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Abstract

Purpose — Double flow-focusing nozzles (DFFNs) form a coaxial flow of primary liquid with micro-
crystalline samples, surrounded by secondary liquid and focusing gas. This paper aims to develop an
experimentally validated numerical model and assess the performance of micro-jets from a DFEN as a
function of various operating parameters for the water—ethanol-helium system, revealing the jet's stability,
diameter, length and velocity.

Design/methodology/approach — The physical model is formulated in the mixture-continuum formulation,
which includes coupled mass, momentum and species transport equations. The model is numerically
formulated within the finite volume method-volume of fluid approach and implemented in OpenFOAM to
allow for a non-linear variation of the fluid's material properties as a function of the mixture concentration. The
numerical results are compared with the experimental data.

Findings — A sensitivity study of jets with Reynolds numbers between 12 and 60, Weber numbers between 4
and 120 and capillary numbers between 0.2 and 2.0 was performed. It was observed that jet diameters and
lengths get larger with increased primary and secondary fluid flow rates. Increasing gas flow rates produces
thinner, shorter and faster jets. Previously considered pre-mixed and linear mixing models substantially differ
from the accurate representation of the water—ethanol mixing dynamics in DFFNs. The authors demonstrated
that Jouyban—Acree mixing model fits the experimental data much better.
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Originality/value — The mixing of primary and secondary liquids in the jet produced by DFFN is
numerically modelled for the first time. This study provides novel insights into mixing dynamics in such
micro-jets, which can be used to improve the design of DFFNs.

Keywords Serial femtosecond crystallography, Sample delivery, Double flow focusing,
Water—ethanol mixing, Jet properties, Finite volume method, Volume of fluid
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1. Introduction

Microfluidics covers the complex world of fluid dynamics at the microscopic scales and has
applications ranging from material chemistry (Glinther and Jensen, 2006), drug screening/
delivery (Fontana et al., 2016; Sun et al., 2019) and bioengineering (Finehout and Tian,
2009) to food safety (Nilghaz et al., 2021). Microfluidic devices can be used to create small
bubbles (Garstecki et al., 2004), droplets (Baroud et al., 2010), jets (Gafian-Calvo et al.,
2010) and sheets (Koralek et al., 2018). In this paper, we are particularly interested in
microfluidic devices which deliver samples into intense x-ray beams produced by large x-ray
facilities such as synchrotrons and x-ray free electron lasers (XFELs). The development of
these intense x-ray sources opened up many new scientific areas. One of them, which is
based on the idea of how to overcome radiation damage in imaging macromolecules (Neutze
et al., 2000), is serial femtosecond crystallography (SFX) (Chapman et al., 2011). It
revolutionised the field of protein crystallography and is widely used at XFEL facilities
(Barends et al., 2022). Micron-sized protein crystals, considered previously unusable, can
now be exploited to obtain diffraction patterns from which one can determine a protein
structure or follow triggered chemical processes. This is because in SFX experiments,
diffraction patterns of small protein crystals are acquired before they are destroyed by
intense, femtosecond x-ray pulses (Barty et al., 2012). Protein crystals can be brought into
the x-ray beam in different ways. The most commonly used way is via liquid micro-jets. It
has the advantage of keeping protein crystals in a hydrated environment, while they are
exposed to XFEL pulses. The sample delivery systems and their effectiveness in various
experimental settings have been extensively reviewed (Barends et al., 2022; Martiel et al.,
2019), and it is clear that the quality of SFX experiments is intricately linked to the stability
and efficiency of the micro-jet delivery system. Jet-focusing techniques have improved
thanks to many experimental and numerical studies over the past decade (Schlichting, 2015).
Nevertheless, many challenges remain to keep up with the technological improvements of
x-ray sources and detectors.

Worldwide, only five operating XFEL facilities deliver femtosecond pulses in hard x-ray
regime. One of them is European XFEL (Altarelli, 2011), which started operating in 2017
and is located in Schenefeld, Germany. This XFEL delivers x-ray pulses in bursts or “trains”
with a train repetition rate of 10 Hz. Each train is only a few microseconds long but can
contain up to 2,700 x-ray pulses. This corresponds to 4.5 MHz maximum pulse repetition
rate. Although such a high repetition rate allows faster data collection, it also poses major
challenges for optics, detectors and sample delivery.

Here, we are primarily interested in sample delivery. Liquid jets used in experiments at
European XFEL have to be fast enough to bring the sample in and out of the interaction
region before the arrival of the next x-ray pulse, which requires speeds of at least 50 m/s
(Wiedorn et al., 2018). Such velocities can be achieved by accelerating the liquid with a
high-pressure gas (Gafian-Calvo, 1998). The gas dynamic virtual nozzles (GDVNs)
(DePonte et al., 2008; Weierstall et al., 2012) are based on this concept. These and other
microdevices are now routinely manufactured using modern additive three-dimensional



printing technology. For example, two-photon stereolithography is one of the three- International
dimensional printing methods that offers submicron precision. This enables fast and easy Journal of

prototyping of small nozzles (Knoska et al., 2020; Nelson et al., 2016). In addition to high Numerical
speeds, these jets also need to be thin to reduce the background coming from the liquid and to Methods for Heat
minimise sample consumption. Ideally, the jets are at least 50 pm long to avoid illuminating & Fluid Flow

and damaging nozzles with the intense x-rays. Millisecond-long pulse trains with a repetition
rate of 10 Hz leave many precious samples unexposed to x-rays. This is especially true when
jets are created by GDVNs, which require approximately 10-40 pl/min flow rates to produce 1985
stable jets (Botha and Fromme, 2023).

Double flow-focusing nozzles (DFFNs) (Oberthuer et al., 2017) represent a pivotal
advancement over the conventional alternatives such as Rayleigh jets (Rayleigh, 1879),
plate-orifice nozzle (Gafian-Calvo, 1998) and GDVNs (DePonte et al., 2008). DFFNs
initially reported by Gafian-Calvo et al. (2007) integrated an additional immiscible
secondary fluid between the primary sample-carrying liquid and the outer focusing gas
(conventional plate-orifice nozzles). The improved DFFN design (Oberthuer et al., 2017)
includes an additional converging secondary liquid capillary inside a standard converging
GDVN. This results in thinner, longer and more stable jets while reducing sample
consumption (GDVN: 40 pl/min versus DFFN: 2 pl/min). An additional advantage is that
jet-forming conditions only need to be fulfilled by the outer focusing liquid (Vega et al.,
2010). This allows variations in the sample carrying core liquid flow rates and liquids
without interruption in the jetting, which is convenient when changing the sample (innermost
capillary) during the experiment. Because of the excellent characteristics of ethanol for
forming fine, stable jets and for reducing icing when the jets are used in a vacuum, it is
commonly used as a secondary sheath liquid between the focusing gas and primary sample-
carrying buffer (Oberthuer et al., 2017).

The multiphase jet flows within the channels of the DFFN involve sophisticated
interactions of diverse cohesive and disruptive forces. These forces strongly correlate with
the material properties of the working fluids, ultimately dictating the behaviour of resulting
jets emanating from DFFNs. The rheological properties of the involved fluids can help
quantify the actively involved forces, such as the shear generated at the interfaces, which is
directly associated with the fluid viscosity (Zahoor et al., 2024). Experimental studies,
limited to the investigations of overall jetting performance in terms of their stability, length
and diameters, can profit from numerical simulations to better understand forces acting upon
these jets and their interplay.

Indeed, numerical simulations have significantly advanced the basic understanding of jets
(Herrada et al., 2008; Kovacic¢ et al., 2024; Zahoor et al., 2018c). They have been
successfully used in the geometric optimisation of plate-orifice (Vega et al., 2010),
converging GDVNs (Zahoor et al., 2018a) and converging-diverging nozzles for jet focusing
(Sarler et al., 2021). Additionally, numerical simulations have added value in investigating
various jetting liquids (Zahoor et al., 2020) and focusing gases (Zahoor et al., 2018b). Recent
simulations have yielded reasonable agreement with experimentally obtained results
regarding jetting, dripping and whipping (Kovacic¢ et al., 2024). The fluid dynamics aspects
of nozzles are elaborated in a contemporary monograph (Montanero, 2024).

Despite the significant strides in numerical simulations, exploring DFFN jet flows has
been limited. Previous studies have either assumed non-mixing conditions between primary
and secondary fluids (Oberthuer et al., 2017) or adopted pre-mixed primary and secondary
fluids at both inlets (BelSak et al., 2021). Against this backdrop, the primary objective of this
paper is to build a robust model for DFFNs, capable of accommodating dynamics of




HFF
35,6

1986

diffusion and convection mixing involved between the primary and the secondary fluids
along the jet.

2. Numerical model

The cylindrical symmetry of DFFN allows an axisymmetric numerical approach. Similar
previous approaches have successfully revealed the underlying physical phenomena of jet
focusing in GDVN nozzles (Herrada et al., 2008; Zahoor et al., 2021). The whipping jet
instabilities and the secondary breakups, which can, in principle, be simulated (Kovacic¢
etal., 2024), are not of interest here, as such jets are unsuitable for SFX experiments.

In our numerical model, we assume an incompressible, Newtonian, laminar, two-phase
flow involving gas and liquid phase, with the liquid phase composed of water and ethanol
binary system. A schematic of the DFFN nozzle geometry under consideration is shown in
Figure 1.

The considered problem is based on the following mass, momentum and concentration
equations:

Vov=0, 1)
Apv)/ot + V-(pw)= = Vp + V-[u(Vy + VW] +1,, ®)
9C/ot + V-(vC) = V-(DVC), 3)

with v denoting velocity, t time, p pressure, p density, p viscosity and f, body force,
originating from the surface tension. The gravity was neglected in these simulations. C
stands for the ethanol concentration (molar fraction), bounded between C = 0 (pure water)
and C = 1 (pure ethanol). The diffusion coefficient of ethanol into water is defined by D. The
moving interphase boundary between the liquid and the gas phases is treated using the

outflow
*all dimensions are in pm
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Source: Figure by authors

Figure 1. Scheme of the geometry and discretisation of double flow-focusing nozzles (cell sizes of
level 1 =0.5 pm, level 2 =1.0 pm and level 3 = 2.0 pm)



volume of fluid (VOF) method. A phase function a, bounded between 0 (gas) and 1 (liquid),
is advected in the domain using an interface advection equation:

oa/dt + v-Va=0. 4)

For the surface tension forces, the continuum surface force (Brackbill et al., 1992) model is
used (f, = oxVa) with o representing the surface tension. The interface curvature k is
calculated from the interface normal n as x(a) = — V-n = Va/|Va|. The material properties
and flow field in the mixture-continuum formulation are calculated as:

6:91a+6g(1 —-a)

)
v=[via+v(1-a)]/p
where 6, can either denote density p;, viscosity p,; or surface tension . The density p,,
viscosity p; and surface tension o of the assumed two-component water—ethanol liquid phase
are calculated using Jouyban—Acree model (Jouyban and Acree, 1998) at T = 293 K:

0= exp [Culn (6,) + Cin (6.) = AgCC,,/T = ByCC,y(Cyy = ©)/T + CoCC,(C, ~ /T,
©)

with the concentration of water C,, related to the concentration of ethanolas C,,=1-C. 6,,
and 0, stand for the related pure water and ethanol properties, respectively. The parameters
involved in equation (6) are given in Table 1 (Khattab et al., 2012) for density 8 = p, viscosity
0 = p and surface tension 6 = 0.

The finite volume method (FVM) (Ferziger and Peri¢, 2002; Moukalled et al., 2016;
Versteeg and Malalasekera, 2007) is used to solve the related two-phase (gas—liquid) and
three-species (gas—water—ethanol) problem. The gas-liquid interface is solved by the
algebraic VOF model (Hirt and Nichols, 1981). The interface compression approach
addresses the inherent interface smearing of VOF (Weller, 2008).

Open source FVM-VOF code OpenFOAM (Greenshields, 2022) is used, which tackles
the axisymmetric problems by a three-dimensional 5° wedge domain (Figure 1), with the
bottom aligned to the symmetry line. The DFFN computational domain is discretised into
approximately 200,000 hexa-dominant finite volumes, arranged so that the maximum
refinements (minimum cell size of 0.5 pm) are ensured in the vicinity of jet formation. The
cell sizes gradually increase away from the liquid jet, reaching a maximum of 16 pm.

The choices of control volume and outlet domain dimensions (with a length 3,500 pm and
radius 1,000 pm) are determined from a previously conducted mesh independence and

Table 1. Fitting coefficients in equation (6) for density, viscosity and surface tension model

Material property Ap By Co
Density 30.808 18.274 13.890
Viscosity 724.652 729.357 976.050
Surface tension 488.012 640.785 1073.310

Source: Table by authors
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domain size study (Zahoor et al., 2018c). Eight distinct boundary patches are selected for
imposing boundary conditions, as detailed in Table 2, where Q, and Q represent flow rate of
primary liquid (water: Q,,) and secondary liquid (ethanol: Q,), respectively.

The solution relies on at least second-order schemes. Gaussian finite-volume integration
(LeVeque, 2002) is used for calculating derivative terms, and a second-order vanLeer total
variation diminishing scheme (van Leer, 1979) is applied for convective terms. A total
variation diminishing limited linear V scheme is used to interpolate variables from cell to
face. The transient terms are -addressed using a blended second-order Crank—Nicolson
scheme, allowing setting up a blending weight coefficient ¢. The value of the blending
coefficient decides if the scheme operates in a pure Euler (¢ = 0) or implicit (¢ = 1) regime.
The present solution setup uses ¢» = 0.9 to balance accuracy and robustness.

The PIMPLE algorithm is used for pressure—velocity coupling. A Courant number
(Courant et al., 1967) condition is enforced (< 0.25) to adopt the time step. A comprehensive
documentation of the implementation and guidelines for using the described numerical
schemes can be found in Moukalled et al. (2016).

The operating fluids include water as the primary fluid, ethanol as a secondary fluid and
helium as a focusing gas. The material properties of pure operating fluids are summarised in
Table 3. OpenFOAM solver “interFoam” was extended by solving an additional
concentration equation (3) in the liquid phase. The mixture library in “interFoam” was
upgraded to include the Jouyban—Acree [equation (6)] model. This represents a most
accurate mixing model representing the physicochemical properties of binary mixtures
(Jouyban and Acree, 2021). It accurately predicts the solubility data and enables the
modelling of mixture properties as a function of solubility data and temperature (Khattab

Table 2. Boundary conditions at computational boundary patches

Patch Velocity Pressure Phase fraction Concentration
Inlet water Q,=Q, op/on=0 a=1 Cc=0

Inlet ethanol Qs=Q. dp/on =0 a=1 Cc=1

Inlet gas My op/on=0 a=0 Cc=0

Walls v=0 fixedFluxPressure® da/on =0 0C/on=0
Outlet ov/on=0 p=1x10°Pa da/on=0 oC/on=0
Front Wedge®

Back Wedge

Notes: “The pressure gradient is set such that the flux on the boundary is specified by the velocity boundary
condition; "A special boundary condition to enforce cyclic conditions between the two patches
Source: Table by authors

Table 3. Reference material properties of operating fluids at temperature and pressure conditions (T =
293 K and 101,325 pa)

Fluid Density [kgm'3] Viscosity [Pas] Surface tension [Nm ']
Water 998 1.0x 107 0.0724

Ethanol 791 1.14 x 107 0.0224

Helium 0.164 1.96 x 107%° -

Source: Table by authors




et al., 2012). These material properties of the water—ethanol-helium system are used in the International

model equations (1)—(3). Journal of
The numerical simulations are initialised such that the primary and secondary capillaries
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are filled with water and ethanol, respectively, while the rest of the domain is filled with Method I;melr{lcat
stagnant helium. The simulations are calculated up to 0.001 s on 64 Intel (R) Xeon (R) ethods .or €a
Pprocessors. & Fluid Flow
3. Results and discussion 1989

A hydrodynamic based liquid jet focusing from DFFN nozzle is investigated. It involves
primary (water) and secondary (ethanol) fluids, supplied through respective capillaries and
focused with outer focusing helium gas. In contrast to a similar study (Gafidn-Calvo et al.,
2007), it uses miscible primary and secondary liquids that tend to mix as they flow out of the
feeding capillaries and are focused by a gas to form a jet. Such a convective and diffusive
mixing process results in spatial variation of material properties, thus influencing the fluid
dynamics of the jet.

As water and ethanol show a non-linear mixing (Khattab et al., 2012), it is essential to
model the local variation in material properties accurately. The used Jouyban—Acree model
for water—ethanol mixture material properties at 293 K is shown in Figure 2.

It is seen in Figure 2 that with the increase of ethanol concentration, the density almost
linearly drops from pure water density to ethanol density. The mixture viscosity, on the other
hand, is peaked at C = 0.25. With the increase of ethanol concentration, viscosity increases to
approximately 2.4 mPas and then steadily drops towards the viscosity of pure ethanol. The
surface tension rapidly decreases from 0.072 Nm ™" up to C ~ 0.2, experiencing a plateau up
to C = 0.6, followed by a less steep decrease towards pure ethanol value.

For such a non-linear behaviour of mixture material properties, oversimplification of
either non-mixing, linear mixing or supply of pre-mixed water—ethanol solution from both
primary and secondary capillaries in the previous numerical studies (BelSak et al., 2021;
Oberthuer et al., 2017) provide only qualitative estimates. Such assumptions ignore local
spatial variations of the material properties at micro scales. For example, Figure 3 shows a
comparison of the pre-mixed water—ethanol solution (50% by mass) at both liquid inlets with

10
S 9.5
» 60 -
579.0
g
2851 6 40 7
QU
8.0 B - %
0 02040608 1 0 02040608 1 0 02040608 1

Cl-]

Notes: C= 0 represents pure water; C = 1 pure ethanol
Source: Figure by authors

Figure 2. Density, viscosity and surface tension of water—ethanol mixture as a function of ethanol
concentration in mixture with linear (0) and Jouyban—Acree (O) mixing models at 293 K
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Figure 3. Radial density, viscosity and surface tension profiles of the water—ethanol mixture at nozzle
outlet (top) and at 100 pm from nozzle outlet (bottom) with pre-mixed (%), linear (©) and Jouyban—
Acree (O) mixing models at 293 K

Jouyban—Acree and linear mixing. The material properties of the pre-mixed binary solution
are spatially invariant compared to linear and Jouyban—A cree mixture models. Additionally,
the pre-mixed case works with the assumption that the water and ethanol are fully mixed at
both liquid inlets. Such assumption of constant or linear viscosity changes limits the accurate
determination of shear forces at the liquid gas interfaces by over/under-estimating them.

Additionally, already mixed binary solutions at liquid inlets do not represent the actual
working of DFFN flows, where water and ethanol are separately supplied and show
non-linear spatial mixing. It is also essential to include a proper surface tension force (Zahoor
et al., 2020), which alters the jet characteristics (Figure 4) if not correctly accounted for. The
surface tension force acts as a momentum sink, scaled approximately 20/D; (Gafidn-Calvo,
1998), showing that it has the same important role as the jet diameter on the jet length. The
DFFNs manipulate the surface tension force because of secondary fluid focus and mixing,
which is not the case with conventional GDVNs. The implemented non-linear Jouyban—
Acree model for water—ethanol mixing is the most accurate (Khattab et al., 2012) describing
the relevant material properties of the mixture.

After implementing the Jouyban—Acree mixing model, we carried out a mesh
independence study. Three different cell sizes were used, and the resulting jet characteristics
were analysed in terms of jet diameter and length, as shown in Figure 5.

As jet characteristics do not differ much between the cell size of 0.5 pm and 0.25 pm,
further numerical simulations were carried out with a cell size of 0.5 pm. The experimental
validation of the numerical model was performed on mesh-independent results. This
experimental data was collected at CFEL (DESY, Hamburg). The DFFN manufacturing/
printing, experimental setup and data collection procedures were extensively discussed
(Knoska et al., 2020; Oberthuer et al., 2017). Figure 6 compares a snapshot of the jet with a
numerically simulated one. In Figure 7, the average experimental jet diameters and jet
velocities, measured in three positions downstream, are shown together with the minimum
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Figure 4. Instantaneous representation of a liquid jet with Jouyban—Acree, pre-mixed and linear mixing
models

and maximum observed values. They are compared with the numerically simulated temporal
diameter and velocity data. The experimental jet velocities were obtained using dual pulse
imaging laser-induced fluorescence (Knoska et al., 2020). Overall, a good match between
experimental and numerical results is observed.

The reason behind comparing experimentally averaged data with the temporal numerical
results is a difference in time resolution between the experiments and numerical simulations. The
imaging instrumentation has a lower frame rate than the simulations (1 ps in the present case). The
average values of both numerical and experimental data are similar over a larger time interval.

Two limiting cases of DFFN operation were considered first:

(1) injection of pure water from both primary and secondary capillaries; and
(2) pure water replacement in a secondary capillary with pure ethanol.

The comparison in Figure 8 shows how the water—ethanol mixing influences material
properties and the resulting jets. It reveals that the water—ethanol mixture helps to
counter the destabilising forces and provides a longer and more stable jet than the pure
water case.

We performed a parametric study to understand the influence of water, ethanol and helium
flow rates. In our first study, the primary liquid (water) flow rate varied from 2 pl/min to 20
pl/min, while ethanol and gas flow rates remained constant at 10 pl/min and 5 mg/min,
respectively. In the second study, the water and gas flow rates were kept constant at 10 pl/min
and 5 mg/min, while the ethanol flow rate varied from 2 pl/min to 20 pl/min. In the third
study, we kept water and ethanol flow rates constant at 10 pl/min and varied the gas flow rate
from 2 mg/min to 20 mg/min. Once the simulation passed the initial transient, the jet
diameters, lengths and velocities were averaged over 100 ps time interval, as shown in
Figure 9.

The nozzles used in SFX experiments and resulting jets and droplets are of sizes in the
micrometre range, so it is reasonable to question whether slip flow conditions might occur on
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M| —°— cell size = 1.00 pm
—8— cell size = 0.50 ym
—4— cell size = 0.25um

0.4 0.6 0.8 1.00.4 0.6 0.8 1.0

L; [m/s] x 102

Notes: The jet dimeters at (a) nozzle outlet; (b) 100 um downstream in the outlet chamber;
(c) jet lengths are presented for water O,, = 10 pl/min, ethanol Q. = 10 pl/min and helium
flow rates m, = 5 mg/min

Source: Figure by authors

Figure 5. Mesh independence study of double flow focusing nozzle jets for three different cell sizes of
1.0 pm, 0.50 pm and 0.25 pm

Source: Figure by authors

Figure 6. Snapshot of (a) experimentally and (b) numerically obtained jets with Q,, = 10 pl/min, Q, =
10 pl/min and my = 5 mg/min




at z= 50 pm at z= 100 pm at z= 150 pm

Notes: The dashed line represents the average value, while the shaded region denotes the
minimum and maximum value occurring over 100 experimental data records

Source: Figure by authors

Figure 7. Evolution of numerical (o) jet diameters and velocities at 50 pm, 100 pm and 150 pm
compared with experimentally obtained average (---) jet diameters and jet velocities measured with
dual pulse imaging laser-induced fluorescence for Q,, = 10 pl/min, Q. = 10 pl/min and my = 5 mg/min
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Source: Figure by authors
Figure 8. Comparison of double flow focusing nozzle operation with water (Q,, = 10 pl/min) from
primary and secondary capillaries (top) and water from primary and ethanol from secondary capillary
(bottom) at Q,, = 10 pl/min and Q, = 10 pl/min, respectively

surfaces. We have considered this possibility and evaluated whether the flow regime remains
within the full no-slip condition.

To assess the applicability of the no-slip condition, we examined the Knudsen number
Kn = AL, defined as the ratio of the molecular mean free path A =kp/ \/Zrdszgas to a
characteristic length scale L. With the characteristics length of our system being nozzle
opening (L = 30 pm) and helium molecular diameter d = 260 p.m., p = 0.164 kgm > and
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Notes: Average jet diameter (d), length (e) and velocity (f) as a function of ethanol flow rate at
water flow rate of 10 pul/min and gas tflow rate of 5 mg/min. Average jet diameter (g), length
(h) and velocity (i) as a function of gas flow rate at a water flow rate of 10 pl/min and ethanol
flow rate of 10 pl/min. The shaded regions represent the interval between the minimum and
the maximum values

Source: Figure by authors

Figure 9. Average jet diameter (a), length (b) and velocity (c) as a function of water flow rate at ethanol
flow rate of 10 pl/min and gas flow rate of 5 mg/min

Boltzmann constant kg = 1.380649 x 10 2* J/K, the Knudsen number was calculated to be
0.0044. This value is less than 0.01, indicating that the flow remains within the continuum
regime.

With 20 mg/min of the highest analysed inlet gas flow rate, the gas velocity of 850 ms ' is
reached at nozzle’s opening with Ry, 0o = 35 pm. Under these conditions, a 3 pm diameter jet
with 35 ms ! velocity is achieved. The maximum liquid Reynolds number (Re = pviRi/y) =
100, calculated with liquid density 1,000 kgm™> and viscosity 0.001 Pas, while the gas
Reynolds number (Re = pvgRroal/lg) = 250 at the nozzle opening with gas density 0.164



kgm > and viscosity 1.98e-05 Pas. These Reynolds numbers are significantly smaller than
the threshold values of turbulent flows. Thus, a laminar flow assumption is justified.

Figures 9(a), (d) and (g), show that the numerically calculated jet diameters decrease in
the downstream direction. The decrease does not align with the assumption (Herrada et al.,
2008) that the jet diameter remains the same downstream of the outlet chamber. With the
increase in water flow rate from 2 pl/min to 20 pl/min, the jet diameters and lengths increase,
but their velocities decrease [Figures 9(a), (b) and (c), ]. A similar trend is observed when the
water flow rate (10 pl/min) and gas flow rate (5 mg/min) are constant, while the ethanol flow
rate is increased from 2 pl/min to 20 pl/min (Figures 9(d), (e) and (f)]. The jets become
thinner, faster and longer than when we varied the water flow rate. When the gas flow rate
was increased from 2 mg/min to 20 mg/min, the gas flow rate had to be increased up to 5 mg/
min before the jet stabilized, as the focusing momentum was otherwise too low to overcome
the inertial and surface tension forces. Increasing the gas flow to 6 mg/min resulted in a thick,
short and slow jet. A further increase produced more extended jets. In combination with
higher gas flow rates, the jets became thinner, shorter and faster [Figures 9(g), (h) and (i), ].
The momentum sinks related to surface tension force in thinner jets became stronger,
explaining shorter jets at higher gas flow rates.

Another interesting observation is the extent of mixing between water and ethanol, as
seen in Figure 10, and the resulting variations in material properties. There is no jetting if
using only pure ethanol and no water (0 pl/min) from the central capillary. However, even
though the water flow rate is zero, the boundary and initial conditions assume that the
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Figure 10. Comparison of micro-jet shape and ethanol concentration as a function of water flow rate at
constant ethanol and gas flow rates of 10 pl/min and 5 mg/min, respectively
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primary capillary is filled with water and that the ethanol, which flows from the secondary
capillary, mixes with the water. As expected, an increase in water flow rate results in a
decrease in relative ethanol concentration. At 20 pl/min of water flow rate, the jet liquid
consists primarily of water. The amount of ethanol in water affects the mixture density,
viscosity and surface tension, as seen in Figure 11.

At lower water flow rates, the higher relative ethanol concentration causes the material
properties of the ethanol to dominate. Ethanol mixes throughout the jet at lower water flow
rates, causing an increase in viscosity and a decrease in surface tension. The increased viscosity
enhances the transfer of the focusing gas shear force to the liquid, making the jet thinner and
faster. At a water flow rate of 10 pl/min, the relative concentration of water and ethanol
become similar. The viscosity and surface tension are similar to the lower water flow rate cases
(Figure 11). This can be explained by the viscosity peak and a sharp decrease in surface
tension, which occurs when the ethanol molar fraction is between 0.2 and 0.3 (Figure 2).
Material properties of water become dominant at a further increase in water flow rate (20 pl/
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Notes: The ethanol and gas tflow rates are kept constant at 10 pul/min and 5 mg/min,
respectively. The water flow rate is changed as (a, b, ¢, d) 2 pul/min, (e, f, g, h) 10 pl/min and
(1,3, k, 1) 20 pl/min

Source: Figure by authors

Figure 11. Ethanol concentration, surface tension, density and viscosity in the radial direction at three
axial positions of 0 pm, 50 pm and 100 pm downstream from the double flow focusing nozzle outlet



min), resulting in higher surface tension. The viscosity decreases, making the resulting jets International
thicker and slower (Zahoor et al., 2024). The increase in jet length is attributed to the presence Journal of
of a smaller viscosity of pure ethanol (Figure 11) in the outer layer of the jet. Such small Numerical
viscosities make it easier for the surface instabilities to get convected downstream. The density Methods for Heat
of the mixture decreases almost linearly with the ethanol concentration. ethods for Hea

Similarly to water, the changes in ethanol flow rates influence the relative concentration & Fluid Flow
of ethanol in the mixture (Figure 12), impacting the resulting material properties of the
mixture (Figure 13). It is seen that with the increase of ethanol flow rate, the material 1997
properties of ethanol start to become dominant. The required ethanol concentrations for
viscosity peaks (molar fraction = approximately 0.2) are roughly reached at 8 pl/min of
ethanol flow rate. The mixture moves towards ethanol saturation with a further increase, and
the viscosity decreases. For ethanol flow rates of 16 pl/min and 20 pl/min, the liquid jets
contain approximately 0.6-0.7 molar fraction of ethanol. This means that the viscosity
reaches a maximum value of 2.4 mPas, while the surface tension is approximately 25
mNm *, lower than in pure water.

Figure 12 shows increased jet lengths and diameters for higher ethanol flow rates. The
reason behind such an increase in jet lengths is that with higher ethanol flow rates, the
mixture becomes ethanol-saturated, reaching inside the jet centre and resulting in viscosity
peaks when mixed with water. A further increase in ethanol concentration (towards the outer
surface) decreases the viscosity of the mixture. This helps the instability waves to get
convected downstream and leads to longer jets.

No liquid jets are formed at a constant flow rate of 10 pl/min of water and ethanol if the
gas flow rate is below 5 mg/min. High flow rates of both primary and secondary components
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Figure 12. Comparison of micro-jet shape and ethanol concentration as a function of ethanol flow rate
at constant water and gas flow rates of 10 pl/min and 5 mg/min, respectively
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Figure 13. Ethanol concentration, surface tension, density and viscosity in the radial direction at three
axial positions of 0 pm, 50 pm and 100 pm

require higher gas-focusing momentum. Figure 11 also shows that at liquid flow rates (10 pl/
min), the viscosities are at a maximum throughout the jet, increasing the resistance to flow
and requiring higher gas flow rates to produce and stabilise the jet.

Mixing of ethanol and water increases at a higher gas flow rate (Figure 14). The increased
gas flow rate strengthens the liquid recirculation, causing more vigorous convective mixing.

4. Conclusions

An experimentally validated numerical study of DFFNs is presented. It is based on a mixture-
continuum formulation, including coupled mass, momentum and species transport equations
solved within the FVM-VOF framework. The considered liquid phase consists of water and
ethanol with non-linear mixing. Based on the Jouyban—Acree model, the locally variable material
properties were implemented to capture such convective-diffusive water—ethanol mixing. A
comprehensive parametric study was conducted to independently assess the influence on mixing,
material properties variations and the formation of jets as a function of flow parameters. Increasing
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Figure 14. Comparison of micro-jet shape and ethanol concentration as a function of gas flow rate at
constant water and ethanol flow rates of 10 pl/min and 10 pl/min, respectively

water and ethanol flow rates result in thicker, slower and longer jets. Increased gas flow rates result
in thinner, faster and shorter jets. Our results demonstrate the importance of understanding and
controlling mixture composition via water and ethanol flow rates, as this has a major effect on the
stability and characteristics of the liquid jets. This study provides insight into DFFN operation,
which is helpful in further development and optimisation of this type of sample delivery technique.
Pre-mixed and linear mixing models substantially differ from the accurate representation of the
water—ethanol mixing dynamics in DFFNs. Using the Jouyban—Acree mixing model highlights the
importance of considering proper temporal and spatial non-linear mixing in double-flow-focused
jets. The presented numerical study was conducted in incompressible and isothermal jet regimes.
Further research will explore factors influencing jet characteristics, such as temperature, nozzle
geometry and other fluids in primary and secondary capillaries. The compressible multiphase
mixing model will additionally consider the energy equation with non-linear enthalpy of mixing,
concentration and temperature-dependent specific heat, thermal conductivity, density, viscosity and
surface tension, as well as the uncertainty analysis of the model.
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