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Pulsatile pressure gradients are widely present in microfluidic multiphase systems where
the movement of fluids is affected by the presence of fluid-fluid interfaces. We present a
simple theoretical model that incorporates dynamic interfacial curvatures produced as a
response to pulsatile external forcing. Our equations make evident a singular character
of the dynamics at low frequencies, due to surface tension. Analytical solution of the
model shows the emergence of a resonant behavior for the dynamic permeability. We have
designed and implemented microfluidic experiments to observe both the low-frequency
dynamics and the resonance. We have studied a fluid slug whose length was chosen
in order to look for resonances as predicted by our theoretical model, in the range of
operational frequencies of our piezoelectric actuator. We have obtained the experimental
dynamic permeability for water and a 70.0% glycerol solution in water and observed
agreement with theoretical findings. Our model, validated by experiments, allows us to
understand differences of several orders of magnitude in the amplitude of flow velocity at
low frequencies, between systems with and without interfaces.

DOI: 10.1103/PhysRevFluids.6.024003

I. INTRODUCTION

Pulsatile flow in microfluidics has many applications. It has been employed to increase the effi-
ciency of liquid-liquid extraction of organic compounds [1,2], promote the mixture of parallel water
streams [3,4], align anisotropic particles [5], study DNA elongation [6,7], and carry out chemical
reactions in multiphase flow [8]. Pulsatile flow in microfluidics is often present unintentionally
in microdevices containing drops since these ones create an oscillatory dynamics of the pressure
drop [9], not only in channels conveying drops, but in channels connected to them [10].

The characterization of a fluid response to a pulsatile pressure gradient has often been described,
both theoretically and experimentally, by the dynamic permeability, which constitutes a frequency-
dependent linear response of a fluid to a dynamic pressure gradient. Knowledge of the dynamic
permeability allows one to know the amplitude of the velocity caused by each of the frequency
modes, involved in the pressure gradient [11-21].

An intrinsic feature of the dynamic permeability for Newtonian fluids in rigid channels is a
monotonic decay with frequency [11,19]. In a log-log scale, this distinct behavior shows a plateau
at frequencies below the viscous frequency, and a decay, as the inverse of frequency, for frequencies
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higher than the viscous one. The dynamic permeability has also been obtained theoretically for
Newtonian fluids in elastic tubes where a resonant behavior at frequencies in the range of ultrasound
emerges for fluids confined in elastomeric materials at microscales [22,23]. This radically different
behavior seems to emerge whenever there is an element in the system that allows for bouncing
of pressure waves, be it an elastic wall [22], a viscoelastic fluid [16,19,20], or a branching struc-
ture [24]. The formalism of the dynamic permeability has also been used to describe compressible
Newtonian binary fluids, with negligible capillary effect, and a resonance has been found whenever
the compressibility of the lowest viscosity fluid is relevant [25].

Experimentally, the dynamic permeability has been obtained only at macroscales [19,20]. This
has been done by driving the fluids with oscillatory pressure gradients, and tracking tracer particles
with laser Doppler anemometry (LDA) and particle image velocimetry (PIV) techniques. Exper-
imental resonances in the dynamic permeability have not been reported at microscales. At these
scales, knowing this response would be particularly pertinent, since fluids are generally in the linear
regime. Observing resonances at such small scales is challenging, since the resonance frequency
scales as the inverse of some power of the smallest dimension in the system [16,17,22,25,26],
so0, a fine tuning between density, viscosity, elastic times, and confining scales is decisive to find
resonances at frequencies that could be experimentally imposed and recorded. Also, at microscales
uPIV techniques need a sophisticated setup [27]. Furthermore, at microscales, techniques used at
macroscales would have restrictions related to visualization [28,29].

The dynamic permeability at microscales, for Newtonian fluids that are in contact with elastic
media like cells, interfaces, elastic walls, or several of them, is expected to have a nonmonotonic
behavior as a function of frequency at certain conditions. This feature, if experimentally confirmed,
could be potentially exploited for organ-on-a-chip experiments to recreate the physiological me-
chanical conditions of the cells of a particular organ [30-33], since most of natural processes occur
at certain characteristic frequencies, or to study how cells would respond to different imposed,
nonphysiological, external stresses [34—36].

In this work, we consider the pulsatile dynamics of a Newtonian fluid slug containing two
air-fluid interfaces. We develop the simplest theoretical model for which the shape of the interfaces
is a response to the external forcing, by considering that the pressure of the fluid at interfaces is
affected by Laplace condition, that dynamically modifies the pressure in proportion to the local
curvature. We have also designed and implemented a microfluidic experiment to study the pulsatile
dynamics of Newtonian fluids in the presence of interfaces. Our method for interface tracking is
simple and straightforward (it needs only a microscope and a high-speed camera). We also use a
pressure sensor to record the pressure drop at both sides of the fluid slug. We have characterized
the behavior of water and a 70.0% glycerol solution in water, as model fluids. We have used the
vibrations of a piezoelectric crystal to move the fluid slug, back and forth, within the microchannel.
The experimental setup is illustrated in Fig. 1. We have found that the presence of surface tension
confers a radically different behavior to the dynamic permeability, not only when compared with
the one of a single fluid, but when compared to the one of any other system reported in the
literature, including those having elastic features. We have found an agreement between the ex-
perimentally determined dynamic permeability and our theoretical model, which predicts a singular
behavior, with an associated monotonic increase at low frequencies, due to the presence of surface
tension.

II. MODEL

We consider a fluid slug of length L containing two fluid-air interfaces that flows on the x
direction of a rectangular microchannel whose velocity at the confining plates (in z = 4=¢) vanishes.
The separation between these plates, 2¢, gives the microchannel thickness. A diagram of the
system’s geometry is shown in Fig. 2.
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FIG. 1. Experimental setup. The oscillations are generated by the periodic movement of a piezoelectric
actuator that moves back and forth a liquid slug confined within the microchannel via moving the air trapped
between the piezoactuator and the slug. The pressure drop dynamics is registered at both sides of the fluid slug.
A high-speed video camera records the interface movement.

The driving force of the system is a pressure drop, external to the fluid slug, Ap,;, that can vary
in time. The linearized Navier-Stokes equation for the fluid is
v Appia | 0%v

= —_—. 1
Pt L +n8z2 0

For the equation, Apgyiq is the pressure drop inside the fluid slug, v is the fluid velocity, and 7 and
p are respectively the viscosity and density of the fluid forming the slug.

According to Laplace condition, the presence of interfaces, located at the left and right sides of
the fluid slug, modify the pressure drop in such a way that

Apfuid = Apair + 0k + 0k2, 2

where o is the surface tension between fluid and air, and «| and «, are the instantaneous interfacial
curvatures on the left and right sides of the fluid slug, respectively [37]. For neutral wetting, these
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FIG. 2. System’s geometry showing a fluid slug consisting of a volume of fluid and two air-fluid interfaces.
The slug has length L, and it is confined between rectangular plates separated by a distance 2/. The fluid
displacement occurs in the x direction. Details can be found in Appendix A.
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would be zero in the absence of forcing and would be different from zero in the presence of an
external forcing.

The shapes of the interfaces are, respectively, u;(z,¢) and uy(z,t). For small driving forces,
curvatures can be approximated as concavities of the interface; the equation for the fluid would
then read

v A Pair v o d*u o 0w
—=— — t———+ ——. 3
P ot L "2 Lz "Lz @
Continuity at the interface requires velocities of fluid and interface to be equal, that is,
8u1 31/[2
— = — =v(z,1), 4
e @

where we have considered that variations of velocity in the x direction are much smaller than its
variations in between the confining plates. Substitution of Eq. (4) into Eq. (3) gives an integro-
differential equation, in space and time, for the fluid velocity v(z, t),
v Apqi v 20 32
p Y = _LPar OV 29T (5)
ot L 972 L 972
This is our model equation for the velocity of a fluid slug containing two interfaces. The integral
character of Eq. (5) in the time domain is easy to handle if this is transformed to frequency domain,
namely

N Ay 20 3%d
ipwd = 2 + |:n + sz] 3z (6)
Equation (6) shows that surface tension causes an effectively complex viscosity, analogous to the
one characterizing a viscoelastic fluid. This is due to the elastic nature of surface tension. However,
the imaginary part of this complex viscosity diverges in the limit of small frequencies, a behavior
that is not as in models of viscoelastic fluids, where the imaginary part of the complex viscosity
vanishes. At low frequencies, the capillary term will be more important than the viscous one, and we
expect a totally different behavior for the low-frequency dynamics of the fluid, than in the absence of
surface tension. Solution of Eq. (6) in the frequency domain, subject to no-slip boundary conditions,
gives

. K1 (z, w) Alaair
n L

where the complex local dynamic response function, K (z, @), that we call local dynamic perme-
ability, is given by

, )

(z, w) =

cos(Az
Ki(zw) = —.i[l - ﬁ} (8)
iwp cos(Al)
with A2 = ¢ For the velocity, averaged over the cross-sectional area of the microchannel, we

ﬂ[l+i%] ’
have
 Ko(@) Apur
7
where the complex global dynamic response, Kg(w), that we call global dynamic permeability, is
given by

(V(w)) = ©)

(10)

KG(a))z—%[l sin(Al) i|

Al cos(Al)

Equations (7) and (8) give the velocity profiles, while Eq. (9) and Eq. (10) give a generalized
Darcy’s law for the velocity of the fluid slug, averaged over the cross-sectional area. Equations (8)
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FIG. 3. Comparison of the local dynamic permeability, K, with continuous lines, for water (top panel) and
70.0% glycerol solution in water (bottom panel) in the absence of interfaces (blue) and for a slug containing
two air-fluid interfaces (black). Dashed lines denote the corresponding global permeabilities, K. Theoretical
parameters used correspond to a slug of water of 1 cm length, confined between rectangular plates, separated by
a distance of 310 pm. For water (top panel) fluid parameters are surface tension 73 mN/m, density 997 kg/m?,
and viscosity 0.001 Pas. For 70.0% glycerol solution in water (bottom panel) fluid parameters are surface
tension 65.26 mN/m, density 1181.25 kg/m?, and viscosity 0.0225 Pas. Red dots correspond to experimental
data; as explained in Sec. 111, they should be compared with theoretical continuous black lines. The small dots
in the horizontal axis indicate the resonance frequency predicted by the model.

and (10) are response functions to an external pressure drop, Ap,;, that determine the amplitude of
local and global velocities, respectively, to each of the frequencies involved in the pressure drop.

Equation (8), evaluated in the middle of the microchannel (at z = 0), and Eq. (10) have a similar
mathematical behavior. This behavior is shown in the continuous and dashed black lines of Fig. 3.
The leading term of the magnitude of the local dynamic permeability, at low frequencies, is given by
KL | L Kol __ L

= 0@ while the equivalent amount for the global permeability is given by == 6—f:a). This

allows us to write the local magnitude of the permeability in terms of the global one as |K | = % K|,
which explains the difference by a factor of % observed in a wide range of frequencies in Fig. 3.
The figure also illustrates that the resonance frequency is the same for the local and global dynamic
permeabilities. So, this should be determined by the term m present in both Eq. (8) and Eq. (10).
These properties give experimental freedom on whether to measure local velocities or global flow
rates.

The monotonically increasing behavior of the dynamic permeabilities at low frequencies is in
clear contrast to the one for a single fluid in a rigid microchannel, characterized by a plateau at low
frequencies, shown for reference in Fig. 3 with continuous and dashed blue lines. Regardless of
how large the fluid slug is, a finite surface tension will force the magnitude of the global and local
dynamic permeabilities to be zero in the zero-frequency limit. This has remarkable consequences
for the fluid behavior at low frequencies; for example, our model says that, for the parameters for
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FIG. 4. Comparison of the theoretical magnitude of water velocity as a function of time, in the absence of
interfaces (blue curve), where o = 0 and for a fluid slug containing two interfaces (black curve). Curves are
obtained from Eqs. (14) and (8). Experimental data (red and cyan dots) are for two independent experiments
for a water slug with pressure drop frequency of 1.0 Hz and pressure drop amplitude Ap?, = 204.0 Pa.

water and 70.0% glycerol solution in water, used to compute Fig. 3 (top and bottom, respectively),
the presence of two interfaces would reduce the magnitude of the permeability at a pulsating
frequency of 1.0 Hz by over three and two orders of magnitude, respectively. This implies that for
a given amplitude of the pulsatile pressure drop, the amplitude of the fluid velocity, in the presence
of interfaces, has an enormous change with respect to the case of no interfaces present. This is
illustrated in Fig. 4 with blue and black continuous lines, respectively, for water pulsated at 1.0 Hz.
A log scale has been used for the magnitude of fluid velocity, in order to show the 3 orders of
magnitude difference predicted, at this frequency, with and without interfaces.

A consequence of the monotonic increase at low frequencies caused by surface tension is that
the dynamic permeability presents a resonance for Newtonian fluids. That is, there is a range of
frequencies for which the magnitude of the local dynamic permeability (or its global version)
increases as a function of frequency, due to the effect of surface tension, followed by a range of
frequencies for which it will have the classical monotonic decay with frequency, due to viscosity.
For intermediate frequencies in between these behaviors, there is a resonance. To rationalize this,
we can write the argument A%[?, entering trigonometric functions in Eqgs. (8) and (10), as a function
of two characteristic frequencies, namely,

2
oy = - and wy = 2, (11)
pl? Ln
as
A= (12)

wy[1+i2]
We can see that for frequencies w, much larger than the characteristic frequency w,, the second term
in squared brackets is irrelevant, and we recover the results for a single fluid, namely, A%/ = ;T“;, for
which Egs. (8) and (10) have the well known, monotonic decay with frequency. On the other hand,
for frequencies w, much smaller than the characteristic frequency w,, the second term in squared
brackets dominates the first one, and we obtain A2/2 = w‘n"—; which becomes real, and gives the
monotonic increase of Egs. (8) and (10) as a function of w.

The resonance frequency obtained from our theoretical model is given, in terms of the two
characteristic frequencies of the system, in Eq. (11), by

T
Wres = E«/a)nwav (13)
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that can also be written as wys = % /)21—‘2’L.
of w5, namely, it is independent of viscosity, and it reveals that the length of the fluid slug, L, could
serve as a control parameter to tune the resonance—for a given fluid in contact with air, and a given
channel geometry. It is important to see that it is the value of surface tension, the geometry of the
channel and the length of the fluid slug that will determine the resonance frequency. For frequencies
much larger than w, and w.s, the behavior of both the local and global dynamic permeabilities is as
the one of a single fluid.

In order to compare theory with experimental results, we solve Egs. (7) and (8) for a
single-mode time-dependent pressure drop, with frequency wo and amplitude Ap?., namely,
Apqir(t) = Ap?, cos(wpt ). Velocity profiles in the time domain are given by

This expression allows us to see two important features

! APgir
U(Zat) = _;lKL(Zv w0)|COS[¢(Z1 C()()) _wot]_s (14)
where |K} (z, wp)| and ¢(z, wp) are the modulus and argument of the complex local dynamic per-
meability at the frequency imposed by the pressure drop. Note that ¢(w() determines also the phase
difference between flow velocity and pressure drop. Since the cosine oscillates between —1 and 1,

the amplitude of the local velocity at a given z, vmax(2), is obtained as vymax(z) = %| K (z, wp)] Azﬁ;r7

which gives us a way to determine the local permeability in the middle of the channel, from
experimental measurements of the amplitude of the velocity at the channel center, vy (z = 0),
and measurement of the pressure drop amplitude outside the fluid slug, Ap?, , as

|K7.(0, wp)l o Umax(z = 0)L
n Ap Zir
In terms of nondimensional numbers, we can write a general relation at resonance in terms of
Womersley, Wo? = Z)TO’ and Laplace, La = 20 pl/ 772, numbers, as follows:
n

T |l
WoZ, = E,/ZLa. (16)

III. EXPERIMENTS

5)

We designed an experiment to study the pulsatile dynamics of Newtonian fluids in the presence
of air-fluid interfaces. As a proof of concept, we used water (filtrated and deionized) and 70.0%
glycerol solution in water (filtrated and deionized) as model fluids. We placed a relatively large
fluid slug in a rectangular microchannel and used the vibrations of a piezoelectric actuator, mediated
by air, to move the fluid slug, back and forth, within the microchannel. The experimental setup is
illustrated in Fig. 1 (see Appendix A for details). The length of the fluid slug was chosen in order
to look for resonances as predicted by our theoretical model, in the range of frequencies that our
piezoelectric could vibrate.

For all of the experiments, the pressure difference in the air, at both sides of the fluid slug,
Ap,ir(t), was recorded, and the central point of the interface position near the exit open to the
atmosphere, U (t) = uy(z = 0, t) (IF2, Fig. 1), was tracked during at least 15.0 oscillation cycles,
using a high-speed camera. We illustrate this in the top and middle rows of Fig. 5 (left column) for
5.0 of these cycles. We observed that both signals follow a quasisinusoidal movement. To verify
that their frequencies were the same as the frequency imposed by the oscillation generator, the time
signals were transformed to the Fourier domain. Results for |Ap,;| and |U| are shown in the top
and middle rows of Fig. 5 (right column), respectively. In all cases, the dominant peak coincided
with the corresponding frequency imposed by the piezoelectric. Before computing the interface
velocity, the curves for position versus time where smoothed. The instantaneous interface velocity,
V() = v(z =0, 1), was then obtained by differentiating numerically the curve of position vs time
with a simple Euler method. An example of this is shown in the bottom row of Fig. 5 (left column).
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FIG. 5. Left column: Example of pressure drop, position, and interface velocity data, as a function of time,
for a water slug driven periodically in the microfluidic channel. Pressure data were acquired at a sampling rate
of 5000 data per second (black line) and fitted to a sine function (red line). Details are described in Appendix C.
In the position versus time graph, raw experimental data points are shown in black; in red are the smoothed
data obtained by using a moving average filter window of size four. The instantaneous interface velocity was
obtained by differentiating numerically the smoothed curve of position vs time. Right column: Frequency
spectra of the signals in the left column, showing a single dominant mode. Dashed lines are a guide to the
eye. For position spectra, raw and smoothed signals overlap. For this example, a slug of water is oscillating at
20.0 Hz.

The spectra of the interface velocity also showed a dominant peak for |V |, with the same frequency
as in the Fourier domain, as shown in bottom row of Fig. 5 (right column).

The mean amplitude of the velocity, vm,, for each frequency was obtained by averaging the
total number of maxima and minima for all the experiments, as explained in Appendix C. We then
use Eq. (15) to experimentally determine the permeability, K; = |K; (0, 2w vy)|. Figure 6 shows
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FIG. 6. Experimental amplitudes of pressure drop (top row), velocity (middle row), and permeability
(bottom row), computed from experimental data, for 70.0% glycerol solution in water (left column) and water
(right column). Solid lines are a guide to the eye.

our experimental results for the amplitude of the imposed pressure drop, Ap¢,., the amplitude of
velocity at the center of the microchannel, vy, and the experimentally determined local dynamic
permeability, Kj, as a function of the imposed frequency, in a linear scale. This scale allows for a
detailed inspection of data and error bars. As the top row in Fig. 6 shows for 70.0% glycerol solution
in water (left) and water (right), our method was able to impose an almost constant pressure drop
amplitude of around 200 Pa for all the frequencies studied. This value for pressure drop was chosen
as small as possible to allow for comparison with our linear theory, and large enough to allow for
visualization and data processing of the interface movement.

The amplitude of the velocity is shown in middle row of Fig. 6 for 70.0% glycerol solution in
water (left) and water (right). As expected from having imposed an almost constant amplitude for
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the pressure drop, flow velocity has a behavior similar to the one expected for the permeability.
However, when the permeability is computed, the small differences in pressure drop for different
frequencies are compensated to give the proper response for any pressure drop in the linear regime.

Equation (15) was used to experimentally determine the local permeability of both fluids. The
bottom row in Fig. 6 shows the local permeability at the center of the microchannel, for 70.0%
glycerol solution in water (left) and water (right). This one presents a monotonic increase with
frequency, at small frequencies, a resonance at intermediate frequencies, and a monotonic decay
with frequency at high frequencies. Our experimental results for the local dynamic permeability are
also shown in a log-log scale in Fig. 3 for water (top) and 70.0% glycerol solution in water (bottom),
with red dots. As this figure shows, experimental results are in agreement with the theoretical
tendency of the model accounting for surface tension (continuous black line), in all the frequency
range studied.

Our model, validated by experiments, allows us to understand the difference of several orders of
magnitude in the amplitude of flow velocity at low frequencies, for systems with surface tension,
when compared to classical single phase results (black line). We have shown results for two
experiments for water pulsated at 1.0 Hz in Fig. 4. These are comparable with the black continuous
line, which gives the theoretical result of our model.

For some of the experimental data we can observe different tendencies when the slug advances
and when it recedes. This can be observed by visual inspection of the experimental data (red and
cyan dots) around the first, third, and fifth maxima of Fig. 4 (corresponding to an advancing front),
when compared to the second, fourth, and sixth maxima in the same figure (corresponding to a
receding front). However, differences are within experimental error bars.

IV. DISCUSSION

A. Comparison between theory and experiment
1. Glycerol

Figure 7 shows experimental and theoretical results for 70.0% glycerol solution in water. As
error bars indicate, our dynamic permeabilities determined from experiments (in red) coincide with
our theoretical model (black continuous line) and its associated errors (indicated with continuous
dotted lines). The red dashed line indicates frequencies above which the linear approximation of the
momentum equation is not expected to be valid (as explained below). For 70.0% glycerol solution in
water, all experimental data fall below this line, so we can expect our theoretical model to coincide
with experiments in all the frequency range studied. It is important to notice that, using a surface
tension of 65.26 mN/m, reported in the literature, our model gives a value for resonance frequency
of 169.5 £ 29.4 Hz (indicated in the horizontal axis of Fig. 7) consistent with the one observed in
experiments, in between 120.0 and 160.0 Hz.

2. Water

Figure 8 shows experimental and theoretical data for water. As the error bars indicate, our
dynamic permeabilities determined from experiments (in red) are consistent with theoretical results
(black continuous line), at frequencies smaller that the resonance. Error bars for the theoretical curve
are indicated with continuous dotted lines. The red dashed line indicates frequencies above which
the linear approximation of the momentum equation is not expected to be valid and nonlinear terms
would be needed to describe the dynamics. In this region, which is the region of the resonance,
we do not expect quantitative agreement between the experimental dynamic permeability and the
theoretical one. We have indicated in pink a vertical layer for the frequency range at which the
theoretical permeability falls above the threshold (red dashed lines). Our theoretical prediction
for the permeability in this frequency range is larger than the experimental results, suggesting
that nonlinear terms in the momentum equation (which the actual physical system has) diminish
the magnitude of the dynamic permeability at resonance. This is in agreement with convective
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FIG. 7. Comparison between experimental and theoretical results for the dynamic permeability of a 70.0%
glycerol solution in water slug containing two interfaces in a rectangular microchannel. For the figure, we have
used the experimental parameters for 70.0% glycerol solution in water as in Fig. 3. Red circles: Experimental
data. Black continuous line: Theoretical permeability, using a surface tension of 65.26 mN/m, reported in the
literature [38]. Theoretical resonance is predicted at 169.5 &= 29.4 Hz (blue dot in the frequency axis with an
error bar). Black dashed line: Error bars for the theoretical permeability, accounting for uncertainty in slug
length and channel dimensions. Red dashed line: Theoretical threshold above which the linear approximation
is not valid.

terms creating dissipation and secondary flows [39,40]. For frequencies larger than the resonance
frequency, theory and experiments should coincide. Experimental and theoretical error bars overlap
at 250.0 Hz, above the resonance, where we also expect theory and experimental data to coincide;
however, experimental results at 300.0 Hz are below the theoretical prediction. It is important to
notice that, using a surface tension of 73.0 mN/m, reported in the literature, the linear model gives
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<~ 2 "," [] N
£ £/ o
& 1.5 \
: 1 '-r'l ,I' ]/ . ™
\:_‘ "'i' 'I,’/ "1 iE
X 05— // ----- : '
0w .
0 50 100 150 200 250 300
v (Hz)

FIG. 8. Comparison between experimental and theoretical results for the dynamic permeability of a water
slug containing two interfaces in a rectangular microchannel. Red circles: Experimental data. Black continuous
line: Theoretical permeability, using a surface tension of 73.0 mN/m, reported in the literature. Theoretical
resonance is predicted at 195.2 £ 33.8 Hz (blue dot in the frequency axis with an error bar). Black dashed line:
Error bars for the theoretical permeability, accounting for uncertainty in slug length and channel dimensions.
Red dashed line: Theoretical threshold above which the linear approximation is not valid.
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a value of resonance frequency of 195.2 =+ 33.8 Hz, consistent with the one observed in experiments,
in between 160.0 and 200.0 Hz.

3. General features

As our experimental results for 70.0% glycerol solution in water and water show, the resonance
is very close for both systems. This is due to the fact that the resonance frequency is independent of

viscosity and the difference between both resonances comes through the factor \/% in the expression

for wyes after Eq. (13). In the case of the two fluids studied here, this factor differs by only 15.0%,
being larger for water. However the width of the resonance peak depends strongly on viscosity: the
smaller the viscosity the sharper the resonance peak. We can distinctively see this when comparing
the top and bottom panels of Fig. 3. We have also verified this theoretically for values of viscosities
intermediate between the one of water and 70.0% glycerol solution in water.

B. Linearization of momentum equation

The validity of the linearized Navier-Stokes equations relies on the assumption of convective
terms being negligible with respect to inertial terms. We could estimate the convective term as
2 -
|pv - V| & p‘;y“‘, whereas the inertial term can be estimated as |p%| X P WUyax. This gives us a
ratio

|,0'U ) Vvl ~ Umax
1| 2w

a7)

We consider that our linear model should give a good approximation whenever this ratio is below a
certain threshold.
In the two figures analyzed in the previous section (Figs. 7 and 8), we have indicated with a red

dashed line values of the permeability below which 5= < (.15, where our theoretical model should
be in agreement with experimental results.

C. Local vs global dynamic permeabilities

Figure 9 shows that in a range of frequencies, well above the linear regime, the local and the
global permeabilities are related by a simple factor of 3/2. This is an experimentally convenient
feature of the solution, since it is much easier to track the interface position at the center of the
channel than to track the interface profile in between the microchannel plates, which would represent
focusing at different layers in between the plates, with a subsequent effort to reconstruct the profile
in between the plates. The coincidence of both curves holds beyond the resonance frequency.
Figure 9 (top) shows the agreement of these curves around resonance. Figure 9 (bottom) shows
how the ratio of these curves is approximately one for frequencies around the resonance.

This feature allows us to accurately estimate the global dynamic permeability, which determines
the magnitude of flow for a given pressure drop, from measurements of the front position in the
middle of the channel.

D. Consistency with macroscopic experiments

An important remark is that for macroscopic systems for which L is very large, resonance would
occur at extremely low frequencies that have not been studied in macroscopic experiments [19].
This resonance has to exist due to the presence of an interface. This can be appreciated analytically
in Eq. (6).

Figure 10 shows (in red) data of the experimental local permeability reported in [19], together
with the theoretical results of our model for the macroscopic dimensions used in that reference. For
the figure, we have solved the problem in cylindrical coordinates, which was the geometry used in
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FIG. 9. Top: Comparison between theoretical local and global dynamic permeabilities for water around
resonance. Global permeability has been rescaled by a factor of 3/2. The coincidence of both curves goes
beyond the linear regime observed in Fig. 3. Bottom: Ratio of both curves around resonance. Parameters are as
in Fig. 3, top.

the macroscopic experiments, and have considered the presence of only one interface, since on one
of the fluid-slug sides, there is a piston to move the fluid back and forth.

According to our model, theoretical resonance for this macroscopic system should happen at
frequencies close to w5 ~ 0.96 rad/s, which is much lower than the frequencies studied in the
macroscopic experiment, @ > 9 rad/s. This is consistent with our statement that for frequencies
much larger than s, the behavior of the local dynamic permeability is indistinguishable from the
one of a single fluid.

Analogous to Eq. (16), the relation between Womersley and Laplace numbers, at resonance, is

given by
) R
Wo;., = 2.4048 ZLa, (18)

where, for this cylindrical geometry, w, = # and La = 20 pR/n?, R being the tube inner radius.

From this expression it is clear that whenever IL—eLa is very small, the resonance frequency will be
very small. The numerical factor 2.4048 comes from the first zero of a Bessel function, Jy, involved
in the solution for this geometry.

Future macroscopic experiments, interested in phenomena at driving frequencies smaller than
the resonance frequency, could benefit from taking into account that dynamic permeabilities in the
presence of interfaces do not tend to the Hagen-Poiseuille limit, but decrease linearly toward zero,
as the driving frequency approaches zero. For this purpose, the following expressions for the leading
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FIG. 10. Comparison between experimental and theoretical results for pure glycerol dynamic permeability
reported by Castrejon Pita et al. [19] for a cylindrical geometry. Glycerol properties: Surface tension 63.4
mN/m, density 1250.0 kg/m?, viscosity 1.0 Pas. Tube properties: Inner radius 25.0 mm, fluid column length
500.0 mm. The viscous frequency for this system is w, = p% = 1.28 rad/s. Inset figure, zoom at small
frequencies. Red dots are experimental data taken from [19]. Blue curve is the single fluid theoretical local
permeability; black curve is the local permeability in the presence of one fluid interface. The inset shows that
resonance for this macroscopic system would happen at frequencies much lower than the ones that were studied
in the macroscopic experiment.

order at small frequencies, of the local dynamic permeability, might be useful:

ReK L*R? ImK, LR?
L2202 L__22 (19)
n 1602 n 8o

It is also worth mentioning that for the cylindrical geometry, |K; | = 2|Kg|.

E. Surface tension determination from experimental data

The leading term for the magnitude of the dynamic permeability at low frequencies gives, in
principle, a way to determine surface tension. At leading order, the expansion of the modulus of the
dynamic permeability at low frequencies is

K LI?
ﬂ = —w (20)
n 4o
Thus, if experimental data of ”E—Ll vs w at low frequencies were fitted to a straight line
|KL|
T = mgw + b, (21)

we would obtain the fitting parameters mg, and bg,. We expect bg; to have a value close to zero and
can compute surface tension from the value of mg, as

I’L
Ofit = . (22)
4mﬁt
Uncertainty in surface tension can be computed as
8 £ oL + I 8l + FL 8 (23)
Ofit = — |8mg.
R . 2mig 4m?, fit

Here 6mg, can be obtained from the standard error of the slope mg, in the linear regression done in
Eq. 21).
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FIG. 11. Comparison between experimental data for 70.0% glycerol solution in water below 70.0 Hz
(7 points) and a linear fit to the theoretical local dynamic permeability at small frequencies. The fitting leads to
a surface tension value of 45.8 & 17.1 mN/m, with correlation R> = 0.996.

As a proof of concept, Fig. 11 illustrates that our experimental data exhibit a linear behavior at
low frequencies. This one gives an estimated value of surface tension for 70.0% glycerol solution
in water of 45.8 = 17.1 mN/m, in reasonable agreement with the value in the literature, namely,
o = 65.26 mN/m.

Moreover, measuring resonance experimentally could as well allow one to have an indirect
determination of surface tension, since from Eq. (13) we could write o as

2 5
o = —2,01 L wyes. (24)
T

In this case, we compute surface tension uncertainty as follows:

8. (25)

4
SL + ‘ _Z'OlL Wres
T

2
60'ﬁt = ‘ _2pl2a)res
T

We obtain an estimated value of surface tension of o = 58.2 & 20.2 mN/m, again, consistent with
the value in the literature.

The two measurements, together, could provide a way to test the consistency of the estimated
value. Our error bars are not small, and we are not claiming validation of this method for surface ten-
sion determination. However, the consistency of our estimations with data in the literature suggests
that an experiment specifically designed for that purpose could provide a way of experimentally
determining surface tensions in microfluidics by means of pulsatile flows.

F. Wetting

We have presented a theory for neutral wetting since we wanted to focus on the curvature created
by the system as a response to external forcing. The natural curvature due to wetting between a fluid
and a substrate is not caused by the pulsatile driving. Our model could also be used for hydrophilic
or hydrophobic substrates with the following considerations.

We assume that the total curvature of the interface comes from two sources, wetting and forcing.
For hydrophobic or hydrophilic surfaces, wetting is not neutral and curvatures due to wetting,
Kv]v,eztting’ would have opposite signs at both sides of the fluid slug, as illustrated in the top panel
of Fig. 12 for a hydrophilic case. In this situation, due to the Laplace condition, pressure in the
fluid decreases by the same amount close to both interfaces, implying p} ., = pl. — U"vlvemng and
P%mid = pgir + oxiemng = pgir — mc&lemng. This leads to cancellation of the curvature terms and to a
pressure gradient equal inside and outside the fluid slug, that is, Apgyia = Apair- A similar analysis
can be done for hydrophobic interactions, for which pressure in the fluid increases by the same
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FIG. 12. Top: Illustration of pressure at the interfaces on both sides of the fluid slug for a hydrophilic
surface. Curvature of the interface on the left, k. ,,, and curvature of the interface at the right, K&eumg, have
opposite sign and approximately the same magnitude. Bottom: Illustration of pressure at the interfaces on both
sides of the fluid slug forced periodically and neutral wetting, with instantaneous positive curvatures. Curvature
of the interface on the left, Kflorcing’ and curvature of the interface at the right, Kfzm,ing, have the same sign and

approximately the same value.

amount close to both interfaces, leading to cancellation of the curvature terms and to a pressure
gradient equal inside and outside the fluid slug.

Therefore, to a first approximation, the only contribution to pressure drop dynamics due to the
Laplace condition would come from the curvature of interfaces as a response to the external periodic
forcing. Since curvatures due to forcing, Kflércing’ would have the same sign in both interfaces, their
effect will not cancel out. This is illustrated for neutral wetting, in the presence of forcing, in the
bottom panel of Fig. 12, where an instantaneous curvature to the right is depicted. Since the driving
is periodic, so will the curvature be, sometimes in phase with the forcing, sometimes out of phase
with it, depending on the driving frequency.

As a result of our assumption,

Apﬂuid = Apair + UKflorcing + UKfzorcing’ (26)

which is equal to Eq. (2) used to construct the model.

Under this approximation, velocity is independent of wetting and our results for velocity and
permeabilities remain identical. Only the interface shapes u; and u, could be different. Once the
velocity is known, Eq. (4) could be integrated with an initial condition for the shape of each
interface. This initial condition could take into account the static contact angle [41]. The dynamic
contact angle would then be determined from the instantaneous slope of interface position at the
wall.

Moreover, approximating interfacial curvatures as concavities of the interface position, according
to

5%}
©

7 8%u

_ 9z ~ —

N TENTAC E @n
Z

is appropriate for hydrophobic or hydrophilic interactions close to neutral wetting, since the factor
1/01 + (g_?)z]s/ 2 is close to unit. For the experiments presented here, the largest deviation from the
actual curvature and the approximated curvature happened for water at resonance, where the factor
/1 + (%)2]3/ 2 & (.83, which did not give a significant change to theoretical curves (not shown).
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FIG. 13. Local dynamic permeabilities, at the center of the channel, illustrating the singular nature of
surface tension at low frequencies, for zero surface tension (red lines) and air-water surface tension (blue
lines). (a) Real parts; (b) imaginary parts.

G. Singular character of surface tension

Equation (5) shows how the presence of surface tension changes the nature of the dynamic
equation, when compared to the equation that describes a single fluid. In the presence of surface
tension, we have an integro-differential equation for the fluid velocity in the time domain, while
for a single fluid we have a differential equation, without the last term in Eq. (5). In the frequency
domain, Eq. (6) shows how surface tension modifies the nature of the coefficient multiplying the
highest order derivative in the equation For any finite value of surface tension, the imaginary part
of the coefficient mult1p1y1ng + tends to infinity when w tends to zero. As in many other systems,
from which the best known example in fluids is the Saffman-Taylor problem [42], surface tension
changes the mathematical nature of a problem [43—45], in this case, the low-frequency behavior
of the permeability. Figure 13 illustrates, through the real and imaginary parts of the dynamic
permeability, the singular character of surface tension.

For a finite surface tension, the leading terms in the zero-frequency limit of the real and imaginary

parts of the local permeability, at the center of the channel, are given by ReKL = Lglzn w? and ImKL =
L

41 o. This is in clear contrast to the corresponding limit, in the absence of surface tenswn for

which, at leading order, the real part of the permeability is a constant, equal to REK’ = —, and the
imaginary part is linear in frequency, but with a positive slope, that is, ImK‘ = ;ff)z w. These features

can be qualitatively appreciated in Fig. 13.
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V. LIMITATIONS

In our model we have considered a solution for parallel plates, where the microchannel thickness,
2¢, is considered to be much smaller than any other dimension in the system, so that the effect of
lateral walls can be neglected. Our experimental setting has a rectangular microchannel with a cross-
section aspect ratio equal to 3.23. An approximated correction to account for the rectangular channel
can be computed following Tabeling [46], that for a single fluid, and our channel dimensions,
implies a 1.3% difference in flow velocity at the center of the microchannel. Another possible
source of uncertainty is the microchannel roughening [47,48], which we have not accounted for
or quantified.

VI. CONCLUSIONS

We have presented a simple theoretical model to study how the presence of air-fluid interfaces
affects the dynamics of a fluid confined at microscales. Our model incorporates dynamic interfacial
curvatures produced as a response to pulsatile external forcing. We have also designed and imple-
mented microfluidic experiments and obtained the experimental dynamic permeability for water and
a 70.0% glycerol solution in water. We observed an agreement with our theoretical predictions.

Our model, validated by experiments, has allowed us to understand differences of several orders
of magnitude in the amplitude of flow velocity at low frequencies, between systems with and without
air-fluid interfaces. We have discussed in length the different experimental and theoretical aspects of
our findings including a proposal to measure surface tension in microfluidics via pulsatile forcing.
We have found that the presence of surface tension confers a radically different behavior to the
dynamic permeability, not only when compared with the one of a single fluid, but when compared
to the one of any other system reported in the literature, including those having elastic features, for
which a permeability tending to zero in the limit of zero frequency has not been reported.

The coupled effect of interfaces and pulsatile forcing allows for controlling the magnitude of flow
velocity in a wide range of values by simply changing the frequency of the piezoactuator. This could
be potentially exploited in organ-on-a-chip devices to tune the physiological mechanical conditions
of the cells, or to study how cells would respond to different imposed, nonphysiological stresses.
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APPENDIX A: EXPERIMENTAL SETUP

The experimental setup is illustrated in Fig. 1. It consists of an oscillation generator connected to
a microfluidic channel, a differential pressure sensor, and a high-speed camera. The microfluidic
channel measures 37.480 £ 0.105 mm long, 1.001 +0.041 mm wide, and 0.310 £ 0.046 mm
deep and was constructed in PMMA. A volume of the fluid under study (approximately 3.0 uL)
was confined in the middle, creating two air-liquid interfaces: the interface facing the oscillation
generator /F1, and the interface near the exit open to the atmosphere IF2 (Fig. 1). The distance
between both interfaces was 1.0 cm. The microfluidic channel has four openings. The first one
(piezoactuator input in Fig. 1) serves as a connection site between the oscillation generator and
the microchannel by means of a PTFE tubing of 0.508 mm inner diameter (ID), 1.19 mm outer
diameter (OD), and 1.0 cm long (Microbore PTFE Tubing, Cole-Parmer). The second and third
openings (pressure sensor labeled in Fig. 1) are the differential pressure sensor measuring sites,
which are attached, with the same type of PTFE tubing, to a Honeywell pressure sensor (Honeywell
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142PCO1G). The last opening is the outlet facing the atmosphere. The oscillation generator is
made of a polypropylene rigid tube (marked with a small dashed-line rectangle beside the elastic
membrane in Fig. 1) 1.5 cm long and 4.7 mm diameter, covered with an elastic membrane adhered
to a piezoelectric actuator (APF705, Thorlabs) by means of an acrylic cylinder. This arrangement
creates a chamber sealed with a plunger at one of its ends. On the other side, a PTFE tubing
(1.19 mm ID, 1.69 mm OD, 10.0 cm long, Microbore PTFE Tubing, Cole-Parmer) connects the
chamber with the tubing of the first microchannel entrance. The tensile strength of the PTFE tubing
is approximately 17 MPa, high enough to consider it as a rigid tube relative to the pressure range
used in our experiments (approximately 200.0 Pa).

The piezoelectric generates vibrations of adjustable amplitude and frequency that are transferred
to the air. This one moves the fluid slug back and forth. We monitor the pressure difference in the
air, at both sides of the fluid slug. To control the piezoelectric movement we use a multifunction data
acquisition device (USB-6351, National Instruments) that generates a sinusoidal electrical signal at
specific frequencies and voltages (0.75-1.5 V peak-to-peak). This signal is magnified 100-fold by
a Trek PZD350A high-voltage amplifier (bandwidth: 250.0 kHz for large signal) and then sent to
the piezoelectric. The multifunctional device also records the exact pressure changes detected by the
pressure sensor every 0.2 ms, which is the shortest response time of the pressure sensor. The pressure
signal is fitted to a sine function to suppress high frequencies, associated with sensor resolution and
electric noise. This information is used for tuning the voltage in such a way that the amplitude of
the pressure drop driving the interface is kept approximately constant for all frequencies. We track
the interface position as a function of time, U(¢), on the slug side farther from the piezoelectric
(IF2). The position of the interface was recorded at the mid-height of the channel using bright-
field microscopy with a 10x objective (Leica HI PLAN I, NA = 0.22, depth of field = 12.2 um
calculated with a wavelength of 550.0 nm) using a Phantom Miro M110 (Vision Research) high-
speed camera coupled to an inverted microscope (DM IL LED, Leica). All images had a spatial
resolution of 1.9 um per pixel, determined with a stage micrometer (Pyser-SGI). The sampling
frequency of the videos was adjusted for each pulsatile forcing frequency, in such a way that there
were at least 10 and up to 50 frames per cycle (30.0 to 3000.0 fps). The shutter speed was modified
for each video as 1/(2 x fps). The interface was recorded after a 10.0 second stabilization period
and the size of the fluid slug was verified after each measurement to confirm that no appreciable
evaporation had occurred; otherwise, the channel was emptied and a new recording was made with
a 1.0-cm-long fresh slug.

We made experiments with two model fluids: filtrated, deionized water (Milli-Q) and a freshly
prepared 70.0% (v/v) glycerol solution in water (filtrated and deionized).

APPENDIX B: MICROFABRICATION

To build the microfluidic device, we drilled a straight microchannel in a 2.0-mm-thick PMMA
wafer using a CNC engraving machine (CNC3018) equipped with a 0.8 mm two-flute carbide end
mill (see Appendix A for exact measurements). A second PMMA wafer of the same thickness
with four-drilled openings (Fig. 1) was bonded to seal the microchannel as follows. The wafers
were thoroughly cleaned and exposed to volatilized chloroform for 4.0 min. Afterwards, they were
pressed together by hand (1.0 min) [49], and then pressed by a pair of slides and clamps. Finally,
they were sonicated in ethanol at 50 °C for 15.0 minutes [5S0-52]. This method is effective as it
provides a high bonding strength (0.95 MPa) and the microchannel dimensions change very little
due to the process (0.3%—-0.8%) [50].

APPENDIX C: MEAN AND ERROR BARS OF COMBINED EXPERIMENTS

In this Appendix we present detailed information of how mean and error bars of data for pressure,
position, velocity and permeabilities were obtained.
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The pressure drop recordings were acquired at a sampling frequency of 5000.0 data per second.
The pressure drop signals were fitted to a sinusoidal function using

AP () = Apy sinQRmvt + @), (C1)

where A py is the amplitude of the fit of the k experiment, v the driving frequency, and ¢ the phase
shift. Each fitted data A p?‘ and experimental data A pfx” around the maxima and minima, located at
the same time instant, i, and the total number of these pairs n;, for experiment k, were then used in
Eq. (C2) for error bar calculation of maxima (minima):

A i—exp A i—fit) 2
5= / S S S ()
g
The mean of all j experiments was calculated as
0 i Apk
e T (C3)

where j is the total number of experiments, generally j = 4. The error bars of all combined
experiments were calculated using Eq. (C4):

sap — | Zimam = Dsg
2/21"1( —2j

air

(C4

The superscript 2j is due to the fact that we have computed uncertainties in a separate way for
maxima and minima of the j experiments.

Amplitude of the interface position in time was obtained by image analysis using Matlab. The
maxima of all cycles were averaged as

|
HM™ = El’ll’—, (C5)
Ny

where ny, is the total number of maxima of experiment k; from this data the standard deviation Sp,x
of each experiment was obtained from data dispersion, and the same was done for minima. The
mean position was calculated as

e
1 ; :

Hiean = E]i: 2] (C6)
The error bars of the combined experiments are calculated using the following expression:
> (g — D(s2. ., + 52
SH — k=1\""k ( max, k mm,k) i (C7)

2(hom = J)

where n; is the number of cycles averaged for each experiment.
The velocity amplitude for each experiment was obtained by numerical differentiation in time of
the smoothed position data. The maxima of all cycles were averaged as
| max|

V!
R (C8)

where n; is the total number of maxima of experiment k, the standard deviation sp,xx of each
experiment was obtained from data dispersion, and the same was done for minima. The mean
velocity was calculated as

Ve [

27 (€9)

— 3/
Umax = 2 =1
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The error bars were calculated using the following expression:

E£=1(flk - 1)(S1211ax!k + Sx2nin,k) (CIO)
2(Bjyme — J) ’

where ny is the number of cycles averaged and Smax « (Smin k) 1S the standard deviation of the maxima
(minima) of the kth experiment.

The modulus of the dynamic permeability was calculated using Eq. (15), independently for
maxima and minima, according to

8V =

Kmax Vmax
=k (C11)
n Ap air

The same was done for minima. The mean modulus of dynamic permeability of all k experiments

was calculated as

K . 1 K max Kmin

_Lzz,g_l—( k +k—>, (C12)
n 2j\ n n

consistent with analyzing independently minima and maxima in Eq. (C9).

As the dynamic permeability depends on three variables, the error § KkT of each experiment was
calculated using the following expression:

K max —
S k :Lavkmax_i_ k 8Apo +
n

VkmﬂX
AP

SL. (C13)

AP Ap)? air

KmCIX
The same was done for § kn

following expression:

. Error bars of all j experiments combined were calculated using the

K ) 1 K max 2 Kmin 2
S~ = |, — (5 k ) +<8 k ) . (C14)
n 2j n n
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