhe width of the porous
medium, spanning many pores in size; this observation isistant with previous mea-
surements of pressure fluctuations during draindgé][ as well as imaging of drainage
through a monolayer of glass bead&§.

To explore the dependence of the water displacement on flogitions, we visualize
the drainage for varyin@a. Unlike the lowCa case, the oil bursts are not successive
during drainage at higher values©a ~ 10— 10~2; instead, neighboring bursts occur
simultaneously, typically in the bulk flow direction [FiguB.3(b)]. As a result, over the
scale of multiple pores, the interface between the invadingnd the wetting fluid is more
compact; this behavior reflects the increasing contriloutibthe viscous pressure in the
invading oil at highe€a[98, 129 12§. As in the lowCacase, we do not observe evidence
for oil pinch off or subsequent reconnection; interestntilis behavior is in contrast to the
prediction that the oil can be pinched off during drainagg( 131, 137. Similar to the
low Cacase, we observe-al um thick layer of the wetting fluid coating the bead surfaces

after oil invasion [L8, 15, 133 17], as indicated in the rightmost panels of Figure 3.3.

3.2 Drainage in a stratified porous medium

To create stratified porous media, we arrange the beadsaradigl strata characterized

by different bead sizes and the same lengtlthe interface between the strata runs along

16



Chapter 3: Drainage in a three-dimensional porous medium

Dyed Wetting Fluid Bead

Area A Length L

I y e w v 7 R
/ : J Q /\\/( ’1 ‘/ ‘ \
- z { j | X
- 7 *
( T ) @ %
= <
/ = == B
( { 0 / N
[ ‘ 5
e S = 4
\ )
1 (
)

Microscope
Objective Lens

Figure 3.4:Geometry of a stratified 3D porous medium.(Left) Schematic of a stratified

porous medium, with parallel strata comprised of diffelyestzed beads. (Right) Optical

section acquired within a porous medium with a coarse anceastimtum; the pore space
is saturated with the fluorescently-dyed wetting fluid, ané black circles show cross
sections of the beads making up the medium.

the direction of fluid flow. The effect of stratification on tHew behavior is exemplified
by flowing the non-wetting oil through a wetting-fluid satig@ porous medium with a
coarse and a fine stratum, comprised of beads with ragies38 um anda; = 19 um,
respectively [Figure 3.4]. The medium has length 4.2 mm and a total cross-sectional
areaA = 1 mn?; the coarse stratum occupies an afga= 0.44A. We flow the oil at a
constant rat&n,y = 0.2 mL h™%, corresponding to a capillary numb@&a = 7.2 x 10~°.
Similar to the case discussed in the previous section, thavaides the medium through
a series of abrupt bursts into the pores, indicating thatesttold capillary pressure must
build up in the oil before it can invade a pore. Interestintig oil flowsexclusivelythrough
the coarse stratum, as shown by the optical slice in Figl@JB.over an observation time

of 30 min.
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Chapter 3: Drainage in a three-dimensional porous medium

To further explore the drainage process, we increase tflewitate toQu,= 0.3 mL h™%,
corresponding t€a = 1.1 x 10~%. Surprisingly, in contrast to th@a= 7.2 x 10~° case,
the oil invades the fine stratum, although only partiallyeroa limited distancel, ¢, from
the inlet, as shown in Figure 3.5(b). After an unchangingdyestate is reached, we flow
the oil at even higher flow rates and probe the resulting gtetade invasion patterns. Inter-
estingly, the fine stratum remains only partially invadediie entire range afaexplored;
however, we find thalt; increases with increasir@a, as shown in Figure 3.5(b-c). This
observation contradicts the idea that the fine stratum isptetely impervious to the oil
[134).

To quantify the partial oil invasion into the fine stratum, ingegrate the fluorescence
intensity in the fine stratum along both tlgeand z directions, for each positior Two
examples, corresponding to the invasion patterns showiguré3.5(b) and (c), are shown
by the upper and lower traces in Figure 3.5(d), respectivély determine the distance
invaded by the oil into the fine straturbs, we apply a low-pass filter to these data and
determine the distance from the inlet to the inflection poirgach filtered curve [points in
Figure 3.5(d)]. Consistent with the optical slices showfigure 3.5(b-c), we find thdt¢
increases steadily with increasi@g@, as shown in the inset to Figure 3.8.

To understand this complex flow behavior, we analyze theiligton of pressures in
the oil as it displaces the wetting fluid. For the oil to invadsore formed by beads of radius
a, the capillary pressure at the oil-wetting fluid interfacashexceed®, = 2ycos6/a;,
wherea; ~ 0.16a[96, 97, 135 136. The capillary pressure required to invade a pore of the
coarse stratunfy,c ~ 1/ac, is thus smaller than that required to invade a pore of the fine

stratum,P, ¢ ~ 1/as; consequently, we expect the coarse stratum to be drairstd Tinis
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Figure 3.5:Optical sections through an entire porous medium with a coase and a fine
stratum, obtained after flow has reached an unchanging steadstate. Imposed flow
direction is from left to right. (a) Oil flows exclusively thugh the coarse stratum fGa =
7.2 x 107°; (b-c) oil also invades part of the fine stratum, up to a lengtlirom the inlet,
forCa=1.1x10"%and 41 x 10~4, respectively. The pore space is initially saturated with
the fluorescently-dyed wetting fluid; black circles are tleadls comprising the medium,
while additional black fluid is the invading oil. Inlet is abgitionx = 0.(d) Fluorescence
intensity in the fine stratum, integrated alongndz, as it varies withx for Ca=1.1x 1074
and 41 x 10~4 as shown by the top and bottom traces, respectively. Smaooies show
filtered data, and arrows show distance invaded by therodetermined from the inflection
points of the curves. The two traces, and correspondingesymare vertically shifted for
clarity.
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Chapter 3: Drainage in a three-dimensional porous medium

expectation is in direct agreement with the observed dgareehavior, shown in Figure
3.5(a).

An additional viscous pressurg,, drives the continued flow of oil through the coarse
stratum; we use Darcy’s law to estimate thiPas) = Lp(Q/Ac)(L —X) /ke. We estimate
the permeability of the coarse stratum to the &, using the Kozeny-Carman relation
ke ~ %ﬁa@ [94]; the relative permeabilitx quantifies the permeability reduction re-
sulting from trapping of the wetting fluid within the crevief the medium, as visible in
Figure 3.5(a). We independently measure: 0.16 using a homogeneous porous medium
constructed and drained in a manner similar to the expetsmeported here.

We hypothesize that the oil begins to invade the fine straturarmthe flow rate is
sufficiently large for the viscous pressure at the i), to balance the capillary pressure

required to invade a pore of the fine stratByy. In non-dimensional form, this criterion is

~Car = OV EK @A 1
CamCa ="516ar L45(1- )2 A &1

We therefore expect drainage through only the coarse siriiuCa < Ca'; for Caabove
this threshold, the oil can also begin to invade the adja@iaetstratum, in agreement
with our observations [Figure 3.5(a-c)]. To test this pegidn quantitatively, we repeat
the experiments on many different stratified porous medigying the bead sizes and
as, medium length_, and the cross-sectional are@sndA.; this enables us to vai@a*
over one order of magnitud€a‘ ~ 10~ — 10~%. For all of the media tested, we observe
exclusive drainage through the coarse stratum below ahbigsalue ofCa, while above
this threshold, the oil also begins to invade the adjaceatdiratum, as shown by the open

and filled symbols in Figure 3.6, respectively. We find that titwreshold for invasion into
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Figure 3.6:For sufficiently small Ca, oil does not invade into fine stratum (open sym-
bols), while for sufficiently large Ca, oil partially invades the fine stratum as well (filled
symbols). Data are shown for different porous media, with differemissrsectional areas,
lengths, and bead sizes; these are thus characterizedfénedtfvalues o€a*, defined in
Equation 3.1. The threshold for invasion into the fine straisiapproximatelCa= 1.4Ca*
(dashed line).
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Chapter 3: Drainage in a three-dimensional porous medium

Figure 3.7:Time sequence of confocal micrographs, taken &a > Ca*, showing flow
of oil (black) from the coarse stratum laterally into the fine stratum, indicated by
arrows in first panel. The flow is characterized fya= 4.7 x 10~4 andCa* = 3.8 x 107>,
Imposed flow direction is from left to right.

the fine stratum is given b§a~ 1.4Ca* over a broad range @&a* [Figure 3.6, dashed
line], in close agreement with our prediction [Equation]3.1

Within this picture, for sufficiently larg€a, oil is forced into the fine stratum not only
from the inlet, but also laterally, from the adjacent coassatum [L37, 138 139. By
directly visualizing the drainage dynamics@a& > Ca*, we confirm this lateral flow, as
indicated by the arrows in Figure 3.7. We therefore expeat the oil invades the fine

stratum for alix < L¢, whereR, exceeds, ¢. Balancing these pressures yields
Li/L=1-Ca"/Ca (3.2)

We test this prediction by measuring the variatiorpfwith Cafor the different stratified
porous media, characterized ®a" ~ 10~°—10~4. For all of the experiments, we find that
L¢/L increases with increasin@a [inset to Figure 3.8], consistent with our expectation.
Moreover, the data for different porous media collapse w@ans rescaled byCa*, as
shown in Figure 3.8, in agreement with Equation 3.2. The figslipresented in Figure 3.6

suggest thata* should be replaced by 4Ca* in Equation 3.2; this yields an excellent fit
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Figure 3.8: Geometry of invasion. (Inset) Distance invamhd the fine stratuml.;, in-
creases with increasin@a; different symbols represent different media characeeriay
different values o€a*. Symbols are the same as in Figure.3s the length of the medium.
(Main panel) Data collapse whéais rescaled bz a*, and agree well with the theoretical
predictionL; /L = 1—1.4Ca" /Ca(dashed line).

to the data, as shown by the dashed line in Figure 3.8. Our Intlogie captures both the
onset and the spatial extent of oil invasion into the finetgtna

To test the generality of our results, we also study media thitee different strata: a
coarse stratum, comprised of beads with radiys- 75um, a fine stratum, comprised of
beads with radiuas = 19um, and an intermediate stratum separating the two, contpoise
beads with radiug,, = 38um. We observe flow behavior similar to the case of two strata:

forCa=1.8x 10~° and 48 x 10~°, the oil flows through the entire coarse stratum, and also
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F Coarse

Intermediate

Fine 1 mm

Figure 3.9: Optical section through part of a porous medium with three stata, ob-
tained after the flow has reached an unchanging steady statdBoth coarse and inter-
mediate strata are completely invaded by the oil (black)ilemtme fine stratum is only
partially invaded, as indicated by the arrow. Imposed floreation is from left to right;
Ca=9.0x107°. The threshol€a* = 2.4 x 10~° and 55 x 10~° for the intermediate and
fine strata, respectively.

partially invades the intermediate stratum; the spatitémxof this invasion increases with
increasingCa. Moreover, at an even high@a= 9.6 x 10>, the oil also partially invades
the fine stratum. The partial invasion into the intermedsatatum requires the lateral flow
of oil from the coarse stratum; we thus expect that, if theitpos of the intermediate
and fine strata are switched, the intermediate stratum besoompletely not partially,
invaded above a thresholth. To test this idea, we study a medium with the fine stratum
separating the coarse and the intermediate strataCAt-a4.5 x 10~°, the oil completely
invades both coarse and intermediate strata, in contréstivé previous case, and in direct
agreement with our expectation [top and bottom strata inrf€i@.9]. Moreover, at an even
higherCa = 9.0 x 10~°, the oil partially invades the fine stratum [arrow in Figur&]3
consistent with the picture presented here. These obgargatonfirm that the flow path
taken by the oil depends not only on the geometry of the iddizi strata, but also on their

relative positions.
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Chapter 3: Drainage in a three-dimensional porous medium

Using direct visualization by confocal microscopy, we dastoate how stratification
alters the path taken by a non-wetting fluid as it drains a 3oyeomedium. For sufficiently
smallCa, drainage proceeds only through the coarsest stratum ah#tum; above a
thresholdCa, the non-wetting fluid is also forced laterally, into parttbé adjacent, finer
strata. Our results highlight the essential role playeddrgscale capillary forces, which
are frequently neglected from stratum-scale models of fiowletermining this behavior.
Because geological formations are frequently stratifieel,ewpect that our work will be
relevant to a number of important applications, includingerstanding oil migratiornif40,

141], preventing groundwater contaminatiomp, 143, and sub-surface storage of €O

[144.
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Chapter 4

Imbibition in a three-dimensional

porous medium

The previous Chapter described drainage, the displaceofientvetting fluid from a
porous medium by an immiscible non-wetting fluid. Anotheportant class of multi-
phase flow is imbibition, the displacement of a non-wettinggffrom a porous medium
by an immiscible wetting fluid. When the 3D pore space is hightordered, the fluid
displacement during imbibition is complex; this can leadh® formation and trapping of
discrete ganglia of the non-wetting fluid within the porouscium [L0, 11, 12, 13, 14, 15,
16, 17, 18. Some of this trapped non-wetting fluid can become modilias the capil-
lary number characterizing the continued flow of the wetflogl, Ca= i (Qw/A)/Y, is
increased 145 146 19, 147, 148 149; uw Is the viscosity of the wetting fluidi is the
cross-sectional area of the medium, gni the interfacial tension between the two flu-
ids. The pore-scale physics underlying this phenomenoairenintensely debated. Visual

inspection of the exterior of a porous medium, as well as ssim&lations, suggest that
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asCa increases, the ganglia are not immediately mobilizedeaust they break up into
smaller ganglia only one pore in sizé50, 151]. These then remain trapped within the
medium, becoming mobilized only for largea. By contrast, other simulations, as well
as experiments on individual ganglia, suggest that thelgadg not break up; instead, all
ganglia larger than a threshold size, which decreases miteasingCa, become mobilized
[86, 152 153 154). The differences between these conflicting pictures, sigthe geomet-
rical configurations of the trapped ganglia, can have sicanifi practical consequences: for
example, smaller ganglia present a higher surface areanptevalume, potentially lead-
ing to their enhanced dissolution in the wetting fluicbf, 15€6. This behavior impacts
diverse situations ranging from the spreading of contanisan groundwater aquifers to
the storage of C®in brine-filled formations. Elucidating the physics ungary ganglion
trapping and mobilization is thus critically importantiever, despite its enormous indus-
trial relevance, a clear understanding of this phenomeaorains lacking. Unfortunately,
systematic experimental investigations of it are chalieggequiring direct measurements
of the pore-scale ganglia configurations within a 3D poroeslinmm, as well as of the bulk
transport through it, over a broad range of flow conditions.

In this Chaptet, we use confocal microscopy to directly visualize the faioraand
intricate morphologies of the trapped non-wetting fluid glanwithin a model 3D porous
medium. The ganglia vary widely in their sizes and shapesiglnngly, these configura-
tions do not vary for sufficiently smala; by contrast, a€a increases above a threshold

value~ 2 x 1074, the largest ganglia start to become mobilized from the madBoth the

3Based on “Mobilization of a trapped non-wetting fluid fromhage-dimensional porous mediung, S.
Datta, T. S. Ramakrishnan, and D. A. Weitz, to be submitted (20h8)“&isualizing multi-phase flow and
trapped fluid configurations in a model three-dimensionabps medium”, A. T. Krummél S. S. Dattd,
S. Munster, and D. A. WeitZAIChE Journals9, 1022 (2013) *Equal contribution.
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size of the largest trapped ganglion, and the total amoutnapped non-wetting fluid, de-
crease with increasinga. We do not observe significant effects of ganglion breakugum
experiments. By combining our 3D visualization with measnents of the bulk transport
properties of the medium, we show that the variation of thegfia configurations witiCa
can instead be understood using a mean-field model balati@ngscous forces exerted

on the ganglia with the capillary forces that keep them teappithin the medium.

4.1 Pore-scale dynamics of secondary imbibition

To mimic discontinuous core-flood experiments on reserxmiks, we first drain a
wetting-fluid saturated 3D porous medium with 15 pore volsmithe non-wetting oil at
a prescribed volumetric flow ra@,y = 1 mL h1 through the porous medium. We then
flow dyed wetting fluid at a fixed volumetric flow ra@&,, as schematized in Figure 4.1; this
process is known as secondary imbibition. To quantify thepetition between the viscous
and capillary forces at the pore scale, we calculate theesponding capillary number,
Ca= uyw(Qu/A)/y ~ 6.4x 10~". This definition ofCa frequently occurs in the literature,
and we therefore use it in this and the previous Chapter ibtéte comparison between
our results and previous work. However, we note that a mocarate representation of
the viscous force would also incorporate the medium poragitthe ratio of the viscous
and capillary pressures then scalegiagQnw/@A)/y instead. We use this more accurate
definition ofCain Chapter 6.

The presence of the thin layers of the wetting fluid profoyreiianges the flow dy-
namics: unlike the case of drainage, discussed in the pre@hapter, the invading fluid

does not simply burst into the pores. Instead, we obsentdthbavetting fluid first flows
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Figure 4.1: Visualizing secondary imbibition within a 3Drpas medium. (a) Schematic
of experimental setup. We directly visualize the flow witllie medium using confocal
microscopy. The fluorescently-dyed wetting fluid displattes undyed non-wetting oil.
(b) Optical section through part of the medium, taken as tegimg fluid displaces the oil
atCa= 6.4 x 107/, Section is obtained at the same fixagosition, away from the lateral
boundaries of the medium, as in Figuredl@®-c). Bright areas show the fluorescently-
dyed wetting fluid, and the black circles show cross-sestiminthe beads making up the
medium. Additional black areas show the oil. The wettingdltirst pinches off oil in
crevices throughout the medium, as seen in the region sgdyrtbe double-headed arrow,
and then bursts into the pores of the medium, starting atrile¢, ias seen in the region
spanned by the single-headed arrow. Some oil ganglia retregiped within the medium,
as indicated. (c-d) Time sequence of zoomed confocal miapbgs, with the oil-filled pore
space subtracted; binary images thus show wetting fluid ievéls it (c) initially pinches
off oil in the crevices, and then (d) invades the pores. Titaegs indicate time elapsed
after subtracted frame. Last frame shows unchanging sttat; arrow indicates a trapped
oil ganglion. Scale bars in (b) and (c-d) are 5@® and 200um, respectively. Imposed
flow direction in all images is from left to right.
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Figure 4.2:Pore-scale dynamics of secondary imbibition depend stromgon Ca. Im-
ages show multiple frames, taken at different times afteindige, of a single optical slice.
The slice is 11um thick and is imaged within a porous medium comprised of bewgith
average radiua = 75 um, with cross-sectional width 3 mm and height 1 mm. The bright
areas show the dyed wetting fluid; the dark circles are thdyeehile the additional dark
areas are the undyed oil being displaced from the pore vaoliirection of bulk wetting
fluid flow is from left to right. The final frame shows the unclyang steady state. Labels
show time elapsed after first frame. (a) At IG&= 7 x 10, the wetting fluid pinches off
the oil at multiple nonadjacent constrictions, then dispathe oil from the surrounding
pores. The wetting fluid eventually flows through a tortuaastinuous network of filled
pores, forming many trapped oil ganglia. (b) At high= 6 x 104, the occurrence of oil
pinch-off is reduced, and the wetting fluid displaces thdroin the pores, leaving a few
small oil ganglia trapped within the medium. Scale bars &@#m.
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through the thin layers, pinching off the oil in multiple ramjacent crevices throughout
the entire mediumi[12, 157, 158 over a period of approximately 60 s, as seen in the re-
gion spanned by the double-headed arrow in Figutéb, in the time sequence shown in
Figure 41(c), and in the time sequence shown in Figure 4.2(a). THawer agrees with
the predictions of recent numerical simulatioi8$. The wetting fluid then also begins
to invade the pores through a series of intermittent, abbuptts, starting from the inlet,
as seen in the region spanned by the single-headed arroguneM1(b) and in the time
sequence shown in Figurel4d). Interestingly, as the wetting fluid invades the mediiim
bypasses many of the pores, leaving discrete oil ganglianyivg sizes in its wake. Many
of these ganglia remain trapped within the pore space, &stedl in Figure 4.(b).

To explore the dependence of oil displacement on flow cahti we visualize sec-
ondary imbibition for varyingCa. Unlike the lowCa case, we do not observe oil pinch-off
at higherCa~ 104 —1073; instead, the wetting fluid displaces the oil from the poess,
shown in Figure 4.2(b). This indicates that flow through thie tvetting layers becomes
less significant a€ais increased. This observation confirms the predictionscémt sim-
ulations [L29 125. However, some of the oil is still bypassed by the wettingifliorming
disconnected oil ganglid pq; in several cases, the ganglia break up into smaller gangli
Many of these ganglia are mobilized from the medium; howewvéew smaller ganglia re-
main trapped [last frame in Figure 4.2(b)]. For sufficientlgig times, these ganglia cease
to move, and the pressure drop across the medium does netalgy change, indicating
that a steady state is reached. These results thus higtilghmhportant role played by the

wetting layers in influencing the flow behavior.
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4.2 Trapped oil ganglia configurations

We use our confocal micrographs to measure the total amdwilttcapped within the
porous medium; this is quantified by the residual oil satoraS, = Vo / @V, wherel, is
the total volume of oil imaged within a region of voluriweand ¢ is the porosity of the
medium. After secondary imbibition &a= 6.4 x 10/, we find S ~ 9%. To mimic
discontinuous core-flood experiments on reservoir roclesthen explore the variation of
Sor In response to progressive increases in the wetting ad For each value o€a,
we flow at least 13 pore volumes of the wetting fluid, thus disthimg a new steady state,
before reacquiring an additional set of 3D stacks. By coimgagach set of stacks with that
obtained during the initial pore structure charactera@ative obtain the 3D morphologies
of the oil ganglia left trapped at ea€ta. The Reynolds number characterizing the pore-
scale flow is given byRe= py(Qu/@A)a /i ~ 8 x 1076 — 8 x 102, wherep, is the
density of the wetting fluida; ~ 0.16a is the typical radius of a pore entrance, anth
the average bead radius; our experiments are thereforaatbared by laminar flow. The
Bond number characterizing the influence of gravity re&ativ capillary forces at the pore
scale is given bBo= g(pw— prw)a?/y~ 1078, wherepny is the density of the non-wetting
fluid, indicating that gravity only becomes appreciable loa tertical length scale of the
entire medium. We therefore neglect gravity from our subsetjtheoretical analysis.

We find thatS,; does not vary significantly for sufficiently sm&k; however, afais
increased above 2 104, S, decreases precipitously, as shown in Figu@ dltimately
reaching only= 7% of its initial value. These results are consistent with tésults of
previous core-flood experiments, which show similar bebrafar fluids of a broad range

of viscosities and interfacial tensions49.
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Figure 4.3:Variation of residual oil saturation S, with wetting fluid capillary number
Ca We normalizeS,, by its maximum value; we find th&,, does not vary significantly
for smallCa, but decreases precipitously@aincreases aboves210~* (dashed grey line).
Residual oil saturation is measured using 3D confocal mgieqehs.
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Figure 4.4:3D renderings of oil ganglia trapped after secondary imbibtion at Ca=
6.4 x 10~7. The left ganglion is spherical and only span$.3 beads in diameter, whereas
the right ganglion is more ramified and spans multiple bedisnderings are produced
using 3D confocal micrographs.

To better understand this behavior, we inspect the reagsistt 3D morphologies of
the individual ganglia for eacBa investigated. At the smalle€ta~ 6 x 1077 —2 x 1074,
the ganglia morphologies vary widely, as exemplified by tie r@énderings shown in
Figure 44. The smallest ganglia are spherical, only occupying sipgtes, and span 0.3
beads in size [left, Figure.4]; in stark contrast, the largest ganglia are ramified, pging
multiple pores, and span many beads in size [right, Figu4¢ 4To quantify the signifi-
cant variation in their morphologies, we measure the lehgtiieach ganglion along the
flow direction, and plot 1-CDft.), where CDF= S5Lp(L)/ S5 Lp(L) is the cumulative
distribution function of ganglia lengths angiL) is the number fraction of ganglia having
a lengthL. Consistent with the variability apparent in the 3D rendgsi, we find that the
ganglia lengths are broadly distributed, as indicated byctttles in Figure 4.

Percolation theory predicts that the number fraction ofgljarwith volumes is, for

larges, given byp(s) 0 s T, wheret ~ 2.2 is a scaling exponenipl, 162, 163. More-
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Figure 4.5: Quantifying variability in ganglion sizes. Complementary cumulative dis-
tribution functions 1-CDF of ganglia lengtlhs measured along the flow direction using
3D confocal micrographs, after secondary imbibition atrageaof wetting fluid capillary
number<Ca. Solid line shows~ L35 scaling. Arrow indicates maximum ganglion length
Lmaxat the lowes€a=6.41x 10~".
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over, the volume of a ganglion varies with its lengtrs@sL%/ ("-1 . Combining these two
relations yieldsp(L) O L~37/("=1 and thereforelp(L) O L~37/(T=D+1 " In our experi-
ments, we measure the complementary cumulative distoib@iinction of ganglia lengths,
1-CDKL) =3°Lp(L)/ S Lp(L). The percolation theory prediction is thus CDF (L) O
L—37/(t-D+2 g L-35 ysingT ~ 2.2; this prediction is in good agreement with the latge
tail of our data, as shown by the solid line in Figure 4.5. Teisult also agrees with re-
cent X-ray microtomography experimen#5[ 164]. We also find that the largest trapped
ganglion has a lengthmax~ 13 bead diameters [arrow in Figure5}; while we cannot
exclude the influence of boundary effects or the limited imggolume, this value is in
good agreement with the prediction of percolation theorgorporating a non-zero viscous
pressurel max~ a(a’Ca/kk)~V/(4V) ~ 9a bead diameters, wheke~ 0.88 is a scaling
exponentga is a constant of order unity, and we use the valug afeasured at the lowest
Ca[165. Taken together, these results suggest that the configusadf the ganglia left
trapped after secondary imbibition can be understood ys#ngplation theory.

As Caincreases, we dootobserve significant effects of ganglia breakup; this oleserv
tion is contrary to some previous suggestiobs]], and confirms the predictions of other
numerical simulations153. Instead, the ganglia configurations remain the same for al
Ca< 2x107%[o, O, andx in Figure 45]. Moreover, we find that the largest ganglia start
to become mobilized from the porous medium, concomitartt tié observed decrease in
Sor, onceCaincreases above 2 10~* [Figure 45]. We quantify this behavior by plot-
ting the variation olLax With Ca. While Linax remains constant at sméll, it decreases
precipitously asCa increases above:210~4, as shown by the circles in Figure64 Re-

markably, this behavior closely mimics the observed vemedf S,; with Ca[Figure 43].
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Figure 4.6: Quantifying variation in ganglion sizes with Ca. Variation of maximum
trapped oil ganglion lengtbnax, Mmeasured along the flow direction using 3D confocal mi-
crographs, and 2.5 times the theoreticglcalculated using Equation 4.3, with the wetting
fluid capillary numbe€a. Similar to the variation of the residual oil saturati&gp, shown

in Figure 3,Lmax does not vary significantly for small wetting fluid capillampmberCa,

but decreases precipitously @a increases above210~4 (dashed grey line). Bothma
andL* do not scale as- Ca?, indicated by the solid line.
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These results thus suggest that the variatiog,pfvith increasingCais not determined by
the breakup of the trapped ganglia; instead, it may reflexibbilization of the largest

ganglia from the medium.

4.3 Physics of ganglion mobilization

To understand the ganglia mobilization, we analyze theidigion of pressures in the
wetting fluid as it flows through the porous medium. Motivatgdprevious studies of
this flow [166, 86, 19], we make the mean-field assumption that the viscous presisap

across a ganglion of lengthis given by Darcy’s law,

_ HwQw
R = K A L (4.1)

The relative permeability < 1 quantifies the modified transport through the medium due
to the presence of the trapped oil. To deterni¥pat eachCainvestigated, we use pressure
transducers to directly measure the variatior @fith Cafor a porous medium constructed
in a manner similar to, and following the same flow procedsrelaat used for visualization
of the ganglia configurations. Interestingky,does not vary significantly for sufficiently
smallCa; however, a€aincreases abovex2104, k quickly increases, concomitant with
the observed decreased3g, as shown in Figure.Z. This observation suggests that the
bulk transport behavior of the medium depends strongly erripping of oil within it. To
guantify the close link between the variationtofand S, with Ca[149, we plotk as a
function of the wetting fluid saturation,-1S,,. Consistent with our expectatiofhg7], we
find thatk increases monotonically with increasing wetting fluid sation, as shown in

Figure 48.
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Figure 4.7:Variation of wetting fluid relative permeability , measured using pressure
transducers, with the wetting fluid capillary number Ca Similar to the variation of
the residual oil saturatiof,;, shown in Figure 3k does not vary significantly for small
wetting fluid capillary numbeCa; however, it increases dramatically@aincreases above
2 x 10~* (dashed grey line).
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For a ganglion to squeeze through the pores of the mediumust simultaneously
displace the wetting fluid from a downstream pore, and belatsg by the wetting fluid
from an upstream pore. To displace the wetting fluid from artkiveam pore, a threshold
capillary pressure must build up at the pore entrance, aansatized by the right set of
arrows in Figure 8; this threshold is given bl = 2ycos6/a;, whereg is the radius of
the pore entrancelp, 97, 96, with an average value: 0.16a for a 3D packing of glass
beads [13 114. Similarly, for the trapped oil to be displaced from an upam pore, the
capillary pressure within the pore must fall below a thréd8has schematized by the left
set of arrows in Figure.8; this threshold is given b, = 2ycos6/a,, whereay, is instead
the radius of the pore itself, with an average vaiu@.24a[114, 113. Thus, to mobilize a
ganglion from the porous medium, the total viscous presgrop across it must exceed a

capillary pressure threshold,

2ycost [ ay
—R = — -1 4.2
- ap (at ) “-2)

Balancing Equations 4.1 and 4.2, we therefore expect tha, givenCa, the smallest
ganglia remain trapped within the medium; however, theatsgpressure in the wetting

fluid is sufficiently large to mobilize all ganglia larger tha

Lmax=L" =

2co90 (ab 1) Kk (4.3)

Ca \a Ja

To critically test this prediction, we compare the variataf bothL 4y directly measured
using confocal microscopy, and, calculated using the measured value®pok, andk,
with Ca. For smallCa, we findLmax < L*, as shown by the first three points in Figuré;4

this indicates that the viscous pressure in the wetting ilsiitbo small to mobilize any

ganglia. Consequentl§g,, does not vary significantly for this range ©f, consistent with
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the measurements shown in Figure 4.3.G%sincreasesl.max remains constant; however,
L* steadily decreases, eventually becoming comparallgfpat Ca~ 2 x 10~4, shown
by the dashed line in Figure@l Strikingly, asCaincreases above this value, we find that
both Lmax andL* decrease in a similar manner, with,ax ~ 2.5L*; this indicates that the
viscous pressure in the wetting fluid is sufficient to moleilimore and more of the largest
ganglia. Consequently, we expe&t to also decrease witBa in this range, in excellent
agreement with our measurements [Figui®] 4T he similarity in the variation of ,,5xand

Sor with Ca, and the close agreement between our meadyrgdand the predictetl* for
Ca> 2 x 1074, thus confirm that the reduction &, reflects the mobilization of the largest
ganglia.

Using confocal microscopy, we directly visualize the dyiesrof secondary imbibi-
tion, as well as the intricate morphologies of the resuliaped non-wetting fluid ganglia,
within a 3D porous medium, at pore-scale resolution. Theimgefluid first flows through
thin layers coating the solid surfaces, pinching off the-maatting fluid in crevices through-
out the medium. It then displaces the non-wetting fluid frdva pores of the medium
through a series of intermittent, abrupt bursts, startnognfthe inlet, leaving ganglia of
the non-wetting fluid in its wake. These vary widely in thezes and shapes, consis-
tent with the predictions of percolation theory. We do nosetve significant effects of
ganglion breakup, contrary to some previous suggestiorséeadd, for smalCa, the gan-
glia configurations do not appreciably change, whil€ass increased above a threshold
value, more and more of the largest ganglia become mobifioed the medium. We em-
phasize that, due to the concomitant variation of the wettinid permeability withCa,

the measuretimay doesnot decrease a8a ! [solid line in Figure 46]; this is in contra-
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Q Wetting fluid flow

Figure 4.9:Physics of ganglion mobilization.2D schematic showing an oil ganglion (or-
ange) trapped within the pore space, with wetting fluid flapimom left to right; beads are

shown by white circles. Dashed lines show threshold cureattequired for the ganglion
to invade the downstream pores or be displaced from theagrstpores.
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diction to results obtained for an isolated gangli@g]] for which the permeability is a

constant, which are often assumed to also apply to a popalafimany ganglia. By cou-

pling the 3D visualization and bulk transport measuremeaptshow that the variation of
the ganglia configurations can be understood by balanciegidtous forces exerted on
the ganglia with the pore-scale capillary forces that ket trapped within the medium.
This work thus helps elucidate the fluid dynamics underlyirgmobilization of a trapped

non-wetting fluid from a 3D porous medium.

Our results provide direct visualization of the multi-pbdbw and the ganglia con-
figurations within a 3D porous medium; moreover, they higiithe applicability of a
mean-field picture in understanding the mobilization ofttla@ped non-wetting fluid. This
work may thus help guide theoretical models or numericautations (e.g. 168 169).
Moreover, because many geophysical flows give rise to rabkitapping, we expect that
our work will be relevant to a number of important applicagpincluding enhancing oil
recovery, understanding the distribution of contaminamtgroundwater aquifers, or the

storage of CQin sub-surface formations.
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Spatial fluctuations of fluid velocities In
flow through a three-dimensional porous

medium

The flow of a single fluid through a 3D porous medium, when sieffity slow, is typi-
cally modeled using Darcy’s law, which relates the presduop across the entire medium
to the flow velocity, averaged over a sufficiently large lérggtale. However, while appeal-
ing, this simple continuum approach neglects local poeteseariations in the flow, which
may arise as the fluid navigates the tortuous 3D pore spadeahedium. Experimental
measurements using optical techniques] 171, 172, 173 174, 175 176, 177,178 179,
180, 181] and nuclear magnetic resonance imagih§ 183 28, 29, 184, 185 confirm
that the fluid speeds are broadly distributed. However gtmesasurements often provide
access to only one component of the velocity field, and omyttfe case of single-phase

flow; moreover, they typically yield limited statistics, elto the difficulty of probing the
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flow in 3D, both at pore scale resolution and over large lersgties. While theoretical
models and numerical simulations provide crucial addéldnsight P8, 29, 30, 31, 32,
33, 34, 35, 36, 37, 1, 38, 39, 40, fully describing the disordered structure of the medium
can be challenging. Consequently, despite its enormousigahimportance, a complete
understanding of flow within a 3D porous medium remains gtusi

In this Chapteft, we use confocal microscopy to directly visualize the hjghdriable
flow within a 3D porous medium over a broad range of lengthes;dtom the scale of in-
dividual pores to the scale of the entire medium. We find thatelocity magnitudes and
the velocity components both along and transverse to thesegpflow direction are expo-
nentially distributed, even when a second immiscible flgittapped within the medium.
Moreover, we find underlying pore-scale correlations infibx, and show that these corre-
lations are determined by the geometry of the medium. The geace is highly disordered
and complex; nevertheless, our results indicate that floid through it is not completely

random.

5.1 Visualizing single-phase flow

We prepare a rigid 3D porous medium composed of beads with32d-2 um, in a
thin-walled square quartz capillary of cross-sectionabd = 9 mn?. The packing has
lengthL =~ 8 mm and porosity ~ 0.41. To visualize the single-phase flow, we formulate
the viscous wetting fluid described in Chapter 2, suspendi@gy vol% of 1um diameter

fluorescent latex microparticles within it. Prior to eaclpestiment, the porous medium is

4Based on “Spatial fluctuations of fluid velocities in flow thgh a three-dimensional porous medium”,
S. S. Datta T. S. Ramakrishnan, and D. A. Weihysical Review Letters11, 064501 (2013).
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Objective Lens

Figure 5.1:Visualizing flow speeds within a 3D porous medium(a) Schematic showing
porous medium and imaging geometry. A portion of the 2D mapetdcity magnitudes
within the medium is shown for (b) single-phase flow, and @)flvith trapped residual oil.
Black circles in (b) show beads making up the medium, whilditazhal black regions in
(c) show residual oil. Scale bars are 50 long, while color scale shows speeds ranging
from O (blue) to 12/ ¢ (red).

evacuated under vacuum and saturated with G&s, which is soluble in the tracer-laden
fluid; this procedure eliminates the formation of trappedtdas. We then saturate the pore
space with the tracer-laden fluid, imposing a constant vetumflow rateQ = 0.2 mL/hr;
the average interstitial velocity is thus givendpyp = (Q/A) /@ = 15 um/s.

To directly visualize the steady-state pore-scale flow, seaiconfocal microscope to
acquire a movie of 100 optical slices in tkg plane, collecting 15 slices/s, at a fixed
position several bead diameters deep within the porousunedtach slice is 1um thick
along thezaxis and spans a lateral area of QI8 x 912 um in thexyplane [Figure 5.1(a)].
To visualize the flow at the scale of the entire medium, we mecadditional movies, at
the same position, but at multiple locations in the plane spanning the entire width and
length of the medium. We restrict our analysis to an arearakbeads away from each

edge of the medium to minimize boundary effects. To reducgemoise, we threshold
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Figure 5.2:Quantifying the variability in the flow. Probability density functions of 2D (a)
normalized velocity magnitudes/(q/¢), (b) velocity orientation angle€}, (c) normal-
ized velocity component along the imposed flow directiary,(q/¢), and (d) normalized
velocity component transverse to the imposed flow directieri(q/¢). Blue circles and
red squares show statistics of single-phase flow throughareesmprised of 32um and
75 um radius beads, respectively, while green triangles shatiststs of flow through the
medium comprised of 3@m radius beads, with trapped residual oil.
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Figure 5.3: Dependence of statistics on window sizeProbability density functions of
normalized 2D velocity magnitudes/(q/¢), for single-phase flow without residual oil
trapping through a medium comprised of beads with averadeise82 um, for square
windows approximately one (diamonds), two (crosses), anddtars) pores across; circles
show data for the entire porous medium. Data are verticéilbedfor clarity.

and apply a median filter to each optical slice. We have vdrifiat the results presented
do not significantly change depending on how the images &eesfil. We have also verified
that the results do not change with depip@sition), for the imaging parameters used.
The ratio of viscous forces to gravitational forces on tlaeér particles is given by
w(9/®)/2(pw— Pp)9a3 ~ 10% — 10°, whereg is gravitational acceleration, agg, ~ 1.23
gecm 3 andpp~1.01g cnm 2 are the densities of the fluid and the particles, respegtivel
moreover, the time required for a particle to settle a valtitstance of 1um, equal to the
thickness of the optical slice, is 10* x 11 um/(q/®) ~ 10 min, approximately 100 times
larger than the time required to acquire one movie. The tonatracer particle to diffuse
its own size is approximatel;yuwa%/kBT ~ 6 s, wherekg is Boltzmann’s constant and~
300K is temperature; this is almost 100 times larger tharithe between two successive

frames of the movies. We thus conclude that the tracer pestere faithfully advected
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with the flow. We note that measurements in two dimensionatemodels suggest that
the tracer particles may not fully sample the smallest fl@idwities near the bead surfaces.
However, we do not expect this to significantly affect the suead distribution of the
larger fluid velocities, which are the primary focus of ourrtwo Moreover, we do not
observe significant differences between the data for parmdia comprised of 3g@m and
75 um beads. The tracer Peclet number, quantifying the impoetah advection relative
to diffusion in determining the particle motion, {g/¢)/(ksT /6may,) > 103; thus, our
experiments only probe the advection motion of the fluid gntcast to other measurements
that measure the combined effects of advection and diffusio

We use the PIVLab package for MATLAB to characterize the flasldfiusing parti-
cle image velocimetry, dividing each optical slice into 28Jinterrogation windows, and
calculating the displacement of tracer particles in eaatdaiv by cross-correlating suc-
cessive slices of each movie. By combining the displacerieldt thus obtained for all
the positions imaged, and dividing the displacements byitied time difference between
slices, we generate a map of the 2D fluid velocitiesgver the entire extent of the porous
medium. This protocol thus enables us to directly visualmeflow field, both at the scale
of the individual pores and at the scale of the overall medikar calibration, we use this
protocol to visualize and confirm the parabolic Poiseuitb/fprofile within a square cap-
illary of cross-sectional width 550m. Moreover, we confirm that PIV performed using
interrogation windows 0.75 and 0.5 times the size of thogel bere yield similar results.

The flow within the porous medium is highly variable, as ithased by the map of ve-
locity magnitudes shown in Figure 5.1(b). To quantify thefhhavior, we calculate the prob-

ability density functions (pdfs) of the 2D velocity magrdes,u = |u|, velocity orientation
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angles relative to the imposed flow directigh,and the velocity components both along
and transverse to the imposed flow directiopn~= ucos@ andut = usin@, respectively.
Consistent with the variability apparent in Figure 5.1\Wg find that both the velocity
magnitudes and orientations are broadly distributed, as/stby the blue circles in Fig-
ure 5.2(a-b). Interestingly, the pdf afdecays nearly exponentially, with a characteristic
speedr 0.5q/ @, consistent with the results of recent numerical simuletia86).

The pore space is highly disordered and complex; as a resutixpect flow through it
to be random, and thus, the motion of the fluid transversegantiposed flow direction to
be Gaussian distributed(), 187]. As expected, the measured pdfiafis symmetric about
ur = 0; however, we find that it is strikingly non-Gaussian, agadhibiting an exponential
decay over nearly four decades in probability, with a chi@réstic speed- 0.25q/ ¢ [blue
circles in Figure 5.2(d)]. The pdf afi. similarly decays exponentially, consistent with
results from previous NMR measuremerit8J; moreover, the characteristic speed along
the imposed flow direction isc 0.5g/¢@, double the characteristic speed in the transverse
direction [blue circles in Figure 5.2(c)]. These resuldioate that flow within a 3D porous

medium may, remarkably, not be completely random.

5.2 Quantifying correlations in the flow

To elucidate this behavior, we characterize the spatiatgire of the flow by examining
the length scale dependence of the statistics shown iné-kar We do this by calculating
the velocity pdfs for observation windows, centered on tmes pore, of different sizes.
Similar to the pdfs for the entire medium, the pdfs for windawe pore in size are broad;

however, they have a different shape, as exemplified by theainds in Figure 5.3. By

51



Chapter 5: Spatial fluctuations of fluid velocities in flowdhgh a three-dimensional
porous medium

contrast, the pdfs for larger observation windows, evesétjast a few pores in size, are
similar to those for the entire medium; two examples are shioyvthe crosses and stars in
Figure 5.3, corresponding to windows two and ten pores acrespectively. This suggests
that the variability of flow within the entire porous mediugflects a combination of the

flow variability within the individual pores and the geometf the pore space.

Another clue to the physical origin of this non-random bebagomes from close in-
spection of the flow field in Figure 5.1(b): we observe torwéiingers”, approximately
one pore wide and extending several pores along the impasgdiitection, over which
the velocity magnitudes appear to be correlated. To quathiifse correlations, we subtract
the mean velocity from each 2D velocity vector to focus onuélecity fluctuationsdu;
we then calculate a spatial correlation function that ayesahe scalar product of all pairs

of velocity fluctuation vectors separated by a distaRee |R|,

_/Ydu(rj)-ou(rj+R)
Cuu(R):< széu(rj)~5u(rj) >

The angle brackets signify an average oveixgltlirections, and the sums are taken over

(5.1)

all positionsrj [189, 190. For smallR, Cyy(R) decays precipitously from one, as shown
by the blue circles in Figure 5.4; this decay is nearly expiaé[Figure 5.4, inset], with

a characteristic length scale of order one pdrel]. Intriguingly, however, we also ob-
serve weak oscillations i@, (R) at even largeR,; this indicates the presence of slight, but
non-zero, correlations in the flow that persist up to distargpanning several pores. We
hypothesize that these oscillations reflect the geomethefpore space formed by the
packing of the beads. To test this idea, we compare the shapg, @) with that of the
pore-space pair correlation function(R), of a random packing of beads similar to that

comprising our porous medium; this function describes todability of finding a point of
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Figure 5.4:Correlations in the flow reflect the geometry of the pore spaceVariation

of spatial correlation function of velocity fluctuation vers, Cy,(R), or pore-space pair
correlation function,f(R), with distanceR. Blue circles and red squares are for single-
phase flow through media comprised of(3& and 75um radius beads, respectively, while
green triangles are for flow through the medium comprised2ofi® radius beads, with
trapped residual oil. Data fdi(R) are taken from18§. Inset shows the same data, plotted
with semilogarithmic axes. Solid arrows indicate posisiof peaks irCy, atR=~ 1, 2, 2.8,
and 3.7 bead diameters, while dashed arrows indicate positif peaks irf (R) atR~ 1.1,

2, 2.7, and 3.5 bead diameters. BGih and f (R) show similar oscillatory behavior, with
peaks and troughs at similar locations.
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the pore space at a distariRaway from another point in the pore space. SimilaCje(R),

f(R) also shows oscillationd Bg; these reflect the local packing geometry of the spherical
beads 197. Moreover, the peaks i@,,(R) occur atR~ 1, 2, 2.8, and 3.7 bead diame-
ters, as indicated in the inset to Figure 5.4, in excellemadence with those observed in
f(R). This close agreement confirms that the correlations in tivedre determined by the
geometry of the pore space.

This disordered geometry forces each fluid element to follaertuous path through
the medium, traveling a total distance larger thanAveraging the distances traveled by
all the fluid elements yields an effective distance travejaml, wherea > 1, often re-
ferred to as the hydrodynamic tortuosity, provides an irtgpdrand commonly-used mea-
sure of the variability of the flow. Acoustidp3, electrical [L93, pressure 194, NMR
[195 196 197], and dispersion]98 measurements, as well as a theoretical calculation
[199, yield a ~ 2 for a porous medium similar to ours. Within the picture preed here,
the distance traveled by each fluid element is approximatébos’ 8; we thus use our
measured velocity orientations [blue circles in Figurgl®)pto directly calculate the tor-
tuosity. We finda = 1.80, in good agreement with the previously obtained valudgs T
provides additional confirmation of the validity of our pice.

To test the generality of our results, we perform similar sugaments on another 3D
porous medium with beads of larger radii, #8 um. The average interstitial velocity
of the imposed flow i}/ @ = 34 um/s. Similar to the case of the smaller beads, we ob-
serve broad, exponentially-decaying velocity pdfs [redasgs in Figure 5.2]; moreover,
the pdfs for both porous media collapse when the velocitiesescaled byy/¢. We again

quantify the spatial correlations in the flow using the fimeC,,(R). As in the case of
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the smaller bead€,,(R) decays exponentially fdR < 1 bead diameter, and also exhibits
slight oscillations at even larg&, as shown by the red squares in Figure 5.4. The close
agreement between the measurements on both porous meéliansathat our results are

more general.

5.3 Visualizing multi-phase flow

As described in the previous Chapter, many important sanaf such as oil recov-
ery, groundwater contamination, and geologicabG@rage, involve flow around discrete
ganglia of a second, immiscible, fluid trapped within thegogpace]]. This trapping dra-
matically alters the continuum transport, presumably duaadifications in the pore scale
flow [200, 201]. However, investigations of this behavior are woefullgkang; scattering
of light from the ganglia surfaces typically precludes dingsualization of the tracer-laden
fluid flow around them. We overcome this challenge by formatp second non-wetting
fluid composed of a mixture of hydrocarbon oils, as describ&hapter 2. To trap residual
ganglia of the oil, we flow it for 30 min at a rate of 10 mL/hr thgh the porous medium
comprised of the smaller beads; we then reflow the tracemlédid at a rate of @ mL/hr,
corresponding to a capillary numb@a= pq/y~ 10~°, wherey ~ 13 mN/m is the interfa-
cial tension between the two fluids. This protocol leads &ftlimation of discrete ganglia
that remain trapped within the pore space, as describedapt€n4; the ganglia are indi-
cated in Figure 5.1(c)I49. The tracer-laden fluid continues to flow around these gangl|
we directly visualize this steady-state flow using confauedroscopy, re-acquiring movies
of optical sections at the same positions as those obtamad@ oil trapping.

Similar to the previous case without residual trapping, ftoe is highly variable, as
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illustrated by the map of velocity magnitudes shown in Fegbrl(c). Because the gan-
glia occlude some of the pore space, the characteristiadspiethe tracer-laden fluid is
larger, ~ 1.2q/¢ [green triangles in Figure 5.2(a)]; moreover, because ftheet-laden
fluid must flow around the ganglia, more velocities are ogdrttansverse to the flow di-
rection [green triangles in Figure 5.2(b)]. As in the cas¢haut residual trapping, we
observe broad, exponentially-decaying pdfs for the veJjammponents [green triangles in
Figure 5.2(c-d)]; however, these pdfs are significantlyaler, indicating that residual trap-
ping introduces additional variability to flow within a 3D s medium. We again use
the measured velocity orientations [green triangles inufedb.2(b)] to directly calculate
the tortuositya. Consistent with previous indirect measuremef®], we finda = 2.24,
higher than the tortuosity measured in the previous casaglfesphase flow; this further
reflects the additional flow variability introduced by rasadltrapping.

We quantify the spatial correlations in this flow using thedtionC,, (R). Interestingly,
as in the previous case without residual trappitg,(R) decays exponentially foR < 1
bead diameter, also exhibiting slight oscillations forrelargerR at the same positions, as
shown by the green triangles in Figure 5.4. This indicataesttie flow remains correlated,
even when a second immiscible fluid is trapped within the mragimoreover, the structure
of these correlations is again determined by the geometityeopore space.

Our measurements quantify the strong velocity variationsimgle- and multi-phase
flow within a 3D porous medium. We find that the velocity magdés and the velocity
components both along and transverse to the imposed floatidineare exponentially dis-
tributed. Moreover, we present direct evidence that the ibogorrelated at the pore scale,

and that the structure of these correlations is determigatidogeometry of the medium.
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The pore space is highly disordered and complex; nevedbetrur results suggest that
flow through it is not completely random.

Finally, we note that our measurements of the velocity fielthiww a porous medium
may provide a way to predict the mechanical dispersion ofegwdes dissolved in the
flowing fluid; an important example of such a solute is a coiamt that dissolves in
a groundwater aquifer. Due to the strong variability in tr@vflvelocities, as the solute

molecules are advected along with the fluid, they spreadigut |
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Chapter 6

Fluid breakup during simultaneous
two-phase flow through a

three-dimensional porous medium

In Chapters 3 and 4, we describe one important class of iplétse flows: forcing one
fluid to displace another immiscible fluid from a 3D porous med Another important
class of multi-phase flows involves tlsgmultaneoudlow of both a wetting and a non-
wetting fluid through the tortuous 3D pore space of the medildue to the interfacial
tension between the two fluids, they are typically thoughfldev through distinct, un-
changing, connected pathwayX®R 204]; indeed, this idea underlies the interpretation of
many multi-phase transport measuremeB@]. However, the validity of this assumption
remains intensely debated. Experimental measurement2bnpmrous medium suggest
that, in some cases, the non-wetting fluid may not simply floseugh a connected path-

way; instead, it can break up into discrete ganglia, oftesnaall as one pore in size, which
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are then advected through the medium by the flowing wettind {206 207, 208, 209.
However, the pore space of a 2D medium is considerably lessembed than that of a 3D
medium R0]; this enhances the propensity of the non-wetting fluid ®alrup in the 2D
case P10, and thus, the applicability of such measurements to 3Dye®media is unclear.
Unfortunately, probing the flow in 3D, at pore-scale resolutis enormously challenging,
due to the opacity of the medium. Consequently, despitedseous practical importance,
a complete understanding of the physics underlying simatias two-phase flow through
a 3D porous medium remains elusive.

In this Chaptet, we use confocal microscopy to directly visualize the stamgous
flow of both a wetting and a non-wetting fluid through a 3D parowedium, at pore-scale
resolution. For small flow rates, both fluids flow through weeging, distinct, connected
3D pathways. At higher flow rates, however, the non-wettinglftontinually breaks up
into discrete ganglia; these are then advected through ddeum. We find that the tran-
sition between connected flow and breakup of the non-wetftind is characterized by
a state diagram that depends on the capillary numbers ofthetlwetting and the non-
wetting fluids,Ca, andCany, respectively; these parameters describe the magnitutie of
viscous forces exerted by the wetting and the non-wettindsJuespectively, compared to
capillary forces. Our results thus reveal and help elueidla¢ diversity of behavior that

arises in two-phase flow through a 3D porous medium.

SBased on “Fluid breakup during simultaneous two-phase flmsugh a three-dimensional porous
medium”,S. S. Dattg J. B. Dupin, and D. A. Weitz, to be submitted (2013).
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6.1 Visualizing multi-phase flow

We prepare a 3D porous medium composed of beads withaadiB6+2 um, in a
thin-walled square quartz capillary of cross-sectionabd = 9 mn¥; the typical radius
of a pore is thusp, ~ 6 um [113 114. The packing has length ~ 2 cm and porosity
@ ~ 0.41. We use the non-wetting fluid and the low-viscosity wettiluid described in
Chapter 2 in our experiments.

We first evacuate the porous medium under vacuum and saituséiie CO, gas, which
is soluble in the wetting fluid, thereby eliminating the fation of trapped bubbles. We
then saturate the pore space with the dyed wetting fluid, estd/fsualize the pore structure
within the 3D medium using a confocal microscope. We do tiiadguiring optical slices
at a fixedz position several bead diameters deep within the mediunty slace is 11um
thick along thez axis and spans a lateral area of Q12 x 912 um in thexy plane. We
repeatedly acquire slices at multiple locations inxiplane spanning the entire width and
length of the medium; by combining these, we obtain a map@ptire structure over the
entire extent of the porous medium. We identify the glassibdxy their contrast with the
dyed wetting fluid.

To investigate the multi-phase flow, we simultaneously flmthithe wetting fluid and
the oil at independently-controlled volumetric flow rat€g, = 0.2 mL h~1andQuw = 5.0
mL h™1, respectively; the experimental geometry is schematizdtigure 6.1(a) and Fig-
ure 6.2. Because the oil is undyed, we identify it by its addal contrast with the dyed
wetting fluid in the imaged pore space. The oil initially flom$o the medium through a
series of abrupt bursts into the pores, remaining connexdetflows; this behavior indi-

cates that a threshold capillary pressurg/a, must build up in the oil before it can invade
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d Quartz Capillary_ Glass Beads
Wetting Fluid Flow s e
Microscope Objective Lens
=" Wetting Fluid oil

¥

Glass Bead Oil

Figure 6.1: Connected flow at low flow rates during simultaneous two-phaes flow
through a 3D porous medium. (a) Schematic showing porous medium and imaging ge-
ometry. The oil flows at a rat®, through a circular tube inserted coaxially in a larger
square quartz capillary, whereas the wetting fluid flows ata@,, through the intersti-
tial space between the circular tube and the square cgpillaportion of a 2D confocal
section within the medium is shown for (Q)y = 0.2 mL h~! andQnw= 5.0 mL h™%, and

(c) Qw = 50.0 mL h™! andQpny = 5.0 mL h™L. Black circles show beads making up the
medium, while additional black regions show a section tgtothe flowing oil. Scale bar
is 500um long. The oil flows through an unchanging, tortuous, cote®8D pathway in
both cases; an example of a 3D reconstruction is shown in&igu3. The imposed flow
direction is from left to right.
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Figure 6.2: Schematic showing inlet geometry used in the experimentsThe non-
wetting fluids flows through a tube inserted coaxially in theaqz capillary, while the
wetting fluid flows in the crevices between the tube and thetgwapillary.

a pore. Because the packing of the beads is disordered, ttheagan by the oil is tortuous;
once it traverses the entire medium, the oil continues to floaugh this unchanging, con-
nected 3D pathway, as exemplified in Figures 6.1(b) and 6 8v#\fy that the oil flows
through this pathway by monitoring its ejection at the dutfethe porous medium.

To further explore the two-phase flow, we progressivelyease the wetting fluid flow
rate. ForQ, < 1250 mL h™1, the oil slightly reconfigures its flow path each tif@g is
changed [Figure 6.1 (b-c)]; it then continues to flow throtigis connected 3D pathway.
We observe dramatically different behavior at even largew ftates: instead of simply
flowing through a connected 3D pathway, the oil continuatigais up into discrete gan-
glia, several pores in size, as shown in Figure 6.4(a). Thglgeare then advected through
the pore space by the flowing wetting fluid. This is a dynamaxpss 206, 207]: the oll

ganglia continually break up and coalesce, temporarilyobeeg immobilized at some
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Figure 6.3:3D reconstruction of tortuous, connected oil pathway, dunng simultaneous
flow of oil and a wetting fluid through a 3D porous medium. The beads are not shown
for clarity; the red shows the oil as it flows through the pgrace. Perspective is looking

along the+x direction.
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pore entrances and eventually being pushed through othkirsately becoming mobi-
lized from the medium. These observations contradict tka itiat the oil flows through
an unchanging, connected pathwag3 204, 205.

We next investigate the influence of increasing the oil flote raVe progressively in-
creaséQny, starting at ® mL h™1, fixing the wetting fluid flow rate a,, = 25.0 mL h™L.
The oil again flows through an unchanging, connected 3D pathsimilar to those shown
in Figures 6.1(b-c) and 6.3. Similar to the increasijgcase, the oil slightly reconfigures
its flow path each tim&,,, is changed; it then continues to flow through this connecizd 3
pathway. Intriguingly, aQnw = 5.0 mL h™1, sections of this connected 3D pathway inter-
mittently break up into discrete ganglia, several poresz@. At even higher flow rates, we
again observe that the oil continually breaks up into diecganglia, as shown in Figure
6.4(b). Similar to the breakup observed in the case of isingeQ,,, these ganglia are
advected through the pore space by the flowing wetting flund,aae ultimately mobilized
from the medium. Our experiments thus demonstrate thaguficiently large fluid flow
rates, the two fluids doot flow through distinct, unchanging, connected 3D pathways, a
is often assume®3 204, 209; instead, we observe a transition to a state in which the oil

is continuously broken up into discrete ganglia.

6.2 Understanding the fluid breakup

The first class of connected-to-broken up transition octuricreasingQ,,. We ob-
serve that, as the oil flows into the porous medium, it is dyibkoken up into large gan-
glia, many pores in size; a representative example is shawhe first frame of Figure

6.4(a). The wetting fluid pushes part of this ganglion foviarrows, first two frames of
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Figure 6.4: Oil breaks up for sufficiently large flow rates during simultaneous two-
phase flow through a 3D porous medium.Images show multiple frames, taken at dif-
ferent times, of a single optical slice, with the beads amdpbre space subtracted; thus,
the dark regions in each frame only show the oil as it flows. ifiy@osed flow direction
is from left to right. (a) AtQw = 1250 mL h™! andQuw = 5.0 mL h™1, the wetting fluid
breaks the oil up into smaller, discrete ganglia. (bY= 50.0 mL h™! andQu = 25.0
mL h™1, the oil breaks up as it flows around the beads forming theysomeedium. Labels
show time elapsed after first frame. Scale bars argridong.
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Figure 6.4(a)], ultimately breaking it off. This processrs additional, smaller ganglia
[arrows, third frame of Figure 6.4(a)]. The ganglia are émahy advected through the
pore space by the flowing wetting fluid [arrows, last two franoé Figure 6.4(a)]. This
behavior is reminiscent of drop formation in a microfluiditacnel P11, 217, in which
the viscous drag exerted by a flowing wetting fluid tears éigcdrops off a coflowing oil
stream. Moreover, similar to the case of drop formation, ®eove that the size of the oil
ganglia formed decreases with increas@@g We thus hypothesize that a similar mech-
anism drives this connected-to-broken up transition. Wenade the pore-scale viscous
drag force as- pwawap, Whereqy = Qu/ @A is the average interstitial velocity in the case
of single-phase wetting fluid flow. The oil breakup is residtg the capillary force- yay,;
balancing these two forces yields a criterion for breakC@y = twgw/y > C&,, where
C4q, is a threshold capillary number. We thus expect the oil takrg at sufficiently large
values ofCa,, consistent with our experimental observations.

The second class of connected-to-broken up transitionredouincreasing,w. This
transition is particularly counterintuitive: increasitige flow rate of a non-wetting fluid in
a coflowing stream typicallimpedests breakup into drops2[l1, 213 217. A clue to the
physical origin of this transition comes from close insp@tof the oil breakup process;
a representative example is shown in Figure 6.4(b). As th#owvs, it collides with a
bead making up the porous medium, indicated by the blue arrdie first two frames of
Figure 6.4(b). It then flows around the entire bead, breakminto two smaller ganglia
in the process [leftmost red arrows, second frame of Figutéhll. These smaller ganglia
continue to be advected through the pore space by the flowattyng fluid [arrows, last

three frames of Figure 6.4(b)]. This behavior is reminiscdithe breakup of a non-wetting
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fluid as it flows past an obstacle in a microfluidic chanrdl4 215; in such a situation,
for small fluid flow rates, the capillary force causes the maiting fluid to squeeze into
one the gaps around the obstacle, moving past it with brgaly contrast, at sufficiently
large flow rates, the viscous force driving the flow of the megtting fluid causes it to flow
around the entire obstacle, and the fluid breaks up in theepgocWe hypothesize that
a similar mechanism drives this connected-to-broken upsitian. We estimate the pore-
scale viscous force driving the oil flow aspnwOnwap, Wherednw = Qnw/ @A is the average
interstitial velocity in the case of single-phase oil fluioMil The pore-scale capillary force
is again given by~ yap; balancing these two forces yields another criterion feakup,
Canw = Unwlnw/Y > Ca&),,, WhereCa,, is a threshold capillary number. We thus expect
the oil to break up at sufficiently large values@é,, consistent with our experimental

observations.

6.3 State diagram for the connected-to-broken up transi-
tion

Within the picture presented here, the breakup of the oilcéor sufficiently large
values of the wetting fluid and non-wetting fluid capillarynnioers Ca, andCay,, respec-
tively. To rigorously test this hypothesis, we perform sanmeasurements over a broad
range of flow rates ranging from 0.2-250.0 mt*husing different fluids characterized by
viscosities ranging from 2-110 mPa s, on different 3D poroesia characterized by cross-
sectional areas ranging from 4-9 rhiand bead radii ranging from 36-@0n; we thus vary

the capillary numbers over the ranGa, ~ 1078 — 101 andCany ~ 107> —10~1. We
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summarize our observations using the state diagram showigime 6.5. In all cases, we
observe that the oil flows through an unchanging, connedbede@hway for small values
of Ca,y andCany, shown by the unfilled symbols in Figure 6.5; however, aseeifla, or
Canw increase, this pathway begins to intermittently break pws by the grey symbols
in Figure 6.5. At the largest values G&,, or Cayy, the oil continually breaks up into dis-
crete ganglia, as shown by the black symbols in Figure 6.Bhaldata appear to collapse,
supporting the validity of our picture.

The first class of connected-to-broken up transition ocalnsnCa,, exceeds a thresh-
old value,Ca},; we use our measurements to estimate this vabag,= 7 x 104, Inter-
estingly, this value is much smaller than the threshold fopdormation in a microfluidic
channelCg}, ~ 1. We speculate that this difference reflects the disordeae#ling of the
beads. Indeed, direct visualization using confocal mwopy shows that, even in the case
of single-phase flow, the velocity of the flowing wetting flgdn be over an order of mag-
nitude larger thamy,, due to the tortuosity of the pore spa&if]. In our experiments,
the co-flowing oil phase occupies a large portion of the ppees, imparting even more
variability to the wetting fluid flow. We thus expect that ther@-scale viscous drag forces
can be significantly larger than the value we use in our siragtenate u,qwa; this leads
to a corresponding reduction @gj,.

The second class of connected-to-broken up transitionreaghenCa,,, exceeds a
threshold valueCa,,; we use our measurements to estimate this vaag, = 5 x 1073,
Interestingly, this value is comparable to the thresholdtlie@ breakup of a non-wetting
fluid as it flows around an obstacle in a microfluidic chan@é] 215.

Motivated by the collapse of the data in Figure 6.5, we suigties the connected-
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Figure 6.5:State diagram of the connected-to-broken up transition forsimultaneous
two-phase flow through a 3D porous medium as a function o€a, and Cayy. Open
symbols represent flow of the non-wetting fluid through a emted 3D pathway, grey sym-
bols represent intermittent breakup of this pathway, aadkbsymbols represent continual
breakup of the oil into discrete ganglia, which are advetiedugh the pore space. Each
symbol shape represents a different viscosity, bead sizgrous medium cross-sectional
area. Circles:uy = 1100 mPasa= 36 um, A= 9 mn?. Squares:ty = 2.7 mPas,
a=36 um, A= 9 mn?. Upward trianglesy, = 1100 mPasa= 36 um, A =4 mn¥.
Diamonds:uy, = 2.7 mPa sa= 36 um, A= 4 mn?. Downward trianglesg, = 2.7 mPas,
a=60um,A=9 mnt.
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to-broken up transition occurs when the sum of the viscousefexerted on the flow-
ing oil exceeds capillary forces at the pore scale; this easummarized a€a,/Ca, +
Canw/Ca;,, ~ 1. We find good agreement between this relation and our erpetal mea-
surements, as shown by the curve in Figure 6.5. This furtingparts the validity of the
picture presented here.

Our measurements reveal and help clarify the rich behatiair arises when both a
wetting and a non-wetting fluid are forced to flow through tleegpspace simultaneously.
Using direct visualization by confocal microscopy, we shbet, for sufficiently low fluid
flow rates, both fluids flow via distinct, unchanging, coneec8D pathways through the
medium, as is typically assumed. At sufficiently large flotesa however, the non-wetting
fluid is continuously broken up into discrete ganglia, whack then advected through the
pore space by the wetting fluid. We suggest that this tramsiiccurs when the viscous
forces exerted on the flowing non-wetting fluid exceed capilforces at the pore scale.
Such a transition may arise in multi-phase transport measents, which are often per-

formed at capillary numbers comparable to those exploreel [203, 204, 217, 21§.
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Rheology of emulsions

Emulsions are suspensions of droplets of one immiscibld fluianother. They are
widely used in technological applications requiring thensport and flow of the dispersed
fluid; these include oil recovery, food products, pharmagyg] coatings, and cosmetics.
The droplets are typically stabilized by a surfactant adedron their interfaces; this en-
sures that there is a short-range repulsive interactiondst them, which prevents their
coalescence. Such a repulsive emulsion becomes a disorelasic solid as it is com-
pressed: this behavior can be characterized by the complkear snodulusG*(w) =
G'(w) +iG"(w), whereG' is the storage modulu§” is the loss modulus, ang is the
angular frequency. For droplet volume fractiops approaching random close packing of
spheresgrcp~ 0.64, from below, a repulsive emulsion exhibits a weak eldgtibat arises
from thermal fluctuationsq19. By contrast, ifg is increased abovgrcp, the droplets are
forced to deform; as a result, the elasticity is determingthle Laplace pressure scale of
the dropletsg/a, whereo is the interfacial tension between the dispersed and aontin

ous phases and is the average droplet siz€19. Even though it can act as an elastic
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solid, such an emulsion can nevertheless be made to flow easiy: the imposition of
sufficiently large shear causes it to yield. This behaviar ba elucidated using oscilla-
tory measurements @&’ and G” performed at constarb and varying maximum strain
amplitudey. The viscoelastic moduli of a repulsive emulsion abgeep become strain-
dependent for sufficiently largeas the emulsion yields. For increasinghe nonlineaG”
exhibits a single, well-defined peak at a strgirbefore falling as/V'; G’ concomitantly
decreases as ' with v/’ ~ v/ /2 [219, 220, 221]. The pronounced peak i@” is a charac-
teristic feature of soft glassy materials; it is a directs®gquence of a structural relaxation
process and thus provides an effective way to charactenieilyg [221]. This approach
is particularly useful for repulsive emulsions abagg p, for which the peak ifG” reflects
the irreversible rearrangements of the densely-packqueteo 20, 227.

Another widely-encountered class of emulsions is charaet by droplets with addi-
tional attractive interactions between them. In stark @sitto the repulsive case, such an
attractive emulsion can form an elastic solid evengarell below grcp [223; the bonds
between droplets result in a connected network of aggredjaét can support a shear stress
[223 224, 225 226. As a result, an attractive emulsion must exhibit différdow and
yielding behavior 227. However, despite its broad industrial applications,atiyahow
this behavior occurs is unknown. Thus, measurements ofhltheacteristicy-dependent
yielding of attractive emulsions are essential to elu@daiw emulsion rheology depends
on interdroplet interactions.

In this Chaptet, we explore the rheology of attractive emulsions usingliagory mea-

surements over a range @f For increasing, G”(y) of attractive emulsions belogkcp

6Based on “Rheology of attractive emulsion§’, S. Datta D. D. Gerrard, T. S. Rhodes, T. G. Mason,
and D. A. Weitz Physical Review 84, 041404 (2011).
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exhibits a single peak at a strgih< ;' that increases wittp. By contrastG’(y) of attrac-
tive emulsions abovgrcp exhibits two peaks aff andy; ~ V', unlike the repulsive case;
these reflect two distinct structural relaxation proces3é® time scales of both of these
processes vary with shear rateyas’ with v ~ 0.8— 1. Our results provide insight into
the elasticity and yielding of attractive emulsions andlight the sensitivity of emulsion

rheology to attractive interactions.

7.1 Formulation of emulsions

We use emulsions comprised of silicone oil droplets digzkia formamide, a sol-
vent with negligible evaporation; the droplets are stdigcstabilized by Pluronic P105, a
non-ionic amphiphilic copolymer2Rg. The mechanical measurements are performed at
T = 23°C on strain- or stress-controlled rheometers (TA ARES G2mtoA Paar Physica
MCR 501, respectively) using a parallel-plate geometrye $ample environment is con-
trolled using a solvent trap. The plates are roughened targdite wall-slip, and we verify
that measurements are independent of the gap size; furbherthe results are similar to
those obtained using a cone-and-plate geometry, indg#tiat they are not significantly
influenced by the non-uniform strain field characteristi@aqdarallel-plate geometry. We
pre-shear the samples prior to each measurement by impa&fg?® constant shear-rate
flow for 30s, followed by oscillatory shear gf decreasing from 300% to 0.01% over a
period of 230s. We do not observe sample creaming over theuresaent duration.

At the temperature and concentrations used here, P105 foesig-dispersed globular
micelles in formamide with radiuay, = 6.5nm, aggregation numbex, = 31 and criti-

cal micelle concentration® = 20.2mM [229. These micelles induce attractive depletion
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interactions between emulsion droplet$(], whose magnitude at interdroplet contakt
we calculate using the Vrij mode2B1]: U /kgT = 4maaNa(c — ¢*)/vm, Wherea is the
average droplet radius,is the P105 concentratiokg is Boltzmann’s constant, is tem-
perature, and\ is Avogadro’s number. These interactions preserve a lating layer of
formamide between the droplets, and hence are pairwiseosgnimetric and do not resist
bending. Because ions do not appreciably self-dissoamtermamide, and because we
use a non-ionic surfactant, we do not expect electrostatipkay a significant role432.

To investigate the influence of attraction on the rheologgratilsions, we prepare re-
pulsive emulsions witkl =0 (c=7mM < c¢*) and attractive emulsions with = 7—9kgT
(c=26.8—287mM) over a range op using high-shear rate homogenization or sonication
with a probe tip. We densify the emulsions using centrifiayaaind verify that they are
stable against coalescence and Ostwald riperdg[ We measurer = 6 — 9mN/m using
a du Nouy ring. The oil volume fractiop is determined by measuring the masses of all
components making up a sample. The droplets laavel 00, 106, or 128nm and relatively
low polydispersity~ 30— 35% as measured using dynamic light scattering. We also ac-
count for the thickneskof the surfactant layer adsorbed at the droplet surfacebtiro
the effective volume fractioms ~ @(1+t/(a—t))3. We estimate ~ 3.1nm based on
neutron scattering data?9 228 and further verify this by fitting viscosity measurements
of dilute repulsive samples to simulation data approptfi@ateemulsions 220, 234]. This
estimate fot is likely to be unchanged even at the highgestudied: the pressure required
to compress the surfactant layerkgT /s°, wherers® is the interfacial area per polymer
molecule, is approximately two orders of magnitude largeamtthe maximum osmotic

pressure exerted on the droplet®.10/a[235 219.
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To test the generality of our results, we also study silicoién-water emulsions sta-
bilized by an ionic surfactant, SDS. All of the data presdntethis Chapter are for the
oil-in-formamide emulsions stabilized by P105, with theception of Figures 7.7 and
7.8, which present data for the oil-in-water emulsions iitaal by SDS. These are well-
defined and stable model systems characterized by very wedks({) or strong & 1kgT)
attractive interdroplet interactions using an SDS corregion only slightly greater than
or significantly greater than the critical micelle concatibn €* ~ 8mM), respectively
[230, 219 236. We prepare the emulsions using depletion fractionatio@droplets have
a = 250nm and have low polydispersity 10%. To investigate the influence of attraction
on the rheology of emulsions, we study repulsive emulsioitis W < 1kgT (c = 10mM)
and attractive emulsions with ~ 21kgT (c =200mM). The effective volume fractiop ¢
is defined to incorporate the effects of the thin liquid filmivibeen adjacent droplets due to
their electrostatic repulsion. We study the emulsionsgiestillatory rheology on a strain-
controlled rheometer using a roughened cone-and-plateggpwith a vapor trap. Further
details and the rheology data for the SDS-stabilized répksmulsions are presented in

[219, 236.

7.2 Frequency-dependent mechanical response

The elastic behavior of emulsions is characterized yindependent regime &' (w);
two examples, a repulsive emulsion wiglss = 0.70 and an attractive emulsion with
@i = 0.73, are shown in the top curves of Figures 7.1 and 7.2, respBct Repulsive
emulsions are solid-like when packed abgrepbut become fluid-like ag. ¢ ¢ is decreased

belowgrcp[Figure 7.1] R19. By contrast, attractive emulsions are solid-like overidexr
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Figure 7.1:Repulsive emulsions become fluid-like below random close pking. Lin-
ear storage and loss modu/(w) (solid points) and3”(w) (open points), of repulsive
emulsions withJ = 0, a= 128nm, andp.;¢ ~ 0.70, 0.65, and 0.60 (progressively lighter
colors).

range of@ ¢+ [Figure 7.2]. To summarize this behavior, we plot the plateedulusG},,
measured ab = 1 rad/s, as a function @k ;. Abovegrcp, G’p has the same magnitude for
both attractive and repulsive emulsions as shown in FigieThis indicates that the elas-
ticity in both cases is dominated by the repulsive forceseing the droplets. However,
G” is an order of magnitude larger for attractive emulsions;aapared to the repulsive
case [Figure 7.3]. For repulsive emulsioﬁﬁ, drops precipitously agy¢ is decreased
below ¢rcp, indicating that the droplets are no longer compres2ad|{ by contrast, the
elasticity of attractive emulsions persists far belgwp, as shown by the upper symbols in

Figure 7.3.
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Figure 7.2:Attractive emulsions are elastic both above and below randwm close pack-
ing. Linear storage and loss moduli, (&f(w) and (b)G”(w), of attractive emulsions
with U ~ 9kgT, a = 100nm, andp.;¢ ~ 0.73, 0.70, 0.66, and 0.62 (progressively lighter
colors). For clarity,G' and G” data are multiplied by a factor of 0.5, 0.2, or 0.07 for
@t =0.70,0.66, or 0.62, respectively.

7.3 Strain-dependent mechanical response

To elucidate the microscopic mechanisms for emulsion flosvinwvestigate the yielding
of emulsions with differentp. s+ by measuring thg-dependence o’ andG” atw =1
rad/s. Repulsive emulsions abagg-pbegin to yield at;* ~ 10% andG” exhibits a single,
well-defined peak at this strain, as indicated by the arrowigure 7.4 P19, 220, 221].
Attractive emulsions abov@zcp begin to yield at much smaller strain. Unexpecte®y,
exhibits two well-defined peaks, a first gt~ 1% < ) and a second gt ~ V", before
falling asy"", as indicated by the arrows in Figure 7.5(b). Corresponii@f decreases
weakly fory > 0.5% before falling ag/' for y > 10%, withv” ~ v’ /2 [Figure 7.5(a)].

By contrast,G” of attractive emulsions belogkcp only exhibits a single peak at, as
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Figure 7.3:Elasticities of attractive and repulsive emulsions diffetbelow random close
packing but are similar above it. Linear storage and loss moduli, (solid points) ands”
(open points), measured at= 1 rad/s, normalized by the Laplace pressaye, for both
attractive and repulsive emulsions of varyiqg ;. Attractive emulsions havae= 128nm,

U ~ 9kgT (circles),a=106nmU = 7kgT (upward triangles), and= 100nmU =~ 9kgT
(squares); repulsive emulsions hawve- 128nm (diamonds) and = 106nm (downward
triangles). The interfacial tensian= 6 —9mN/m for the range of surfactant concentrations
used. Previous measurementsGH (solid line) andG” (dashed line) for monodisperse
repulsive emulsions2[l9, horizontally shifted to account for polydispersity, agrwith
our data. We findgrcp~ 0.68— 0.72, characteristic ofrcp for spheres of comparable

polydispersity P37.
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Figure 7.4:Repulsive emulsions above random close packing exhibit opeak in G”(y)

at y* while those below random close packing do not exhibit a pealniG”(y). Vis-
coelastic moduliG'(y) andG”(y) measured ato = 1 rad/s of repulsive emulsions with
U =0,a=128nm, andp.t{ ~ 0.70, 0.65, and 0.60 (progressively lighter colors).
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Figure 7.5: Attractive emulsions above random close packing exhibit tw peaks in
G’(y) at yi and y; while those below random close packing exhibit one peak at.
Viscoelastic moduliZ’(y) andG”(y) measured ab = 1 rad/s of attractive emulsions with
U ~ 9%gT anda = 100nm (a-b) abovercp (@1t ~ 0.73 and 0.70, progressively lighter
colors) and (c-d) belowgrcp (@1 ~ 0.66 and 0.62, progressively lighter colors). For
clarity, G andG" data are multiplied by a factor of 0.7, 0.3, 0.8, or 0.2 forte@g ¢ going

from top to bottom. Straight lines indica®,G” ~ y~¥~v" for largey.
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Figure 7.6:Position of peaks inG”(y) for varying ¢.ts. Lower symbols represen,
upper symbols represent eithgror y;". Attractive emulsions have= 128nm\U ~ 9kgT
(circles),a= 106nm\U =~ 7kgT (upward triangles), and = 100nm,U =~ 9kgT (squares);
repulsive emulsions havee= 128nm (diamonds) anal= 106nm (downward triangles).

shown in Figure 5(d), an@' decreases smoothly for> 0.01— 1% [Figure 7.5(c)].

To understand these results, we examinegityg-dependence of;. Below ¢rep ¥y
decreases with decreasigg 1, as shown by the lower symbols in Figure 7.6; interestingly,
this is similar to behavior predicted for particulate calla gels connected by “weak links”
[23g. The elasticity of these emulsions results from the ativaénterdroplet bonds; these
induce the formation of a stress-bearing connected neteariprised of compact droplet
aggregates]24, 225 226. We expect the elasticity to be dominated by the weakestibon
in the network, and hence yielding begins when these areshrdk this picture, a macro-
scopic deformatiodAL deforms such a bond by._/(L/{), whereL is the system size and
{ is the characteristic distance between the weakest bomé@sfofce on such a bond is thus
kaAL/(L/{) = kaly, whereks is the characteristic bond stiffness. Assuming that thelbon

breaks at a fixed critical forde* = ka{ y;, the critical strain amplitudg O 1. Our mea-
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surements of; thus imply that{ increases with decreasing+f, suggesting that yielding
begins at fewer, sparser weak pointsgas; is decreased. This may reflect the changing
connectivity of the emulsion: the characteristic s§zef the droplet aggregates comprising
the emulsion also increases with decreasmg [224, 224. If the bonds between droplet
aggregates are the weakest in the emulsi®®[240, we would expect =~ & to increase
with decreasinga ¢ ¢, consistent with our results.

For increasingy, attractive emulsions both below and abaggp begin to yield and
exhibit a peak irG” aty ~ y;; in contrast, those abovgzcp exhibit an additional peak in
G’ aty ~ y; [Figure 7.5]. This observation implies the existence of ddi@ional process
by which the structure of these emulsions must relax befag ¢an flow. This s likely due
to the compression of the droplets: abayep, attractive emulsions require larger strain
to fully yield through the irreversible rearrangements efsely-packed droplets, just as in
the repulsive caseP0, 227. This hypothesis is supported by our observation {hat ;.
The height of the first yielding peak i6”(y) decreases ag ¢ increases abovercp,
as shown in Figure 7.5(b), reflecting the increasing redatiwportance of these repulsive
interactions as the droplets are increasingly compressSefl |

To test the generality of these results, we perform similaasurements on an oil-
in-water emulsion stabilized by a different surfactant.eTdroplets are electrostatically
stabilized by SDS, an ionic surfactant that also forms jre$persed globular micelles,
and have low polydispersity~( 10%) [219 236. Similar to the case of P105-stabilized
emulsions,G’ID measured for the SDS-stabilized emulsions has the sameitondgrior
both attractive and repulsive emulsions packed algyg ~ 0.64 [Figure 7.7(a)]; this

indicates that the elasticity is dominated by the repuléirees deforming the droplets.
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Figure 7.7:Volume fraction-dependent behavior is similar for oil-in-water emulsions
stabilized by SDS.(a) Linear plateau storage modulus, [23€], normalized by the
Laplace pressure/a and (b) position of peaks i®”(y), for varying @¢;. Emulsions
havea = 250nm; attractive emulsions halex~ 21kgT (circles) while repulsive emulsions
haveU < 1kgT (diamonds). The interfacial tensi@an= 9.8mN/m for the range of surfac-
tant concentrations used. Upper symbols in (b) reprggenhile lower symbols represent

Vi
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For the repulsive emulsions, drops precipitously age¢¢ is decreased belogkcp, by
contrast, the elasticity of the attractive emulsions pgsdiar belowgrcp [Figure 7.7(a)].
Moreover,G”(y) of SDS-stabilized attractive emulsions abagg-p exhibits two peaks
at strainsy; ~ 1% < y andy; =y, as indicated in Figure 7.8(b). Correspondingby,
decreases weakly far > 0.5% before falling more quickly foy > 10% [Figure 7.8(a)].
By contrastG"(y) of the attractive emulsions belogscp exhibits a single peak at a strain
y;, andG’ decreases smoothly for> 1% [Figure 7.8]. These data are similar to those

obtained for P105-stabilized emulsions; this confirms thatresults are more general.

7.4 Time scales of the structural relaxation

The frequency-dependent mechanical response of emuldicawdly reflects the time
scales of their structural relaxation. For repulsive emmals abovegcp, G”(w) exhibits a
shallow minimum atw ~ 0.1 — 10 rad/s resulting from the combination of viscous loss at
high w and the configurational rearrangements of the individugpléts at loww [Figure
7.1][219 221). In contrast, for attractive emulsion@; (w) exhibits a minimum atomn >
10 rad/s, as shown in Figure 7.2. This further suggests thractve interactions alter the
structural relaxation of emulsions.

The structural relaxation process through which attracémnulsions yield occurs at
frequencies much lower than is accessible in a linear riggcdb measurement, typical of
soft glassy material2pP1]. We circumvent this problem by performing-dependent mea-
surements holding the strain rate amplityde yw constant for different values of A
relaxation process of time scalaives rise to a peak i6”(w) at a frequency proportional

to 71 [221]. We observe one peak i@"(w) for attractive emulsions witlgkt < ¢rcp;
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Figure 7.8:Strain-dependent behavior is similar for oil-in-water emulsions stabilized
by SDS.Viscoelastic moduli (aJ5'(y) and (b)G”(y) of attractive emulsions stabilized by
SDS withU =~ 21kgT anda = 250nm forg. ¢ =~ 0.68, 0.65, 0.62, and 0.59 (progressively
lighter colors). Emulsions abovgcp (top two curves) show peaks @’ aty; andy; while
those belowgrcp (lower two curves) show a single peakyit For clarity, G’ andG” data
are multiplied by a factor of 0.7, 0.6, or 0.5 f@g s = 0.65,0.62, or 0.59, respectively.
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Figure 7.9:Yielding of attractive emulsions is a shear-driven processConstanty fre-
quency sweep measurements of viscoelastic ma@al(b) (solid points) and5”(w) (open
points) for two samples with = 100nm andJ ~ 9kgT abovegrcp (a, @11 ~ 0.73) and
belowgrcp(b, @1t ~ 0.66), shifted onto a single master curve by normalizing bystiesar-
corresponding amplitude and frequency

rate-dependent shift factoegy) andb(y). Inset:

shift factorsa(y) (triangles) and(y) versusy (squares).

86




Chapter 7: Rheology of emulsions

strikingly, we observe two peaks &' (w) for those with@t > @rcp, as indicated in Fig-
ure 7.9, in stark contrast to the repulsive c&s&l]. This provides further confirmation that
attractive emulsions abovgcp undergo an additional relaxation process during yielding.

The data measured at differepican be scaled onto a master curve by rescaling the
moduli and frequency, as shown in Figure 7.9. The frequenalirgy factorb(y) ~ 171
[221]. We explore its dependence gio directly probe how the time scales of the structural
relaxation processes of attractive emulsions depend ar shite. We find(y) ~ 171 ~ y
with v = 0.8 — 1 for both relaxation processes in attractive emulsionsnigag ¢ 1 both
below and abovercp; two representative examples are shown in Figure 7.9 jin$&is
shear-driven behavior is similar to the yielding of collaidels P47 and to the yielding
of repulsive emulsions abovgcp[22]].

Our data suggest a simple physical picture of emulsion fldve rhieology of emulsions
with slippery bonds of magnitudéd < 1kgT is similar to that of repulsive emulsions; in
stark contrast, emulsions withh > 7kgT show a dramatically enhanced elasticity below
¢@rcp. Moreover, their nonlinear rheology is markedly differémm the repulsive case.
These attractive emulsions begin to yield under sufficiéetas through the breakage of
interdroplet bonds at weak points in the emulsia@7. Attractive emulsions abovexcp
also undergo shear-induced configurational rearrangesoétite densely-packed droplets,
similar to the repulsive case, at larger strain. This is rescent of the two-step yielding of
attractive colloidal glasse€43. How this behavior changes with intermediate values of
U remains to be explored.

Emulsions are often used to model many other diverse pHyssistems and are crucial

in various technological processes. We find that their liaea nonlinear rheology depend
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sensitively on the interactions between the droplets. @sults may thus be a useful input
to such models and could help guide processes designedtroloamulsion elasticity and

flow behavior.
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Buckling and crumpling of

nanoparticle-coated droplets

Suspensions of fluid droplets coated with solid colloidatipkes are commonly known
as “Pickering” emulsions. Particles with suitable surfabemistries can adsorb at the
droplet surfaces strongly, with an energy of up to hundrdédg®. As a result, Pickering
emulsion droplets can be exceptionally stable againsesoahce and Ostwald ripening,
making them useful for a wide variety of applications in whtbeir interfacial properties
play a key role. For example, Pickering emulsion droplees@omising candidates for
encapsulating, delivering, or controllably releasing ghpsoluble drugs 244. They have
also been used as templates for fabricating hierarchicalysomaterials for catalysts or
filters [245.

The stability of Pickering emulsion droplets is due to thesiepacking of a strongly
bound layer of colloidal particles at the fluid-fluid intec&a[246 247]; this layer is hy-

pothesized to behave as a two-dimensional sduB[ 249, 250, 251, 257. However,

89



Chapter 8: Buckling and crumpling of nanoparticle-coatedulets

experimental approaches to verifying this suggestion th@en limited tdflat fluid inter-
faces P49, 253 254, 255 256. The solid-like nature of particle-coated surfaces i®als
often used to describe the curved interfaces of fluid drepfet example, this assumption
is essential to the interpretation of rheological measergmof densely packed Pickering
emulsions P51]. Nevertheless, direct experimental evidence of the dik&nature of the
surface of particle-coated droplets remains lacking.

An unambiguous way to confirm the solid-like behavior of anthhell is to observe
buckling when it is strongly deformed. For example, as tHeme of a thin elastic shell is
reduced, compressive stresses build up on its surfacengdosalized mechanical insta-
bilities such as sharp points and bends to develdp|[ The proliferation of these localized
instabilities results in a shell with a crumpled morphologye crumpling of fluid-filled
shells has been achieved experimentally either by undtatitp dissolving or by evap-
orating the interior fluid for several porous capsul@sg 259, 260, 261], or by using an
externally imposed osmotic pressug&p, 263. Few such studies exist for Pickering emul-
sions R64]. A method to controllably induce compressive stressesakeFing emulsion
droplet surfaces is thus highly desirable to directly testrtmechanical properties.

In this Chaptef, we study the structural transitions of large numbers obparticle-
coated droplets as fluid is controllably pumped out of theotointeriors. We find that a
significant fraction of droplets buckle or crumple upon vokireduction, confirming the
hypothesis that their interfaces behave like solids. Thaber of non-spherical droplets
as well as the resultant droplet morphology is highly depahdn the amount of volume

reduction and the average size of the droplets. All of thepinologies we observe are sta-

’Based on “Controlled buckling and crumpling of nanopagticbated droplets’S. S. Dattg H. C. Shum,
and D. A. Weitz Langmuir, 26, 18612 (2010).
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ble over a period of at least several hours. Many of thesetakangly similar to structures
observed or predicted for buckled thin continuum elastelish The technique presented
here provides a new and straightforward way to study thergeftion behavior of thin

fluid-filled granular shells.

8.1 Formulation of Pickering emulsions

Ethylene glycol (anhydrous, 99.8%, Sigma-Aldrich), cbleenzene (CHROMASOLYV,
for HPLC, 99.9%, Sigma-Aldrich), glycerol (ACS reagent,®%, Sigma-Aldrich), and
hydrophobic silica nanopatrticles (diameted5 nmt30%, Tol-ST, Nissan Chemical Inc.)
were used as received. Some samples were made using etlgij)enkand chloroben-
zene dried by tumbling with molecular sievesi(Sbeads, 4-8 mesh, Sigma-Aldrich) and
filtered with a 0.2um filter. The samples prepared with the dried reagents showeuth-
ticeable difference in the final results, as compared to sesnypepared with reagents used
as received.

Emulsions were produced at a volume fractiomd@1% by mixing known masses of
ethylene glycol containing 1% glycerol (to minimize Ost&apening) and chlorobenzene
containing a suitable amount of nanoparticle suspensibasd were mechanically agitated
by intensive vortexing for 10-40 minutes. This procedunerfe extremely stable “water-
in-oil” emulsions with ethylene glycol/glycerol as the pigsed phase and chlorobenzene
as the continuous phase. This suggests that the silica agiubgs have a contact angle
close to 90, but are more preferentially wet by chlorobenze®@. Furthermore, these
samples have surprisingly low polydispersities30%) given the inhomogeneous shear

rates that arise during emulsification.
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Ethylene glycol is partially soluble in chlorobenzene abaaentration of-1.5uL g1,
This is determined in two ways. First, the conductivitieboth unsaturated chlorobenzene
(ounsap) and chlorobenzene that has been saturated with ethylgoel ¢oss;) were mea-
sured, as well as the conductivity of ethylene glyamt ). The saturation concentration
of ethylene glycol in chlorobenzenes§;) was then calculated by linearly interpolating be-
tween dynsat and O using the relatiorosa &~ Ounsat+ CsatOec. Second, the saturation
concentration was directly measured by mixing measurediats®f ethylene glycol with
chlorobenzene until the resulting solution is no longeiblyshomogenous. Values of sat-
uration concentration of ethylene glycol in chlorobenz&oe the two measurements are
in good agreement.

To controllably pump a known volume of fluid from inside theoplets, a measured
guantity of emulsion is added to a suitable amount of unasgdrchlorobenzene. This is
then tumbled gently for several days.

Droplet morphologies were characterized using opticalosicopy at a range of mag-
nifications (10x-100x), using either a Leica SP5 confocalroscope operating in bright-
field mode or a Nikon Eclipse TE2000-E. Samples were imagseated glass capillaries

or sealed imaging chambers made from polyether ether kéRIFIEK) spacers.

8.2 Volume-controlled morphological transitions

We use hydrophilic silica nanoparticles that are coateti witiffuse layer of alkane,
rendering them partially hydrophobic and partially hydribis. Thus, they are wetted by
both dispersed and continuous phases, and the three-gidaetangle characterizing the

placement of the nanopatrticles at the interface betweetmhphases is close to 90As a
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result, once a nanoparticle is mechanically driven to titisrface during the emulsification
process, it is confined within a potential well of depth agéaas hundreds dsT [266].
This makes the emulsions used in this work highly stable ffiteast several weeks.

Due to the strong attachment of the nanopatrticles to thelelrsprfaces, the average
droplet size is controlled by the concentration of nanogiag used to prepare the samples
[267]. The average droplet diametgis related to the volume concentratignof nanopar-
ticles with respect to the dispersed phasedby 8ganay/cp, Wheregy is the fraction of
the droplet surfaces that is covered with nanoparticlésthe average number of nanopar-
ticle layers covering the droplets, aag is the nanoparticle radius. This equation fits our
data very well over a wide range, as shown in Figure 8.1. Usiigffit, we estimate that
the droplet surfaces are coated with a monolayer of nanofeartwith surface coverage
@n = 80+ 2%.

A closed solid shell with a fixed surface area must deform asatume is reduced
and compressive stresses develop in the shell wall. Theseses are typically relieved
through buckling events, in which the shell is strongly defed only at points and lines
on its surface Z57. Motivated by this, we develop a technique to study the raadal
properties of our Pickering emulsion droplet surfaces biyoeng their average volume in a
controlled manner. To achieve volume reduction, we useedsed phase whose solubility
in the continuous phase is measured ted&17 vol%. Thus mixing a Pickering emulsion
with unsaturated continuous phase causes a finite amouhieddispersed phase to be
pumped out of the droplets until the solubility limit of therginuous phase is reached. We
calculate the average decrease in droplet volameelative to the original droplet volume

Vo to be AV /Vp ~ 0.001,qq/ Vs, Where @ is the emulsion volume fractios is the
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Figure 8.1: Average droplet diameter d of Pickering emulsion prepared at differ-

ent nanoparticle concentrationsc,. White square represents a sample made by adding
nanoparticles to the sample represented by the white pwtiiée triangle represents a sam-
ple made by adding more dispersed phase to the sample nef@@d®y the white square.
Vertical error bars indicate standard deviation of areagtted size distribution, while hor-
izontal error bars indicate estimated uncertaintgjn Solid line indicates inverse depen-
dence ofd with ¢, (d = 8gnnap/cp) as discussed in the text.
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Figure 8.2:Forcing droplets to buckle by shrinking them. (A) Schematic illustrating the
controlled reduction of droplet volume of Pickering emaisdroplets. (B) Optical micro-
graph of a crumpled droplet with fluorescently labeled dispé phase (green overlaid);
scale baris pm.

initial sample volume, anWl4q is the volume of additional unsaturated continuous phase.
For each value o¥,qq, We use optical microscopy to quantify the fraction of dedplthat
were clearly buckled or crumpled, analyzing a total of 37&8ptets. The pumping process
presented here is analogous to applying a pressure differacross the particle-coated
droplet surface. Similar to studies of osmotically-inddidmickling of hollow capsules
[262), our technique involves the addition of a chemical spethes forces solvent to be
expelled from the droplet interiors. A key advantage of #pproach is that it enables the
simultaneous investigation of the buckling of large nurstzéPickering emulsion droplets
of varying sizes, yielding statistics of this process ualdpproaches using pendant drop
tensiometry 268 or a syringe P64 to shrink individual macroscopic droplets.

To study the mechanical nature of the particle-coated dtapirfaces, we observe their

morphologies as their volume is reduced. Strikingly, a atersible fraction of the droplets
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become non-spherical due to buckling or crumpling (Figug&),8inambiguously demon-
strating that their surfaces are solid. ¥&gq and hence the degree of pumping is increased,
more droplets are deformed. To further understand the piepef the droplet surfaces,
we explicitly consider the microscopic interactions begwé¢he nanoparticles.

The van der Waals interaction can be estimatedJwdW = Aa,/12, whereA is
the Hamaker constang,, is the nanoparticle radius, adds the distance between the
nanoparticle surfaces. Using typical valuesfofs 10— 20 J andl ~ 0.5 nm, we esti-
mateUygw ~ 3kgT and hence, the two-dimensional shear mod@s ~ UvdW/a% ~ 0.2
mN m~L,

In the bulk continuous phase, the nanoparticles possegsweak attractions, whereas
in the bulk dispersed phase the nanoparticles are much rrorgly attractive due to the
interpenetration of the alkyl chains coating the colloigatticles. The maximum value
of these attractive interactions can be estimatedJfy ~ mmapL?|1/2 — x|/Vim WhereL
is the thickness of the surface coating layeiis the Flory-Huggins interaction parameter
appropriate for the dispersed phase, apds the volume of a solvent moleculeg9.
Using suitable values df ~ 0.5 nm, x < 10, andvy, ~ 3 A3, we estimate a maximum
value ofUq ~ 10°ksT; thus,Ghp ~ Uau/a% ~ 700 mN n1.

By modeling a particle monolayer at a fluid interface intéragvia capillary forces
[270 as an isotropic solid, Vellat al. [249 and Arditty et al. [251]independently devel-
oped an estimate for its Youngs modulis: 5y/ap, wherey is the fluid-fluid interfacial
tension andhy, is the particle radius. Using the interfacial tension for eystem mea-
sured using pendant drop tensiometyy~{ 7 mN m1), we use the expression f& to

estimate the energy of capillary interactionsagp ~ Ea% = 5ya% ~ 50kgT and hence
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Figure 8.3: Rheology of the particle interface. Interfacial shear and loss modud,,
(closed circles) an@}, (open circles) as a function of applied strain at a fixed aagul
frequency of 5 radss (left image) and as a function of angular frequency at a fixesirs
of 0.1% (right image).

the two-dimensional shear modul@éy, ~ Ucap/a3 ~ 40 mN nt 2,

These simple estimates suggest that the surface shearus@duhe droplet interfaces
is likely to be determined predominantly by interparticteractions due to their surface
functionalization and capillary interactions, and is ie tangeG), ~ 40— 700 mN n1L.

We also use interfacial rheology to directly measag for the flat fluid-fluid interface
saturated with an excess of nanopatrticles. We place ansaocesunt of nanoparticles at
a flat interface between ethylene glycol and chlorobenzedeuge an Anton-Paar Phys-
ica MCR501 rheometer equipped with an Interfacial RheolSggtem. We use a bicone
geometry to directly measure the interfacial elastic asd lnoduliG,, andG} as a func-
tion of applied strain and frequency. The results, showniguife 8.3, indicate that the
layer of nanoparticles has mechanical properties simolardoft glassy materialp6 with

’o ~ 0.05 Pam =50 mN m?.

Furthermore, because our nanoparticles are highly pglgdse, their structure at a
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droplet surface is likely to be amorphous, in contrast tdesys with monodisperse par-
ticles in which crystalline defects play a significant rok/], 272. Thus, the droplet
surfaces can be thought of as thin, porous, solid granukltsshirhe approach presented
here is a powerful means to study volume-controlled mormpdiochl transitions of fluid-
filled granular shells in a well-defined manner, by subjertarge numbers of droplets to

the same degree of pumping.

8.3 Size-dependent morphologies

Unlike the case of a sheet, deforming a thin elastic shellireg it to both bend and
stretch p73; thus, the buckling and crumpling behavior of such shelsypically un-
derstood by considering the energies associated with kbothese deformation modes.
Because stretching deformations require more energy taadiig P74, they tend to be
focused at points and lines, leading to localized mechamstabilities that develop as the
shell is increasingly deformed. While the mechanical prige of densely packed par-
ticles at fluid-fluid interfaces is typically interpretedthin the framework of continuum
elasticity R48, 249, it is still not clear that this approach is appropriate fparticle-coated
droplets 75 274¢. To explore the similarities between classical thin etastells and our
particle-coated droplets, we study the size dependenceopfed buckling as well as the
morphologies of buckled and crumpled droplets.

By considering the shell size dependence of the energynestjto form a depression in
an elastic spherical shell, an analysis based on clas$isicity theory predicts that larger
droplets should buckle more easily than smaller dropl2fs][ To test this, we prepare

samples consisting of droplets of three different averagess and controllably reduce
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Figure 8.4:Volume change controls amount of buckling.A plot of the fraction of buck-
led/crumpled droplets as a function of calculated relatliange in droplet volume for
samples of average droplet diametdrs- 14.7um (red circles), 34um (blue squares),
and 441um (green triangles). Solid lines are guides to the eye. isavs optical micro-
graphs of two different samples: left has undergone weakpugn right has undergone
stronger pumping.

99



Chapter 8: Buckling and crumpling of nanoparticle-coatedulets

their average volume. Crucially, our data clearly show later droplets require a smaller
relative decrease in their volume than do smaller droptetsumple by the same fraction,
as shown in Figure 8.4. This suggests that larger droplatale more easily, which is in
agreement with the idea of having a thin shell of denselykgdcolloids covering the fluid
droplets.

Our approach is a useful way to characterize the morphabgi@nsitions undergone
by droplets at varying degrees of pumping. For weak pumpgiredroplets are often non-
spherical, forming polyhedra with multiple flat facets segpad by straight edges (Figure
8.5A). Similar shapes have been achieved previously fdigieicoated bubbles or droplets
that have coalesced or that have forcibly undergone pldstmrmation £77]. In our sys-
tem, however, it is likely that such shapes arise from thegaree of localized defects in
the granular shell. These can mediate the structural transiof the shell due to volume
pumping in a manner similar to that in which fivefold disclioas can lead to faceting
of crystalline granular shell2[/g. For intermediate pumping, droplets develop dimples
or corrugations of size- 1 — 10um on their surfaces (Figure 8.5B). These are reminis-
cent of post-buckling structures for thin shells under pues P79 or core-shell structures
whose shells have experienced significant compressivessse62, 259. As pumping
increases, droplets have more crumpled morphologies witeasing numbers of dim-
ples developing; this is consistent with the notion thatmpling may be thought of as a
sequential buckling proces&47. For stronger pumping, dimples grow into cusps and
ridges spanning a wide range of size scale€)(1 — 100um) joining points of maximal
curvature (Figure 8.5C). Due to the fixed surface area of llell,shese cusps and ridges

start to interact with each other as fluid is pumped out of tlupléts, as demonstrated
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by the increasing numbers of longer and sharper cusps agesrshown in Figure 8.5C.
This suggests that in-plane stretching of the nanopanmiete/ork at the droplet surface is
energetically more costly than bending, as in the case ofdbintinuum sheets, and stress
is localized heterogeneously on the droplet surface.

These observations strongly support the hypothesis thatffiaiently densely packed
layer of colloidal particles at a fluid-fluid interface actkel a solid. In particular, the
nonuniform capillary stresses associated with the higkfpuined morphologies adopted
by our droplets must be supported by localized stressesisdhd granular shell; other-
wise, these would be pulled back to a spherical shape by tioeffiud interfacial tension
[277, 250, 280, 281]. Moreover, all observed morphologies are “frozen-inyhare stable
over an observation time of hours. Furthermore, when stdgeio a shear flow, buckled
droplets undergo rigid-body rotation as expected for adsshiell. This is clearly different
from the tank treading motion expected for a droplet with afeurface 87, confirming
that the particles form a solid layer at the droplet intezfac

In addition to the typical morphologies shown in Figure 8-6Adroplets exhibit a num-
ber of other buckled structures. These include multifatgi@yhedral indentations con-
sisting of up to eight vertices (Figures 8.5D and 8.6); slyatefined creases and ridges
that meet at individual points (Figure 8.5E); and elongateapes strongly reminiscent of
folded monosulcate lily pollen grain&85 (Figure 8.5F). The observation of such a variety
of buckled structures suggests that the mechanical piepatthe interfaces of the Pick-
ering droplets are non-uniform. The morphologies obsearedstrikingly similar to those
seen for thin continuum elastic shells possessing locatisermompliant areas on their sur-

face. For example, a spherical cap with a single point-likedk spot” develops a faceted
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Figure 8.5:Optical micrographs of different buckled droplets. (A-C) show characteris-

tic shapes at increasing levels of pumping, ranging fromkweanping (A), intermediate
pumping (B), and strong pumping (C). Typical buckled stuoes also include multifaceted
polyhedral indentations (D), stretching ridgelscones, and “swallowtail” folds (E), and
elongated “football” structures (F). Bottom-left inset () shows representative end-on
view. All scale bars are m. Colored insets show macroscopic analogues of buckled
structures: point indentation of a bottle using a p2®d (D), creases and ridges in crum-
pled paper284 (E), and elongated dessicated pollen gran@&s] (F).

Figure 8.6:0Optical micrographs of different buckled droplets. We observe multifaceted
polyhedral indentations having three (A), four (B), and (&) vertices. All scale bars are
Spum.
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polyhedral indentation within its surface upon volume r&en, similar to the structure
shown in Figure 8.5D483 285. In folded sheets and large crumpled shells, multiple
point-like singularities connected by stretching ridgeggise to morphologies similar to
that shown in Figure 8.5E2p7, 286 287, 284. A “weak spot” extended along a line on
the surface of a shell, such as at a grain bounda#{][ gives rise to an elongated structure
upon volume reduction as in the droplet shown in Figure 82 These comparisons
suggest that the observed non-uniform crumpling morphetocan be attributed to hetero-
geneities in the colloidal shell of the Pickering droplétattinevitably arise during sample
preparation. The compliant areas in the surfaces of Pioggegmulsions likely guide the
development of deformations during volume reduction,rgviise to the rich diversity of
post-buckling morphologies. Thus, by tuning the arrangemef particles at the droplet
interfaces, the crumpling morphologies can potentiallgtetrolled.

In conclusion, we present a straightforward and generahaoafor buckling and crum-
pling statistically significant numbers of nanoparticteated droplets by pumping fluid out
of the droplet interiors. Increasing numbers of dropletskieiand crumple as their aver-
age volume is reduced. The extent to which droplets are bdakl crumpled depends on
the average droplet size, with larger droplets crumplingeneasily than smaller droplets in
agreement with ideas based on continuum elasticity thé@yhey undergo volume reduc-
tion, droplets become increasingly non-spherical andldpvyarogressively more dimples,
suggesting that crumpling may be thought of as a sequenitiling process. For stronger
pumping, cusps and sharply curved ridges develop and grogvstfuctures of our buckled
Pickering emulsions are strikingly similar to the buckléggges of thin continuum elastic

shells. Our approach is a new means to realize stable narisphfluid droplets, and our
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observations show that the droplet surfaces are solid-likee technique presented here
offers a route to systematically study the morphologicaisitions of thin fluid-filled gran-
ular shells undergoing volume reduction and to explore imédarities between these and

“classical” thin elastic shells.
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Buckling of inhomogeneous

microcapsules

An important stimulus for microcapsule release is an ediérnmposed stress. This
idea is central to one of the earliest and most ubiquitouiGgifpns of microcapsules: to
encapsulate and release the colorless ink used in carsaupyg paper. The microcapsules
coat each sheet of paper, only releasing the encapsul&echien pressed on sufficiently
hard by a pen; the released ink then reacts with a developgingahe underlying sheet,
forming a mark that reproduces the pen’s trag#.[ In this application, as in numerous
others, the utility of the microcapsules depends sensitive the mechanical properties of
their shells.

One common way of characterizing this behavior is to mortitiw a microcapsule re-
sponds to an externally-imposed pressure. For small meesssahomogeneous, spherical
shell, characterized by a uniform thickness, supports gpcessive stress, and it shrinks

isotropically. Above a threshold pressure, however, thinkage becomes energetically
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prohibitive; instead, the shell buckles, reducing its waéuby forming a localized in-
dentation at a random position on its surface. For the casehaimogeneous shell, this
threshold pressure can be calculated using a linearizdgsisaf shell theory279, 289,
while the exact morphology of the shell after it buckles tieggia full nonlinear analysis
[289 290, 283. However, many microcapsule shells are inhomogeneoasacterized by
spatially-varying thicknesses and elastic constantsh $utomogeneities can strongly in-
fluence how a shell buckle&85 279 291, 292, 293 294, 295. Unfortunately, despite its
common occurrence in real microcapsules, exactly how irdganeity influences the onset
of buckling, as well as the microcapsule morphology afterkting, remains to be eluci-
dated. A deeper understanding requires careful invesgiigaof the buckling of spherical
microcapsules with shells having tunable, well-definedpmogeneities.

In this Chaptét, we use a combination of experiments, theory, and simulatictudy
the buckling of spherical microcapsules with inhomogeseshells of non-uniform thick-
nesses. We show that the onset of buckling, above a thresktdchal osmotic pressure,
is well described by shell theory; however, even above trsshold, the microcapsules do
not buckle immediately. We find that the time delay beforedhset of buckling decreases
as the shells are made more inhomogeneous; these dynamibg caantitatively under-
stood by coupling shell theory with Darcy’s law for flow thigitua porous microcapsule
shell, even for highly inhomogeneous shells. Moreover, netiat the shell inhomogene-

ity guides the folding pathway taken by a microcapsule duand after buckling. We use

8Based on “Delayed buckling and guided folding of inhomogersecapsules’s. S. Datta, S-H Kim*,
J. Paulosg A. Abbaspourrad, D. R. Nelson, and D. A. WeiBhysical Review Letters09, 134302 (2012)
and “Controlling release from double emulsion-templatécratapsules”S. S. Dattd, A. Abbaspourradt
E. Amstad, J. Fan, S-H Kim, M. Romanowsky, H. C. Shum, B. J.,, 8urs. Utada, M. Windbergs, S. Zhu,
and D. A. Weitz, to be submitted (2013) *Equal contribution.
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these insights to controllably create novel colloidal stuwes using buckling.

9.1 Microcapsule fabrication

Microcapsules can be fabricated using a variety of tectesguncluding spray drying
[296, 297, 29§, electrospraying499, 300, 301], coextrusion B02, 303 304, interfacial
polymerization B05, 306, 307], polymer phase separatiod(8 309, layer-by-layer depo-
sition [74, 310, 311], or membrane emulsificatio®] 2, 313. However, the highly variable
shear typically used in these approaches yields microtegguth polydisperse sizes and
structures, and consequently, poorly controlled loadawgls and release kinetics — even
within the same batch. This can severely limit the use of atiapsules in many practical
applications. Microfluidic technologies offer exquisitentrol over the flows of multiple
fluids, and thus, a way to overcome these limitations. Ong&qgodarly promising route
is the use of microfluidics to produce double emulsions, sli@the core material within
drops of another fluid, which are themselves suspended im@ncous fluid phase. The
middle phase can then be solidified, yielding microcapsuldg interfacial tensions be-
tween the different fluids forces the drops to be sphericaremver, the drop sizes are
determined by the shear forces exerted on the flowing fluitigsiwcan be carefully tuned
in a microfluidic device. As a result, double emulsion dropseayated in microfluidics, and
the microcapsules made from them, can be highly monodiepesith compositions and
morphologies that can be manipulated with a remarkablesgegfraccuracy.

We fabricate monodisperse thin-shelled microcapsulegwsater-in-oil-in-water (W/O/W)
droplets prepared with two different types of glass capillmicrofluidic devices. To

make microcapsules withy/Ry = 0.017, we use a device composed of a hydrophobic
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Figure 9.1: Microfluidic production of double emulsion drops with hy/Ry = 0.017.
Scale bar is 200m.

Water

— «—°%

Figure 9.2:Microfluidic production of double emulsion drops with (b) hg/Ry = 0.019
and (c) hp/Ry = 0.1. Scale bars are 1@0n.
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Figure 9.3:Monodisperse microcapsulesScale bars in (a) and (b) are 50@n and 200
pm, respectively.

Figure 9.4: SEM showing inhomogeneous microcapsule shellShells buckle at the
thinnest part; as a result, the thinnest part contacts tickest part of the shell. Right
panel: the left arrow shows the thickest part of the sheldl tre right arrow shows the
thinnest part of the shell; the solid in between the two pafrtbe shell is precipitated PVA.
Scale bar is um.
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tapered injection capillary (World Precision Instrumenis., 1B100-6), pre-treated with
n-octadecyltrimethoxyl silane (Aldrich), inserted in &sed square capillary (AIT glass);
the inner diameter of the square capillary and the outer eli@anof the injection capillary
are both 1 mm. Furthermore, a small tapered capillary isriedento the injection cap-
illary to simultaneously inject two immiscible fluids, asosim in Figure 9.1. To confine
the flow near the injection tip and thereby increase the flowoity, a hydrophilic circular
capillary, pre-treated with 2-[methoxy(polyethyleneipnppyl] trimethoxyl silane (Gelest,
Inc.), is inserted into the square capillary at its other.end

To make W/O/W double emulsion droplets, we simultaneoughpduce two immisci-
ble phases, 10 wt% aqueous solution of poly (vinylalcoh®WyA, Mw 13000-23000) and
ethoxylated trimethylolpropane triacrylate (ETPTA) caining 0.2 wt% photoinitiator (2-
hydroxy-2-methylpropiophenone, Aldrich), through thgestion capillary at flow rates of
300uL h—1and 150uL h—1, respectively. The aqueous solution is saturated with BTPT
before injection to prevent diffusion of ETPTA moleculesainigh water. We use the same
agueous solution of PVA as the continuous phase; this istegethrough the square cap-
illary at the flow rate of 300QuL h~1. Because of the hydrophobic nature of the injection
capillary, the ETPTA flows along the inner surface of the dtign capillary; by contrast,
the aqueous solution flows through the center of the injactapillary as plug-like droplets
that do not contact the wall. These plug-like droplets arelsified at the tip of the injec-
tion capillary, resulting in monodisperse double emulsiooplets with an ultra-thin middle
layer as shown in Figure 9.1(b). The ETPTA formed betweeg-ike droplets produces
large blobs at the tip of the injection capillary; we sepathtese from the double emulsion

droplets by exploiting their density difference. We preptrin-shelled microcapsules by
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photo-polymerization of the droplet middle phase, ETPTA.

To make microcapsules withy /Ry = 0.019 and 0.1, we use a device composed of hy-
drophobic injection and collection capillaries as showrFigure 9.2(a). The innermost
aqueous phase is injected through the injection capillad/the middle ETPTA phase is
injected through the interstices of the injection and theaseg capillaries. The continuous
agueous phase is injected through the interstices of thectioln and the square capillar-
ies as a counter flow to the innermost and the middle phasesseTifree streams flow
coaxially through the orifice of the collection capillaryaking double emulsion drops in
a dripping mode. Foing/Ry = 0.019, flow rates of the innermost, the middle, and the con-
tinuous phases are kept at 400, 80, 2p@0h—1, respectively, as shown in Figure 9.2(b).
For hp/Rg = 0.1, flow rates of the innermost, the middle, and the continyghases are
kept at 200, 100, 2000L h—1, respectively, as shown in Figure 9.2(c). Optical micrgsco
images of monodisperse microcapsules Wjth- 1 min are shown in Figure 9.3.

To make microcapsules with two or three spherical compartsy@&e employ two-step
emulsification in a capillary microfluidic device. Inner watlrops are produced at the tip
of small tapered capillary in a dripping mode, which in tura ancapsulated into oil drops
at the tip of injection capillary. Through precise contrbflow rates of three streams, we
can manipulate generation frequency of inner water drogsoarter oil drops. Therefore,
the number of inner drops confined in outer drop is contré¢laBo make the thin shell,
the flow rate of middle oil stream is maintained to be smallugoto encapsulate two or
three inner drops with nonspherical envelope. The nongmielouble emulsion drops are
polymerized byin-situ UV irradiation, resulting in microcapsules with multiplpteerical

compartments.

111



Chapter 9: Buckling of inhomogeneous microcapsules

The PVA solution is less dense than the oil; as a result, #feedroplets are produced
and collected, the light inner water droplets graduallg wsthin them. This causes the oll
to gradually thin on the top side of each droplet and thickethe bottom314]. We exploit
this effect to prepare microcapsules, with outer rayisand spatially-varying shell thick-
nessh(0) ~ hp — dco; B is measured from the top of the gravitationally-orienteelish
hp is the average shell thickness, ahis the total distance moved by the inner droplet, as
shown schematically in Figure 9.5(a). The shell inhomoggman thus be quantified by
the ratiod/hg. We use UV light to polymerize the oil either as the microedgs are pro-
ducedin situ, or after different average waiting timesg; this enables us to prepare separate
batches of microcapsules characterized by varying degfedeell inhomogeneity. We use
either scanning electron microscopy (SEM) or confocal oscopy to directly measure the
microcapsule geometrical characteristics.

Microcapsules photopolymeriza@dsituare prepared in the following manner: As soon
as the drops flow out from the nozzle of a microfluidic deviceveder bath containing 8
wt% aqueous solution of PVA which is saturated with ETPTAe\tlare polymerized by
continuous UV irradiation (Omnicure S1000).

Microcapsules withy,, =5 s or 1 min are prepared in the following manner: As they are
continuously produced from the nozzle of the microfluidieide, the droplets are collected
into a chamber containing 8 wt% aqueous solution of PVA satalrwith ETPTA and are
repetitively irradiated with UV irradiation (Omnicure S1@) of duration 1 second, fully
polymerizing the ETPTA into a thin solid shell, every<a,,. This forms a population
of microcapsules that have remained quiescent in the ¢miechamber for an average

waiting time oft,, before polymerization.
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Microcapsules withty, = 1 hr, 1 day, 2 days or 5 days are prepared in the following
manner: As they are continuously produced from the nozzieeomicrofluidic device, the
droplets are collected for a total time of 10 min into a chandoataining 10 wt% aqueous
solution of PVA saturated with ETPTA. They are then photgpadrized after a waiting
time ofty,, — 5min.

Some microcapsules are subsequently washed in de-ioniatst after they are col-
lected. The shell is a solid characterized by a Young’s maslil~ 600 MPa B15; im-

portantly, while this shell is impermeable to Nand CI” ions, it is permeable to water

[316).

9.2 Onset of microcapsule buckling

To probe their mechanical response, we subject inhomogesnmadarocapsules, char-
acterized byt = 1 min, 6 /hp ~ 0.2 andhp/Rp = 0.017, to an external osmotic pressure
by injecting and gently mixing 20L of the microcapsule suspension into a fixed vol-
ume of NaCl solutionVyac) = 130— 400 uL. We investigate the pressure dependence
of buckling using NaCl concentrations in the range 0.06%2.M. Estimating the to-
tal volume of the injected microcapsules using optical nscopy allows us to calcu-
late the final NaCl concentration of the outer phase, whi@n thanges frontyac) =
0.055— 2.068 M. These correspond to osmotic pressure differencessadche shell of
M = (2¢cnact + Mout — Min) X NaksT = 0.025— 10.09 MPa, whereN, is Avogadro’s con-
stant kg is Boltzmann’s constant, ~ 300 K, and 1y, andlj, are the measured osmolari-

ties of the fluids outside and inside the microcapsulesgasgely, in the absence of NaCl.
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For each batch of microcapsules studied, we monitor an geeyfi75 microcapsules over
time using optical microscopy.

The osmotic pressure difference across these inhomogsséels forces the micro-
capsules to buckle; we observe the abrupt formation of lbedlindentations in the shells,
as shown in Figure 9.5(b). For each osmotic pressure imgastd, the fraction of the micro-
capsules that buckle increases over time, eventuallyalatg, as shown in Figure 9.5(c).
We quantify this behavior by fitting this increase to an emspirexponential relationship,
exemplified by the smooth lines in Figure 9.5(c). The platesue of this function yields
a measure of the total fraction of the microcapsules thahately buckle over sufficiently
long times, while the time constant of this function yieldsnaasure of the time delay
before the onset of buckling, For sufficiently largd, the total fraction of the micro-
capsules that ultimately buckle increases dramaticaltit micreasing1, as shown by the
grey circles in Figure 9.5(d); this indicates that the meaqasules buckle above a threshold
pressurel1*. We empirically fit these data using the cumulative distidoufunction of a
normal distribution, shown by the black line in Figure 9)5ttie mean value and standard
deviation of this fit yield a measure 0F and the spread ifl*, respectively.

We study the geometry dependencdfby performing additional measurements on
inhomogeneous microcapsules, polymerireditu, with different shell thicknesses and
radii; these are characterized byhgp ~ 0.2, andhg/Ry = 0.019 orhg/Ry = 0.1. Similar
to thehg/Rp = 0.017 case, for sufficiently largg, the total fraction of the microcapsules
that ultimately buckle increases dramatically with inciegl1, as shown by the red trian-
gles and blue squares in Figure 9.5(d). Interestingly, we ttat the threshold buckling

pressurd1* ~ (hg/Rg)? [Figure 9.5(d), inset]; this observation is reminiscenttu pre-
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Figure 9.5:Buckling of inhomogeneous microcapsules(a) Schematic showing the mi-
crocapsule geometry investigated. (b) Upper: buckling ofierocapsule; scale bar is
20um. Lower: buckling begins at the thinnest part of the shellrfocrocapsules with
thickness inhomogeneiy/hg ~ 0.84; scale bars are p0n. (c) Fraction of microcapsules
buckled over time, for three different osmotic pressuiteS€apsules have mean shell thick-
nesshp = 1.2um, outer radiu®Ry = 70um, andd /hg = 0.20. Smooth lines show exponen-
tial fits. (d) Total fraction of microcapsules that ultimigtbuckle over time for varyingl,

for capsules withng, Ry, andd /hg = 1.2um, 70um, and 020 (grey circles), Bum, 67um,
and 023 (red triangles), and.5um, 55um, and 019 (blue squares). Smooth curves are
fits to the data using the cumulative distribution functidrihee normal distribution. Inset
shows mean osmotic pressure of each fit velgy&y; vertical and horizontal error bars
show standard deviation of each fit and estimated variatibg iRy, respectively. Straight
line shows(hy/Ry)? scaling. (e) Time delay before the onset of bucklingiormalized by
h2, for varying, for the same microcapsules as in (d). Filled points sRow M* while
open points showl < M*. Vertical error bars show uncertainty arising from estiaat
variation inhg. Black line showd11 scaling. (f) Time delayr decreases with the wait
time before a shell is polymerizet},; microcapsules havieg = 1.2um andRy = 70um,
and are buckled dfl ~ 0.86 MPa> I1*. Black line shows theoretical prediction coupling
shell theory and Darcy’s law, as described in the text, With3.5 x 1024 m2.
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diction of shell theory for the buckling of aniformshell [288, despite the fact that our
microcapsules are inhomogeneous. To understand this ioehae consider the local de-
formability of an inhomogeneous shell at various points tsrsurface. Because the 2D
stretching and bending stiffnesses scale-asand~ h® [317], respectively, the thinnest
part of the shell, wher ~ hg — , should be the easiest to deform. We directly visual-
ize that buckling begins at this “weak spot” using confocanwscopy of inhomogeneous
microcapsules with fluorescent shells characterized by ~ 0.84 [Figure 9.5(b), lower
panel]. Consequently, we expect the onset of buckling todwemed by deformations in
this part of the shell. To quantify this expectation, we gpgitell theory to an inhomo-
geneous shell characterized by the same geometry as themnegptal microcapsules];

2E

2
this analysis yield§1* = Ve <h0R;5) ~ 470(hy/Ro)2 MPa, assuming a Poisson ra-

tio v~ 1/3. The dependence of* onhy — d confirms our expectation that the threshold

buckling pressure is set by the thinnest part of the inhomeges shell. Moreover, we find
M*(Ro/hg)? ~ 600+ 200 MPa for the experimental microcapsules [solid lineuFég.5(d)
inset], in good agreement with our theoretical predictidhis indicates that the onset of

microcapsule buckling is well described by shell theory.

9.3 Dynamics of microcapsule buckling

Within this framework, fof1 > IM*, a microcapsule remains spherical before it buckles;
it initially responds to the applied pressure by contragtimiformly, reducing its volume
from its initial value,Vp, by a threshold amoutV*, before buckling. We find that the
time delay before the onset of buckling, strongly decreases with increasing osmotic

pressurd1 > I1*, as shown by the filled points in Figure 9.5(e). We hypotlrethat this

116



Chapter 9: Buckling of inhomogeneous microcapsules

(e}
(0]
10* 3 © -
Top view éé\
3&
nt2) 8
> L J
p 10 ;
8
- ® |
10° o v
Side view 10' 10° A (s) 10° 10°

Figure 9.6:Measuring microcapsule permeability. Change in the volume of a circular
indentation formed in a microcapsuli/cap, over timeAt. The indentation forms @it = 0.
Top left panel shows the top view of the indentation formmatimeasured using optical
microscopy; we use image processing to detect the edge afidieatation, shown in the
panel to the right, and track the radius of the indentatioar dime, r(t). We assume a
spherical cap geometry, schematically shown in the side, t@calculateAVcap; the data
are shown for three different capsules (different colok&k fit the small-time dynamics
(At < 10%s) to measure the permeability. The microcapsules hgiéy = 0.1 andd /hg ~
0.2, and are buckled & = 10 MPa.

behavior reflects the dynamics of the fluid flow through therogapsule shell; for the
microcapsule to buckle, a volund®/* of fluid must be ejected from its interior. The time
delay can then be estimated as- AV*/Q, where bothAV* and Q, the volumetric rate
of fluid ejection from the microcapsule interior, are fuonats of d/hg. We calculateAV*
for inhomogeneous shells using shell theory and validaec#ticulations with numerical
simulations §]; the fluid ejection rateQ follows from integrating Darcy’s law over the
surface of the microcapsule geometry shown in Figure 9.5(a)

The buckling of a microcapsule is driven by the fluid ejectitom the microcapsule
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interior, due to the imposed osmotic pressure differencesaadhe microcapsule shdl.
This is resisted by the mechanical pressure required to resaphe shelll1,,, at most
Mm~ 2E(1—v) thy(1/R* — 1/Rg) ~ 3E(ho/Ro)[(1— AV*/Vp)~1/3 — 1], whereR" is the
radius of the shell at buckling. For the shells studied is tork, M, < M*; we thus expect
the buckling dynamics to be dominated by the imposed osrmpatissure fofl > IN*, and
we neglecfl, in the simple model presented here.

We now estimate the flow rate out of an inhomogeneous micsutamue td1; the
microcapsule has shell thickndg®)) = hg — dcosH. We use spherical coordinat@so, @)
centered on the microcapsule center. For an arbitrary &ee@eat dA on the shell surface
at (Ro, 8, @), the local volumetric ejection rate is given by Darcy’s law - IMk/uh(6),
wherek is the shell permeability and is the fluid viscosity. Integrating this over the entire

shell surface yields the total ejection rate through thdl:she

B an T Mk _4AmRiNk 1 14 5/ho
Q=R o SING- (o —8c09) % = “phy 25/h0'”<1_5/h0) (®-1)

The time delay before the onset of bucklingjs the time taken for the volume of fluid

ejected from the shell to equate to the threshold bucklingme, r = AV*/Q. Combining

the calculated\V* [5] with the expression fo yields

Vo [3(1—V) h0< 5)2
~ 2 2(1-= 9.2
r Qo 1+v ho (9-2)

whereQg = 4nR(2)I'I k/uho andk is the shell permeability. For the inhomogeneous micro-
capsules, characterized Byhg ~ 0.2, we thus expeat/h ~ 0.8u /KkI1; our experimental
measurements afallow a direct test of this prediction. Abov&*, the data collapse when

T isrescaled by\%, as shown by the filled points in Figure 9.5(e), consistetti wur expec-
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Chapter 9: Buckling of inhomogeneous microcapsules

tation; moreover, by fitting these data [black line in FigQrB(e)], we obtain an estimate
for the shell permeabilitk ~ 7 x 10724 m?.

We use optical microscopy to directly measure the rate athwtiie microcapsule vol-
ume decreases immediately after the onset of bucklingpilies an independent measure
of the shell permeability. We estimate the microcapsulengability k by measuring the
change in the radius of a circular indentatioover time, immediately after it is formed
in the shell, as shown in Figure 9.6. We assume the volumeeointlentatiomMVe,, is

given by that of a spherical cap having radiys). The permeability is then given by

K ~ Mhod(BVeap) /d(A0)
-~ M-47RZ

curvature~ v/hoRg ~ 15um [317]; we thus expect our estimaté¥.,, to overpredict the

. In reality, the edges of the indentation are rounded, wattius of

actualAV, and consequently, we expect to underpredict the shell gagitity by a factor
~ 2. We findk ~ 2 x 10~2* m? [Figure 9.6], in good agreement with the fit shown in Figure
9.5(e); this further confirms the validity of Equation 9.2.

To test the applicability of this picture to even more inh@eoeous microcapsules, we
measurer for microcapsules polymerized at differept these have shells withy/Ry =
0.017 andd/hg ranging from 0.2 up to 0.84. We impose a fixed osmotic pred3uxe0.86
MPa> M*. We observe that decreases only slightly with increasifyg< 10° s; however,
asty, is increased above this valuedrops precipitously over one order of magnitude, as
shown by the points in Figure 9.5(f). To quantitatively cargthese data to Equation 9.2,
we estimate the dependencedythy ont,, using lubrication theory, applied to the double
emulsion geometry shown in Figure 9.5(a)1§.

Before UV polymerization at timé&,, the inner droplet containing 10 wt% PVA has

radiusRy — hg and the outer droplet containing ETPTA monomer has raliishe shell
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Figure 9.7:Total fraction of microcapsules that ultimately buckle increases with wait
time before polymerizationt,,, and hence the shell inhomogeneityicrocapsules have
hp = 1.2um andRy = 70um, and are buckled &1 ~ 0.86 MPa> I1*.

thickness is theh(ty) = ho — d(tw)cosB. The droplets are collected in 8 wt% or 10 wt%
PVA solution. We note that, for our shellg /Ry < 0.1. Moreover, using our experimental
measurements @ty ), we estimate the characteristic translation speed of theridroplet
as~ 1 um day!; using a characteristic droplet length scalel00 um, shell viscosity
Uo = 65 mPa s, fluid-fluid surface tensien2.5mN m 1, this corresponds to a Reynolds
numberRe< 10~1% and a capillary numbeZa < 10~1°. The fluid-fluid interface can thus
be approximated as spherical, and the flow in the shell bettexeinner and outer droplets
is well described using lubrication theory. We dengte rf as the direction along the
shell, where is the spherical radial distance measured from the centbeahner sphere,
andzis across the shell.

Because both inner and outer droplets are stabilized by ®t%0 PVA, Marangoni

stresses resist shear stresses at the fluid interfacesi@@ssume no-slip boundary con-
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ditions on the fluid-fluid interfaces at= 0 andz = h(8,ty). The Stokes equation then

yields the velocity distribution:

9
(6, 2,tw) = Wl_m)ﬁ—gz(z—h(e,tw)) 9.3)

Integrating the continuity equation twice across the gath w = 0 at the outer bound-
ary,u, = Ucod at the inner translating boundary, amgl= ux = 0 at both boundaries, we

find the pressure distribution

_ 2
P(6ta) = po(t) — LTI (0.4

Balancing forces in thedirection, 2t [§_, pn - €, sin6d6 = FP, whereF® = (4/3) m(Ry —
ho)3Apg is the buoyant force on the inner sphere @mdis the difference in density be-
tween the inner and outer spheres (0.08 djcriVe complete the integral and substitute

U = 04/dty, and take the limid/hy — 1 [31§]; we obtain

1 95 FPh? 5 (tw) _ 2o
I = 1 — 91o(Ro—hp) 95
ho 80ty bm(Ro-ho® ho e W (9:9)

To test this prediction, we use SEM or confocal microscopyasaeements of micro-
capsules with fluorescently-labeled shells to directly snead/hg for microcapsules of
varyingt,. We find good agreement between the two, particularly fadsy, whend/hg
precipitously rises to 1, as shown in Figure 9.7. We ity — 0.2 ast,, — 0, in contrast
to the theory; this is to be expected, due to the slight bidkennner droplet position as
the double emulsions are formed in the microfluidics device.

We use Equation 9.5 to relate our measurementstofd/hg. Remarkably, we find
good agreement between our data and Equation 9.2 kwitB.5 x 10~24 m?, as shown by

the black line in Figure 9.5(f); in particular, this simpleture captures the strong decrease
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in T atty ~ 10° s, with a shell permeability consistent with our indeperideeasurements
[Figure 9.6]. While these results do not rule out other gassfunctional forms off,

they further suggest that the time delay before the onseti@limg can be understood by
combining shell theory with Darcy’s law for flow through theamocapsule shell, even for

very inhomogeneous shells.

9.4 Shellinhomogeneities guide microcapsule deformatign

The shell thickness inhomogeneity may continue to guidedtheslopment of defor-
mations in a microcapsule after it buckles. To explore thissibility, we use optical mi-
croscopy to monitor the evolution of the microcapsule motpbies after the onset of
buckling. Slightly inhomogeneous microcapsules typichlickle through the sudden for-
mation of a single circular indentation. As this indentatgrows over time, its perimeter
eventually sharpens into straight ridges connected by 2f8ces P83 291, 319; this
folding pathway is exemplified by microcapsules polymetize situ, characterized by
0/hg ~ 0.2, as shown in Figure 9.8(a). This sharpening reflects thguerphysics of thin
shells: because it is more difficult to compress the micregkgpshell than it is to bend it,
localizing compressive deformations only along sharpsliaed points on the microcap-
sule surface requires less energy than uniformly comprgskie shell 257]. Interesting
differences arise for very inhomogeneous microcapsulsnerized aftet,, = 1 day, char-
acterized byd /hp ~ 0.84. The initial folding pathway is similar; however, the jpeeters
of the indentations formed in these microcapsules shamtensiraight ridges connected
by 4-5 vertices, more than in the slightly inhomogeneousg cas shown in Figure 9.8(b).

Moreover, surprisingly, roughly 30% of the very inhomogeuas microcapsules begin to
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Figure 9.8: Folding pathways for different shell inhomogeneities. (a-c) Optical mi-
croscope images exemplifying bucklinglat~ 0.86 MPa of (a) slightly inhomogeneous
microcapsules polymerized situ (ty ~ 0), with d/hg ~ 0.2, (b-c) very inhomogeneous
microcapsules polymerized after a wait titpe= 1 day, withd/hg ~ 0.84. Very inhomo-
geneous microcapsules buckle through the formation oéeitt) one single indentation
or (c) two indentations.At is time elapsed after buckling. Scale bars ar@r85 (d-e)
Examples of simulated shells with similar geometries asriteeocapsules shown in (a-c),
for varying fractional volume reductiohV /\j. Color scale indicates the spatially-varying
shell thickness.
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buckle through the formation of one, then two, adjacent mtaigons, as exemplified in
Figure 9.8(c). The perimeters of these indentations grogr time, eventually meeting,
coalescing, and sharpening into straight ridges conndwmteti5 vertices [Figure 9.8(c)].
These observations directly demonstrate that the defaynsabf a microcapsule after it
buckles are sensitive to the shell inhomogeneity.

To gain insight into this behavior, we perform numerical giations of two differ-
ent shells, a slightly inhomogeneous shell witfhy = 0.20, and a very inhomogeneous
shell with 6/hy = 0.82, similar to the experimental microcapsules. As the shalime
is reduced belowj — AV*, both shells buckle through the formation of a single indent

tion centered at the thinnest part of the shell, as shownerdfimost panels of Figure
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Figure 9.9:Designing lock-and-key colloids.Microcapsules with two or three spherical
interior compartments, schematized in left panels, buaklaveak spots” (arrows). This
forms shapes with two or three equally-spaced circularntatens after buckling (right
panels). Scale bars are 100.

9.8(d-e). AsAV increases, this indentation grows and its edges sharperind/ehat the
indentations formed in the very inhomogeneous shells begsharpen at smalléV /\,
and ultimately develop more vertices than those formed irerhomogeneous shells [Fig-
ure 9.8(d-e)]. These results qualitatively agree with ogoregimental observations [Figure
9.8(a-c)], further confirming that after the onset of buaglithe folding pathway of a shell
depends on the inhomogeneity. However, in contrast to tperexental microcapsules
[Figure 9.8(c)], we do not systematically observe the fdramaof adjacent indentations
in the simulations on very inhomogeneous shells. This ptese puzzle requiring further
inquiry.

Our microcapsules may be used to guide colloidal self-aBserfor example, a col-
loidal particle can spontaneously bind to the indentatmmied during buckling through
a lock-and-key mechanisn320. This mechanism is typically applied to a homogeneous
colloidal particle, which buckles through the formatiorea$ingle indentation at a random
position on its surface. We apply our findings to create mlytindented microcapsules
having two-fold or three-fold symmetry. To do this, we forouible emulsions with two or

three inner droplets of radii larger than half the radiushef duter droplet. Consequently,

124



Chapter 9: Buckling of inhomogeneous microcapsules

the inner droplets pack closely to form dimers or trimé&®]], as shown schematically in
Figure 9.9. The double emulsions are then polymerized,ifagrsolid microcapsules with
two or three spherical compartments in their interiors, ama or three equally-spaced
“weak spots” in the microcapsule shell [arrows in Figure]9\When exposed to a suffi-
ciently large osmotic pressure, these microcapsules bulckbugh the formation of multi-
ple, equally-spaced indentations at the weak spots, asrsimoiigure 9.9. This approach
is thus a versatile way to create microcapsules of desinedrstries, and extends the range
of structures that can be used for lock-and-key colloidaéatbly.

Our results may be applicable to other thin, spherical shelich as biological cells
[322, 323, pollen grains 85, submersibles324], chemical storage tank825, nuclear
containment shells3Rg, and even the earth’s crusif€. Indeed, many of these shells are

inhomogeneous, similar to the microcapsules describesl[A8E, 327, 328 329, 330.
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Expansion and rupture of pH-responsive

microcapsules

One common way of characterizing the mechanical propesfi@esmicrocapsule is to
monitor how it responds to forces exerted on its shell. Tlesebe mechanical forces,
externally imposed by poking, squeezing, or uniformly pteiing the microcapsule, as
described in the previous Chapt&g3[l, 332, 333 5]. Alternatively, these forces can arise
through physico-chemical modifications to the shell itsglch as charging it; under certain
conditions, the repulsion between the charges on the sheltguse it to deform. Electro-
static forces arise in many applications of soft matter, @emaksequently, this approach is
frequently used to induce deformations in a variety of buétenials B34, 335. Neverthe-
less, systematic investigations of how electrostaticdsmeform microcapsules are scarce
[336, 337, 339. Thus, despite the prevalence of these forces in manywedt situations,

a full understanding of how they affect microcapsules i&ilag.
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In this Chaptet, we study the deformations of spherical microcapsules seghto a pH
stimulus. We choose NaOH as the stimulus; when exposedddése, the microcapsule
shells become highly charged. For large NaOH concentrstitve microcapsules expand
isotropically. We find that the extent of the microcapsulpansion can be understood
by coupling electrostatics with shell theory; moreoveg ttynamics of this expansion is
well described by Darcy’s law for flow through the porous ramapsule shell. Surpris-
ingly, below a threshold NaOH concentration, the microoégsbegin to disintegrate, and
eventually rupture; they then expand non-uniformly, usttety forming large, jellyfish-like
structures. Our results thus highlight the rich behavidrileixed by microcapsules under
the influence of electrostatic forces.

We first describe the production of microcapsules composkedysof a pH-responsive
polymer; when exposed to a trigger pH, this shell dissoltes @nstant rate, ultimately
releasing the microcapsule contents. In the next sectiendescribe the production of
hybrid microcapsules with shells composed of a mixture oHar@sponsive and a pH-
unresponsive polymer. These microcapsules do not disadlea exposed to a trigger pH,
but instead, become highly charged. We then use these hylridcapsules to study how

electrostatic forces can be used to deform spherical mapsdes.

9Based on “Expansion and rupture of pH-responsive micradap§S. S. Dattd, A. Abbaspourrat] and
D. A. Weitz, submittedMaterials Horizong2013) and “Controlling release from pH-responsive miammc
sules”, A. AbbaspourrddsS. S. Dattd, and D. A. Weitz, submitted,angmuir(2013) *Equal contribution.
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10.1 Microcapsules composed solely of a pH-responsive
polymer

We use a glass capillary microfluidic device to prepare mapaise W/O/W double
emulsion drops as templates to form microcapsut&€s][ The device consists of two ta-
pered cylindrical capillaries inserted into the opposiesof a square capillary, whose
inner dimension is slightly larger than the outer diamefehe cylindrical capillaries, as
illustrated by the optical micrograph in Figure 10.1(a)isléonfiguration enables us to ac-
curately align both cylindrical capillaries. We use the @flindrical capillary to inject the
innermost aqueous phase, a 5 wt% aqueous solution of pghaitohol (PVA) of molec-
ular weight 13,000-23,000, seeded with a small amount of @li@mmeter quantum dots for
flow visualization. We treat this capillary with n-octadétrymethoxy silane; this renders
its surface hydrophobic, preventing wetting of the aqugahese on the capillary wall. To
fabricate solid microcapsules, we use a middle oil phasepcised of a 5-15 wt% solu-
tion of an anionic diblock copolymer of methacrylic acid andthyl methacrylate (PAA-b-
PMMA) in a mixture of 70 vol% chloroform and 30 vol% tetrahpdliran (THF)B40. We
inject this oil from the left, forcing it to flow in the same dution as the inner aqueous
phase, through the interstices between the left cylintldapillary and the square capil-
lary. The outermost aqueous phase is a 10 wt% aqueous sobftiBVA containing 15
wt% THF; we inject it from the right, forcing it to flow in the @osite direction, through
the interstices between the right cylindrical capillargdhe square capillary. We operate
this hydrodynamic focusing geometry in the dripping regicausing the inner and middle

phases to break up at the orifice of the right cylindrical kauyi; this forms monodisperse
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Figure 10.1:Microcapsules produced using microfluidics.(a) Optical micrograph of a
glass capillary microfluidic device as it produces monoelisp double emulsions. Scale
bar is 250um. (b) Scanning electron microscope micrograph of mon@ugsy uniform,
solid microcapsules formed after evaporation of the sdlfrem the middle phase of the
double emulsion drops. Scale bar is 100.

W/O/W double emulsions, as shown in Figure 10.1(a).

We use the right cylindrical capillary to collect these dieumulsion drops; this cap-
illary is treated with 2-(methoxy(polyethyleneoxy)prdpyimethoxy silane, rendering its
surface hydrophilic and preventing wetting of the middleptiase on the capillary wall.
After the double emulsion drops are collected, the solverhé middle oil phase slowly
diffuses into the outer continuous phase; this forces thA-BAPMMA to precipitate.
Within one hour, this forms a uniform solid shell of radre9um, as exemplified in Fig-
ure 10.1(b). We wash the monodisperse microcapsules thmefwith water, adjusted to
have pH = 6, three times to remove any surfactant from tharmoois phase.

The resulting microcapsules stably encapsulate theirecositover at least 30 days;
however, when exposed to a basic pH7, the polymer chains making up the shells be-
come highly charged and repel each othi&f(]. This causes the microcapsule shells to

dissolve at a constant rate, starting at their exteriotey aftime delay of several minutes,
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Figure 10.2:pH-triggered release from microcapsules. Optical micrographs showing
the degradation of the 500 nm-thick shell of a microcapdekaging to the release of an
encapsulated dye starting at 12 min (green,; fluorescena®gnaph superimposed). The
microcapsules also encapsulate, and subsequently refeagstyrene particles used for
enhanced visualization (grey). Scale bar is @00 Time stamp shows time elapsed after
pH is raised to 9.

the shells become fully dissolved, and the microcapsulesse their contents, as shown
in Figure 10.2. We expect microcapsules with thicker sheltake longer to fully dissolve
and ultimately release their contents; thus, to controltilme of release, we exploit the
precise flow control afforded by microfluidics to prepare magapsules of the same outer
radius, but with different shell thicknesses. We do this &gying the flow rates of the inner
and middle phase&) andQn,, respectively, while maintaining their sum, and the floverat
of the outer phas&),, at constant values of 1.2 mL/hr and 6.0 mL/hr, respectivEu-
cially, the thickness of the middle phase of each double simuidrop, and consequently,
the thickness of the solid shell formed from it, increaseth wicreasindQnm,/Q;, as shown
in Figure 10.3(a). To quantify the release kinetics for méapsules of different shell thick-
nesses, we monitor individual microcapsules using fluemese microscopy, measuring the
time between initiation of a trigger through exposure to agp®land the beginning of the
release from their interiors3f1]. The time delay increases linearly with increasing shell
thickness, varying from just a minute up to tens of minutasst@aown in Figure 10.3(b);

this is consistent with our expectation.
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By fabricating and mixing varying amounts of different p¢gdions of capsules, each
characterized by a different shell thickness, we can pecisontrol the distribution of
release times over a range spanning one minute to nearly @me fihis enables us to
program sequential release from different microcapsutesljustrate this, we fabricate
and mix two different populations of microcapsules, havittper thin 500 nm shells or
thick 4um shells. We distinguish the two populations by encapswadi green and a red
dye within the microcapsules having thin and thick shetispectively [first frame, Figure
10.4]. We increase the pH of the continuous phase to 9, fgrttie shells to dissolve.
After two minutes, the microcapsules with thin shells retetheir contents; in contrast, the
microcapsules with thicker shells continue to stably esadgie their contents, as shown in
the second and third frames of Figure 10.4. These subsdygueleiase their contents after
thirteen more minutes have passed, as shown in the last aveef of Figure 10.4. These
results demonstrate that varying the microcapsule shekrbss provides a straightforward
means of programming sequential release at different times

This experimental approach can be used to trigger releaseatge of different pH
conditions. To illustrate its generality, we apply the samerofluidic device, but use a dif-
ferent middle oil phase; this enables us to prepare micsadap that release their contents
under acidic conditions. The oil phase is an 8 wt% solutica cdtionic triblock copolymer
of poly-(n-butyl methacrylate-(2-dimethylaminoethyfjethacrylate-methyl methacrylate)
(DMAEMA-BMA-MMA) in a mixture of 70 vol% chloroform and 30 vi86 THF [347].
Similar to the previous case, after the double emulsionslewp formed and collected, the
solvent in the middle oil phase slowly diffuses into the conbus phase; this forces the

polymer to precipitate, forming a uniform solid shell. Innt@ast to the PAA-b-PMMA
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Figure 10.3:Controlling shell geometry using microfluidics. (a) Ratio of microcapsule
shell thickness to shell radius, measured using scanngajreh microscopy, increases
with increasing ratio of middle phase flow ra@g, to inner phase flow rat®;. Example
scanning electron micrographs for thin and thick shellsstu@wn in the inset. (b) Time
delay before release begins, quantified using fluoresceimresnopy of microcapsules en-
capsulating a fluorescent dye, increases with increasielfjtbickness, for shells triggered
at pH = 9; grey line shows linear relationship. Vertical erbars show standard devia-
tion in measured release time, while horizontal error baosvsstandard deviation in shell
thickness of each batch.

case, however, the DMAEMA-BMA-MMA polymer chains becomglily charged only
under acidic conditions; consequently, the microcapshiis thus formed dissolve and
release their contents only for pH 6 [343 344]. We are therefore able to prepare micro-
capsules that very stably encapsulate their contents, migd@ease them when exposed
to either acidic or basic conditions.

This experimental approach enables us to program the segjuetease of different ac-
tives upon exposure to different pH conditions; to illusgrthis, we fabricate and mix two
different populations of acid-responsive and base-resigemmicrocapsules. We distin-
guish the two populations by encapsulating a green dyenvitid base-responsive PAA-b-
PMMA microcapsules, and a yellow dye, along witjuth polystyrene particles, within the

acid-responsive DMAEMA-BMA-MMA microcapsules ([first fraam Figure 10.5]. Both
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Figure 10.4:Controlling time of release. Optical micrographs showing the release, start-
ing at 2 min, of an encapsulated dye from microcapsules withrim-thick shells (green;
fluorescence micrograph superimposed). A second encépdulge is then released, start-
ing at 15 min, from microcapsules withu#n-thick shells (red; fluorescence micrograph
superimposed). Scale bar is 26@. Time stamp shows time elapsed after pH is raised to
9.

populations of microcapsules are stable in water adjustéthtve pH = 6.5. We then de-
crease the pH of the continuous phase to 5; while the bapenisse microcapsules remain
stable, the acid-responsive microcapsules quickly reléasir contents, as shown in the
second and third frames of Figure 10.5. We subsequentlgaserthe pH of the continuous
phase to 9; this forces the base-responsive microcapsuédsd release their contents, as
shown in the last two frames of Figure 10.5. These obsematizmonstrate that vary-
ing the microcapsule shell composition provides a stréagivard means of programming

sequential release at different pH.

10.2 Hybrid microcapsules

We fabricate monodisperse thin-shelled microcapsulegwsater-in-oil-in-water (W/O/W)
double emulsion templates prepared by microfluiddZ]. The inner and outer phases are
6 wt % and 10 wt % solutions of polyvinyl alcohol (PVA), respieely, while the middle oil
phase is a mixture of a pH-responsive polymer, suspendestrathiydrofuran (THF), and

another photo-polymerizable pH-unresponsive monomeru¥geUV light to polymerize
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Figure 10.5:Programmed release at different pH valuesOptical micrographs showing
the release of an encapsulated dye only from acid-resppBSMAEMA-BMA-MMA mi-
crocapsules (yellow; fluorescence micrograph superingfjogken the pH is reduced to 5
[second and third frames]. A second encapsulated dye (gitaerescence micrograph su-
perimposed) anddm polystyrene particles (grey) are then released from besgonsive
PAA-b-PMMA microcapsules when the pH is increased to 9 ffloand fifth frames]. Scale
bar is 50Qum. The shells of both types of capsules are 500 nm thick.

the pH-unresponsive monomer as the double emulsions aexajedin situ, forming a
highly cross-linked network around the inner core. Thisvoek is a solid characterized by
a Young's modulug ~ 600 MPa B19; it is impermeable to hydrated Neand OH" ions,
but is permeable to wateB16, 5]. We then collect the microcapsules in water adjusted to
have pH = 6, and let the THF evaporate; this forces the pHerespe polymer to precipi-
tate, completing the formation of a solid, hybrid sh8if], schematized in Figure 10.6(a).
We then remove the supernatant, and repeatedly wash theaapsules with pure water,
to remove any surfactant from the continuous phase.

When exposed to NaOH, the pH-responsive polymer chaingahttrocapsule exteri-
ors become highly charged and repel each other; this r@pulsiscreened by any residual
Na" or OH™ ions. To probe the microcapsule deformations under thesditions, we
immerse them in an aqueous solution wethoy = 500 mM, and monitor them using op-
tical microscopy. Strikingly, the hybrid microcapsulesaily become opaque, reflecting
the development of heterogeneities in the shell, and alyregpand in irregular shapes;

representative optical micrographs of this process areisimFigure 10.6(b). The micro-
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capsules ultimately expand into spheres, as shown by thidase of Figure 10.6(b); this
entire process occurs over a timescale-dfO s.

We quantify this behavior by measuring the maximal expansio= (Rt — Ry)/Ro,
whereRy andR; are the average initial and final microcapsule radii, retypelg. We also
measure the average time taken for the microcapsules toexpto their final spherical
shapesyt. To elucidate the expansion behavior, we explore even |loakres ofcyaon.
Intriguingly, y increases strongly with decreasiogaon, as shown in the upper panel of
Figure 10.7, reaching a value exceeding txalon = 25 mM; the expansion time con-
comitantly increases, but only weakly, as shown by the ggesses in the lower panel of
Figure 10.7. Unexpectedly, ataon = 25 mM, the microcapsules also begin to disinte-
grate, forming fragments of size 1 um, as indicated by the arrows in Figure 10.6(c). At
even smallecyaon, the microcapsules first disintegrate, as shown by the fasté of Fig-
ure 10.6(d); this ultimately results in the formation of dehim each shell after a time delay
71 ~ 10— 100 s. The microcapsules then begin to intermittently edmariward, starting at
the hole perimeters, as exemplified by the last three fraregore 1(d); the region of the
shell that expands is indicated by the arrow in each frames iftocess occurs over a time
periodt, ~ 10— 100 s; the expansion then stops, leaving wrinkled jellyfisd-structures,
approximately 30Qum in size.

The isotropic expansion at higlyaon > 25 mM is due to the charging of the micro-
capsule shells; when exposed to NaOH, the pH-responsiyeneo$ at the microcapsule
exteriors become highly charged, leading to a surface ehdegsityo. We thus expect
that the repulsion between the charges on each sphergattyaetric shell leads to a force,

directed radially outward, on the shell. We estim&té€] the magnitude of the resultant
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Figure 10.6:Expansion and rupture of microcapsules.(a) Schematic of a hybrid micro-
capsule, showing the thin, solid, spherical shell compagedpH-unresponsive polymer
and a pH-responsive polymer. The core is a 6 wt% aqueouda@oloft polyvinyl alcohol
(PVA). The pH-responsive polymer at the surface of the dhestbomes charged when ex-
posed to NaOH in the continuous phase. First frame of (b) shawoptical micrograph
of a hybrid microcapsule after it is collected. Subsequearés in (b), (c), and (d) show
the expansion of the microcapsule when exposed to difféda@H concentrations. (c)
At cnaon = 25 mM, the shell begins to disintegrate, as indicated by thens in the last
frame. (d) For lowecnaon < 25 mM, the shell first disintegrates, as indicated by thevarro
in the first frame, then ruptures through the formation of le h&hown in the second frame,
then expands into a wrinkled jellyfish-like structure, sinaw the last two frames. Scale
bars indicate 10Qum.

136



Chapter 10: Expansion and rupture of pH-responsive micpscdes

electrostatic pressure ps~ 02k 1 /€&0R, whereg ~ 80 is the dielectric constant of water,
& Is the permittivity of free space& is the time-dependent radius of the spherical micro-
capsulex 1 is the length over which the repulsive interactions areested. The quantity
of NaOH required to fully charge the shell is small; consetlyethe excess Naand OH
ions, which screen the surface charges on the shell, havecagation~ cya0H, and thus
K1= A/\/CNaoH, With A= 0.304 nm M1/2[347]. As the microcapsule expands isotrop-
ically, a tensile stress builds up within its shell; thisisesthe expansion. We use shell
theory to estimate this stregsy = Eh(1/Ro— 1/R), whereh ~ 3 um is the average shell
thickness, measured using scanning electron microsc&py.[ We thus expect that the
microcapsules expand until the electrostatic pressuraeasile stress balance each other;
this yields a maximal expansion strayn= 02A/Eeeoh\/m. We test this prediction
using our measurements pfWe findy ~ Cﬁ;gw as shown by the line in the top panel of
Figure 10.7, consistent with the theoretical predictiotinfy the experimental data yields
an estimate o&r ~ 300e/nn?, whereeis the charge of an electron. These results suggest
that the microcapsule expansion can be understood by cguelectrostatics with shell
theory.

Within this picture, the Na and OH" ions screen the repulsion between the charges on
the microcapsule shells. As an additional test of this idesgxpose the microcapsules to a
25 mM NaOH solution, also containing 500 mM NacCl; we expeetha™ and CI~ ions to
similarly screen the repulsion between the charges on theooapsule shells. Consistent
with our expectation, the microcapsules do not disintegnalike microcapsules exposed
to only 25 mM NaOH. Instead, they expand slightly, reachimgaximal expansion strain

y =~ 0.4, much smaller than that expected ff,on. This value of the strain is instead
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comparable to that expected my,on = 525 mM, as shown by the line in the top panel of
Figure 10.7, thus confirming the validity of our picture.

The microcapsules expand to their maximal size over a timege. We hypothe-
size that this behavior reflects the dynamics of the fluid flot@ the microcapsule cores,
through their porous shells, as they expabld YWe estimate this inflow rate using Darcy’s
law, pe — pm = uhR/Bk, whereu ~ 1 mPa s is the viscosity of water anklis the shell
permeability; this yields a characteristic expansion time uR2(1+ y)/3Ek. We use our
measurements af, as well as the fit to the measurementsg/ahown in the top panel of
Figure 10.7, to directly test this prediction. We find exestlagreement between the data
and the theoretical prediction, as shown by the solid linéhanbottom panel of Figure
10.7; fitting the experimental data yields a shell permétghii ~ 1021 m2. The agree-
ment between the data and the theoretical prediction thygests that the dynamics of the
microcapsule expansion can be understood using Darcy’s law

As cnaon decreases, the screening lengttt increases; consequently, the stress in the
microcapsule shell increases, ultimately reachppg= pe ~ 10 MPa atcyaoH = 25 mM.
For even smallecyaon, the microcapsules begin to disintegrate intd um fragments,
and eventually rupture. We hypothesize that, under thesditons, the stress that builds
up in the shell exceeds the stress required to fracture tesidhis hypothesis, we estimate
the fracture stres$fg using the Griffith criterion, /2E G;/ma~ 6 — 20 MPa, wheré, ~
0.1—1 J/m? is the surface energy per unit area of the shell materialaeassd. um is the
characteristic size of a shell fragment, measured usingalphicroscopy. Interestingly,
this value is in good agreement with our estimate of the maksatress that develops in the

shell, pm =~ 10 MPa, suggesting that the observed disintegratioRasH < 25 mM reflects
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Figure 10.7:Geometry and dynamics of microcapsule expansior{(Top Panel) Maximal
expansion strain of spherical microcapsules exposedferédift NaOH concentrations; line
shows theoretical prediction described in the text, wite 300e/nn?, wheree s the ele-
mentary charge. (Bottom Panel) Grey squares show time fakapherical microcapsules
to fully expand; line shows theoretical fit described in tkett Blue triangles and red cir-
cles the time period over which the shell disintegratesigedchole forms in itr, and the
time period over which the shell subsequently expands irjelish-like structure,to,
respectively, fonaon < 25 mM.
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the fracturing of the microcapsule shell.

Finally, we monitor the dynamics of the disintegration,tirp, and subsequent expan-
sion of the microcapsule shell that occursgion < 25 mM. Intriguingly, both the time
period over which the shell fractures before a hole forms,iryj and the time period over
which the shell subsequently expands into a jellyfish-likecture, 12, both increase with
decreasin@naoH, as shown by the blue triangles and red circles in Figure, ¥@spec-
tively. A complete understanding of these dynamics remaipsizzle requiring further
inquiry.

Our work highlights the fascinating range of structuresilexéd by pH-responsive mi-
crocapsules, driven by the interplay between electrestetd mechanical forces. Intrigu-
ingly, many of these structures are reminiscent of strastualso induced by electrostatic
effects, that are often observed in other soft matter systeuth as viruse8§{16, 349 350

and red blood cells351].
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