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Ultra-thin liquid sheets generated by impinging two liquid jets are crucial high-repetition-
rate targets for laser ion acceleration and ultra-fast physics, and serve widely as
barrier-free samples for structural biochemistry. The impact of liquid viscosity on sheet
thickness should be comprehended fully to exploit its potential. Here, we demonstrate
experimentally that viscosity significantly influences thickness distribution, while surface
tension primarily governs shape. We propose a thickness model based on momentum
exchange and mass transport within the radial flow, which agrees well with the
experiments. These results provide deeper insights into the behaviour of liquid sheets and
enable accurate thickness control for various applications, including atomization nozzles
and laser-driven particle sources.

Key words: thin films, jets, low-dimensional models

1. Introduction
Free-flowing liquid sheets formed by impinging two identical jets at a certain point have
been observed and studied for more than 190 years (Savart 1833). They are used widely in
industry, with applications including fuel atomization in rocket engines (Oefelein & Yang
1993), synthesis of nanoparticles (Baber et al. 2016) and drug and bio-materials delivery
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(Visser et al. 2018). In recent years, liquid sheets have also been employed in fundamental
research as ultra-thin and barrier-free targets, such as detecting ultra-fast processes in
liquids (Loh et al. 2020) and generating particles and radiation by interaction with ultra-
intense lasers (Morrison et al. 2018; Tcypkin et al. 2019; Kim et al. 2023; Knight et al.
2024). The thickness of the liquid sheet is a key factor for these studies and technologies.
For instance, it determines the size of the drops after sheet breakup in impinging jets
atomizers (Majumdar & Tirumkudulu 2018). The energies of laser-accelerated ions rely
strongly on the thickness of the targets (Macchi et al. 2013): protons up to 150 MeV
have been generated by exploiting 200–300 nm ultra-thin foils (Ziegler et al. 2024). Sub-
micrometre-thick samples are also essential for applications in soft X-ray, infrared (IR)
and photoelectron spectroscopy (Woo et al. 2018; Yang et al. 2021; Stemer et al. 2023). In
all these applications, precise prediction and control of liquid-sheet thickness over a wide
range of parameters are essential.

Many theories have been developed to predict the thickness of impinging sheets (Taylor
1961; Hasson & Peck 1964; Ibrahim & Przekwas 1991; Choo & Kang 2001; Bush & Hasha
2004; Bremond & Villermaux 2006; Li & Ashgriz 2006; Xiaodong & Vigor 2019). Among
these, the Hasson and Peck (H&P) model (Hasson & Peck 1964), assuming a uniform
velocity within the liquid sheet, predicts that the thickness distribution depends only on
the impinging angle, jet diameter and the polar coordinates relative to the impinging
point. The model has been validated by many experiments and has become an essential
foundation for theories and applications (Panao & Delgado 2013; Ekimova et al. 2015;
Sanjay & Das 2017; Zhang et al. 2021; Buttersack et al. 2023; Füle et al. 2024). However,
it overlooks the effects of liquid viscosity, a significant factor yet poorly understood.
Numerical simulations indicate that the thickness of the sheet increases and becomes more
uniform as the viscosity increases (Lu & Corvalan 2014). Theories suggest that thickness
decreases as the Reynolds number increases, but there is still a lack of experimental
verification and quantitative analysis (Yang et al. 2014). The expanding requirements of
microscale liquid sheets and the growing diversity of liquids employed render viscous
effects increasingly significant, highlighting the need for further research to unveil fully
how liquid properties, particularly viscosity and surface tension, influence liquid-sheet
thickness (Peng et al. 2024; Streeter et al. 2025).

In principle, the influence of liquid properties can be identified experimentally by
independently regulating viscosity or surface tension and accurately measuring the sheet’s
thickness. However, this is challenging in practice, as viscosity and surface tension
are inherent properties of liquids, not independently adjustable parameters. Another
challenge lies in the lack of precise measurements for the two-dimensional (2-D) thickness
distribution of the liquid sheet, likely stemming from limitations in measurement accuracy.

In this work, we explore the effects of viscosity on the thickness of impinging liquid
sheets by carefully controlling their physical properties and measuring the sheet thickness
with nanometre-level precision. Three types of liquids with distinctly different viscosities
and surface tensions are mixed as the test samples, which allows independent control of
these parameters in a wide range. We observe that viscosity exerts a dominant influence
on the thickness, while surface tension affects the shape of liquid sheets. Based on 2-D
Navier–Stokes equations and reasonable approximation, we propose a thickness model
for ultra-thin impinging liquid sheets, which agrees well with experimental results. The
model reveals the underlying physics of viscous effects, enabling more accurate thickness
predictions. Using this model, we demonstrate the dynamic capability to control the
thickness of the liquid sheet.
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Figure 1. (a) Schematic of the liquid-sheet generation. The ellipse with the red edge is a jet cross-section.
(b) Interference fringes and the retrieved thickness distribution. (c) Phase diagram of kinematic viscosity and
surface tension of the ternary liquid mixtures in the experiment. The pie charts show the mass composition of
the mixtures.

2. Results and discussion
Figure 1(a) shows the generation process of an impinging liquid sheet: two identical
cylindrical jets with a diameter of R j = 25 µm, ejected from capillaries, impinge at
2θ = 60◦ and form a leaf-like sheet in the orthogonal direction. The high jet velocities
(u j ∼ 20 m s−1) render the effects of gravity negligible. We measure the absolute
thickness at specific points via white-light reflection spectrum, while the relative thickness
distribution can be determined through the interference fringes of monochromatic, as
illustrated in figure 1(b). The accuracy of this novel technique is 0.5 %, and the spatial
resolution is 5 µm (Peng et al. 2024).

To differentiate the effects of viscosity and surface tension, we blend three
liquids – water, ethanol and glycerol – to create a mixed solution. Figure 1(c) shows
the phase diagram of these mixtures, where the small pie charts depict the mass
proportions of each constituent liquid. Numerous experiments indicate that the diagram
can be divided into three regions. In the high-pressure region, highly viscous mixtures
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Figure 2. (a,b) Thickness distribution of two mixtures with ν = 3.6 mm2 s−1 and ν = 19.5 mm2 s−1,
respectively. (c) Thickness along the z-axis for mixtures with similar surface tension but different kinematic
viscosity. (d) Thickness a fixed point on the z-axis as a function of Reynolds number and Weber number. The
flow rate of a single jet is held constant at 2 mL min−1 for all data presented in figure 2.

can cause excessive pressure that exceeds the fluid system’s capacity. In the unstable
region, the mixtures have low viscosity or high surface tension. The unbalance between
viscous damping and surface-tension restoration results in unstable sheets, consistent with
previous findings (Bush & Hasha 2004; Sanjay & Das 2017). Consequently, most of the
mixtures investigated in this work are in the stable region, where exceptionally stable
liquid-sheet chains form. All data are measured at a temperature of 24.4 to 24.8 ◦C.

Figures 2(a) and 2(b) shows the measured thickness distribution of two mixtures with
kinematic viscosity of ν = 3.6 mm2 s−1 and ν = 19.5 mm2 s−1, respectively. Their surface
tensions are similar (σ = 25 ± 1 mN m−1), and all other parameters are identical. The
thickness decreases with distance r but increases with viscosity at a given position,
especially along the z-axis. The separation point S is the origin (Hasson & Peck 1964),
and the z-axis is 0◦. The thickness discrepancy between the two is approximately 30 %
at φ = 0◦ azimuth, decreasing to less than 10 % at φ = 10◦ azimuth. Such a trend was
observed widely in the experiments. We plot the thickness h along the z-axis in figure 2(c)
for four other mixtures with similar surface tension but different kinematic viscosity. One
can see the thicknesses for all the mixtures are nearly identical at small r , and become
smaller with the increase of r . The mixtures with higher viscosity are significantly thicker
at given r , which is beyond the prediction of the H&P model. We found that h ∝ r−0.86 for
ν = 11.0, and h ∝ r−0.97 for ν = 2.3, while the H&P model (Hasson & Peck 1964) states
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Figure 3. (a) The thickness–distance product hr as a function of azimuth angle. The thickness of each curve
is fixed. (b) Thickness at r = 1 mm for different azimuth angles. The dashed line represents the predictions of
our model presented in this work.

that the thickness follows h ∝ r−1 (dashed line in figure 2c):

hr = R2
j sin3 θ/(1 − cos φ cos θ)2. (2.1)

While the viscosity profoundly affects the thickness of the sheets, the surface tension
exhibits negligible influence. We use Reynolds number (Re = 2R ju j/ν) and Weber
number (We= 2ρR ju j 2/σ ), ρ is density of the liquid in figure 2(d) to illustrate the
thickness at r = 2 mm on the z-axis. The gradient of the iso-thickness line is determined
mainly by viscosity, represented by Re, with surface tension, represented by We, having a
relatively minor impact. Surface tension acts primarily on the rim of the liquid sheets,
affecting their overall shape, but its effects on thickness will be disregarded in the
subsequent discussion.

The liquid viscosity not only affects the variation of thickness with r but also
significantly influences its dependence on the azimuth angle φ. Figure 3(a) presents
experimental results for two mixtures with ν = 2.7 mm2 s−1 and ν = 13.2 mm2 s−1 at
different φ. Beyond the prediction of the H&P model, experimental results indicate a
complex dependence of the thickness–distance product hr on φ for mixtures with different
viscosity. At 0◦, curves with greater thickness are positioned above curves with smaller
thickness; however, this trend reverses approximately at 21◦. This indicates that the
thickness decreases more rapidly than r−1, resulting in thinner sheets at large azimuth
angles, a phenomenon not previously observed (Choo & Kang 2001; Lu & Corvalan 2014;
Yang et al. 2014). With r fixed at 1 mm , we show this azimuth-dependent viscosity
effect in figure 3(b). Viscosity affects sheet thickness oppositely around 21◦, consistent
with the trends shown in figure 3(a), resulting in a steeper gradient, with thicker sheets
at small angles and thinner sheets at large angles. The thickness characteristics of these
viscous liquid sheets may benefit applications such as laser ion acceleration (Chen et al.
2009).

To further understand these angle-dependent viscous effects, we develop a theoretical
model that describes the thickness distribution by considering momentum exchange and
mass transport resulting from viscous interactions between adjacent radial regions. We
assume a steady flow of the ultra-thin liquid sheet, neglecting gravity, evaporation,
air friction and x-direction velocity. The coordinate system and the elliptical cross-
section of the impinging jet follows figure 1(a). After impingement, the flow forms
a radial velocity field originating from the separation point S . For inviscid liquids,
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this radial field is maintained as the sheet evolves, allowing mass conservation to be

2 sin θdφ
∫ q j (φ)

0 qu jdq = ushrdφ, where u j and us are the velocities in the jet and the
sheet, respectively. The distance between S and the jet boundary q j is

q j (φ) =
{
b cos φ sin2 θ + [

R2
j

(
1 − cos2 φ cos2 θ

) − b2 sin2 φ sin2 θ
]1/2

}/
(
1 − cos2 φ cos2 θ

)
. (2.2)

Here the parameter b is the distance of S to the central point of the jet, as shown
in figure 1(a). It determines the initial flow distribution from the jet to the sheet. For
the subsequent analysis, a constant u j over the whole cross-section is assumed, yielding
hr = q2

j sin θu j/us . We experimentally ensure this assumption by setting a sufficiently
long pre-impinging length (free jet length before impinging), which is also validated by
OpenFOAM simulations (see supplementary material).

In the H&P model, it is assumed that us equals u j everywhere, thus leading to b=
R j cot θ and (2.1). However, us is actually non-uniform (Choo & Kang 2002), and deviates
from a purely radial pattern for viscous liquids. With a perturbative treatment of viscous
effects, us is a sum of zeroth- and first-order terms: us = (u + u(1)

r )er + u(1)
φ eφ . Under

this assumption, it can be proved from the 2-D Navier–Stokes equations that u = u(φ)

is independent of r , and u(1)
φ (r, φ) = 2ν∂u/ur∂φ ln(r/R) increases monotonously with

the azimuth angle from zero. The angle-dependent u(φ) signifies a direct viscosity-
driven momentum exchange in adjacent radial regions, while the presence of angular
velocity u(1)

φ implies mass transport across these regions. With this understanding of us ,
we can add a perturbation term to hr = q j 2 sin θ [1 + δ(r, φ)]. The equation governing δ

is derived by applying this with the flow conservation equation and the Navier–Stokes
equations (see supplementary material). The results reveal a weak dependence of ∂δ/∂r
on r : ∂δ/∂r ∝ a(φ)[1 + o(r, φ)], validated experimentally as shown in figure 4(a). In the
first-order approximation, we neglect the higher-order terms of δ with respect to r and get
an elegant thickness model:

h = q2
j (φ) sin θ

r

[
1 + a(φ)

νr

Q

]
. (2.3)

Here Q is the jet flow rate, and the dimensionless viscous coefficient a(φ) is a function
of u/u j . This model exhibits a remarkably simple structure: the thickness varies as 1/r
plus a constant a(φ)ν/Q at any given azimuth. Consequently, with all other factors fixed,
altering the liquid viscosity causes a proportional change in thickness at any position. In
contrast to the H&P model, h = q j 2 sin θ/r, a(φ) describes the angular distribution of the
viscous effects, while ν, r and Q determine their strength. The physics of δ = a(φ)νr/Q is
clear: larger r indicate more complete momentum and mass exchange, leading to stronger
viscous effects; larger Q values, conversely, correspond to shorter interaction times and
thus weaker viscous effects.

Since δ is proportional to r , figure 4(b) shows the slope of δ with r at various flow rates
and azimuth angles, using the form h = h0(1 + kr). With φ and Q fixed, k is proportional
to the viscosity, and this proportionality is inversely proportional to the flow rate. These
results support δ ∝ νr/Q described by our model in (2.3).

Another important aspect is the determination of a(φ), which describes the angular
distribution of momentum exchange and mass transport. It depends on the zeroth-order
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Figure 4. (a) The proportional relationship between thickness deviation δ and r . (b) Linear fitting of the slope
of ∂δ/∂r with respect to ν. The units of Q are mLmin−1. (c) Angular distribution of the viscous coefficient
a(φ). (d) Measured interference fringes of a mixture with ν = 18.0. (e,f ) Interference fringes predicted by our
model and by the H&P model, respectively. (g) The experimental results compared with our model and the
H&P model. (h) The length of liquid sheets (mm) as a function of Re and We.

radial velocity u(φ) and the angular velocity u(1)
φ (r, φ). Indeed, u(1)

φ is also a function
of u(φ). Given the symmetry and periodicity of u(φ), we can employ a cosine series
expansion to investigate its form: u = u j

∑
k ak cos(kφ), ak refers to the expansion

coefficients at each level of trigonometric expansion. u(ϕ) depends on q j and the
conservation equations of mass, momentum and energy from the jet to the sheet. Generally,
b can be expressed as b= βR j cot θ (Choo & Kang 2007). Our experimental data yield a
best-fit value of β = 0.69, and obtain

u/u j = 0.147 + 0.408 cos φ + 0.879 cos 2φ

−0.767 cos 3φ + 0.186 cos 4φ.
(2.4)

Equation (2.4) demonstrates universal applicability at β = 0.69, i.e. the impinging angle
θ = 30◦. Figure 4(c) shows the theoretical value of a(φ) (dashed line) and experimental
points. It changes from positive near the z-axis to negative at larger azimuth angles,
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reaching zero at approximately 21◦, consistent with figure 3(b). The physics is explained
as follows: at small azimuth angles, viscous momentum exchange is predominant, where
liquid elements decelerate and transfer momentum to larger angles, thereby increasing
thickness. The radial viscous force increases with the azimuth angle, thereby producing
a torque that drives rotation from larger to smaller azimuth angles. Significant angular
velocity uφ at large azimuth angles drives mass transport from larger to smaller angles,
resulting in a rapid decrease in thickness. Figure 4(c) shows the momentum exchange
contribution to a(φ) as the solid line; the remaining portion represents angular mass
transport.

Figure 4(d–f ) compares the measured fringes with theoretical predictions from
our thickness model and the H&P model for a mixture with ν = 18.0. Our model
closely matches experimental results; conversely, the H&P model exhibits significant
discrepancies in both fringe orders and spatial distribution. Figure 4(g) illustrates the
relative deviation of our model from the H&P model. While the experimental results
show nearly perfect consistency with our model, they deviate from the H&P model by
a factor of 0.4–1.6. The extent of viscous effects is determined by the maximum value
that r can take, and figure 4(h) shows the liquid sheet length L , which can be fitted
as L/R j ∝WeRe0.2. Overall, regulating viscosity and surface tension offers precise in
situ control over liquid-sheet size and thickness, overcoming current limitations that rely
on mechanical regulation, particularly in microfluidic chips (Loh et al. 2020; Treffert
et al. 2022). This can be achieved by adjusting solution components and solute or, for
magnetorheological fluids, by applying a magnetic field (Du et al. 2024).

The viscous effects are significant when the Ohnesorge number in the sheet is
comparable to 1: Oh = ν(hσ/ρ)−1/2 ∼ 1. In this work, Oh ∼ 10−100, but for large-
scale, low-speed liquid systems with R j > 1 mm, the viscous effects are weak as Oh � 1.
Considering h ∝ R2

j , Q = πu j R2
j , u j R j ∼ const., we can estimate that δ ∝ Q−1 ∝ Oh.

For this reason, the H&P model, in which thickness is considered independent of ν and
Q, has been adequate for many years due to the relatively large flow rate. However, with
the increasing importance of microscale, ultra-thin liquid sheets, viscous effects must now
be taken into consideration. Moreover, the momentum exchange and mass transport are
fundamental aspects for the further understanding of liquid sheets, including those formed
by converging (Crissman et al. 2022) and gas-assisted nozzles, as the underlying physics
is similar (Woo et al. 2018).

3. Conclusions
In conclusion, our study demonstrates the critical role of viscosity in determining
the thickness distribution of microscale impinging liquid sheets, while surface tension
primarily governs their shape. Viscosity-induced effects substantially broaden the
accessible thickness range and accelerate thickness changes. The proposed model, based
on momentum exchange and mass transport dynamics, accurately predicts viscous effects
previously overlooked in classical theories. These findings enable precise control of sheet
thickness, which is crucial for applications such as laser-driven ion acceleration where
ultra-thin targets are required. By implementing the method described in this work,
we anticipate generating sub-50 nm sheets, which will unlock a range of new physical
phenomena (Peng et al. 2024). Furthermore, independent control of the liquid sheet’s
shape and thickness facilitates improved nozzle atomization and chemical reactor control.
Such strategies based on model predictions should open up new possibilities across various
applications.

1014 R3-8

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
5.

10
21

9 
Pu

bl
is

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1017/jfm.2025.10219


Journal of Fluid Mechanics

Supplementary material. Supplementary material is available at https://doi.org/10.1017/jfm.2025.10219.
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