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We applied shear to a silica nanoparticle dispersion in a microfluidic jet device and observed direction-
dependent structure along and across the flow direction. The asymmetries of the diffraction patterns were
evaluated by x-ray cross-correlation analysis. For different Rayleigh nozzle sizes and shapes we measured
the decay of the shear-induced ordering after the cessation of the shear. At large tube sizes and small shear
rates the characteristic times of the decay becomes longer, but Péclet-weighted times do not scale linearly
with Péclet numbers. By modeling particle distributions with the corresponding diffraction patterns and
comparing measured shape asymmetry to simulations, we determined the variation of volume fraction over
the azimuthal angle for the maximum ordered state in the jet.

I. INTRODUCTION

The control of complex liquid sample system by mi-
crofluidic jet devices has become of increasing scientific
and technological interest in the last decades, especially
at Free Electron Laser facilities (FEL)1–5. The applica-
tions include the production of supercooled liquids by
evaporative cooling of µm-sized droplets6–8 and sam-
ple delivery schemes for materials sensitive to radiation
damage9–11. Free flowing jets as sample environment
have the advantage of a self-refreshing sample and lack
of solid boundaries, but low sample volumes often dic-
tate small flow rates and therefore µm-thin jets. The
shear rates observed in thin liquid jets are in the regime
of γ̇ ≈ 105 s−1 and thus several orders of magnitude
higher than in conventional rheometer geometries12–14.
However, studies of the influence of shear within the
nozzles or the gas environment of the jet are rare15.
Higher shear typically leads to more pronounced struc-
ture development16,17 and therefore has to be taken into
consideration for time-dependent and complex samples
such as biological molecules that are measured in the flow
of a liquid jet. Also in spectroscopy the onset of struc-
ture formation may influence the measured signal18. In
ultra-thin liquid sheets or flat-jets infrared and soft x-ray
spectroscopy becomes possible despite the strong absorp-
tion in this regime19, but the small number of molecules
in thin jets are especially susceptible to shear-induced al-
terations in the concentration distribution.
In many liquid jet applications the influence of shear on
the studied particles or molecules is typically disregarded.
In order to show the effects of shear, we studied differ-
ent designs of Rayleigh jet devices20. Unlike Gas Dy-
namic Virtual Nozzles21,22, where a gas flow envelops a
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liquid jet and compresses it, in Rayleigh jets the shear
is due to the flow profile inside the nozzle. Rayleigh jets
are formed upon the rapid exit of a fluid from a nozzle,
followed by the subsequent break-up into droplets. In
order to obtain a more detailed understanding of time-
and space-resolved rheology of colloidal dispersions in
a Rayleigh jet, we applied small angle x-ray scattering
(SAXS) and scanned a µm-sized beam along a several
micrometer thick liquid jet.
Our recent study23 on 100µm thick jets produced by

Rayleigh nozzles has shown shear-induced ordering into
co-flowing strings of colloidal particles. The formation
of co-flowing layers and hydroclusters are due to imbal-
ances between hydrodynamic and thermodynamic forces,
which are associated with shear thinning and thickening
processes24–26. However, the influence of jet geometries
and the magnitude of shear rates on structure formation
remains an open question. In this work, we present the
time- and space-resolved investigation of shear-induced
order in highly sheared free-flowing systems. We ana-
lyze scattering patterns with angle-dependent structure
factors via x-ray cross-correlation analysis (XCCA) and
study shear-induced ordering after the cessation of shear
forces at the nozzle tip. We observe that the decay of
shear induced local ordering is slowest in 100µm diam-
eter tubes and that characteristic decay times weighted
with the Péclet number become constant at high Pe. Ad-
ditionally we simulate microscopic particle arrangements
to explain our experimental findings.

II. METHODS

A. Sample & Experiment

We used colloidal silica particles dispersed in water as
a sample system. The particles had low size dispersity
(≈12%) with a mean radius r = 15nm and a volume frac-
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tube size d=150µm d=100µm d=75µm W = dsquare =100µm

γ̇(·105 s−1) 0.9 2.7 3.2 4.8 5.6 1.7 1.9 2.4
τǫ (µs) for ξǫ 122± 19 106± 114 47± 16 34± 31 25± 7 172± 58 120± 21 142± 18
τq0 (µs) for ξq0 151± 43 91± 44 53± 28 39± 2 30± 2 168± 50 138± 26 142± 45

τ̄ · γ̇ 11.4± 1.5 25.1± 4.7 17.8± 0.7 29.0± 2.3

TABLE I. Characteristic times of the decay τ in µs for ξǫ and ξq0 . By multiplying γ̇ and the weighted mean τ̄ (derived from
τǫ and τq0) a non-dimensional variable was found for each tube size.

with a 100µm square nozzle. The dominating contribu-
tion from l = 2 and l = 4 in the data reflects the two-fold
symmetry of the non-isotropic scattering pattern. There-
fore, the degree of asymmetry in I(q, ϕ) was studied by

the change of ǫ = Ĉl=2 + Ĉl=4. Other symmetries do not
contribute significantly.
The appearance and disappearance of asymmetric pat-
terns was studied extensively by scanning horizontally
and vertically over the jet. The asymmetry ǫ for posi-
tions d across the jet is shown in FIG.2b. In the jet
center the value of intensity asymmetry ǫ drops close to
zero and then rises towards the jet edge. Close to the
nozzle exit the first measurement at h = 150µm shows
the highest variation in ǫ over d, the maxima appear at
d = 0.6 · r = 30µm and d = −30µm. After an increase
in distance h of several 100µm, the structure factor peak
maximum shifts slightly towards the jet center, before
the structure factor peak becomes symmetric in ϕ and
the asymmetry plot of ǫ flattens. Additionally to the in-
tensity variations obtained by XCCA, we analyzed the
q-position q0 of the structure factor maximum. The shift
of q0 in ϕ leads to the oval shape of the scattering pat-
tern and is plotted for every position d across the jet in
FIG.2c, where ∆q0 = var(q0(ϕ)) describes the variance of
the vector q0(ϕ). Both methods show similar asymmetric
shear-induced behavior across the liquid jet, yet they rep-
resent different aspects in the sample system. While the
asymmetry of the scattering pattern observed by XCCA
in FIG.2b relates a direction-dependent intensity to a ϕ-
dependent particle ordering, the ovality of the diffraction
pattern quantified by the direction-dependent variance
in q0 in FIG.2c relates to a change in next-neighbor dis-
tance dependent on ϕ. This indicates that both particle
ordering and local distribution are influenced by shear.
Free-flowing liquid jets enable us to study shear relax-
ation processes. Therefore, we proceeded to investigate
the temporal extent of its decay ξǫ = max(ǫ(h))−ǫ(hmax)
and ξq0 = max(∆q0(h)) − ∆q0(hmax). In addition we
studied the influences of shear rates and nozzle sizes.
The decrease of asymmetry of the diffraction patterns
with increasing distance in the h-axis can be understood
with competing interaction, i.e. hydrodynamic interac-
tion and Brownian motion disrupt the shear induced or-
dering. In FIG.3a and FIG.3b we show the exponential
decay for 75µm diameter tubes (red and blue) compared
to 100µm diameter square tubes (yellow and green) for
different γ̇. The decay was fitted with ξ = a · exp(− t

τ
),

where the time t was calculated via t = h/vjet and

vjet = Q
A

with the nozzles cross sectional area A and
the flow rate Q. The fitted values of the characteristic
times τǫ and τq0 for the decay to 1/e (see TAB. 1) are
alike within the errorbar, thus shear effects both particle
order and local distribution in a similar way. The struc-
tures developing at high shear rates in small tubes show
fast relaxation times, the fastest decay was observed at
γ̇ = 5.6 · 105 s−1 in the d = 75µm tube at ≤ 30µs. Si-
multaneously, at a larger tube size and small shear rates
the characteristic times become longer. Comparing dif-
ferent tube sizes, both ξǫ and ξq0 decrease faster for the
75µm and 150µm tube than for the 100µm tube at sim-
ilar γ̇-values. Shear rate variation up to ±1.6 · 105 s−1

only slightly influences the exponential trend. For better
comparability with shear onset and cessation behavior
described in theory studies16,39, the dimensionless pa-
rameter τ̄ · γ̇ was calculated from the weighted mean of
τǫ and τq0 . The highest τ̄ · γ̇ were found at 29.0±2.3 and
25.1 ± 4.7 for square and round 100µm tubes, indicat-
ing strong and long-lasting structure formation for the
studied ratios of jet-thickness to shear rate. When the
characteristic times of the different systems are weighted
by the square of the Péclet number Pe=γ̇r2/D0 with D0

the diffusivity of a particle at radius r, we observe con-
stant behavior above Pe ≈ 3 (see FIG.3c). This indicates
the onset of fast cessation mechanisms at high Pe inde-
pendent of the system as it has been predicted in theory
studies16. In between Pe=1 and Pe ≈ 3 a linear increase
denotes a transition regime between low (Pe ≪ 1) and
high Péclet numbers, but further investigation is needed
to confirm the trend.

C. Simulation

The experimental data suggest a non-isotropic micro-
scopic particle arrangement in the jet region of asymmet-
rical scattering. Therefore, we simulated multiple two-
dimensional configurations for hard discs in co-flowing
string-like order. Hard disks were first placed on rect-
angular lattice points as shown in FIG.4a. Afterwards,
disorder was introduced using a Monte Carlo approach,
moving the particles to new positions avoiding overlap-
ping of neighboring particles. The random particle dis-
tribution in FIG.4b was configured by allowing each par-
ticle to move randomly in horizontal and vertical direc-
tions. String-like arrangements (FIG.4c) were achieved
by limiting degrees of freedom for movements in vertical
or horizontal directions to 1/10 of the particle radius and
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locity at their center. When the x-rays shine through the
center of a liquid jet (green region in FIG.6), no asym-
metric diffraction pattern is observed due to the string
formation along the observation axis. Moving out of the
jet center increases the scattering volume of string-like
formations which are not parallel to the beam direction,
therefore asymmetric structures are observed in diffrac-
tion patterns outside of the jet center (light blue region
in FIG.6). At the jet edge the string-like structure is
counteracted by turbulences on the liquid/air interface43

and diffusion dominates in areas of slower flow velocity.
Both turbulences and diffusion lead to less ordering in the
dark blue region in FIG.6. SAXS measurements at the
interface area are dominated by streaks due to scattering
from the jet curvature. The dimension of the proposed
jet sections needs to be investigated further in future ex-
periments, but the core region with no observed order as
well as the unordered outer region seems to be compara-
bly small (≤ 10µm) for all nozzle sizes.

IV. CONCLUSION

We reported detailed studies of the mechanisms in
liquid jets after shear cessation. Therein, nozzle sizes,
shapes and shear forces applied by the flow were found
to contribute significantly to order formation in the jet.
Micrometer resolutions allowed us to reveal relations be-
tween shear rate, the decay of shear-induced ordering and
nozzle size. By XCCA we could assign the parameter ξǫ
as the angle-dependent ordering of particles at various
jet positions. A second parameter ξq0 describing angle-
dependent particle-particle distances shows remarkable
similar decreasing behavior over time as ξǫ. The coexis-
tence of both phenomena is found in the studied colloidal
dispersion independent of other probed parameters such
as flow rate or nozzle profile.
The dimension-free parameter τ̄ · γ̇ compares the de-

cay of ordering in different nozzle sizes and shapes. The
highest value was found for the 100µm square tubes,
indicating long-lasting shear effects. Furthermore, the
characteristic decay time τ weighted by Pe2 showed a
transition to constant behavior at Pe ≈ 3.
The angular variation in intensity of the structure fac-
tor peak reveals a preferred orientation of the co-flowing
strings tilted in flow direction away from the jet center.
This was quantified by simulations of co-flowing string-
like arrangements. For the q-position of the structure
factor peak the angular dependence was modeled with
varying particle concentrations. From the ratio between
the long-and short-axis of the oval-shape diffraction pat-
tern we approximated the direction-dependent effective
volume fraction in our experimental data, which was in
good accordance with the localized volume fraction from
the RMSA data analysis.
Our results indicate that jet-based sample delivery re-

lies on well understood flow mechanics as well as the im-
pact of shear rate and tube size, which are accessible with

this spatial and temporal approach to liquid jet-based
rheology. Furthermore, spectroscopy techniques such as
photoelectron spectroscopy on liquid jets may influence
the signal in regions of strong order in the outer layers of
the jet.
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