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Abstract. Stable and reliable micro jets are important for many applications. Double flow
focused micro jets are a novelty with an important advantage of significantly reduced sample
consumption. Numerical simulations of double flow focused micro jets are a highly complex
task. They represents a great computational challenge due to the multiphase nature of the
problem, strong coupling between the gas and the two liquids and the sub-micron size cells
needed. Simulations were performed with the open source computational fluid dynamics
toolbox called OpenFOAM. Two multiphase solvers were used, one of which was modified in
order to properly describe the interface between the focusing liquid and the gas. In this study
two different incompressible physical models were considered and compared. A model with
no mixing of the two fluids (multiphaseInterFoam solver) and a model where the diffusion of
the two fluids is permitted (modified interMixingFoam solver). The results of simulations for
the two different physical models using the same inlet parameters are presented. Additionally,
a parametric analysis for the mixing case was performed to study the effects of different
parameters on the jet formation. Particularly how the different diffusion values couple with
the jet length, diameter and its stability. Results show a match in jet diameter and jet length
for both models when the same set of parameters is used.
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1 INTRODUCTION

Controlled production of liquid jets by means of a co-flowing immiscible fluid stream can
have diverse technical applications. One of these applications is in the field of X-ray serial
crystallography. Nozzles that create stable, long and fast jets of just a few micrometres in
diameter are needed to deliver protein nanocrystals into the intense X-ray beam. X-rays
scattered off these crystals create diffraction patterns that are recorded on a detector.
Reconstructed diffraction images provide the atomic resolution protein structure. The main
bottleneck in the protein structure determination is the sample preparation, especially for the
membrane proteins which do not like to form larger crystals. Serial femtosecond
crystallography with x-ray free electron lasers (FEL) opened up the possibly to obtain protein
structures also from nanocrystals, which were previously too small for standard X-ray
crystallography. Nevertheless, samples are hard to prepare and the amount of the material is
very limited. It is critical to develop ways of using the minimum amount of sample material.
Delivering such nanocrystals to the X-ray beam in a form of a micro jet proved to have
several advantages [1]. Here, we are particularly interested in understanding the nozzle
geometry that creates these micro jets. In the past such nozzles were prepared manually,
which was time consuming, non-reproducible and limited to simple designs. Ceramic micro-
injection moulded nozzles were a step forward ensuring reproducibility and faster assembly
[2]. However, because of the high cost of the moulding tools it is desirable to test new designs
before investing in a new moulding tool. Recently, a 3D printing technology enabled printing
of macroscopic nozzles with a very high precision [3]. These nozzles can be used either for
testing a new design or in final application. The development of numerical models presented
here, gives an insight in the fluid dynamics of such systems and should help to improve future
nozzle designs.

2 DOUBLE FLOW FOCUSING NOZZLE DESIGN

Early experiments were performed using gas dynamic virtual nozzles (GDVN) [4]. This
nozzle structure uses two phases to create a stable micro jet:

WALL

Figure 1: Graphical representation of the double flow focusing nozzle. Typical values are: R¢= 20 pm, Rq.i=
55 pm, Rf.o= 62 pm, Re.i= 175 pum, Rg.o= 245 um, a =17.5", p=25", H;= 70 pm, Ho= 85 pm, D= 35 pm.

1240



Grega Belsak, Sasa Bajt, Kenneth R. Beyerlein and Bozidar Sarler.

a liquid sample fluid (nanocrystals dispersed in water) and a focusing gas (helium). In such
set-up two capillaries are inserted into the nozzle. The central capillary that ends almost at
the nozzle orifice is used to deliver sample liquid, while the gas is delivered through the
second capillary that ends further upstream of the nozzle tip. The high pressure gas focuses
the liquid into a micro jet when flowing through a small nozzle orifice. This approach
typically requires sample fluid flow rates of around 20-40 ul/min.

In order to reduce the sample fluid consumption a novel double flow focusing nozzle
(DFFN), depicted in figure 1, was developed [5,6]. This approach uses an additional fluid
(alcohol) to further focus the sample fluid. The main advantage of using alcohol is its lower
surface tension in comparison to water. It acts as a sheath liquid encapsulating the water jet,
resulting in extension of the jet length by mitigating its breakup. In this way the sample
fluid flow rate can be reduced to around 5 pl/min.

3 GOVERNING EQUATIONS

The multiphase model of isothermal and incompressible flow is governed by the sets of
momentum and mass conservation equations for each of the phases i:

d(p.u;)
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where Velomty, phase fraction, density, V150051ty and surface tension force for phase i are
given by ui, a;, p,, f;, Fi , respectively and g is gravity. The interface compression method

[7] is implemented by adding an additional compression term to the mass conservation
equation in order to compress the volume fraction field and maintain a sharp interface
between the phases.

aai o - _
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Compression velocity U is applied normally to the interface.

4 NUMERICAL PROCEDURE

Numerical simulation of DFFN micro jets is a highly complex task. Multiphase nature of
the problem, strong coupling between the gas and the liquids, the sub-micron size cells
needed for high resolution and proper capturing of the flow all represent a great
computational challenge. Because of the microscopic nature of the nozzle structure and the
physical properties of the fluids used, the Reynolds number is low and therefore the flow is
considered laminar. The fluids are considered to be of a Newtonian nature. The chapter is
divided into three specific parts, each one describing in details the performed work.
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4.1 Pre-processing

The computer model of a DFFN was prepared with FreeCAD, an open-source parametric
3D CAD modeler [8]. Non-axial symmetry of the nozzle structure (circular inner capillary
inserted into square middle capillary inserted into circular outer capillary), was treated as
axially symmetric (circular inner capillary inserted into circular middle capillary inserted into
circular outer capillary) while keeping the cross-sectional area of the channel equal as seen in
figure 2 . In this way a three dimensional problem was reduced to a two dimensional one, thus
greatly reducing the calculation time and making simulations of micro jets feasible.

— gas
. focusing liquid £
] \— sample —_/ /

Figure 2: Transformation of the real geometry of the nozzle to axis symmetry.

For the preparation of the high quality mesh the utility called snappyHexMesh was used,
which is a part of the open source computational fluid dynamics (CFD) toolbox called
OpenFoam [9]. A sample mesh can be seen in figure 3. For the simulations to be run in a
reasonable time (up to few days) on a modern computer with approximately 30 cores the
number of cells needed to be kept as low as possible. This proved to be a difficult task for two
reasons. The first reason is the desired high resolution in the jet region. Experiments show
that the typical jet diameter for a DFFN is between 3 and 5 um. At least 10 cells are needed to
properly describe the fluid flow and the four interfaces between the two liquid phases. This
constrains the maximal cell size to 0.5 pm. Therefore, a cell size of 0.15 pm was chosen in
this study. To keep the computing time reasonable we used the finest mesh only in the area
where the jet was expected to form and a coarser mesh elsewhere. The second reason is that
the vacuum chamber, the area where the jet leaves the nozzle, needs to be large enough (few
millimeters in length). This is because we are setting an artificial condition(p =0)on the
outlet boundary of the vacuum chamber. In order to avoid the numerical errors and to prevent
any interference of this artificial boundary condition on the jet formation, the size of the

computational domain needs to be few millimeters. Those two constraints led to a mesh with
the finest cell size of 0.15 pm with ~ 225 000 cells.
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Figure 3: Representation of a mesh used in the simulations
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4.2 Processing

Numerical simulations of DFFN were performed with OpenFoam (version 16.10), which
has a variety of solvers available to use for many different kinds of fluid flow problems. In
this study two different models were considered and hence two different solvers were used.
First, a “multiphaselnterFoam” solver was used for a multiphase model where all the fluids
are considered incompressible and there is no diffusion between the phases i.e. a non-mixing
incompressible model. Second, a modified “InterMixingFoam” solver was used, which
describes a set of three incompressible fluids two of which are miscible, i.e. a mixing
incompressible model. In the later model diffusion between the sample fluid and the focusing
fluid is permitted. As aforementioned the code in this solver had to be slightly modified to
properly describe the interface between the focusing fluid and the gas. The inlet parameters
and the physical properties of the fluids at room temperature (Table 1) were chosen to
resemble the experimental values [6] and were the same in both models.

Table 1: Operating conditions and physical properties used in simulations. Values were obtained from NIST
Chemistry Webbook Database

sample liquid focusing liquid focusing gas
WATER ALCOHOL HELIUM
Density [kg/m’] 1000 789 0.33
Dynamic viscosity [kg/ms] 1.9+107 1.12+1073 103
Volumetric flow rate [pL/min] 5 10 /
Mass flow rate [mg/min] / / 21.6
Surface tension (water-gas) [N/m] 0.0728
Surface tension (alcohol-gas) [N/m] 0.0223
Surface  tension  (water-alcohol) 0.0505
[N/m]
— 35
Diffusion (water-alcohol) [N/m?] XIS €ase 10
non-mixing case 0

4.3 Post-processing

Post-processing of the simulations was performed with ParaView [10], an open source,
multi-platform data analysis and visualization application. A code was written to
automatically extract the jet length, diameter and concentration profile, discussed and
presented in the results section. When setting up the simulation case and choosing the velocity
inlet boundary conditions for the fluids a uniform axial flow (constant velocity profile) was
chosen. There was a concern that this non-physical constant profile would affect the
simulations. However, results demonstrated that this is not the case if the capillary is of
sufficient length (above 100 um) and the jet is monitored long enough (t > 0.3 ms). Under
these conditions the initial constant profile changes to parabolic profile. Full development of
this profile along with stabilization of the recirculation zones was used as the benchmark of a
steady-state solution.

1243



Grega Belsak, Sasa Bajt, Kenneth R. Beyerlein and Bozidar Sarler.

5 RESULTS

5.1 Mixing model.

The physical model, which permits the mixing between the phases, is explored here. In this
three phase system the sample fluid and the focusing fluid were miscible with a diffusion
constant of 10 m%/s, which is a typical value for water-ethanol system. None of these liquids
were allowed to mix with the third, gaseous phase. This model explores how diffusion affects
the jet length, the diameter and the concentration profile and allows for a comparison with the
experimental data [6]. In the mixing model it is challenging to distinguish between the natural
(real) and the numerical (artificial) diffusion. The artificial diffusion arises from the spatial
and temporal discretization of a continuous problem and therefore highly depends on the cell
size and the time step. The following discretization parameters were chosen in order to keep
the numerical diffusion an order of magnitude lower than the natural diffusion (1071 m?/s) and
to prevent it to interfere with the results. In the region of the domain where the diffusion is
present, the maximal cell size was set to 0.15 um. The time step was controlled by setting the
Courant number to the value of one, which also ensured stability of the simulation. Results
are presented in figure 4.

|
|

jet radius [pam]

nozzle ] gas
mm focusing liquid Wmm sample

-200 -150 -100 -50 0 50 100 150 200
jet axis [pm]

Figure 4: A snapshot of the simulation of the mixing model at time 0.4 ms. The extracted parameters are jet
diameter dj=4.5 pm and average jet length L;=94.2 pm.

One of the main results of this study is the dependence of the concentration profile, which
is measured at the nozzle orifice perpendicularly to the jet axis, to the varying parameters.
Figure 5 shows the water concentration profile through the jet for two diffusion values. In the
jet only two phases are present: water and alcohol. The total sum of both concentration phases
is equal to one. It can be observed that along the jet axis (jet radius zero) the water
concentration is at the highest, but still not equal to one, indicating the presence of alcohol
along the jet axis. When moving towards the edges of the jet the water concentration
decreases, since the alcohol concentration increases. Increasing the diffusion coefficient by an
order of magnitude (green line) reduces the concentration of water around the jet axis. This is
expected, since higher diffusion coefficient means more alcohol is mixed inside the water.
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Results in figure 5 show a noticeable difference in the concentration profile for two
diffusion values. This indicates that the observed diffused interface between the water and the

alcohol is a result of natural and not numerical diffusion. It is interesting to note that changes
of the diffusion coefficient do not affect the jet diameter.
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Figure 5: Water concentration profile of a jet measured at the nozzle orifice in the perpendicular direction to

jet axis. Two different diffusion values are considered.

5.2 Non-mixing model.

Additionally, a multiphase model consisting of three incompressible fluids and no
diffusion between the phases was explored. Results for this immiscible case are presented in

figure 6.

jet radius [um]
°

-9 w0 uge

nozzle [_] gas
mmm focusing liquid = sample

| !

-200

2150

50

100 150 200
jet axis [um]

Figure 6: A snapshot of the simulation of the non-mixing model at time 0.4 ms. The extracted parameters are jet

diameter dj= 4.8 um and average jet length Lj=97.5 pm.
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5.3 Model comparison

Results of simulations for miscible and immiscible model are presented in table 2.
Calculations were performed on the same mesh under identical operating conditions and
physical parameters. Findings indicate that diffusion does not affect the jet diameter and only
slightly affects the jet length. Interesting thing to note is that in the non-mixing model small
water droplets are forming inside the alcohol jet.

Table 2: Comparison of extracted parameters

| average jet LENGTH [um] jet DIAMETER [pm]
Mixing model 942+0.3 45+03
Non-mixing model 97.5+0.3 48+0.3

The surprising result is the recirculation zone in the meniscus of the jet. In an immiscible
model a stable sample fluid recirculation zone is established. On the other hand in the
miscible model there is no sample fluid recirculation, but only a small focusing fluid
recirculation in the outermost layers of the jet as shown in figure 7.

Em sample
mmm focusing liquid

==, veloctiy vector

Figure 7: Comparison of recirculation zones. Left panel non-mixing model with recirculation zone. Right
panel mixing model where only small recirculation occurs in the outer most layers of the focusing liquid
phase.

We believe that with different operating conditions of the gas (higher gas speeds inside the
nozzle) the recirculation zone would become even stronger and would also appear in the
miscible case.

The numerical results published in [6] differ from the ones obtained here which we
attribute to different initial conditions of the gas. In the previous work we assumed lower
helium mass flow rate and inserted the gas into the nozzle under higher pressure. As a result
the maximal gas velocity developed inside the nozzle orifice was around 65 m/s. Under the
present operating conditions, the maximal gas velocity reaches a value of around 350 m/s,
resulting in a thinner and shorter jet.

1246



Grega Belsak, Sasa Bajt, Kenneth R. Beyerlein and Bozidar Sarler.

6 CONCLUSIONS

The scope of this work included numerical simulations of DFFNs. All the fluids in these
simulations were considered incompressible. Experimental data [6] indicate chocked flow for
the gas flowing through such DFFN into a vacuum chamber. Correct description requires a
model with incompressible sample and focusing liquid, and compressible focusing gas. It is
conceivable that the simulations, where the compressibility is taken into account, would result
in different values of the jet diameter and length under the same initial conditions. The length
of the jet is expected to change (shorten) when compressibility is added, because we would be
able to describe the expansion of the high pressure gas into the low pressure vacuum chamber.
This would result in higher gas velocities inside the vacuum chamber. Although not supported
with full simulation, we predict that this, along with the changed gas stream shape will affect
the jet length and stability. Jet diameter will also be affected by a decrease in pressure and
density of gas and increased gas velocity at the nozzle orifice. Future work will include
upgraded, more realistic models to address these issues.
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