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ABSTRACT

This study examines the behavior of liquid chain, open rim, and transitional jet-liquid chain regimes in gas-accelerated liquid micro-sheets
using experimentally validated numerical simulations. The simulations employ the finite volume method with a volume-of-fluid framework
to resolve compressible ideal gas flow impinging on a Newtonian, laminar liquid jet under atmospheric conditions. Adaptive mesh refinement
is used to resolve the gas-liquid interface. The validation of the model is performed based on a purpose-built experimental setup over the
range of gas-liquid momentum flux ratios 0.03 < MFR < 2.6, and Weber numbers, evaluated at the liquid capillary inlet, 3.8 < We < 49,
achieving an agreement of the simulated liquid-sheet shape below experimental uncertainty. Three typical flow regimes are explained by the
interplay of gas momentum, liquid inertia, and surface tension, scaled by the liquid-sheet rim Weber number (Weyiy, ), based on rim curvature
and the rim transverse velocity. The transitional jet-liquid chain regime occurs at Wey,, < 0.1, where the surface tension dominates, result-
ing in only a slight change of the liquid jet cross section. In the liquid chain regime (0.1 < Weyy, < 1) gas inertia forms the sheet, then sur-
face tension bends the rim inward, and transverse momentum transfer forms an orthogonal secondary link. In the open rim regime
(Weyim > 2), dominant rim inertia prevents sheet closure. The Weber number (We), based on the nozzle inlet parameters, can predict the lig-
uid chain regime in the range 1.5 < MFR We%# < 4. This relation provides practical guidance for stable liquid chain operation.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (

).

I. INTRODUCTION approach. Unlike cylindrical microjets,”” whose curved geometry and

81:91:21 920z Asenuer zz

In recent years, liquid sheets and chains, capable of forming sta-
ble, continuous, and flat jets with submicrometer thickness, have
emerged as promising candidates for sample delivery systems in serial
femtosecond crystallography (SFX) and other probing measure-
ments.”  In SEX, femtosecond x-ray pulses, produced by an x-ray
free-electron laser (XFEL), are used to diffract of protein microcrystals
delivered into the x-ray beam via liquid jets. Intense XFEL pulses are
required to get measurable Bragg diffraction of such small and weakly
scattering samples. During this process, the samples are destroyed.
However, since the pulses are also extremely short (femtoseconds), the
diffraction patterns can be recorded before destruction (“diffraction-
before-destruction” ). Hence, a continuous supply of microcrystals
must be delivered and removed from the X-ray interaction region.
Over the years, various sample delivery systems have been developed,
but most recently, liquid sheets have emerged as a new promising

droplet breakup complicate beam alignment and increase background
scattering,” flat liquid sheets offer a large, well-defined interaction area
that is well suited for experiments with limited beam focusing, such as
ultrafast electron diffraction (UED).” For example, sub micrometer
sheet-jet thickness was achieved with different nozzle designs, includ-
ing two oblique colliding liquid jets, ~ a converging nozzle and
focusing a liquid jet with two liquids™ or gas oblique
capillaries, transforming a cylindrical jet into a liquid chain, a series of
consecutive, orthogonal sheet links. The final design in this list, known
as the gas-accelerated liquid-sheet nozzle,”" resulted in the thinnest flat
sheet jets so far. In a liquid sheet, with a uniform thickness over a large
area, often expressed as optical flatness, background signal fluctuations
are reduced. At the same time, the small liquid-sheet thickness enables
x-ray scattering and spectroscopic investigations, approaching the
single-molecule scale.

Phys. Fluids 38, 012008 (2026); doi: 10.1063/5.0311193
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The liquid sheet, a thin flat jet, bounded by a curved rim, was first
demonstrated by Savart.” The physics of liquid sheets produced by
two impinging liquid jets has been studied extensively since the pio-
neering works of Dombrowski~~ and Taylor.” Dombrowski and
Fraser” systematically investigated the different flow regimes of flat
jets, produced by various types of apparatus, classified according to the
manner in which the energy is imparted to the liquid. They also exam-
ined the influence of liquid properties and air friction, demonstrating
that aerodynamic shear induces instabilities that promote the disinte-
gration of the sheet. Taylor focused on flat sheets formed by
obliquely impinging jets, analyzing their geometry and thickness and
identifying the key balance between inertia and surface tension that
governs sheet stability. He also derived the first model for predicting
the sheet thickness. In the following decades, several scaling laws were
proposed to improve the prediction of sheet thickness.

Under certain flow conditions, a liquid sheet forms a sequence of
consecutive, orthogonally oriented sheet segments bounded by curved
rims, a configuration referred to as the fluid chain or liquid chain
regime. This regime has been reported previously” "~ but not exam-
ined in detail. Bush and Hasha™ performed the first systematic investi-
gation of liquid chains, demonstrating that their dynamics are
primarily governed by the interplay between fluid inertia and surface
tension, which produces stable, periodic, chain-like structures. Their
experiments revealed that fluid viscosity plays a crucial stabilizing role
by regulating rim size and suppressing capillary instabilities that would
otherwise lead to sheet breakup. Consequently, the fluid chain regime
emerges within a finite range of Reynolds and Weber numbers, delin-
eating the transition between oscillating streams, open rim, fishbones,
spluttering chains, disintegrating sheets and violent flapping regimes.

In this paper, we are particularly interested in liquid sheets pro-
duced by two oblique gas streams impinging on a central liquid jet.
The introduction of external gas flow around the liquid jet adds an
additional layer of complexity to the physical mechanisms governing
sheet-jet dynamics and the emergence of distinct flow regimes. Gas-
accelerated liquid sheets have been demonstrated experimentally, and
their characteristic parameters, such as sheet length, width, and the
thickness of the primary link, have been measured.

However, the underlying physical mechanisms are still not fully
understood.

Numerical simulations of flat sheet jets™” can provide details that
are difficult to measure experimentally. These simulations have
informed nozzle design optimization” " and provide a deeper under-
standing of the physics behind the interaction of focusing gas and lig-
uid jet. Here, we perform the first experimentally validated
numerical model to investigate the dynamics of gas-accelerated flat
sheet jets, which was missing in our earlier study.” We also use a
more realistic nozzle design with a 30 um capillary diameter, suitable
for SFX experiments and avoiding clogging issues associated with the
20 um nozzle used previously. In addition to the earlier study, which
focused only on the liquid chain regime, the simulations in this study
aim to elucidate the physical mechanisms underlying the formation of
liquid chain, open rim, and transitional jet-liquid chain regimes and
identify the governing dimensionless parameters by clarifying the cou-
pled roles of gas momentum, liquid inertia, and surface tension in
determining the observed flow regimes.

The investigated parameter space spans 76 < Re, < 332,
91 < Rej < 336, 3.8 < We <49, and 0.04 < Ca < 0.15, where

pubs.aip.org/aip/pof

Reg = p v Dy / 1ty and Rey = pyvi D/ are the gas and liquid Reynolds
numbers, We = p,v?D/ ¢ is the Weber number, and Ca = v;/7 is the
capillary number. Here, p, u, 6, v, and D denote density, dynamic vis-
cosity, surface tension, characteristic velocity, and the diameter of the
nozzle’s feeding capillary, respectively. These ranges of nondimensional
numbers provide an in-depth view of the physical behavior, advancing
the understanding of the physics of gas-accelerated sheet jets.

The present work extends the state-of-the-art impinging jet simu-
lations, ” incorporating a compressible helium flow that actively focuses
and accelerates the liquid jet into a sheet. In contrast, earlier studies con-
sidered the surrounding gas only as a quiescent medium, without
modeling high-velocity compressible flow. This configuration introdu-
ces significant numerical challenges due to the large velocity
(vg/vi ~40:1) and density (p,/p; ~1:5000) ratios between phases,
requiring time steps on the order of 107°— 107'% s to ensure stability.
Beyond validation, we introduce the rim Weber number Wey iy, =

plvf’y‘,imR,,-m /o as a local parameter governing sheet closure and dem-
onstrate how the balance of transverse inertia (p ,vf i R,;) and surface

tension (o) explain the emergence of different regimes. While previous
studies ~ typically evaluated the global sheet Weber number using the
central sheet thickness and velocity, this study focuses on the rim region,
where inertia and surface tension directly govern the sheet dynamics.
This is analogous to rim Weber numbers used in droplet dynamics to
characterize rim or ligament breakup. Furthermore, we demon-
strate that the liquid chain regime can be predicted from nozzle geome-
try and flow rates alone through a power-law relation between the
momentum flux ratio, MER = p,vs . /p;v;, and Weber number We,
providing a practical criterion for experimental operation.

In Sec. 11, we present the experimental setup, measurements, and
their associated uncertainty. Section 111 describes the governing equa-
tions, spatial discretization, boundary and initial conditions, and solver
settings, followed by a grid convergence study. Section I'V contains the
main results and discussion. It includes temporal and spatial analyses
of the primary sheet link dimensions, as well as experimental valida-
tion and visualization of flow and recirculation zones. It also presents
the introduction of Wey;,, as a local closure criterion and the proposed
predictive scaling law that delineates the liquid chain regime from
open rim and transitional cases. The section concludes with a compari-
son of width, length, and thickness across all cases. The final section
summarizes the key findings.

Il. EXPERIMENT
A. Experimental setup

The purpose-built experimental setup was designed to validate
the numerical simulations by comparing the liquid-sheet regimes,
widths, and lengths. The experimental setup closely follows previous
studies, with two key differences: it was conducted under atmo-
spheric conditions (no vacuum chamber) and it was specifically
designed to allow a systematic evaluation of experimental uncertainty,
enabling precise and reproducible measurements of sheet widths and
lengths (see Sec. 11 C for details).

The nozzle used in experiments, designed to generate gas-
accelerated flat sheet jets, was fabricated using a Nanoscribe Photonic
Professional GT two-photon polymerization (2PP) printer with
general-purpose resin (IP-S), achieving a precision of 0.2 um.” The
printing for a single nozzle took 2h, followed by an 8 h development
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procedure. The same nozzle design was printed three times to verify
the reproducibility of liquid-sheet operation. A detailed description of
the nozzle fabrication can be found in Ref.

A schematic representation of the setup is provided in . The
gas-accelerated liquid-sheet nozzle (A) was mounted on a piezoelectri-
cally actuated stage, enabling precise translation in three directions
and rotation around one axis. A syringe pump (Nemesys) (B) provided
the volumetric flow of the de-ionized water. The helium flow was sup-
plied from a pressurized tank. The gas mass flow meter (Bronkhorst F-
111B-200) (C) measured the helium flow, which was set by a pressure
regulator (D). The liquid sheet was illuminated by the system (E),
which utilized a laser-induced fluorescence (iLIF) with a dual-pulse
laser system [Litron Nano S 50-20 particle image velocimetry (PIV)
Nd:YAG laser (532nm)]. However, the laser only generated a single
pulse, providing sufficiently bright illumination. A coherent laser beam
was directed through an optical path into a cuvette containing a rhoda-
mine 6 G suspension, which absorbed the laser light and re-emitted at
568 nm, providing spatially incoherent illumination of the liquid sheet.
A sCMOS camera (Andor Zyla 5.5) (G) captured the liquid-sheet
dynamics for visualization. The camera was equipped with a long-
working-distance objective (LMPLFLN 20, Olympus) (F), facilitating
detailed imaging of the primary liquid-sheet formation. The camera
was triggered by an external digital delay generator (DG635/15,
Stanford Research Systems) (H) to ensure synchronization with the
pulsed illumination. The exposure time of the sCMOS camera was set
to 66.67 us to match the laser pulse, which provided optimal illumina-
tion of the sheet. Under these conditions, the camera operated at 15
fps. This frame rate is sufficient for distinguishing the observed flow
regimes, particularly the steady liquid chain regime, and therefore, no
high-speed camera was required.

B. Experimental measurements

The images of the liquid sheets were captured for a given combi-
nation of helium mass flow rate 7z, and de-ionized water volumetric
flow rate Q;. Images were analyzed in Image] software. Due to the
grainy background and the subsequently challenging automatic analy-
sis, the maximum width (W) of the primary liquid sheet and its length
(L) were manually measured 20 times for each of the three printed
nozzles of the same nozzle design at a given rizg and Q; combination.

To determine the end of the primary sheet, we identified the posi-
tion where the two rims converge along the jet axis. In the raw images,

C D

E©4 Helium

Water

G

-4

FIG. 1. Experimental setup: (A) gas-accelerated liquid-sheet nozzle, (B) syringe
pump, (C) gas mass flow meter, (D) pressure regulator, (E) illumination system, (F)
objective, (G) SCMOS camera, and (H) digital delay generator.
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this convergence region appears relatively dark because the surface
becomes smoother, which reduces specular reflection toward the cam-
era. Immediately downstream, where the secondary sheet forms, the
image intensity increases sharply. This occurs because the upper rim of
the secondary sheet is strongly curved and oriented in a way that it
reflects more light into the camera, producing a noticeably brighter
region. We therefore defined the sheet end as the location where the
pixel intensity changes abruptly from the darker convergence zone to
the brighter region associated with the secondary sheet.

To convert pixels to micrometers, we performed a camera cali-
bration, where we measured the distance of a reference object of a
known distance L. In our case, a nozzle width (52 um) was used as a
reference distance Py,s. The liquid-sheet length L was converted from
pixels to micrometers with a simple equation

L rej
L=1pC=Inp, (1)
where Ly, is the length in pixels measured on the image and C is a calibra-
tion constant, defined by the ratio between the distance of the reference
object Ly (um) and its measured distance in the image Py (px). The
maximum width of the primary liquid sheet is measured in the same way.
illustrates the width and the length of the primary liquid sheet.

C. Measurement uncertainty

Measurement uncertainty is evaluated according to the JCGM
100:2008 standard.”” The procedure for measuring the length and the
width of the sheet consists of three parts: image processing, calibration,
and measurement of its width and length. Each of these parts contrib-
utes to the final, combined uncertainty. The sources of the uncertainty
during the image processing are the distortion of the camera (reprojec-
tion error) Ueprj> binarization up,,, and camera resolution s, which
contribute to the uncertainty when measuring the distance in pixels
u(Pyr). In the calibration step, the printer resolution affects the uncer-
tainty of the nozzle dimensions u(L,). Finally, the standard uncer-
tainty of the length measurements combines all previous uncertainties,
which are demonstrated schematically in

For our measurements, we evaluated expanded uncertainty with
a coverage factor k =2, corresponding to ~95% confidence.”” The
expanded uncertainty is a product of the coverage factor and standard
uncertainty U(L) = k u(L). The measured averaged liquid sheet width
and length from all three printed nozzles (20 measurements per noz-
zle) are 49.20 £ 329 um and 214.60 = 14.35 um, respectively. The
expanded uncertainty of both dimensions is ~7% of their average
value, demonstrating nozzle’s reproducibility. Further information on
uncertainty determination can be found in

FIG. 2. Width and length determination of the primary liquid sheet from the experi-
mental frame. Flow rates: helium 12.6 mg min~", water 600 zl min—".
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o ) Image Length/width
‘lSt()‘ﬂlOn Ureproj processing measurement
(reprojection error)
. u(Lp)
L u(L)
Binarisation Upin > u(Pres) u(C) >
. u(Lref) D
Resolution Upes —

Calibration

FIG. 3. Scheme of the evaluation of the flat sheet jet's width and length uncertainty.

lIl. NUMERICAL FORMULATION
A. Governing equations

The analysis of two-phase, Newtonian, unsteady, and laminar
compressible gas (helium) and incompressible Newtonian liquid
(water) flow is solved in ANSYS Fluent 2024R1 release,”” which is
based on the finite volume method (FVM). The liquid-gas interface is
calculated using the explicit volume-of-fluid (VOF) method with the
piecewise linear interface calculation (PLIC), known as the geometric
reconstruction scheme. In VOF, a volume fraction a(p,t), which is a
function of the position p(x, y, z) and time ¢, determines the phases

_J 1 pinliquid,
“p:t) = {0 pingas. @

The gas-liquid interphase boundary is calculated by an advection
equation with a discontinuity in « at the interphase boundary

0
a(pa)—i—V-(pva):O, 3)
where v(p, t) is the velocity vector and p is density, which is, along
with the other material properties, such as dynamic viscosity p, specific
heat ¢,, and thermal conductivity k, determined by the phase-
weighted average

I(o) = oy + (1 — )V, (4)

where ¥; and ¥, stand for liquid and gas properties, respectively.
The governing equations of mass, momentum, and energy con-
servation, posed in mixture formulation, are the following:

Ip
E+V~(pv):0, (5)
g(pv) +V . (pyww)=—-VP+V T+ 0KkVa, (6)

ot

%(pe) + V- (pve)=-V- (Pv) +V-(kVT)+V-(xv), ()

where P(p, t) denotes pressure and T viscous stress tensor, defined as

T =pu|(Vv)+ (Vv)T} —2/3u(V-v)I, where u and I stand for
dynamic viscosity and identity tensor, respectively. For the analyzed
helium flow, bulk viscosity is not included because monatomic gases
exhibit negligible bulk viscosity. The term oxVo in Eq. (6) repre-
sents the surface tension force, which is defined by a surface tension o,
curvature k, calculated by the continuum surface model (CSF)
Kk(a) = =V - (Va/|Va|), and the gradient of a volume fraction V.
In Eq. (7), T stands for the temperature and e for total specific energy

pubs.aip.org/aip/pof

e =c,T — P/p + 0.5|v|>. The terms on the right-hand side of Eq.
represent work done by pressure forces, the Fourier heat flux, and vis-
cous dissipation, respectively. The ideal gas law expresses the gas
density

_PM
P, g ﬁ )
where R and M are the universal gas constant and molar mass, respec-

tively. The dynamic viscosity of the gas is treated as being temperature
dependent, and it is determined from the Sutherland law

AT

Be =" )
1 -
+ T
with values for helium Ag=1.48 x 10 %kgm~'s'K~/2 and
Ts =79K.

®)

B. Computational domain and setup

The nozzle design is shown in . The computational fluid
domain was extracted from the bottom part of the nozzle. The cross
section of the fluid domain is shown in . Due to the symmetri-
cal nozzle design, only a quarter of the nozzle geometry needs to be
calculated, resulting in a significant reduction in computational time.

shows the discretized fluid domain, consisting of hexahe-
dral elements. These elements are ordered hierarchically based on the
octree concept. A cell size h is defined by its hierarchical level [ with
h; = 1.6 D/2!, where D is the diameter of the liquid (gas) capillary
(30 um). A cell at level I is a parent to eight child cells at level /4 1. All
cells at levels /> 0 are based on the root cell at the zeroth level I=0.
The computational mesh comprises six static levels (I € [0,5]), while
additional levels are adaptive. Three different computational grids
were tested to perform a mesh independence study. The finest mesh
M1 has three additional levels (min. cell size hg = 188 nm), while the
coarsest mesh M3 has only one additional adaptive level (min. cell size
hs =750 nm). shows the detail of the mesh M2 (min. cell
size h; = 375nm) at the nozzle outlet. The adaptive mesh refinement
(AMR) algorithm refines the gas-liquid interface with additional
refinement levels (1> 5) based on the gradient of the volume fraction.
The global maximum scales the values of the gradient of the volume
fraction. Cells with a gradient value higher than 0.06 are refined,
whereas those with a gradient value lower than 0.05 are coarsened.
AMR is performed every 20 time steps and utilizes four additional
refinement layers of the finest AMR level, providing a refined interface
and a high-resolution mesh near the interface.

The computational domain comprises five types of boundaries:
gas mass flow inlet (A), liquid mass flow inlet (B), symmetry (C), no-
slip walls (D), and pressure outlet (E), as illustrated in and
summarized in . To improve numerical stability, an initial gauge
pressure P; is applied at the helium inlet. For each distinct gas flow, P;
was obtained from separate single-phase helium simulations through
the nozzle, similar to Ref. 71. The resulting velocity, pressure, tempera-
ture, and density fields were then used as initial conditions for the tran-
sient two-phase flow simulation, reducing computation time and
improving numerical stability. Similarly, the liquid capillary was initial-
ized with velocity, pressure, temperature, and density fields of water
and patched with a water volume fraction at the start of the simulation.

Phys. Fluids 38, 012008 (2026); doi: 10.1063/5.0311193
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TABLE 1. Boundary conditions.

pubs.aip.org/aip/pof

FIG. 4. Nozzle model, fluid domain, and
computational grid: (a) actual gas-
accelerated liquid flat sheet-jet nozzle, (b)
extracted computational domain, (c) dis-
cretized 1/4 of the fluid domain (mesh
M2), and (d) detail of the mesh M2 around
the nozzle outlet. Boundary conditions:
A—gas mass flow inlet (blue), B—liquid
mass flow inlet (cyan), C—symmetry
(gray), D—no-slip walls (yellow), E—pres-
sure outlet (red). All dimensions are
expressed in um and degrees.

Mark Type Mass flow/velocity Pressure Temperature Phase fraction
A Gas inlet 1/4 1, P; T =293K =20

B Liquid inlet 1/4Q; p, OP/On =0Pam ' T =293K =1

C Symmetry ov/on=0s" OP/On=0Pam™! dT/on =0Km™! dou/On=0m""
D Walls v=0ms' VP-n' T =293K Ocontact = 90°
E Outlet ov/on=0s" P =101325Pa OT/On=0Km™' do/On =0m™*

“The pressure is calculated from the momentum and continuity equations.

Velocity profiles, defined through mass flow rates, at both inlets are
uniform. Therefore, the model includes a sufficiently long upstream
section of the nozzle to ensure fully developed velocity profiles near
the gas and liquid capillary outlet. Symmetry boundary conditions
were applied along two planes, reducing the computational domain to
a quarter of the nozzle geometry.

The system of equations described above is solved on the high-
performance computing (HPC) cluster (AMD EPYC 7402, 2.8 GHz)
using two nodes with 48 cores each.

The pressure-velocity coupling of the pressure-based solver is per-
formed with the coupled scheme, which provides the most stable numer-
ical simulation. The gradients are discretized using a least squares cell-
based approach and pressure is handled with the PRESTO! method. The
density, momentum, and energy equations are discretized with the
second-order upwind (SOU) scheme. The transient formulation is
described using a first-order implicit scheme with an adaptive time step.
The time step size is determined through the Courant-Friedrichs-Lewy
(CFL) condition, defined as CFL = u At/Ax, where u is the velocity in
the computational cell, At is the time step size, and Ax is the minimal
edge length of the cell. The maximum allowed CFL number is
CFL,ax = 0.75. Consequently, the typical time step sizes for the different
meshes are 0.95ns for the fine mesh M1 (Ax = hg =188 nm), 1.15ns
for the medium mesh M2 (Ax = h; =375nm), and 1.30ns for the
coarse mesh M3 (Ax = hg = 750 nm). The transient formulation of the
VOF equation is calculated with the explicit scheme, where the local CFL
is limited to 0.25. Convergence criteria are set to 10~* for the continuity
equation and 10~° for momentum and energy equations, which are typi-
cally reached on average within three to five iterations per time step.

C. Grid convergence

cells, respectively. The time-averaged width W, length L, and thickness
H of primary liquid sheet, evaluated after the primary sheet reaches a
stabilized (steady-state) shape, are chosen as an integral representatlve
variable @ for GCS, which is performed by a well-known approach” ™
with a representative grid size, defined as

1 N 1/3
h= {NZM (Av,-)] : (10)

where N is the total number of cells and AV; is the volume of i th cell.
Meshes M1-M3 have been constructed considering the grid refine-
ment factor r =hs;/h; larger than 1.3, as recommended by
Roache.”””” For meshes where r; = hy/h; and r3;, = h3/h, are not
constant (r; # r3;), the order of convergence p is defined using the
following equations:

€32

‘ln p— =+ q(p)’
b= 21 (1)
ln(f’zl)
”gl -
q(p) =In , (12)
®) <”§2 -
_ 632/621 ’ (13)
\632/621|
where €3, = @3 — @,, ;) = ®, — ®; and D, denote the solution of

the chosen representative variable on the k th grid. Equations (11) and
(12) should be solved iteratively. If ry; = r3, = const, then g(p) = 0,
and thus, there is no need for iterative calculations. The extrapolated
value @2, is calculated as

A grid convergence study (GCS) has been performed on meshes Q2 = M . (14)
M1, M2, and M3, which contain 10 x 10°% 1.8 x 10% and 0.85 x 10° -1
Phys. Fluids 38, 012008 (2026); doi: 10.1063/5.0311193 38, 012008-5
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FIG. 5. Grid convergence study: (a) primary width of the sheet vs representative grid size, (b) primary length of the sheet vs representative grid size, and (c) primary thickness
of the sheet vs representative grid size. M1-M3 indicate the values calculated with three different meshes. EXT indicates extrapolated value.

TABLE II. Grid convergence study for representative variable @ in terms of liquid-sheet width, length and thickness.

Variable a1 32 O;(um)  Oy(um)  O3(um) p @2 % (um) Y (%) e2L(%)  GCI2(%)  GCI*(%)
Width 1.77 1.29 51.54 52.11 58.00 9.66 51.54 1.10 0.00 1.51 0.01
Length 1.77 1.29 214.67 210.40 198.75 5.06 214.92 1.99 0.12 3.46 0.14
Thickness 1.77 1.29 10.512 10.510 8.595 27.71 10.512 0.02 0.00 0.02 0.00

®2 s calculated analogously. Two different errors are analyzed: approxi-
mate relative error e2! and extrapolated relative error e2.,, respectively,

regime type is illustrated in . Numerical simulations cor-
rectly reproduce the experimentally observed flow regimes: (b) the liquid
chain, (e) the open rim, and two transitional regimes (c) from the cylin-

et = ’w , (15) drical jet to liquid chain, and (d) from the liquid chain to open rim.
@, The numerical simulations for each regime were calculated until
’ o2 — @, the initial transient period of liquid-sheet formation had passed and its
Coxt = ol | (16) shape had stabilized. presents the evolution of the maximum

Finally, the grid convergence index (for fine mesh M1) is defined as
follows:
FS 621
GCP? = 2 17
2 17)
where the security factor Fs equals 1.25 for three meshes or more, as
suggested by Roache.”” GCI*? and €22 are calculated analogously.

width (a) and minimum thickness (b) of the primary link in the liquid
chain for the flow combination of 12.6mgmin ' helium and
600 ul min~" water, with the sheet thickness stabilizing after 36 us and
the width after 40 us (multimedia available online).

Once the stabilized solution was reached, the sheet characteristics,
including length L, width W, and thickness H, were extracted over sta-
bilized time intervals by tracking its cross-sectional shape, as shown in

illustrate the grid convergence for the width W, T -
length L, and thickness H of the primary sheet, respectively. The GCI*! N
for all dimensions of the sheets is close to zero (rounded to two deci- (@) PR
mal places). Low GCI*! shows that the results for meshes M2 and e h
onward are mesh independent. Thus, the M2 mesh is chosen for fur- Em—
ther numerical investigation. The solution at the same time step for all (b) AMR2 —\_

three meshes is illustrated in presents the results for
GCS. To calculate a physically realistic behavior, a minimum of three
computational nonadaptive cells (min. size 1.5 um) across the radius
of the thinnest section (~5um) of the sheet jet is required, supple-
mented by at least two AMR levels of the interface—a criterion satis-
fied by M1 and M2 but not by M3 mesh.

IV. RESULTS AND DISCUSSION

We investigated 25 distinct combinations of water and helium flow
rates, as shown in , where a representative of each observed

(c) AMR3

r, l\//—,—_

FIG. 6. Results with different levels of AMR at 56.15 us (after the sheet shape is
stabilized): (a) M3 with one level of AMR, (b) M2 with two levels of AMR, and (c)
M1 with three levels of AMR.
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FIG. 7. Flow pattern map (a) for analyzed cases. Panels (b)-(e) compare experimental and numerical results for representative flow regimes: (b) transitional jet-liquid chain
regime, W=38.7 um, L=86.3um, H=24.4 um; (c) liquid chain, W=52.1 um, L=210.4 um, H=10.5um; (d) open rim-liquid chain transition, W=54.7 um,
L=177.9 um, H=2.0 um; and (e) open rim, W=68.7 um, L =154.2 um, H=1.65 um. For the analyzed flow rate combination, the numerical and experimental results

exhibit the same flow pattern.

Fig. 9. The primary, secondary, and tertiary sheet link cross sections
are shown in Fig. 9. The sheet width and thickness are measured
between interface boundaries (& = 0.5), and link transitions are identi-
fied when the aspect ratio along the sheet axis approaches W/H = 1,
corresponding to a near-circular cross section. The transitions between
consecutive sheet links can be clearly seen through W/H ratio along
the sheet axis in Fig. 10(a).

The primary link is the widest and the thinnest, while subsequent
links become progressively narrower and thicker, consistent with the
width and thickness trends along the jet [see Figs. 10(b) and 10(c)].
The thickness decreases until the formation of the subsequent link,
with minimum values along the nozzle axis occurring at 57%, 42%,
and 45% of the length of the first, second, and third orthogonal links,
respectively.
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Y

FIG. 8. Temporal evolution of the maximum width (a) and the minimum thickness (b) of the primary sheet link. The sheet-jet evolution for helium (12.6 mgmin~") and water
(600 ul min~") flow is shown along with AMR cells on both symmetry planes. Multimedia available online.
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FIG. 9. The width and the thickness of the sheet jet: (a) the thickness and the width with cross-sectional shapes, (b) cross sections of the primary link, (c) cross sections of the
secondary link, and (d) cross sections of the tertiary link. Arrows indicate the start of the new links. Numbers 1-3 indicate the orthogonal links of the liquid sheet. Flow rates:
helium 12.6 mgmin~—" and water 600 z/ min—".
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FIG. 10. Aspect ratio, the thickness and the width of the sheet jet along the z axis: (a) aspect ratio thickness/width vs z coordinate, (b) thickness vs z coordinate, and (c) width
vs z coordinate. Numbers 1-3 indicate the orthogonal links of the liquid sheet. Flow rates: helium 12.6 mg min~" and water 600 z min~".

A. Experimental validation

For quantitative experimental validation, the numerically calcu-
lated maximum width and length of the flat sheet jet were compared
with experimental measurements. Using the M2 mesh, the maximum
width and length are 52.11 and 210.40 um, respectively. Their experi-
mental uncertainties are of 49.20 329 um (width) and 214.60
*+ 14.35 um (length). Relative to the experimental values, the numeri-
cal width is 6% higher and the length 2% lower. Results with all three
meshes, alongside experimental measurements and computational
times, are summarized in .

Validation was performed not only locally but also globally, by
comparing the entire sheet-jet area obtained from experiments and
simulations. Helium-water interfaces were extracted from the respec-
tive frames [ ], and their areas were calculated.
illustrates the interface extraction, with measurement uncertainty indi-
cated around the experimentally obtained interface. The agreement is
excellent: the numerical sheet-jet area (11 371 um®) is only 2.8% larger
than the experimental area (11062 um?). Furthermore, the intersec-
tion between the numerical and experimental areas (10849 um?)
covers 98% of the experimental area [ ], with a nonoverlap-
ping area of 6% (734 pum?), which falls within the measurement
uncertainty.

The 7% uncertainty in the experimental measurement of sheet
width and length represents the limits of accuracy of the image process-
ing. The calculated data in the simulations fall within this uncertainty
range. Therefore, small quantitative mismatches between the numerical
predictions and experimental data do not compromise the validation of
overall trends. The agreement is considered robust, as the numerical
simulations reproduce the evolution and regime transitions of the
primary sheet within the experimental measurement accuracy.

B. Dimensionless numbers

Dimensionless numbers, such as the gas Reynolds number
Reg = ring /1, D, liquid Reynolds number Re; = Qip;/iyD, Weber

number We = %, and capillary number Ca = We/Re| have been

evaluated based on the flow conditions at the end of the gas and
liquid capillaries. The material properties used to calculate the dimen-
sionless numbers, such as gasdynamic viscosity p,, liquid density p;,
liquid dynamic viscosity f;, and surface tension ¢ are provided in

. Characteristic length D is the diameter of the liquid or gas
capillary, which equals 30 um. For the analyzed cases, where helium
mass flow 7, range 5—20mgmin ' and water volumetric flow

Q; 200 — 600 ul min ", the ranges of related dimensionless numbers are
provided in . For a specific case, see in

C. Physical mechanisms of the regimes

The physical behavior of the sheet formation is investigated to
understand why some sheets remain open while the others are closed.
In gas-focused and accelerated sheets, the imposed gas flow plays a cru-
cial role in addition to the liquid Weber number, introducing added
complexity compared with classical sheet jets formed by impinging
liquids.” The gas transfers momentum per unit volume p, v, to the lig-
uid jet, adding a lateral momentum component per unit volume, p;vy,,
to the axial liquid momentum per unit volume p;v; .. In the absence of
gas focusing, the liquid momentum is purely axial (v;,, ~ 0). Gas accel-
eration, therefore, induces a transverse velocity component v;,, which
drives the widening of the sheet into an orthogonal jet. This transverse
motion is approximately normal to the rim, so the inertial forces per
unit length p,vfyRﬁm act in the same normal direction. Opposing this,
the restoring action of surface tension ¢ minimizes the interface area
and tends to reestablish a circular jet cross section. Because the sheet’s
cross section is elongated, the rim curvature is significantly larger than
that near the sheet-jet centerline (see ), making surface tension
particularly effective at the rim. The rim is therefore the region where
the balance between inertia p ,vfyR,im and surface tension ¢ determines
whether the sheet remains open or closes. From this balance of forces,
the rim Weber number naturally emerges

2
PViy,rim i
Werim = % (18)

TABLE Iil. Comparison of numerical and experimental results.

Numerical simulation

Phys. Fluids 38, 012008 (2026); doi: 10.1063/5.0311193
© Author(s) 2026

Variable M1 M2 M3 Experiment
Nr. cells 10060641 1799578 846108
Width (um) 51.54 52.11 58.00 49.20 = 3.29
Error/uncertainty (%)  +4.8 +59 4179 +6.7
Length (um) 214.67 21040 198.75 214.60 = 14.35
Error/uncertainty (%) —0.03 -2.0 —7.4 +6.7
Computational 311 110 68
time (h)
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FIG. 11. A comparison of the primary liquid-sheet area from numerical simulation and experimental data: (a) extracted interface of the primary liquid-sheet area from the mea-
surement and from the numerical simulation at the isosurface at a volume fraction 0.5, (b) primary liquid-sheet area comparison between numerical simulation and experimental

measurement for helium (12.6 mg min~") and water (600 xI min~") flow.

where Ry, is the rim radius and vy i the mean velocity normal to
the rim, both obtained by the in-house developed Python algorithm.
The main steps of this algorithm are as follows:

(1) Extraction of the cross sections at the isosurface o = 0.5 in xy
plane along the jet axis (z coordinate). Also, the iso-clips
oy > 0.5 are extracted with the velocity component values.

(2) The calculation of the local curvature x; for every point at
the interface of the extracted cross section with coordinates
(s yi)

Sl
i = ) 2)3/27 (19)
(2 +97)

where x’, ¥/, x”, and " are the first and second derivatives in x
and y directions for i th point along the interface.

(3) Smoothing the noise of the curvature k; values, which arise
from the nonuniform spacing of computational cells due to
AMR. The curvature x; is smoothed using a discrete convolu-
tion over a window of N = 11 (M = 5) consecutive points. The
smoothed curvature x; is computed as

N=2M+1, (20)

TABLE IV. Material properties and dimensionless numbers.

P
#y (Pas) (kgm™)

Min. 1.69 x 107°
Max. 1.99 x 10~°

ty (Pas)  o(Nm™')Re; Reg We Ca

998  1.003 x 107> 0.0728 76 91 38004
' : 332336 49 0.15

where i indexes the point along the interface, j indexes points in
the convolution window centered at i, and h; is the normalized
convolution kernel satisfying Zjﬂi_ uhi=1

(4) Rim region detection. The rim end is defined as the location at
a given cross section, where the smoothed curvature x; falls
below the cross-sectional mean curvature «,y,. This detection
criterion is robust for both characteristic sheet-jet cross-sec-
tional morphologies: peanut-like shape [ ] and the
elliptical shape [ ].

(5) Rim radius calculation. Once the rim region is identified, the
rim radius Ry, is quantified as 1/ 4yq rim> Where & gyg i denotes
the mean smoothed curvature over the rim region.

(6) Rim velocity calculation. Inside the rim region, for each computa-
tional cell, the velocity in y direction is read. The lateral velocity
component vy, i, is subsequently averaged within the rim domain
(bottom section of the plots in and , where the
Viy.rim Values for each cell inside the rim are shown).

(7) Local rim Weber number calculation. With the R,;,, and
Viy.rim determined, the local rim Weber number Weyy, is evalu-
ated along the jet axis by Eq. . This is the mean Weber
number within the rim for a given cross section.

show the evolution of sheet width W, thick-
ness H, and Wey, along the sheet for three representative regimes.
After leaving the nozzle, the sheet widens and thins, while vy i
increases, raising Wei,. As widening continues, the rim curvature
increases, strengthening surface tension and reducing Weyip,.

In the jet-liquid chain transitional regime [ ], surface
tension dominates over inertia throughout (Weym < 0.1), preventing
full sheet development. As a result, the initial ellipsoidal cross-sectional
shape quickly contracts into a cylindrical jet.

In the liquid chain regime [ ], inertia is initially suffi-
cient to form a sheet (0.1 < Weym < 1), but surface tension

Phys. Fluids 38, 012008 (2026); doi: 10.1063/5.0311193
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FIG. 12. Visualization of rim detection and determination of rim radius R.;,, and mean transverse velocity inside the rim v ., for two characteristic sheet cross-sectional
shapes: (a) peanut-like at z= 14 um and (b) elliptical shape at z= 31 um. In each plot, the upper section shows the smoothed curvature x; along the interface, highlighting
the division between the rim and central sheet regions. The lower section presents the transverse velocity v ., within the rim region.

eventually dominates and causes the rims to bend inward. Since a sig-
nificant portion of the liquid is transported from the rim into the bulk
of the sheet jet, the bulk flow develops a transverse momentum compo-
nent per unit volume p;v; , which initiates the formation of the second-
ary sheet in an orthogonal direction compared to the primary link. At
this stage, the sheet thickness begins to increase and eventually becomes
comparable to the width, which gets reduced at the same time. At the
location where W/H = 1, the turning point between the primary and
secondary links appears, characterized by a nearly circular cross section.

In the open rim regime [ ], rim inertia dominates
throughout the sheet evolution, preventing surface tension from redi-
recting the rim inward. Here, We,;, > 2 is consistent with the crite-
rion We, > 2 for absolute instabilities in sheet jets, produced by
impinging gas.” Under such conditions, the excess inertial forces
cause the rim to remain open, ultimately leading to explosive rupture
of the sheet. This regime emerges at higher gas flow rates, where liquid
inertia within the rim, induced by gas momentum, dominates over the
restoring action of surface tension.

The values Wey, < 0.1 and Weyy, > 2 represent practical
thresholds separating regimes in which rim dynamics are governed by
surface tension or inertia, respectively. In all simulated jet-liquid chain
transitional cases, Wey,, remains below ~0.1 along the entire sheet,
indicating that surface tension dominates rim dynamics and prevents
sustained lateral sheet growth. Conversely, in all open rim cases, Weyim
exceeds 2 at the onset of sheet breakup, reflecting inertia-dominated
rim motion that cannot be redirected back by surface tension. These
thresholds are therefore not imposed a priori but arise consistently from
the simulations as markers distinguishing surface tension-controlled
transitional regimes from inertia-dominated open rim behavior.

In liquid sheets formed by impinging jets, the liquid viscosity is
known to contribute to sheet stabilization.” However, in gas-focused
liquid sheets, the influence of viscosity on the sheet-jet morphology was

previously found to be negligible.” This suggests that surface tension
and inertia dominate over viscous forces in this configuration. To assess
the relative importance of viscosity more rigorously, we evaluated the
rim Ohnesorge number, Ohyy,, and the rim Capillary number, Cayip,
analogously to the rim Weber number, Wey;y,. The Ohnesorge number
quantifies the ratio of viscous forces to the combined effects of inertia
and surface tension and is defined here as Ohyy, = 1;/(0;0Ryim). The
rim capillary number, Cayn = vy, /0, expresses the balance between
viscous and surface tension forces. The quantities Ry, and v, are
defined in the same manner as for Weyy,.

show the evolution of sheet width W, thickness
H, Ohy, and Cayy, along the sheet for three representative regimes.
Both Ohyi, and Cayp remain significantly lower than unity across all
regimes, confirming that viscosity does not play a dominant role in shap-
ing gas-focused sheet jets. Ohy;y, remains nearly constant along the sheet
when the rim curvature (and thus Ry;,) varies only weakly. In open rim
regime, however, the rim curvature changes more noticeably, particularly
in regions where surface tension is insufficient to turn the rim inward
(ie., where inertia dominates over surface tension Weyy, > 2). As a
result, Ohyiy, increases slightly due to higher rim curvature (lower Ry,).

The behavior of Cayy, similarly indicates weak viscous effects.
In the transitional jet-liquid chain regime [ ] and in liquid
chain regime [ ], Casim becomes negative because the trans-
verse velocity vy, reverses direction. This indicates flow from the
rims toward the sheet-jet center. In contrast, Cay, > 0, in the open
rim regime [ ], is consistent with outward flow within
the rims.

With Oh,, < 1 and Cayy, < 1, we confirm and extend the
conclusion of our earlier study ~ that gas-accelerated sheet jets are not
sensitive to viscosity changes. Instead, the emergence of distinct liquid-
sheet regimes is governed primarily by the balance between inertia and
surface tension, captured by Weyin,.
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FIG. 13. Evolution of sheet width W, thickness H, and Weyr, along the sheet for three representative regimes: (a) jet-liquid chain transitional, (b) liquid chain, and (c) open rim.
In each subplot, Weyi, initially rises due to increasing transverse velocity v; ., While subsequent rim curvature growth strengthens surface tension, reducing Weyin. For
Werim < 0.1, a liquid chain does not fully form, whereas 0.1 < Weyin < 1 corresponds to a developed liquid chain. In an open rim regime (Wen >> 2), inertia dominates
over surface tension, preventing the rims from bending inward. Each chart is shown together with the corresponding sheet isosurface (o = 0.5) to visualize the flow structure.

where the axial velocity v;, dominates, while the transverse v;, and
vertical v, components are smaller but decisive for sheet formation.
Their combined action is expressed as the tangential velocity, shown in
Fig. 15(b), together with pressure contours and the four characteristic

D. Visualization of liquid chain regime mechanism

The mechanism of liquid chain formation, anticipated by the
evolution of Weypy, is further clarified through flow visualization.
Figure 15(a) shows velocity vectors across sheet-jet cross sections,
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FIG. 14. Evolution of sheet width W, thickness H, rim Ohnesorge number Oh;;,,, and rim Capillary number Cayy, along the sheet for three representative regimes: (a) jet-liquid
chain transitional, (b) liquid chain, and (c) open rim. In all regimes, Oh;n < 1 and Ca;m < 1, demonstrating that viscous forces are negligible compared with inertia and sur-
face tension. Regions where the transverse rim velocity becomes negative (v;,,..i,» < 0) indicate flow directed toward the sheet center and correspond to Cayir, < 0. Each plot
is shown together with the corresponding sheet isosurface (« = 0.5) to illustrate the flow structure.

flow regions. Because the balance of forces evolves gradually, the tran- region. Figure 16 shows the locations and orientations of the section
sitions between regions are not sharply defined, resulting in overlaps, views used for the detailed representations in Figs. 17 and 18.

as shown in Fig. 15(b).
The detailed flow dynamic of the liquid chain regime is illustrated (1) Region I: Inside and near the nozzle, the sheath gas transfers
in Figs 16-18, where liquid and gas streamlines are shown in each momentum flux per unit area pgv;x to the liquid, generating a
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FIG. 15. Velocity vectors: (a) velocity vectors at various cross sections, (b) tangential projection of velocity vectors and pressure contours at various cross sections. Numbers
1-3 indicate the orthogonal links of the liquid sheet. Cross sections A-A and B-B indicate the locations of pressure anomalies, shown in detail in Fig. 19. Roman numerals -V
mark representative regions illustrating distinct physical flow behaviors. Flow rates: helium 12.6 mgmin~" and water 600 zl min~".
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transverse component p;v;,. Since p,viy ~ Pg";,x exceeds the
surface tension effect /R, (Weym > 0.1), the sheet expands
radially. Figure 17(a) shows liquid and gas streamlines, together
with both the conceptual sheath-gas force vectors and the
resulting transverse liquid inertia. The radial flow induced by
this momentum flux transfer causes the sheet to thin and elon-
gate, while its cross section transforms into an oval shape.
Region II: As the jet develops downstream, the sheet cross section
becomes increasingly elliptical. This shape change increases the
curvature at the wider edges, where the radius of curvature is
smaller than at the center. As a result, surface tension grows stron-
ger along the rims and eventually surpasses inertia (Wey, < 0.1).
The stronger rim surface tension acts to minimize surface area by
pulling the rims inward, as illustrated in Fig. 17(b).

Region III: When the surface tension bends the rim inward, it
pushes liquid streamlines toward the sheet center, where they
collide and transfer transverse momentum flux per unit area
pivi, in the vertical direction pv7,.

4

©)

Figures 18(a) and 18(b) illustrate this process. Figure 18(a)
provides a downstream view, while Fig. 18(b) offers an
upstream perspective, with the collision point of the stream-
lines marked as “x.” At this stage, transverse momentum flux
per unit area p,vﬁy is progressively reduced while being trans-
ferred into vertical momentum flux per unit area p;v},. This
momentum flux redistribution is mirrored by the cross-
sectional evolution: the elongated oval contracts into a nearly
circular shape. At this point, the transverse momentum flux
predominantly flows inward while the vertical momentum
flux spreads outward, initiating formation of the secondary
link. Because p,vfx exceeds 0 /Ryim (Weym > 0.1), the second-
ary sheet expands in the vertical direction, orthogonal to the
primary link.

Region IV: As the secondary sheet continues to expand, differ-
ences in curvature of the interface once again lead to unequal
surface tension forces. When surface tension overtakes vertical
inertia (6/Ryim > piVi,» i, Werm < 0.1), the rims are pulled
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FIG. 16. Liquid (a) and gas (b) streamlines: Cross sections A-E indicate the direction of the view for each of the cross sections, which are shown in detail in and

For clarity, only the most representative streamlines are shown. Numbers 1-3 indicate the orthogonal links of the liquid sheet. Flow rates: helium 12.6 mgmin~" and water

600 g min~".

inward. This produces a flow pattern analogous to that of
Region II but oriented orthogonally, as shown in

Beyond this stage, the sequence of Regions II-IV repeats, giving
rise to a tertiary sheet. With each cycle, the sheet alternates between
oval and circular cross sections while transverse and vertical momen-
tum components exchange dominance. As the aspect ratio of the cross
section progressively decreases, the sheet transitions into a cylindrical
jet, which ultimately breaks up through the Rayleigh—Plateau instabil-
ity. This transformation is accompanied by a gradual redistribution of
velocity within the sheet, leading to an increasingly uniform velocity
profile downstream [see ].

The pressure distribution within the sheet is generally uniform,
except at two cross sections where distinct anomalies appear, as seen
in . highlights these two anomalies and explains
their origin.

The first anomaly occurs in Region II, where six localized low-
pressure zones appear as streamlines bend inward toward the sheet
center [ ]. This arises because both the rim and the bulk

streamlines curve inward toward the jet axis, generating local pressure
minima. The resulting inward pull allows the flow to be redirected, as
indicated by the arrows in . On the inner side of the bend,
one such low-pressure zone is circled in , marking the loca-
tion where the streamline changes direction.

The second anomaly appears at the onset of Region III
( ], where symmetrically converging streamlines meet at the
sheet axis. This convergence produces a stagnation-like condition: the
inward bulk flow is obstructed, causing a velocity drop and a corre-
sponding pressure rise at the collision point, marked with x. In con-
trast, the outer edges experience lower pressure, which redirects the
bulk flow upward and downward toward the thinner flanks of the
sheet. This redistribution of pressure and momentum initiates the ver-
tical expansion of the secondary link.

E. Liquid chain requirements for SFX

In this section, we analyze key requirements for the liquid chain
that could be used as a sample delivery system for SFX applications. In
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FIG. 17. Gas and liquid streamlines in Regions | and Il. (a) Region I, near the noz-
zle: sheath gas (pgvgyx) generates transverse liquid inertia (p,vfy) exceeding sur-
face tension (Wesm > 0.1), causing radial expansion and oval cross section. (b)
Region II, downstream: increasing oval shape raises curvature at wider edges, mak-
ing surface tension (a/R;i) dominant (Wegrn < 0.1) and pulling rims inward, redi-
recting flow toward the sheet center. Arrows illustrate the different influential forces
(see legend). For clarity, only representative streamlines are shown. Flow rates:
helium 12.6 mgmin~—" and water 600 z/ min—".

particular, we are interested in a recirculation-free laminar flow and
effective cooling by the expanding sheath gas.

The sheath gas reaches its highest velocity just downstream of the
nozzle, where it accelerates and focuses the liquid jet. Figure 20(a)
shows the velocity fields of both gas and liquid phases along with line
integral convolution (LIC) on the symmetry planes. On the zx plane
[Fig. 20(b)], a recirculation zone appears between the liquid and gas
streams, indicated by an arrow; such zones are undesirable and can be
mitigated by reducing the wall distance between the capillaries. No

pubs.aip.org/aip/pof

recirculation is observed on the yz plane [Fig. 20(c)] or within the sheet
itself, which should be avoided in liquid-sheet jets for SEX applications.
This laminar behavior is further confirmed in Figs. 15(a) and 16-18,
where velocity vectors and streamlines show a clear downstream orien-
tation with no visible recirculations or crossing.

In Fig. 21(a), we see the temperature distribution. The sheath gas
cools after expanding but this does not lower the temperature of the lig-
uid sheet, ensuring the liquid remains at its original temperature. This is
a particularly important effect under vacuum conditions. The compress-
ible nature of the gas flow is highlighted by distribution of Mach num-
bers in Fig. 21(b). The Mach number is defined as Ma = u/c, where u
is the local gas velocity and c is the local speed of sound, calculated for
an ideal gas as ¢ = /7RT, with y being the ratio of specific heats, R the
specific gas constant and T the local temperature.

F. Liquid chain regime prediction

A local analysis of the flow, which enables the determination of
Wenim and is achievable only through numerical simulations, helps eluci-
date the underlying mechanisms governing sheet formation and stability.
However, for users aiming to set appropriate flow rates, Weyy, is not
known a priori. To address this limitation, we explored how the liquid
chain regime can be predicted directly from readily available input param-
eters, namely, the liquid and gas flow rates and the nozzle geometry.

The liquid chain regime emerges from the crucial balance of iner-
tial, surface tension, and viscous forces. In the present cases, the small
capillary numbers Ca (see Table VI in Appendix B) render viscous
stresses comparatively weak, so the dominant sheet-driving forces are
the inertia of both the gas and liquid, together with surface tension.
These effects can be quantified via the momentum flux ratio MFR and
the Weber number We

2
PeVgx
Z
v2 Dl
e = P s (22)

where p, and p; are gas and liquid densities, v » is the gas velocity
component normal to the jet, v, is the axial liquid velocity, vy, is the
induced transverse liquid velocity, and D is the diameter of the liquid
capillary. The relevant material properties and flow characteristics are
extracted from simulations and averaged on an XY plane located at the
exit (Z= — 40 um) of the gas and liquid capillaries before the mixing
zone inside the nozzle. However, they can also be calculated from the
flow rates and nozzle geometry.

By fitting the numerical simulation data with a power-law combi-
nation of MFR and We, we identify the range corresponding to the lig-
uid chain regime as

1.5<MFRWe’3 < 4. (23)

For values above this range, the open rim regime develops, while
for values below it, the jet does not fully transform into a liquid chain.
The limiting values in Eq. (23) were interpolated from simulation data
at the boundaries between flow regimes and may vary slightly depend-
ing on the dataset. A more precise determination would require addi-
tional simulations in the transitional regions. The boundaries of all
regimes are shown in Fig. 22.
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The condition in Eq. (23) has a practical significance, as both the
MER and We can be expressed solely in terms of process parameters.
The transverse gas velocity component can be calculated as v, =
mgsinﬁpnggz and the axial liquid velocity as v, = Q; D; %, where 0
s the angle between the gas and liquid capillaries, and D, and D; are
their respective diameters. Consequently, the MFR and We can be
directly estimated from the gas and liquid flow rates, material proper-
ties, and nozzle geometry

m2sin20
MFR = —&— (24)
PeP1Q
2
We:i’%. (25)

v[ms]0 6 12 18 24

FIG. 18. Gas and liquid streamlines in
Regions II-IV. (a) Region Ill, downstream
view: inward-moving rims collide at the
center, transferring transverse (p,v,z_y) to
vertical (p;v3,) momentum flux per unit
area forming the secondary link. Collision
point marked x. (b) Region Ill, upstream
view: same process as (a), showing radial
redirection. (c) Region IV: curvature differ-
ences along the secondary sheet rims
cause surface tension (a/R;in) to domi-
nate (Werm < 0.1) pulling rims inward
and generating a flow pattern orthogonal
to Region II. Arrows illustrate the different
influential forces (see legend). For clarity,
only representative streamlines are
shown. Flow rates: helium 12.6 mgmin~"
and water 600 ul min~".

E

G. Sheet thickness, width, and length

For all simulated cases, the primary sheet thickness, width,
and length were extracted as explained in Fig. 10. The results are
shown in Fig. 23. The sheet thickness is defined as the minimum
local thickness, the width as the maximum span, and the length as
the distance from the nozzle outlet to the end of the primary
link—or, in the case of the open rim regime, to the end of the
sheet jet.

The sheet length increases approximately linearly with the liquid
flow rate across all regimes [Fig. 23(a)]. In the open rim regime, this
growth is steeper than in the liquid chain regime. Moreover, the length
exhibits pronounced oscillations due to the chaotic nature of breakup,
whereas in the liquid chain regime, the length remains stable. As a
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result, error bars (standard deviation) in Fig. 23(a) are negligible for
the liquid chain but significant for the open rim.

In contrast, the sheet width W only weakly depends on the liquid
flow rate and remains nearly constant, except at the lowest liquid flow
rates [Fig. 23(b)]. The gas flow rate exerts a much stronger influence
on the sheet width, as it transfers transverse momentum flux per unit
area of order pgv;x to the liquid jet. For a fixed gas flow rate, this con-
tribution remains nearly constant. The total liquid momentum flux
per unit area can be expressed as pvi, + p,v,y + pvi,» where the
streamwise component p,v,z domlnates, the transverse component
satisfies plvl A pgV g 0 and the vertical (1n the direction of sheet thick-
ness) component p,vl <L pvi y < pivi,. Increasmg the liquid flow
rate Q; therefore primarily increases p,v,zz, while p;v? , remains nearly
unchanged for a fixed gas flow rate. Consequently, the ratio

,vfy / p,vﬁz decreases with increasing Q;, and the sheet can no longer
be widened significantly. A similar trend is observed in the open rim
regime, where the width fluctuates chaotically, but the mean value
remains approximately constant.

The sheet thickness H exhibits distinct behavior across regimes
[Fig. 23(c)]. In the liquid chain regime, the thickness increases with
increasing Q;. In contrast, in both the transitional regime between jet
and liquid chain and in the open rim regime, the thickness remains
nearly constant with increasing Qj, as a limiting value is reached. In
the first case, this minimum thickness is governed by surface tension
forces, which dominate over inertia (We;, < 0.1) and suppress fur-
ther stretching, resulting in a relatively thick cross section. In the

ARTICLE pubs.aip.org/aip/pof

FIG. 19. Pressure contours of the liquid
chain and streamlines (a) pressure con-
tours and liquid streamlines at A-A section
and (b) pressure contours and liquid
streamlines at B-B section. The location of
the cross sections A-A and B-B is marked
in  Fig. 15gb). Flow rates: helium
12.6 mgmin~" and water 600 I min—".

second, the minimum thickness is instead dictated by inertial forces
that drive sheet breakup (Weym > 2). Overall, increasing the gas flow
rate i, yields thinner sheets, since the imparted transverse momen-
tum plvfy widens the sheet and thereby reduces its thickness.

Since the sheet thickness in the open rim regime approaches the
mesh size, it is important to emphasize that numerical resolution limi-
tations do not cause the observed breakup. For the baseline mesh M2
(min. cell size 375 nm), the minimum sheet thickness of ~1.2-1.7 um
is resolved by 4-6 cells, exceeding the commonly accepted requirement
to avoid artificial breakup of thin liquid films. The case with the thin-
nest thickness (i1 =20 mg/min, Q; =200 ul/min) was additionally
simulated using a finer mesh M1 (minimum cell size 188 nm) to verify
grid convergence, and the open rim regime persisted without qualita-
tive changes. Due to the high computational cost, mesh M1 was
applied only to this case. Furthermore, the breakup morphology
observed in the simulations matches experimental observations, and
the physical nature of the breakup is supported by rim Weber numbers
exceeding 2, indicating inertia-dominated behavior.

V. CONCLUSION

This study presents an experimentally validated numerical analy-
sis of gas-accelerated flat sheet jets across multiple regimes, including
transitional jet-liquid chain, liquid chain, and open rim. The simula-
tions show high fidelity in predicting jet characteristics. For mesh
M2 (min. cell size 375nm, 1.8 x 10° cells), the primary link area and
maximum width are overestimated by 6%, while jet length is
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FIG. 20. Helium v, and water velocity v;.
(a) Velocity contours and LIC at zx and yz
symmetry planes, (b) velocity contours
and LIC at zx plane, and (c) velocity con-
tours and LIC at yz plane. Numbers 1-3
indicate the orthogonal links of the liquid
sheet. Flow rates: helium 12.6 mgmin~"
and water 600 uI min—".

underestimated by 2%, all within the 7% experimental measurement
uncertainty. Finer mesh M1 (min. cell size 188 nm, 10 x 10° cells)
improves accuracy but more than doubles computational cost. A grid
convergence study confirms that mesh M2, with two adaptive refine-
ment levels, provides sufficient resolution, with at least three nonadap-
tive cells required across the thinnest section.

Analysis of the sheet jet reveals four distinct flow regions, governed
by the interplay of sheath gas momentum, liquid inertia, and surface
tension. The rim dynamics, particularly rim curvature and the transverse
velocity induced by the gas, control the sheet’s expansion and closure.
Introducing the local rim Weber number Weyy, provides a quantitative
criterion for regime identification: Wey,, < 0.1 corresponds to the jet—
liquid chain transitional regime, 0.1 < Wey, < 1 defines the liquid
chain regime, and Wey;y, > 2 marks the open rim regime. Furthermore,
the liquid chain regime can be predicted directly from nozzle geometry
and flow rates through a relation 1.5=<MFR We’3 <4, offering a
practical tool for experimental design.

Both liquid and gas flow rates govern the primary sheet charac-
teristics. Sheet length increases roughly linearly with liquid flow rate
across all regimes, with steeper growth and greater fluctuations in the

open rim regime due to chaotic breakup. In contrast, the liquid chain
maintains a stable length. The sheet width is less sensitive to liquid
flow rate but is strongly controlled by the gas flow rate. Sheet thickness
shows distinct regime-dependent behavior: in the liquid chain, it
increases with liquid flow, whereas in both the transitional regime
between jet and liquid chain and in the open rim regime, thickness
remains nearly constant, determined either by surface tension
(Werim < 0.1) or by inertial breakup (Weyn > 2). Higher gas flow
rates generally reduce thickness, as the additional transverse momen-
tum widens the sheet.

The flow within the liquid chain exhibits clear laminar char-
acteristics, a crucial requirement for SFX applications, ensuring
stable and uniform sample delivery. A small recirculation zone is
observed in the gas flow near the liquid-gas capillary interface
inside the nozzle, which could disrupt laminar conditions. To miti-
gate this effect, reducing the wall distance between the liquid and
gas capillaries can be useful.

Taken together, these results advance the understanding of gas-
accelerated sheet-jet dynamics, providing critical guidance for nozzle
optimization in applications ranging from SFX to spectroscopy. They
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also lay the foundation for future studies under vacuum conditions,
where the sheet thickness is expected to be significantly smaller.
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FIG. 23. Dimensions of primary sheet across all simulated cases: (a) length L, (b) width W, and (c) thickness H. All quantities are plotted against the liquid flow rate Q; for dif-
ferent gas flow rates . Distinct markers denote different flow regimes, and error bars represent the standard deviation of the dimension averaged over the fully developed
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APPENDIX A: MEASUREMENT UNCERTAINTY

The standard uncertainty of the liquid-sheet length is deter-
mined with the following equation, which is derived from Eq.
after partial derivation:

u(l) = \/CZMZ(LPX) +12,12(C), (A1)

where u(L,,) and u(C) are uncertainties of the liquid sheet’s length
measured in the image and the calibration constant, respectively.
They are defined with the following equations:

(L) = /1y (L) + 835 (L) + 16 (Lpe) + 92 (Lpe), (A2)

Upin (PX) Ures(PX) u(LrEf)(,um) ua (Pref)(PX) “(Pref) (px) u(C) (um prl)
2.31 0.29 0.12 7.19 7.56 0.0066

L (pm) ua(L) (px) u(Lyx) (px) u(L) (um) U(L) (um) U, (L) (%)
214.60 12.90 13.11 7.17 14.35 6.69

W (um) us (W) (px) u(Wpy) (px) u(W) (um) U(L) (um) U(W) (%)
49.20 1.89 3.00 1.64 3.29 6.68
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TABLE VI. Dimensionless numbers for analyzed cases.

ARTICLE pubs.aip.org/aip/pof

TABLE VII. Quantities to evaluate dimensionless numbers.

1, (mg min~")  Q (ulmin~') MFR We Re Re; Ca
5.00 200 026 54 109 76 0.05
5.00 300 0.11 12 163 76 0.07
5.00 400 0.06 22 218 76 0.10
5.00 500 004 34 272 76 0.12
5.00 600 003 49 326 76 0.15
9.50 200 1.07 4.0 93 145 0.04
9.50 300 0.22 12 163 145 0.07
9.50 400 0.24 18 195 145 0.09
9.50 500 0.15 28 247 145 0.11
9.50 600 0.08 49 326 145 0.15
12.6 200 1.08 54 108 195 0.05
12.6 300 054 12 163 196 0.06
12.6 400 0.34 17 191 195 0.09
12.6 500 0.22 29 250 195 0.12
12.6 600 0.16 41 299 195 0.14
16.0 200 258 38 91 254 0.04
16.0 300 0.78 12 163 254 0.07
16.0 400 0.43 22 217 251 0.10
16.0 500 0.33 28 245 251 0.11
16.0 600 021 42 303 251 0.14
20.0 200 2.53 55 109 311 0.05
20.0 300 1.31 10 149 322  0.07
20.0 400 077 17 190 319 0.09
20.0 500 0.46 28 245 318 0.11
20.0 600 0.29 43 305 317 0.14

1\? L f ?
u(C) = (P f) 12 (Lug) + (— Pf) @ (Pry).  (A3)
rej ref

Since the liquid sheet is located in the center of the image, we
neglected the reprojection error due to the camera distortion, mean-
ing ureproj equals zero. Uncertainties due to binarization up;, and
camera resolution u, are type B uncertainties of the rectangular
probability distribution. We estimate that the binarization error is
within two pixels per boundary, and the error due to camera resolu-
tion is within one pixel. Since we measured the distance manually,
we repeated these measurements 20 times. Therefore, there is also
an uncertainty of type A u4(Lp), which is a standard deviation of
the collected measurements. The uncertainty of calibration constant
further depends on the following uncertainties of reference object
measurements in image u(Prs) and its known distance u(Lyf).
They are defined as

U(Pr) = Wy (Pre) + 835, (Prg) + 2 (Prg) + 13 (Pry), (A4)
u(Lref) = uB(Lref)7 (AS)

where u(Pyf) is analogically calculated as u(Lyy) and u(Lyy) is equal
to the uncertainty due to the printer resolution (200 nm) of type B

up(Lyef). illustrates the uncertainties associated with each
source type.

fhg Viz Vg,x Vg‘mag pg y
(mg min~ 1) (ul min D) (ms ) (ms ) (ms™ ) (kg m™) (kg m ls7h

5.00 200 36 136 272 0181 195x107°
5.00 300 55 136 271 0181 195x107°
5.00 400 73 135 270 0181 195x107°
5.00 500 9.1 135 270 0182 195x107°
5.00 600 109 135 270 0.182 1.95x 107
9.50 200 31 210 442 0202 1.87x107°
9.50 300 55 220 442 0.198 1.88x107°
9.50 400 65 222 442 0204 1.86x107°
9.50 500 83 220 442 0204 1.86x107°
9.50 600 109 220 442 0205 1.87x107
12.6 200 3.6 256 535 0218 1.82x107°
12.6 300 55 256 535 0220 1.81x107°
12.6 400 64 256 535 0218 1.82x107°
12.6 500 84 256 535 0218 1.82x107°
12.6 600 100 261 535 0225 1.82x107
16.0 200 30 317 624 0237 175x107°
16.0 300 55 309 612 0242 1.75x107°
16.0 400 73 303 602 0245 1.76x107°
16.0 500 82 299 596 0248 1.77x107°
16.0 600 101 297 593 0249 1.77x107°
20.0 200 36 358 670 0262 1.69x107°
20.0 300 50 348 685 0267 1.70x 107
20.0 400 63 335 663 0276 1.72x107°
20.0 500 82 330 655 0279 1.73x107°
20.0 600 102 328 652 0280 1.73x107

APPENDIX B: DIMENSIONLESS NUMBERS

The dimensionless numbers in are calculated from the
extracted averaged quantities, listed in , which are obtained at
the end of the gas or liquid capillary inside the nozzle, immediately
before the mixing section of the nozzle. The material properties of
the liquid are constant, density p; = 998 kgm™>, viscosity y; = 1.003
x 1073 kgm~!s7!, and surface tension ¢ = 0.0728 Nm™'.
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