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Highlights
e We describe the whipping instability in gaseous flow focusing.
e Whipping instability is explained in terms of the global stability analysis.

e We analyze the influence of the geometry on the whipping instability.
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Abstract

We study both theoretically and experimentally the whipping instability in ax-
isymmetric gaseous flow focusing realized in a converging-diverging nozzle. The
lateral oscillation of both the tapering meniscus and emitted jet is explained in
terms of the global linear instability of the lateral mode with the azimuthal num-
ber m = 1. A comparison with previous experiments shows good agreement.
The distance between the feeding capillary and the nozzle neck hardly affects
the m = 1 stability limit for the conditions considered in those experiments. We
analyze the influence of the nozzle shape on the parameter conditions leading to
whipping. As the nozzle convergence rate (the inverse of the length over which
the diameter reduction takes place) increases, the flow becomes more stable un-
der m = 1 perturbations. The above results are in marked contrast with those
of the axisymmetric mode m = 0. For the axisymmetric mode, the minimum
flow rate increases with the nozzle convergence rate, while the capillary-to-neck
distance has considerable influence on the jetting-to-dripping transition. We
also conduct experiments with different nozzles and capillary-to-neck distances
to examine the effect of those factors on the stability of the jetting regime. The
experiments allow us to distinguish between absolute whipping, in which both
the tapering meniscus and the emitted jet oscillate, and convective whipping, in
which the jet oscillates while the meniscus remains practically steady. Absolute
whipping is observed for water and 1-cSt silicone oil focused with the nozzle with
the smallest convergence rate and capillary-to-neck distance. The increase of
the liquid viscosity stabilizes the liquid meniscus, producing the transition from
absolute to convective whipping. In the high-viscosity case, the oscillation of the
emitted jet far away from the discharge orifice is considerably affected by the
shape of the nozzle in front of its neck. In fact, the increase of the convergence
rate and capillary-to-neck distance eliminates the convective whipping as well.
The reduction of surface tension enhances absolute whipping. We explain the
appearance of the two types of whipping in terms of the flow pattern induced
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by the nozzle shape in front of the neck.

Keywords: gaseous flow focusing, whipping instability, global stability
analysis, micronozzles

1. Introduction

The production of microjets has enormous applications in very diverse fields
such as biotechnology, analytical chemistry, pharmacy and food industry, and
industrial engineering. These capillary structures are the natural gate to pro-
duce drops, emulsions, and capsules on the micrometer scale, in a continuous
way, and with a relatively large degree of monodispersity (Eggers and Viller-
maux, 2008). The so-called tip streaming phenomenon allows for the reduction
of the capillary jet diameter down to the micrometer scale while keeping the
size of the passages and orifices of the ejector on the scale of hundreds of mi-
crons (Montanero and Ganan-Calvo, 2020). Several tip streaming configurations
can be used to produce very thin liquid jets (Taylor, 1964; Eggers, 1997; Co-
hen et al., 2001; Collins et al., 2008; Castro-Herndndez et al., 2009; Anna and
Mayer, 2006). In aerodynamic (gaseous) flow focusing (Gandn-Calvo, 1998),
the liquid is supplied across a feeding capillary at a flow rate of the order of
a few microliters per minute. The feeding capillary is placed in front of a dis-
charge orifice whose diameter is commensurate with that of the capillary. A
high-speed gaseous current; coflows with the liquid across the discharge orifice.
The combination of the pressure drop and viscous shear stress caused by the
gaseous current drives the liquid flow, stretching the meniscus attached to the
feeding capillary. A thin jet tapers from the meniscus tip and exits the ejector
together with the outer gaseous stream. The original plate-orifice flow focusing
configuration (Ganan-Calvo, 1998) was modified by DePonte et al. (2008) ten
years later by replacing the plate with a borosilicate tube inside which the feed-
ing capillary was introduced. The tube was ended by a fire-shaped nozzle to
produce the same focusing effect as that of the plate orifice in the original con-
figuration. DePonte et al. (2008) coined the expression “Gas Dynamic Virtual
Nozzle™ (GDVN) to refer to this ejector.

Gaseous flow focusing has found applications in very diverse fields. For
instance, microparticles of complex structures have been produced by inject-
ing coaxially two immiscible liquid streams (Gafidn-Calvo et al., 2013). Vis-
coelastic threads (Ponce-Torres et al., 2016; Hofmann et al., 2018; Vasireddi
et al., 2019) for smooth printing and bioplotting (Ponce-Torres et al., 2017)
have been produced by applying essentially the flow focusing principle. Ponce-
Torres et al. (2019) have recently extruded fibers with diameters ranging from
a few microns down to hundreds of nanometers with the gaseous flow focusing
spinning method. A gaseous co-flow focusing process has been used to produce
stimuli-responsive microbubbles that comprise perfluorocarbon suspension of
silver nanoparticles in a lipid (Si et al., 2016). In electro-flow focusing (Gandn-
Calvo et al., 2006), a relatively small voltage is applied to the liquid to charge
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the droplets, which make them perfect candidates for surface sample desorption
(Forbes and Sisco, 2014a,b).

Among the several gaseous flow focusing applications, the serial femtosecond
crystallography (SFX) is probably the most important one. In fact, this tech-
nology has revolutionized the molecular determination of complex biochemical
species by recording single flash diffraction patterns of many individual protein
crystals (Chapman et al., 2011). Most experiments in SFX have utilized a liquid
microjet to place the sample into the beam focus. The jet must be perfectly
steady to ensure a consistent interaction with the X-ray beam, which allows for
efficient data collection. The protein crystals are damaged by the beam, and
therefore the jet must be sufficiently fast to ensure that the exposed sample exits
the interaction region before the next pulse strikes the jet Stan et al. (2016). In
fact, a fresh sample must be placed into the beam focus at a rate that matches
the arrival of X-ray pulses. This constitutes a severe condition for, e.g., the
European XFEL, which produces pulses at frequencies of the order of 10° Hz
(Wiedorn et al., 2018). The X-ray pulse produces an explosion of the liquid in
the interaction region, which must be located sufficiently far from the nozzle exit
to avoid a rapid collection of sputtered material from the explosion. In addition,
the jet must be as thin as possible to reduce the background diffraction signal.
The simultaneous fulfillment of these two last conditions is a difficult task be-
cause surface tension shortens the jet as the diameter decreases. In SFX, the jet
is usually generated by aerodynamically focusing (Ganan-Calvo, 1998; DePonte
et al., 2008; Zahoor et al., 2018) a liquid stream with a GDVN-like ejector. The
production of long and thin jets imposes severe constraints on the geometrical
design of issuing nozzles (DePonte et al., 2008; Beyerlein et al., 2015; Piotter
et al., 2018; Wiedorn et al., 2018).

For a given geometrical configuration, the size of the focused jet can be re-
duced either by decreasing the liquid flow rate or by increasing the pressure
drop applied to the gas stream. In the first case, one inevitably runs into an
axisymmetric instability leading to the dripping regime (Si et al., 2009; Vega
et al.,, 2010). In the latter case, the steady jetting mode becomes unstable
due to the growth of whipping (bending) oscillations (Chigier and Reitz, 1996;
Lasheras and Hopfinger, 2000) of the capillary system. In the whipping in-
stability, surface tension has a stabilizing effect, and the destabilizing factor
is purely aerodynamic: a perturbation at the jet free surface causes the gas
stream to accelerate as it passes a crest, lowering the pressure at that point
and encouraging the crest to increase in size (as in wind-generated ripples on
a liquid free surface). The analysis of the whipping instability entails certain
complexity even for a parallel liquid base flow. In fact, an accurate calculation
of the perturbation growth rate requires the consideration of the gas viscosity
even for small values of this parameter because the existence of an outer bound-
ary layer significantly affects the instability (Gordillo and Pérez-Saborid, 2005).
The problem for non-parallel liquid flows (as those produced by flow focusing)
becomes much more complicated due to the cumbersome numerics. However,
this analysis is highly relevant to optimize the production of both microdroplets
and microfibers from jetting realizations.
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In the classical plate-orifice configuration, the whipping instability is found
in the jet beyond the discharge orifice, does not propagate upstream, and, there-
fore, the liquid meniscus remains perfectly steady (convective whipping). On
the contrary, when the jet is focused by a nozzle (as happens in SFX) (DePonte
et al., 2008), the liquid meniscus can also oscillate laterally (absolute whipping)
(Acero et al., 2012). In some cases, those oscillations make the liquid touch the
inner wall of the nozzle, which constitutes a serious obstacle in applications.
Acero et al. (2012) speculated that the absence of absolute whipping in the
plate-orifice configuration might be due to the radial character of the gaseous
flow in front of the discharge orifice, which somehow stabilizes the meniscus
under bending perturbations. Neither the origin of this phenomenon nor the
way to eliminate it has been determined yet.

In the linear global stability analysis (Theofilis, 2011); we calculate the base
flow characterizing the steady jetting mode of a certain capillary system. Then,
we interrogate the base flow about its response to small-amplitude perturba-
tions (Sauter and Buggisch, 2005; Tammisola et al., 2012; Gordillo et al., 2014;
Dharmansh and Chokshi, 2016, 2017). The system evolves asymptotically (i.e.,
for sufficiently large times) dominated by the mode with the largest growth rate
of the eigenfrequency spectrum. If this growth rate is positive, then natural
perturbations lead to the base flow instability. Cruz-Mazo et al. (2017) have
shown that this occurs to axisymmetric perturbations in gaseous flow focusing
for sufficiently large applied pressure drops and flow rates below a minimum
value. In this work, we apply the same methodology to explain the whipping
instability arising for sufficiently large pressure drops. We hypothesize that the
lateral oscillation of the liquid meniscus and/or emitted jet observed in exper-
iments (Acero et al., 2012) corresponds to the growth of the dominant m = 1
linear mode. To the best of our knowledge, the non-axisymmetric (m # 0)
global stability analysis has not as yet been applied to any capillary systems.
In fact, previous studies of non-axisymmetric perturbations are restricted to
local stability analyses, which assume that the base flow is quasi-uniform in the
streamwise direction over a distance of the order of the wavelength of the domi-
nant perturbation (Montanero and Ganan-Calvo, 2020). This approximation is
not valid to examine the dynamical response of the flow focusing meniscus.

In this work, we will study the appearance of the whipping instability in
gaseous How focusing both theoretically and experimentally. In the numeri-
cal analysis, the steady base flow will be calculated by solving the non-linear,
steady Navier-Stokes equations. Then, the linear eigenmodes will be obtained
to examine the response of that flow to small-amplitude perturbations. The
parameter conditions leading to whipping are assumed to be those for which
the m = 1 dominant eigenmode grows on time. In the experimental study,
we will determine the parameter conditions for which convective and absolute
whipping come up. We will consider different nozzle shapes and capillary-to-
neck distances both in the global stability analysis and in the experiments. We
will focus on the nozzle convergence rate, defined as the inverse of the distance
along which the diameter reduces to its minimum value. The results will show
that whipping is suppressed as the convergence rate increases, which explains
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Figure 1: Axisymmetric gaseous flow focusing. The geometrical configuration corresponds to
that used in the experiments by Acero et al. (2012). The values of the main parameters are
R1 ~ 75 pm, D ~ 200 pm, and H ~ 440 pm.

why whipping is much less common in the classical plate-orifice configuration
(Gandn-Calvo, 1998).

The paper is organized as follows. Section 2 presents the governing equations
and briefly describes the numerical method. The experimental procedure is
explained in Sec. 3. Section 4 shows both the theoretical and experimental
results. The paper closes with some corncluding remarks in Sec. 5.

2. Theoretical method

The gaseous flow focusing configuration considered in this paper is shown
in Fig. 1. A liquid of density p; and viscosity p is injected through a feeding
capillary of radius Ry at a constant flow rate (). The feeding capillary is located
inside a converging-diverging nozzle at a distance H from the nozzle neck, whose
diameter is D. A pressure drop Ap is applied to a gas stream of density p, and
viscosity pg. The gas stream stretches the liquid meniscus that hangs on the
edge of the capillary end due to the action of the surface tension o. In the
steady jetting regime, the meniscus tip emits a liquid microjet, which crosses
the nozzle coflowing with the outer gas stream.

In this section, all the variables are made dimensionless with the capillary
radius Ry, the liquid density pg, and the surface tension o, which yields the
characteristic time, velocity and pressure scales t. = (pR}/0)Y/?, v. = Ry /t.,
and p, = o/Ry, respectively. The velocity v\ (r, z,0;t) = UY)(r, 0, 2;t) e +
V0O (r,0,z2;t) eg + WU (r,0, 2;t) e, and pressure pl9)(r, 0, z; 1) fields verify the
Navier-Stokes equations:

Uy,  vWw .
%_F%_'_WZ(J):O’ (]_)
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In the above equations, p = pg/pe and p = g /pe are the density and viscosity
ratios, 0, is the Kronecker delta, the superscripts j = ¢ and g refer to the liquid
and gas phases, respectively, the subscripts ¢, r, and z denote the partial deriva-
tives with respect to the corresponding variables, and Oh = p(peoR1) ™2 is
the Ohnesorge number. It is worth noting that, although the density and viscos-
ity ratios take very small values in gaseous flow focusing, they may significantly
affect the lateral (whipping) instability of the steady jetting regime (Gordillo
and Pérez-Saborid, 2005; Herrada et al., 2010).

The Navier-Stokes equations are integrated considering the kinematic com-
patibility condition at the free surface position r = F (0, z;t):

F-U® 4 %VO') +FEWU =0, ()

The balance between the normal and tangential stresses on the two sides of the
free surface reads

7-(l) - 7.T(Lg) , 0 _ _(9) © _ (9 (6)

Tt =Ty s Tay = Tiy s

where T(J ) Tt(lj ) and T(J ) are the sum of capillary pressure, hydrostatic pressure

and viscous stress on the two sides of the free surface, and the subindexes n,
t1 and t5 denote the normal and two tangential directions, respectively. These
stresses are given by the expressions

6]'9
rD Zpi) _ ey, — M{mv LE (FZWo’) Ul _ W(j))
n C% r z z r
. (4) () (4)
Eo | Fo (o) yo\ Vo v VY G 4 W
2 -39 (U + V] >+ oV - VO 4 =t :

(7)
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where C),, C;, Cy are functions of the instantaneous free surface shape given by
the equations

1/2 2\ 1/2
F; F;
Cn=<1+F2+F2) . Cr=(1+F) 09=< +F2> . (10)

In addition, e, = %@ [(Fpsinf + Fcosf) e, — (Fycos@ + Fsinf)eyp — FF, e,]
is the outward unit vector perpendicular to the free surface, and

1 1 Fg F@ 2F90
ep=—— + —— o 2F. Fy, % C2FF,, 11
V-e FC’n+FC’;°;[F(F+ 9> C; C? } (11)

is the local mean curvature. The anchorage condition F' = 1 is imposed at
the edge of the feeding capillary, while the no-slip boundary conditions v = 0 is
prescribed on all the solid surfaces. Periodic boundary conditions in the angular
direction are imposed for all the variables.

We impose the Hagen-Poiseuille velocity distribution, U = 0 and W®) =
20.(1-72) (v. = Q/(7R3v,)), and a uniform velocity profile at the inlet sections
z = 0 of the liquid and gas domains, respectively. We set uniform pressures at
the outlet sections of the gas and liquid domains. The liquid outlet pressure
equals that of the gas plus the capillary pressure. The pressure drop Ap applied
to the gas stream is calculated as the difference between the value averaged over
the inlet section and that imposed at the outlet section.

The steady and axisymmetric base flow is characterized by the velocity and
pressure fields, vy (r, z) = Up(r, 2) e, + Wi (r, z) e, and py(r, 2), as well as by the
distance Fj(z) between a surface element and the z axis. To calculate the linear
global modes, one assumes the spatio-temporal dependence

U(r.0,2t) = Up(r,2) + e U(r, 2) e, (12)

V(r,0,z;t) =eV(r,z) e iwttimb (13)
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W(r,0,zt) = Wy(r, z) + e W (r, z) e~ iwt+imo, (14)
p(r, 0, z;t) = py(r, 2) + e p(r, z) e wHTImE, (15)
F(0,2:1) = Fy(2) + e F(z) e @ttmo, (16)

where € < 1, {U,V,W,[),ﬁ‘} stand for the eigenmode spatial dependence of the
corresponding quantities, while w = w, + iw; is the eigenfrequency and m is
the azimuthal wave number. Both the eigenfrequencies and the corresponding
eigenmodes are calculated as a function of the governing parameters for m = 0
and 1. The dominant eigenmode is that with the largest growth rate w;. If
that growth rate is positive, the base flow is unstable under the corresponding
axisymmetric (m = 0) or lateral (m = 1) perturbation.

The global linear stability analysis describes the response of the base flow to
small-amplitude perturbations. If the base flow is linearly unstable, the dom-
inant mode grows exponentially with time producing perturbations that leave
the linear regime. The present stability analysis does not allow one to pre-
dict the system’s response in the non-linear phase. However, the growth of an
axisymmetric dominant mode is expected to lead to the jetting-to-dripping tran-
sition. On the contrary, the growth of the m = 1 eigenmode may be saturated
by the non-linear terms of the hydrodynamic equations within the experimental
field of view. In this case, the linear instability will lead to finite-amplitude
lateral oscillations of the liquid system (whipping regime). It is not possible to
safely predict the appearance of either convective or absolute whipping in the
non-linear regime from the linear stability analysis. For this reason, we will not
distinguish between those whipping modes in Sec. 4.

The theoretical model was solved with a variation of the numerical method
described by Herrada and Montanero (2016). The base flow and the correspond-
ing eigenmodes are calculated with the boundary fitted method (Thompson
and Warsi, 1982). The hydrodynamic equations are discretized in the trans-
formed radial direction 7 using nf] = 13 and nj = 40 Chebyshev collocation
points (Khorrami, 1989) in the liquid and gas domains, respectively. The trans-
formed axial direction £ was discretized using fourth-order finite differences and
ng [ ng = 1201 equally spaced points. The grid points accumulate near the
free surface (Fig. 2) where the gradients of the hydrodynamic quantities are ex-
pected to increase. The accumulation of grid points on the outer side of the free
surface is important to accurately integrate the gaseous boundary layer, which
plays an important role in the calculation of the m = 1 mode (Gordillo and
Pérez-Saborid, 2005). We have verified that neither the base flow nor the eigen-
values characterizing the linear modes changed significantly when the number
of grid points was increased (Fig. 3). More details of the numerical method can
be found elsewhere (Herrada and Montanero, 2016).
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Figure 2: Details of the grid used in the simulations.
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Figure 3: (Left) Streamlines of the base flow for the nozzle considered in Sec. 4.1, H = 440
pm, @ = 4.2 ml/h, and Ap = 154 mbar. (Right) Spectrum of eigenvalues for m = 1. The
solid and open symbols correspond to (ng = ng = 1201,nf = 11, nj) = 31) and (né = ng =
1201,nf7 = 15,n3 = 40), respectively.
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Figure 4: Inner shape of Nozzles 1, 2, and 3. The grey region shows the position of the feeding
tube for H = 450 pm.

3. Experimental method

Three flow focusing ejectors were used in the experiments. In each of these
ejectors, a tube of radius R1=100 pm was coaxially located inside a converging-
diverging nozzle. We used three nozzles with different shapes but with the
same neck diameter D=220 pm. These nozzles were fire-shaped from cut-end
borosilicate capillaries (Hilgenberg Gmbh) and optically characterized by the
method described by Munoz-Sdnchez et al. (2019). Figure 4 shows the shapes
of the nozzles and the inner capillary located at a distance H= 450 pm from the
nozzle neck. Nozzles 1 and 2 were fabricated from capillaries of OD 3.3+0.1 mm
and ID 2.840.1 mm at different heating positions. Nozzle 1 was heated deep
in the flame for a short time, while Nozzle 2 was heated in an outer region for
a longer time. As can be observed, the nozzles have practically the same neck
diameter and shape in the diverging part. However, they exhibit significantly
different shapes in front of the neck. In Nozzle 1, the diameter reduction spreads
over a long region. The shape of Nozzle 2 is closer to that of the plate-orifice
configuration because the diameter reduction occurs over a shorter length. The
diameter reduction is large for these two nozzles. For this reason, it involved a
large amount of molten material, and, consequently, the necks are long. Nozzle
3 was fabricated from a thinner capillary (OD 2.04£0.1 mm, ID 1.6+£0.1 mm)
and at an outer heating position. The diameter reduction is smaller in this case,
and, therefore, the neck is considerably shorter. The three flow focusing ejectors
used in the present study are expected to produce an intense focusing effect,
which confers practical relevance upon our results.

In our experiments, the liquid was injected at a constant flow rate @) through
the feeding tube by a syringe pump KDS120 (kdScientific). Air was injected
across the nozzle with a constant pressure drop Ap. We observed the emitted
jet using a CCD camera (AVT Stingray F-125B) equipped with optical lenses
and LED backlight. The camera exposure time was reduced to 4 us to acquired
sharp images. The optical magnification was 1.295 pm/pixel. A three-axis
translation stage allowed for proper alignment and focusing. All the elements
were mounted on a vibration isolation board.

We examined the behavior of distilled water, 1-c¢St silicone oil, and 100-cSt

11
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pe (kg/m3) | e (mPas) [ o (mN/m) Oh
Distilled water 998 1.00 72 0.0118
1-cSt silicone oil 818 0.818 17 0.0217
5-¢St silicone oil 971 4.60 19 0.107
100-cSt silicone oil 961 96 21 2.14

Table 1: Physical properties of the liquids considered in our study.

o

Figure 5: Absolute whipping (a), convective whipping (b), and jetting (c) in experiments with
water. The red circles in (a) indicates the oscillation of the tapering meniscus.

silicone oil to analyze the influence on the stability map of both the surface
tension and liquid viscosity: The values of the physical properties of the liquids
considered in our study are displayed in Table 1. The table also shows the
physical properties oft5-c¢St silicone oil considered in the theoretical analysis
of Sec. 4, and the value of the Ohnesorge number calculated with the radius
R1=100 pm of the feeding capillary.

The experimental sequence consisted of the following steps. The pressure
drop was applied to the air stream. The liquid was injected at a sufficiently large
flow rate to establish the jetting regime. Then, the flow rate (Q was progressively
reduced to determine the values corresponding to the transitions between the
different regimes. This sequence was repeated for applied pressure drops in the
interval 50 < Ap < 300 mbar.

The images acquired in the experiments were analyzed to determine the
regime adopted by the system for each pair of values Ap and Q). As explained in
the Introduction, two types of whipping instabilities were distinguished (Acero
et al., 2012): convective whipping in which the tapering meniscus remains sta-
ble and the emitted jet oscillates laterally, and absolute whipping in which both
the meniscus and the jet oscillate. Due to the difficulties inherent to the experi-
ment, we adopted the following simple criterion to identify the above-mentioned
regimes. Absolute whipping occurs if some visible section of the meniscus (see
the circle in Fig. 5a) oscillates with an amplitude larger than the jet radius.
Convective whipping takes place if this oscillation occurs only beyond the dis-
charge orifice (Fig. 5b). Finally, jetting occurs if neither of these conditions
applies (Fig. 5¢).

12
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4. Theoretical results

4.1. Comparison with previous experiments

As can be observed from the comparison between Figs. 3-left and 4, the
focusing geometry in our experiments is more complicated than that considered
by Acero et al. (2012). We chose this geometry to enhance the focusing effect
produced by the gaseous stream in the neck, which makes the results more
interesting at the practical level. However, the mesh generation method used
in the numerical simulations fails to adapt to the solid shapes shown in Fig. 4.
For this reason, we will limit the comparison between theory and experiments
to the geometry examined by Acero et al. (2012).

In this section, we assess the accuracy of the linear stability analysis by com-
paring its predictions with the experimental results of Acero et al. (2012). The
numerical domain is that considered by Cruz-Mazo et al. (2017) (see Fig. 4 of
that reference), which approximately coincides with the experimental configu-
ration (Fig. 1). The base flow was calculated for a given flow rate and different
applied pressure drops. The example in Fig. 3 shows how the drag force exerted
by the outer stream causes a recirculation pattern in the liquid meniscus. The
existence of this pattern prevents one from safely using 1D approximations or
local stability analysis in this problem. We calculated the spectrum of eigenval-
ues of the modes m = 0 and 1 for each of the base flows. The transition from
jetting to dripping (whipping) takes place when the growth rate of the dominant
m = 0 (m = 1) mode becomes positive. As can be observed in Fig. 3, w, # 0 in
that case, which means that the instability has an oscillatory character.

Figure 6 shows the stability map obtained from the experiments of Acero
et al. (2012) for 5-cSt silicone oil. The figure also shows the marginally stable
numerical realizations under m = 0 and m = 1 perturbations. In all the cases
analyzed, the mode m = 2 was stable. Three regimes are distinguished: (i)
dripping, (ii) whipping in which only the jet or both the jet and the tapering
meniscus oscillate laterally, and (iii) jetting in which both the tapering meniscus
and the jet are stable. As explained in Sec. 2, we here do not make a distinction
between convective and absolute whipping owing to the inability of the linear
stability analysis to predict the type of whipping that prevails in the non-linear
response of the system. The results for H = 350 um agree well with the exper-
imental data, although there is a small region of whipping in the experiments
which has not been detected by the global stability analysis. The value of H is
slightly smaller than that measured in the experiments (H = 440 pm), which
may be attributed to an error in the measurement of H caused by the optical
distortion produced by the significant curvature of the converging part of the
micronozzle. In fact, Acero et al. (2012) conducted their experiments for a large
value of H. Montanero et al. (2011) showed that the flow rate at the jetting-
to-dripping transition is very sensitive to H as this parameter approaches its
maximum value. Therefore, small errors in H can lead to significant errors in
the critical flow rate. Another source of discrepancy is the deviation of the
nozzle and feeding capillary numerical shapes from their experimental counter-
parts. In particular, the feeding capillary in the simulations has zero thickness
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Figure 6: Stability map obtained from the experiments conducted by Acero et al. (2012) for
5-cSt silicone oil (open symbols). The open diamonds, squares, and triangules correspond
to the jetting-to-dripping, jetting-to-whipping, and whipping-to-dripping transitions in the
experiments. The black and red solid circles show the marginally stable flows under m = 0
and 1 perturbations, respectively, calculated numerically for H = 350 pm.

while in the experiment both the thickness and shape of the capillary end may
play a significant role. In the global stability analysis, we considered two values
of the capillary-to-neck distance H (Fig. 7). As can be observed, the value of
H considerably affects the instability transition for m = 0 (Montanero et al.,
2011), while it hardly alters the flow stability under the m = 1 perturbation.

We now analyze the eigenmodes m = 1 responsible for the whipping insta-
bility. We show in Fig. 8 the magnitude |F(z)| of the free surface perturbation
amplitude. This amplitude monotonically grows as the distance from the feeding
capillary increases. The function |f7(z)| exhibits approximately the same shape
in all the cases, although they probably correspond to experimental realizations
of convective and absolute whipping.

4.2. FEffect of the nozzle shape

Acero et al. (2012) hypothesized that the appearance of whipping in GDVN
ejectors is linked to the axial component of the gas flow induced by the nozzle
shape in front of the neck. To analyze the validity of this hypothesis, in this
section we study the influence of an increase in the convergence rate of the
focusing nozzle on the flow stability under m = 1 perturbations. This could
have been done with the geometrical model used in Sec. 4.1. However, the mesh
generation method used in our numerical simulations fails to adapt to that
model when the nozzle convergence is increased. For this reason, we conducted
numerical simulations with the (simpler) nozzle shape given by the expression
(Fig. 9)

S(2) = R, — (R, — D/2) exp[—a(z — L;)?], (17)

where all the distances have been made dimensionless with the capillary radius
R;. In these simulations, we considered 5-cSt silicone oil focused by air. The

14



Journal Pre-proof

5F T K E
4 Jetting A/ o
o c 3]
< \ e ] § ]
E () o
o 3F \.\.\./ % T
i
: i
 Dripping i ]
23“““1|0 — '““1'(|)0 500

Ap (mbar)

Figure 7: Marginally stable flows under m = 0 (black symbols) and 1 (red symbols) perturba-
tions calculated numerically for 5-c¢St silicone oil focused with the nozzle used by Acero et al.
(2012). The circles and triangles correspond to H = 350 and 440 pm, respectively.
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Figure 8: Magnitude of the free surface perturbation amplitude, |F(z)|, corresponding to
the mode m = 1 for the marginally stable flows in the simulations. The results have been
normalized with the maximum value for each case. The labels indicate the values of the
capillary-to-neck distance and flow rate measured in pm and ml/h, respectively. The vertical
dashed lines show the positions of the nozzle neck for the two values of H considered.
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values of the geometrical parameters R,, D, and L; were the same as those in
Sec. 4.1, while the capillary-to-neck distance was H = 350 ym (H/R; = 4.55).
To analyze the effect of the convergence rate on the base flow stability, we carried
out simulations for o = 0.045, 0.05, and 5. As « increases, the nozzle shape
approaches that of the plate-orifice configuration.

The effect of the nozzle convergence rate a on the whipping instability can
be clearly appreciated in Fig. 10. As « increases, the pressure drop necessary
to trigger the whipping instability increases. In fact, a small increase of «
causes a significant increase in the critical pressure drop for the same liquid
flow rate. We have not found whipping instability for @« = 5. The nozzle
shape also affects the minimum flow rate leading to the growth of the dominant
m = 0 mode (dripping). The focusing orifice thickness increases as « decreases,
which generally enhances the focusing effect and reduces the minimum flow rate.
Interestingly, the dependency of the minimum flow rate with respect to « is not
monotonous. In fact, the stabilizing effect mentioned above is not observed
when «_ decreases from 0.05 to 0.045, or when « decreases from 5 to 0.045 for
Ap 2 200 mbar. The axial dependence of the free surface perturbation (Fig.
11) is very similar to that found for the nozzle considered in Sec. 4.1.

Theneutral stability curve m = 0 for a = 0.045 and 0.05 is shown to extend
all the way into the region where the mode m = 1 becomes unstable. This means
that there are parameter conditions for which both the varicose and whipping
modes are unstable. In the linear regime, growing modes do not interfere with
each other. If the growth rates of those modes are sufficiently different from
each other, varicose (whipping) instability will be observed if the mode m = 0
(m = 1) is the dominant one. If the growth rates take similar values, then
both instabilities can become noticeable at the same time. This behavior can
probably be extrapolated to the nonlinear regime. In that case, we expect to
observe dripping from a straight liquid thread, whipping, or dripping from a
bend thread depending on the relative values of the axisymmetric and whipping
growth rates. This extrapolation must be done with caution because of the
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Figure 10: Stability limits under m = 0 (circles) and 1 (triangles) perturbations in the sim-
ulations. The results were obtained for 5-cSt silicone oil focused by air. The nozzle shape is
given by the expression (17) with a = 0.045 (black symbols), 0.05 (red symbols), and 5 (blue
symbols). The whipping instability for o = 5 was not found.

interference between growing linear modes.in the nonlinear regime.

5. Experimental results

In this section, we analyze experimentally the role played by both the capillary-
to-neck distance and the nozzle shape on the stability of the steady jetting
regime produced by a GDVN ejector. As explained in Sec. 3, we here distinguish
the experimental realizations where both the tapering meniscus and emitted jet
oscillated (absolute whipping) from those in which the instability affected only
the jet (convective instability) (Fig. 5). Figure 12 shows the stability regions
in the Q-Ap parameter plane for distilled water focused by air in Nozzle 1 (see
Sec. 3) and two different values of H. The black lines/symbols correspond to
the shortest distance H=450 pum, and separate the parameter regions where
jetting (J), dripping (D) and absolute whipping (AW) were observed. The red
line/symbols show the jetting-to-dripping transition for H= 550 pum. The fig-
ure shows the critical role played by the air speed in the absolute whipping
instability. When the pressure drop Ap is sufficiently large and the distance
H takes the smallest value, the outer stream causes the meniscus oscillation.
This phenomenon disappears when the feeding capillary is moved away from
the nozzle neck because the gap between the capillary and the nozzle increases,
and, consequently, the axial speed of the air stream surrounding the meniscus
decreases. In addition, the reduction of the air speed slightly increases the flow
rate at the jetting-to-dripping transition for most of the applied pressure drops.

Absolute whipping can also be prevented by selecting appropriately the
shape of the nozzle. This can be done with the fire-shaping method recently
developed by Mutioz-Sénchez et al. (2019). Figure 13 shows the stability regions
obtained for distilled water, H=450 pum, and Nozzles 1, 2 and 3, whose necks
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Figure 12: Experimental stability regions for water focused with air. The black and red
symbols correspond to H = 450 and 550 pm, respectively. Neither convective nor absolute
whipping was observed for H = 550 um. The insets show the shape of the nozzle and the
position of the feeding capillary for the two values of H considered.
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Figure 13: Experimental stability regions for water focused with air with Nozzles 1, 2 and 3.
In all the cases, H=450 pm. Nozzles 2 and 3 show neither absolute nor convective whipping.
The insets show the shape of the nozzle and the position of the feeding capillary.

have the same diameter. Nozzles 1 and 2 have different convergence rates (dis-
tances along which the diameter reduction takes place) but practically the same
shape beyond the neck (see Fig. 4). The radial component of the velocity field
in front of the neck of Nozzle 2 is expected to be larger than its counterpart
in Nozzle 1. In fact, the flow pattern in Nozzle 2 must be similar to that of
the classical plate-orifice configuration (Ganidn-Calvo, 1998). As suggested by
the stability analysis (Sec. 4.2), whipping is suppressed in Nozzle 2. Nozzle 3
is considerably smaller than the other two nozzles. Consequently, the capillary
is located farther away from the nozzle inner wall for the same H. In this case,
the axial component of the air velocity around the liquid meniscus is smaller,
and absolute whipping is not observed.

To examine the influence of the liquid viscosity on the jetting stability, we
conducted experiments with 100-cSt silicone oil. In graph (a) of Fig. 14, we
compare the stability regions for the three nozzles. Absolute whipping occupies
a very narrow region in the stability map. Convective whipping (CW) arises
when sufficiently large pressure drops are applied to Nozzle 1. One can conclude
that viscosity stabilizes the liquid meniscus in Nozzle 1 but not the emitted jet.
Interestingly, and contrary to what happens to water, convective whipping dis-
appears for @ 2 10 ml/h. Nozzles 2 and 3 show neither absolute nor convective
whipping. Surprisingly, the nozzle shape in front of the neck affects the re-
sponse of the jet far away from the discharge orifice (convective whipping). A
plausible explanation for this counter-intuitive observation is that the meniscus
slightly oscillates for large viscosity in Nozzle 1. This oscillation is convected
and amplified downstream by the emitted jet. This would explain (i) the tran-
sition from absolute to convective instability as the viscosity increases, and (ii)
the fact that convective instability is affected by the nozzle shape in front of
the neck. In all the cases, the jetting-to-dripping transition takes place at flow
rates much smaller than those for water. These critical flow rates hardly depend

19



Journal Pre-proof

%\10 I B g 10 r ‘] ‘—‘*‘a‘ T
£ cw £ H = 450 pm
o . Al 1o N\ / Hessoum Ay

5t ] 7 st -

/,é l é A%a
3 o D
% 100 200 300 00— 10 200 300
Ap (mbar) Ap (mbar)

Figure 14: Experimental stability regions for 100-cSt silicone oil focused with air. a) Effect
of the nozzle shape for H = 450 pm. Nozzles 2 and 3 show neither absolute nor convective
whipping. b) Effect of the distance H for Nozzle 1. Neither convective nor absolute whipping
was observed for H = 550 um. The insets show the shape of the nozzle and the position of
the feeding capillary.

on the applied pressure drop. In graph (b) of Fig. 14, we compare the results
for Nozzle 1 and two capillary-to-neck distances: H=450 pm (black symbols)
and 550 pm (red symbols). The increase of the distance H reduces the air ax-
ial velocity at the jet emission point, which eliminates the whipping instability.
Overall, the liquid viscosity stabilizes the tapering meniscus by reducing the flow
rate leading to the jetting-to-dripping transition, and by practically suppressing
the absolute whipping. However, the minimum values of the applied pressure
drop that trigger the convective whipping are considerably smaller than their
counterparts in the low-viscosity case.

The role of the surface tension is examined in Fig. 15, which shows the
results for 1-¢St silicone oil. This liquid has the same kinematic viscosity of
water but.a surface tension more than four times smaller than that of water.
The main effect of the surface tension reduction is the enhancement of the
absolute whipping in Nozzle 1. As explained in the Introduction, whipping
arises when the difference between the pressures in the ridges and valleys of
the deformed interface overcomes the stabilizing effect of the surface tension.
Therefore, the reduction of the surface tension favors the whipping instability.
The Weber number We, = p,(V, — V;)?R; /0 compares the dynamic pressure
associated with the gas velocity Vj relative to that of the liquid V; versus the
capillary pressure o/R; in the tapering meniscus. In flow focusing, V; < V,
ngg2 ~ Ap, and thus We, ~ ApR;/o. The comparison of Figs. 13 and 14
with 15 shows that the critical applied pressure for the whipping instability in
Nozzle 1 has roughly decreased in the same proportion as the surface tension,
which indicates that the critical Weber number takes similar values with the
two liquids. The whipping instability practically prevents one from focusing
low-viscosity, low-surface tension liquids with Nozzle 1. In fact, the absolute
whipping observed with 1-cSt silicone oil made the tapering meniscus touch the
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Figure 15: Experimental stability regions for 1-cSt silicone oil focused with air. a) Effect of
the nozzle shape for H = 450 pm. Nozzles 2 and 3 show neither absolute nor convective
whipping. b) Effect of the distance H for Nozzle 1. Neither convective nor absolute whipping
was observed for H = 550 pym. The insets show the shape of the nozzle and the position of
the feeding capillary.

inner wall of Nozzle 1, which continuously interrupted the liquid ejection in
many experiments.

6. Conclusions

We studied the whipping instability of the tip streaming flow produced when
a liquid stream is focused by a gaseous current inside a converging-diverging noz-
zle (GDVN ejector). We conducted the global linear stability analysis of that
flow for both axisymmetric m = 0 and lateral m = 1 perturbations. For this pur-
pose, the steady base flow was numerically calculated by solving the non-linear
Navier-Stokes equations. Then, we obtain the linear eigenmodes describing the
response of that flow to small-amplitude perturbations. The parameter con-
ditions leading to dripping and whipping are assumed to be those for which
the growth rate of the m = 0 and m = 1 dominant eigenmode becomes pos-
itive, respectively. The comparison with previous experimental results (Acero
et al., 2012) shows good agreement for both the jetting-to-dripping and jetting-
to-whipping transitions. Under the conditions considered in those experiments,
the capillary-to-neck distance affects the jetting-to-dripping transition but has
a negligible effect on the whipping instability. We also examined the influence
of the nozzle shape on the jetting stability. Attention was paid to the nozzle
convergence rate, defined as the inverse of the distance along which the diameter
reduces to its minimum value. The results show that whipping is suppressed
as the convergence rate increases, which explains why whipping is much less
common in the classical plate-orifice configuration (Ganan-Calvo, 1998).

We also examined experimentally the influence of the ejector geometry on
the jetting stability. To this end, nozzles that differed only in the convergence
rate were fabricated (Mufioz-Sdnchez et al., 2019). The experiments allowed us
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to distinguish to types of lateral instabilities: absolute and whipping instabilities
depending on whether the meniscus oscillates or not, respectively (Acero et al.,
2012). Absolute whipping was clearly observed only when water was focused
in the nozzle with the smallest convergence rate and capillary-to-neck distance.
The increase of the nozzle convergence rate and capillary-to-neck distance elim-
inated the whipping instability. Viscosity practically suppressed the meniscus
oscillation and induced the transition from absolute to convective whipping.
The increase of the convergence rate and capillary-to-neck distance eliminated
the whipping instability in the high-viscosity case as well. The reduction of the
surface tension decreased roughly in the same proportion the critical pressure
drop for absolute whipping.

Flow focusing, as most tip streaming microfluidic realizations (Montanero
and Ganan-Calvo, 2020), consists of two markedly different fluidic structures: a
non-slender confined tapering meniscus and almost cylindrical emitted jet flying
in a discharge environment. The steady jetting mode requires the stability of
both structures. The theoretical and experimental results presented in this work
show the complexity of the whipping phenomenon in flow focusing, as already
pointed out by Acero et al. (2012). The stability map strongly depends on many
parameter conditions, which prevents one from drawing general conclusions. For
instance, the capillary-to-neck distance seems not to affect the whipping insta-
bility under the conditions considered in Fig. 6, while it plays a significant role
in the present experiments [Figs. 12 and 14(b)]. There are also counter-intuitive
results. For example, the liquid viscosity eliminates the whipping instability and
enables the jetting regime for ) 2 10 ml/h (Fig. 14). Another example is that
the shape of the converging part of the nozzle has a considerable effect on the
response of the liquid jet far away from the discharge orifice. This last result
can be understood if we assume that convective whipping does not take place
because of the wind-induced destabilization of the jet downstream, but due to
the convection and amplification of lateral waves emitted by small-amplitude
oscillations of the liquid meniscus. Overall, we can probably conclude that ejec-
tor shapes closer to the plate-orifice configuration are less prone to producing
whipping.
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