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We experimentally study the formation and stability of miscible fluid threads made of
high-viscosity liquids using hydrodynamic focusing sections. Miscible core annular
flows are useful for transporting viscous materials and can be destabilized for
enhancing mass transfer. We delineate phase-diagrams of the generation of lubricated
threads from low to large viscosity contrasts with various di↵usion coe�cients.
Depending on fluid properties and flow rates of injection, stable microflows are
classified into engulfment, thread, and tubing regimes. For low Péclet numbers,
we examine thread dynamics when di↵usive e↵ects strongly alter basic flow struc-
tures and induce new flow configurations, including ultra-di↵usive and di↵usive
instability regimes. Another unstable flow arrangement is investigated for moderate
Reynolds numbers where small threads are rapidly destabilized in the inertial flow
field of the sheath fluid near the fluid junction. This study provides an overview
of stable and unstable flow regimes and their transitions during the formation of
miscible viscous fluid filaments in square microchannels. C 2014 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4903534]

I. INTRODUCTION

Multiphase flows in microgeometries encompass a wide range of fluid phenomena and find use
for a variety of applications, including oil and gas recovery,1 biomaterial synthesis,2 and drug discov-
ery.3 Microfluidic platforms are practical for generating arrays of monodisperse bubbles and droplets
when immiscible fluid streams are focused into a single channel.4–10 When fluids are miscible, it is
often desirable to form di↵usion gradients11 or achieve rapid mixing for homogenizing solutions of
reagents.12–14 While turbulent mixing occurs at large Reynolds numbers,15 miniature flow devices
are commonly operated in creeping flow conditions and mixing fluids having similar viscosities re-
quires the development of active and passive methods, such as electrokinetics,16 piezoelectric ele-
ments,17 oscillatory flows,18 laminating channels,19 or wall modifications20 to essentially increase the
fluid interfacial area and reduce di↵usional paths. In the case where fluids have large di↵erences in
viscosities, e�cient blending is particularly challenging due to the constituents’ tendency to stratify
under flow and form complex velocity and viscosity fields.21–25 In addition, viscosity-di↵ering fluids
can naturally self-lubricate26 and form viscous threads enveloped in sheaths of less viscous fluids
depending on injection scheme and fluid properties.

The control of hydrodynamic instabilities with high-viscosity fluids in microchannels is prom-
ising to expand the processing and mixing capabilities of microflow systems to a broad range of
thick materials, such as polymers or petroleum. Depending on the type of applications, one may
wish to increase the viscosity of a thin fluid by adding a viscosifier or reduce the viscosity of a thick
material by adding a thinner. The formation of viscous threads lubricated with low-viscosity sol-
vents o↵ers significant advantages for manipulating thick substances in confined microgeometries.
For instance, the folding instability of viscous threads can be precisely adjusted using tailored mi-
crofluidic networks to interrogate the influence of viscosity and interfacial tension on the shape and
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dynamics of folds.27,28 This instability can also be manipulated with electric fields29 and employed
to fabricate crimped microfibers.30 Other general flow destabilization processes with fluids having
large viscosity contrasts include viscous fingering during fluid displacement in porous media31–33

and shear instabilities of stratified flows.34–38 For moderate Reynolds numbers, inertial e↵ects can
also be harnessed in microfluidic devices and secondary flows be exploited to enhance fluid mixing
using curved microchannels39 or to align particles in a straight channel.40 In general, it would be
useful to develop a unifying picture of the behavior of miscible micro-threads in straight microchan-
nels and characterize the regions in the control parameter space where high-viscosity fluid mixing
can be passively enhanced due to hydrodynamic instabilities.

Here, we experimentally study the formation of viscous threads in simple microfluidic focusing
sections and provide robust scaling relationships to predict miscible flow transitions between stratified
and lubricated states for a broad range of viscosity contrasts. In particular, we show the existence of
a di↵usive instability for viscous threads convected at small flow rates and we examine the onset of
inertial instabilities for moderate Reynolds numbers. We discuss the main features of these original
instability patterns and measure the critical thread length before encapsulation and during various
destabilization processes. We determine the control parameters that govern steady and unsteady flow
regime transitions during miscible fluid transport in square microchannels.

II. EXPERIMENTAL METHODS

Microchannels consist of selectively etched-through silicon wafers of height h = 250 µm and
borosilicate glasses and are made using standard microfabrication techniques, including microlithog-
raphy, deep reactive ion etching, and anodic bonding.41 The focusing section consists of two square
channels that intersect at right angles [Fig. 1(a)]. The high-viscosity fluid L1 having a viscosity ⌘1
is injected into the central channel at a flow rate Q1 and the less viscous fluid L2 of viscosity ⌘2 is
symmetrically introduced in the side channels at a total flow rate Q2. Fluids are injected using syringe
pumps and microdevices are placed on top of an inverted microscope equipped with a high-speed
camera to analyze flows. To map developing flows near the channel orifice, the origin of the coordinate
system is placed at the transition between the central and the observation channels.

Miscible silicone oils of various viscosities are used as model fluids. Since silicone oils di↵er
only by their molecular weight, particular oil pairs are selected to examine microflows with fluids
having similar viscosity contrasts � = ⌘1/⌘2 but di↵erent di↵usion coe�cients D. The di↵usion
coe�cients D are estimated using Stokes-Einstein law assuming that, at constant temperature, the
product D⌘2R, where R is the molecular hydrodynamic radius of the highly viscous oil L1, is essen-
tially constant. Using this argument in conjunction with the oil manufacturer specifications (Gelest)
yields D⌘2⌘0.34

1 = K , where the constant K is determined based on published data for di↵usion
coe�cients D of conventional silicone oils.42,43 The range of dynamic viscosity contrast � investi-
gated spans between 10 and 104. Experiments are conducted for various thread viscosities ⌘1 in two
di↵erent continuous phases, one having a very low viscosity ⌘2 = 0.49 cP and the other one having

FIG. 1. (a) Schematics of thread formation using a symmetric hydrodynamic focusing section. (b) Evolution of di↵usion
coe�cient with viscosity contrast � for various fluid pairs.
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a medium viscosity ⌘2 = 4.6 cP. The Schmidt number Sc = ⌘2/(⇢2D), where ⇢2 is the density of
L2, is sometimes used to characterize phenomena involving both momentum and mass di↵usion
processes.44 Fluid viscosities, di↵usion coe�cients, and Schmidt numbers are displayed in Table I.
Fluid pairs are labeled based on the external fluid viscosity ⌘2 with “D” for the low-viscosity and
strongly di↵usive external oil (low Sc) and “M” for the medium-viscosity and weakly di↵usive
surrounding oil (large Sc). The number in the label indicates the order of magnitude of the viscosity
contrast � [Fig. 1(b)].

This method allows us to compare strongly and weakly di↵usive flows for equivalent viscosity
contrasts �. This technique also permits to experimentally decorrelate primary flows that are essen-
tially governed with the flow ratio ' = Q1/Q2 and the viscosity contrast � = ⌘1/⌘2 and unstable
flows, whose characteristics also depend on the absolute flow rate Q1 +Q2, the di↵usion coe�cients
D, and the external phase viscosity ⌘2. The Péclet number Pe = (Q1 +Q2)/(Dh) is convenient for
describing systems in the presence of convection and di↵usion. In this work, Pe is varied between
2 ⇥ 102 and 2 ⇥106. Inertial phenomena are known to strongly depend on the Reynolds number Re
= ⇢2(Q1 +Q2)/(⌘2h), which is varied between 10�1 and 102 in this study.

III. FLOW MAPS

A multitude of regimes are observed depending on flow rates of injection Q1 and Q2, absolute
viscosities ⌘1 and ⌘2, and di↵usion coe�cients D. To better understand the influence of basic
parameters on regime selections, we first compare flow maps between strongly and weakly di↵usive
fluid pairs (D3 and M3) having similar viscosity contrast � ⇠ 103 [Fig. 2].

Steady primary flow patterns are obtained with the fluid pair M3 having a small di↵usion
coe�cient D and consist of stratified and lubricated flows, including “tubing,” “stable thread,” and
“engulfment” regimes [Fig. 2(a)]. Over the range of parameters investigated, the flow rate ratio
' = Q1/Q2 is found to control basic regime transition independently of absolute values of Q1 and
Q2. For a given fluid pair, transitions from a regime to another occur for fixed values of '. The
tubing regime is a stratified flow obtained for large ' and consists of a central strip of L1 that
occupies most of the channel cross-section and directly contacts top and bottom walls. For lower
values of ', the stable thread regime corresponds to a core-annular flow where L1 is fully lubricated
by L2 and forms a core thread having a nearly uniform velocity profile.45 The engulfment regime
is obtained for very low ' and consists of the low viscosity fluid invading the central channel and
locally producing counter flows. Very small threads are typically formed in this regime.

The flow map obtained for the strongly di↵usive fluid pair D3 o↵ers a more challenging classi-
fication as, in addition to base primary flows, three flow regimes, including “ultra-di↵usive,” “di↵u-
sive,” and “inertial” instabilities are identified [Fig. 2(b)]. The ultra-di↵usive regime is a steady state
obtained for very low flow velocities and consists of fluid spatially mixing at short distances near
the junction. As the flow rate increases, a periodic instability is seen to alter straight threads into
a complex braided structure near the junction. Since such flow patterns are found to occur below
a critical flow velocity with fluid pairs having large di↵usion coe�cients, we infer that basic flow
structures are altered due to molecular di↵usion and, in consequence, these regimes are referred

TABLE I. Properties of pairs of liquids L1 (central stream) and L2 (side streams) with corresponding dynamic viscosities
⌘1 and ⌘2, viscosity contrast � = ⌘1/⌘2, di↵usion coe�cient D, and Schmidt number Sc = ⌘2/(⇢2D).

Pair ⌘1 (cP) ⌘2 (cP) � D (m2/s) Sc Symbol

D1 4.59 ⇥ 100 4.95 ⇥ 10�1 9.2 ⇥ 100 2.7 ⇥ 10�9 2.4 ⇥ 102 �

D2 4.80 ⇥ 101 4.95 ⇥ 10�1 9.7 ⇥ 101 1.2 ⇥ 10�9 5.4 ⇥ 102 ⇤
D3 4.86 ⇥ 102 4.95 ⇥ 10�1 9.8 ⇥ 102 5.6 ⇥ 10�10 1.2 ⇥ 103 ⇧
D4 4.87 ⇥ 103 4.95 ⇥ 10�1 9.8 ⇥ 103 2.6 ⇥ 10�10 2.5 ⇥ 103 M
M1 4.80 ⇥ 101 4.59 ⇥ 100 1.0 ⇥ 101 1.3 ⇥ 10�10 3.8 ⇥ 104 �
M2 4.86 ⇥ 102 4.59 ⇥ 100 1.1 ⇥ 102 6.0 ⇥ 10�11 8.3 ⇥ 104

M3 4.87 ⇥ 103 4.59 ⇥ 100 1.1 ⇥ 103 2.7 ⇥ 10�11 1.9 ⇥ 105
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FIG. 2. Weakly and strongly di↵usive phase diagrams at large � ⇠ 103. (a) Basic stable flows obtained with the low
di↵usivity fluid pair M3, flow rates (Q1, Q2) are indicated in µl/min, micrographs: (i) tubing (20, 70), (ii) stable thread
(5, 100), (iii) and engulfment (2, 800) regimes. (b) Stable and unstable flow regimes for a strongly di↵usive fluid pair D3,
micrographs: (i) ultra-di↵usive regime (1, 10), (ii) di↵usive instability (1, 40), and (iii) inertial instability (1, 900).

to as “di↵usive instabilities.” For large injection speeds, the flow at the channel entrance is not
fully developed and appears to strongly destabilize small threads above a critical flow velocity. As
this remarkable flow behavior is only reached for relatively large Reynolds numbers, we label this
regime as “inertial instability.” In general, flow instabilities favor the growth of transfer surfaces and
should in principle enhance the overall mixing process. The transition between stable and unstable
flow patterns depends on dimensionless quantities such as the Péclet and Reynolds numbers, which
in turn depend on absolute flow and fluid properties.

IV. BASIC FLOW REGIMES

To delineate the major features of miscible fluid thread formation mechanisms, we first focus
on regimes associated with basic thread formation for low Re (strongly laminar) and high Pe (non-
di↵usive). A fundamental property of viscosity-stratified flows in ducts is the possibility for low-
viscosity fluids to envelop high-viscosity fluids and produce lubricated viscous threads. The condi-
tions required to initiate high-viscosity flow separation from the walls, however, are poorly under-
stood. Here, steady, miscible contact lines between fluids and walls are apparent in experimental
micrographs and adopt a nearly triangular shape that expands in the outlet channel [Fig. 3(a)]. The
contact point where miscible contact lines merge at the solid walls is used to measure the thread
formation length LS. Downstream of the contact point, data show the persistence of a thin contact
line aligned with the flow direction, which suggests that a small portion of L1 is still in contact with
the walls. This line, however, quickly blends with the surrounding fluid yielding a fully lubricated
thread.

The stable thread formation length LS is a useful parameter to characterize base flow regimes.
In particular, LS diverges for finite values of ' near regime changes [Fig. 3(b)]. For instance, for
the viscosity contrast � ⇠ 103, the stable/engulfment transition is estimated as 'Eng ⇠ 7.1 ⇥ 10�3

and the stable/tubing transition at 'Tub ⇠ 2.9 ⇥ 10�1. In the engulfment regime, very thin threads are
formed and LS o↵ers a simple quantitative parameter to define this regime. In most of the stable
thread flow regimes, the initial thread length LS is found to be directly proportional to the flow rate
ratio ' such as LS/h = k', where the coe�cient k depends on the viscosity contrast � according to
k = 3.3 + 1.6 ⇥ 10�2� [Fig. 3(b)-inset]. For very large � � 1, experimental data suggest the asymp-
totic scaling LS ⇠ �' for the thread formation length.
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FIG. 3. Formation length LS of stable threads. (a) Micrographs showing the development of LS as a function of the flow
rate ratio ', fluid pair: D3. (b) Formation length LS as a function of ' for � ⇠ 103 transitions, 'Eng = 7.1 ⇥ 10�3,
'Tub = 2.9 ⇥ 10�1, solid line: LS/h = 19.8', fluid pairs: D3 (⇧) and M3 ( ). Inset: evolution of prefactor k with viscosity
ratio �, solid line: k = 3.3 + 1.6 ⇥ 10�2�.

The width of the central stream " is observed to significantly decrease in the area around the
separation point of L1 from the walls before " reaches a nearly constant value further downstream. The
thread diameter " is measured in the observation channel using grayscale analysis of light intensity
normal to the thread flow direction [Fig. 4(a)]. Here, we restrict our measurements to the stable thread
regime in the absence of significant di↵usive and inertial e↵ects. The diameter is computed between
the two points of minimal intensity around the thread and remains constant in our field of view for
x/h � 6. Although very small threads can also be formed in the engulfment regime, the spatial reso-
lution of this series of experiments limits our measurements for "/h  5 ⇥ 10�2 as it corresponds to a
threshold value for the uncertainty error of 20%. Previous work showed that in the limit of � � 1 and
"/h ⌧ 1, the theoretical expression "/h = ('/2)1/2, which is valid for core-annular flow in a circular
duct, holds good agreement with measured thread widths in square microchannels.45 Here, data are
fitted with the function "/h = ↵'1/2, where the coe�cient ↵ reaches a plateau value of ↵S = 2�1/2 for
� � 102 [Fig. 4(b)]. For � ⇠ 10, values of ↵ are considerably lower than ↵S as the relative viscosity
between fluids is too low to produce fully lubricated threads having a uniform velocity profile.

The critical flow rate ratios 'Tub and 'Eng at which basic flow transitions occur are useful for
determining the range of stable thread sizes available as a function of constituents’ viscosities. Basic
scaling for the transition curves are determined according to 'Tub ⇠ 2��0.3 for the tubing/stable thread
transition and 'Eng ⇠ 0.27��0.6 for the engulfment/stable transition [Fig. 4(c)]. The tubing/thread
transition corresponds to the lubrication transition in compact microgeometries between stratified
and lubricated flows. In microfluidic chambers,46 a similar trend was found for the lubrication tran-
sition of folding threads with a more pronounced influence of the viscosity contrast according to

FIG. 4. (a) Evolution of normalized stable thread diameter "/h with the flow rate ratio ' for � ranging between 102 and 104,
top inset: micrograph with arrow to indicate location of grayscale analysis, bottom inset: example of grayscale profile used to
measure ". (b) Variation of coe�cient ↵ with viscosity contrast �, dashed line: ↵S = 2�1/2 (c) Phase-diagram for base flow
regimes with flow rate ratio ' vs. viscosity contrast �. Solid lines: tubing/thread transition, 'Tub = 2��0.3, engulfment/thread
transition, 'Eng = 0.27��0.6. Symbols for fluid pairs are indicated in Table I.
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' = 1.8��0.6. Here, data also show that, as � increases, the conditions for production of small steady
threads improve due to a better resistance to engulfment of the less viscous fluid in the central channel.
The generation of larger threads, however, is limited at large � due to the presence of the tubing
regime.

V. UNSTABLE FLOW REGIMES

In this section, we examine the main features of unstable flow regimes that are characterized
by a significant modification of the basic flow structures. Information gained about the influence of
the flow rate ratio ' and the viscosity contrast � is key for the determination of steady lubricated
flow states. Here, the flow stability is probed for a variety of di↵usion coe�cients D and flow
velocities J = (Q1 +Q2)/h2. In general, fluid pairs associated with large di↵usion coe�cients D
(i.e., small Péclet numbers Pe) are prone to di↵usion-induced flow instabilities. Similarly, when the
lubricant viscosity ⌘2 is small, the development of inertial instabilities is facilitated as moderate
Reynolds numbers are reached, Re ⇠ O(2). In practice, fluid pairs having a low viscosity fluid also
have a large di↵usion coe�cient and therefore, fluid pairs of low Schmidt numbers Sc exhibit both
di↵usive instabilities for small flow rates and inertial instabilities for large flow rates. Flow regimes
are classified based on their optical signatures, as their generic features are readily identifiable with
a visual inspection of micrographs.

A. Di�usive regimes

Di↵usive instabilities are observed with fluid pairs D1 to D4 and are classified using the Péclet
number Pe [Fig. 5(a)]. In general, di↵usive regime transitions are found to be relatively insensitive to
the viscosity ratio � and the flow rate ratio '. In Fig. 5, we do not include di↵usive transitions with
the tubing regime. For large Péclet numbers Pe > PeS, where PeS ⇡ 104, stable threads are formed
and display similar characteristics, including diameter " and formation length LS, as those produced
with the weakly di↵usive fluid pairs M1 to M3 [Fig. 5(b) (i)] As Pe is lowered below PeS, threads
that are initially stable near the observation channel orifice are seen to destabilize at a certain dis-
tance downstream and highly complex viscous structures are produced in the observation channel
[Fig. 5(b) (ii)]. This intriguing regime is observed for moderate Péclet numbers when Pe > PeD,
where PeD ⇡ 1.5 ⇥ 103. For low Péclet numbers Pe < PeD, the ultra-di↵usive flow regime is char-
acterized with a thread progressively blending with the surrounding fluid [Fig. 5(b) (iii)]. Although
the fluid/fluid interface appears sharp near the fluid section, for very small injection speeds, i.e., for
long residence times, the grayscale gradient at the interface between the thread and the external liquid
diminishes along the flow direction, and eventually the thread is no longer distinguishable from the
surrounding fluid.

By contrast to the steady ultra-di↵usive regime, the di↵usive regime shows periodical oscillations
at specific distances from the fluid junction. For a given fluid pair, the destabilization length LDi↵ can

FIG. 5. (a) Phase diagram of di↵usive instabilities with flow rate ratio ' and Péclet number Pe, the tubing regime is omitted.
Solid lines represent transitions between ultra-di↵usive/di↵usive instabilities, PeD ⇡ 1.5 ⇥ 103, and di↵usive/stable thread
regimes, PeS ⇡ 104. Symbols are indicated in Table I. (b) Micrographs with flow rates (Q1, Q2) indicated in µl/min: (i) stable
thread (20, 500), fluid pair D3; (ii) Di↵usive instability (2, 30), fluid pair D3; and (iii) ultra-di↵usive regime (2, 10), fluid
pair D2.
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FIG. 6. Di↵usive destabilization length LDi↵. (a) Micrographs showing the evolution of LDi↵ for various Péclet number Pe,
fluid pair D3. (b) Evolution of normalized destabilization length with the Péclet number for di↵usive fluid pairs, solid line:
LDi↵/h = 1.2 ⇥ 10�3Pe. Symbols are indicated in Table I.

be adjusted with the total flow rate of injection, i.e., average flow velocity, which is non-dimensionally
represented with the Péclet number Pe [Fig. 6(a)]. The average thread length LDi↵ before destabi-
lization is experimentally determined by superimposing micrographs from high-speed movies onto
a composite image and measuring the location at which the combined thread diameter " increases
along the flow direction. Data show that the di↵usion length LDi↵ is directly proportional to the Pé-
clet number Pe according to LDi↵/h = 1.2 ⇥ 10�3Pe for fluid pairs D1 to D4 [Fig. 6(b)]. Although a
detailed investigation of this particular regime is beyond the scope of this article, experiments show
that the thread experiences some kind of a “di↵usive coiling” that leads to the formation of a central
fluid structure having an e↵ective diameter that increases along the flow direction, which suggests
that mixing is locally enhanced near the thread. We note that the upper limit for the threshold Péclet
number PeS ⇡ 104 is somewhat arbitrary since the field of view corresponds to the portion of the
channel after the junction and extends over a distance x/h ⇠ 12.

B. Inertial regime

Dynamic interactions between the forming slender viscous structure and the developing inertial
flow field near the observation channel entrance can significantly alter thread structural integrity for
moderate Reynolds numbers Re = ⇢2(Q1 +Q2)/(⌘2h). As the full development of the laminar flow
velocity profile requires an entry length L/h ⇠ 8 ⇥ 10�2 Re from the channel entrance,47 which is
located at x = h, the region downstream the fluid junction (where destabilization occurs) becomes
significant with respect to thread formation (L > h) for moderate Reynolds numbers Re � 13. Such
regimes are obtained with fluid pairs having a low external viscosity ⌘2, such as pairs D1 to D4.

FIG. 7. Inertial instabilities during miscible thread formation. (a) Micrographs showing inertial thread destabilizations for
viscosity contrasts � ranging between 101 and 104 at fixed flow rates Q1 = 1 and Q2 = 103 µl/min, ' = 10�3, all di↵usive
fluid pairs, Re ⇠ 103. (b) Phase-diagram of inertial instabilities based on flow rate ratio ' and Reynolds number Re for
viscosity contrast � ⇠ 103, fluid pair D3, solid line: ' = aRe with a = 1.3⇥ 10�4. (c) Evolution of prefactor a as a function
of viscosity contrast �, solid line: a = 3.5 ⇥ 10�3��1/2.
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FIG. 8. Evolution of inertial destabilization length LIne. (a) Micrographs showing the decrease of LIne with the Reynolds
number Re. (b) Scaled inertial thread length LIne/h as function of dimensionless parameter '�1/2/Re, solid line: LIne/h
= 1.2 ⇥ 103'�1/2/Re.

A range of thread behavior is obtained depending on Reynolds numbers Re, viscosity contrasts
�, and flow rate ratios '. For instance, for fixed Re ⇠ 102 and ' = 10�3, threads appear more
resistant to deformation as the viscosity contrast � increases [Fig. 7(a)]. For low � ⇠ 10, a curious
inertial engulfment regime with sporadic formation of two rolled-up viscous filaments in the central
inlet channel is observed while threads are distorted to di↵erent degrees for larger � � 102. To
classify unstable thread regimes, we inspect flow morphologies in the field of view close to the
junction. The neutral curve for the onset of inertial instabilities is found to depend on the flow
rate ratio (i.e., thread diameters) for a given Re according to the relationship ' = aRe, where the
coe�cient scales as a ⇠ b��1/2, with b = 3.5 ⇥ 10�3 [Figs. 7(b) and 7(c)]. The transition between
laminar and inertial thread regimes on the phase-diagram reveals that, on the one hand, threads with
large sizes " are more resistant for similar Re, and on the other hand, threads are more resistant to
inertial disturbance for large �. Highly viscous threads in inertial flow fields below criticality are
marginally stable with intermittent destabilization processes that are quickly convected for large Re.

As the flow velocity increases, the location at which a thread is destabilized is observed to move
toward the fluid junction. To investigate this phenomenon, the stable thread length is denoted by LIne
and digitally measured for various Re using superimposed images from experimental micrographs
[Fig. 8(a)]. To capture the influence of flow and fluid properties, the scaling found for inertial
instabilities’ transitions ' ⇠ Re��1/2 is useful for predicting the thread inertial length LIne for a
wide range of viscosity contrast �, which shows that, in accordance with experimental data, this
length scales as LIne/h = 1.2 ⇥ 103 '�1/2/Re [Fig. 8(b)].

VI. CONCLUSIONS

In this work, we experimentally study the formation of highly viscous threads in symmetric
hydrodynamic focusing sections. The basic flow patterns, including tubing, stable thread, and engulf-
ment regimes, are characterized as a function of viscosity contrast � and flow rate ratio '. Methods
based on scaling laws are developed to predict the shape of lubricated, highly viscous streams and
the operating range of stable thread formation is determined for a large range of fluid viscosities,
di↵usivities, and flow rates. For low Péclet numbers Pe < 1.5 ⇥ 103, we reveal the presence of a steady
ultra-di↵usive instability, while for moderate Pe < 104, a di↵usive instability modifies the thread
structure with an apparent helicoidal motion that develops at determined locations along the flow. For
a given fluid pair, the thread length before destabilization is found to increase with the multiphase
superficial velocity J = (Q1 +Q2)/h2. For larger velocities, moderate Reynolds numbers Re ⇠ 102

are attained and inertial instabilities strongly distort small threads in the external developing veloc-
ity field. In this regime, the thread destabilization length is inversely proportional to the superficial
velocity J.
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Future directions include the detailed examination of di↵usive and inertial instabilities and
the determination of their convective/absolute nature in the parameter space within the context of
hydrodynamic instabilities.48–50 Indeed, although the linear relationship between thread destabili-
zation length and flow velocity J for the di↵usive instability suggests that disturbances are swept
away with the flow in a fashion similar to a convective instability, a comprehensive analysis of
the system response to externally imposed disturbances would provide fundamental insights to
settle the question relative to the nature of this instability. Comparably, besides the fact that the
destabilization length decreases with J for inertial instabilities, which hints at the presence of an
absolute instability with perturbations invading the flow domain, an advanced stability analysis
through examination of spatiotemporal evolutions of waves would advance our understanding of
these microflow phenomena. Another important expansion of this work is rooted in the development
of experimental methods for the quantification of the fluid mixing e�ciency resulting from various
thread destabilization processes. Di↵usive instabilities of viscous core-annular flows provide a
means for blending fluids at low flow rates based on emerging properties of lubricated and stratified
microflows. Conversely, inertial instabilities show promises for the continuous mixing of minute
amounts of viscous material into a low-viscosity fluid at high flow rates. Overall, the phenomenon
of thin stream destabilization at a certain distance from the channel inlet in pipe flows is remi-
niscent of the original Reynolds’ experiment for the existence of a critical velocity for turbulent
flows.51 In this work, we vary the viscosity of a fluid “vein” and show that a thread becomes more
resistant to the inertial disturbances of the external flow field as its internal viscosity increases.
This result is in good qualitative agreement with the notion that high-viscosity fluids are more
solid-like. Numerical simulations would provide additional information on the evolution of local
velocity profiles in conjunction with dynamic variations of viscosity as well as into the influence
of streamlines curvature on developing flows in hydrodynamic focusing sections at moderate Re. In
general, this work shows that the manipulation of viscous threads via steady flow rates of injection
and channel geometry o↵ers a promising hydrodynamic method for passively enhancing mixing
between viscous materials at the microscale.
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