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Ambient air pressure controls spray cloud formation
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We present an experimental study of sprays produced from microfabricated spray
nozzles as a function of nozzle geometry, flow rate, and ambient pressure. Our findings
reveal that spray cloud formation is driven by friction with the surrounding air, resulting
in a conical structure whose spatial extent scales as the square root of time. We identify
a critical pressure threshold below which the characteristic fanning out of spray clouds,
attributed to the Kelvin-Helmholtz instability, fails to occur.
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Spray formation is a ubiquitous process with applications ranging from fuel injection in
combustion engines [1,2] to pesticide deposition in agriculture [3]. While the transition from a
coherent liquid jet [4–6] to a dispersed spray cloud [7–9] has been extensively studied [10–12],
a complete understanding of spray cloud formation, structure, and spatiotemporal evolution has
remained elusive [11,13–15]. In this Letter we provide a systematic characterization of spray
cloud dynamics at different ambient air pressures. This allows us to show that the formation of
spray clouds is driven by friction with the surrounding air, resulting in a structure whose front
position scales as the square root of time [7,9] for a fully developed spray cloud. We identify a
critical air pressure threshold below which the characteristic fanning out of spray clouds disappears.
Systematically varying the ambient pressure in a pressure-controlled transparent vacuum chamber,
we can analyze this threshold in terms of the Kelvin-Helmholtz instability, showing that there is
a critical velocity difference between the spray and the air that is required for instability growth.
The Kelvin-Helmholtz instability develops at the interface between two fluids moving at different
velocities, where shear generates vorticity that amplifies small waves on the boundary. As the
vorticity rolls up, these perturbations grow, leading to the characteristic wavelike motion and even-
tually to mixing and turbulence between the layers. While previous studies [16–18] showed how air
density affects primary atomization and droplet formation, this Letter investigates the fundamentally
different problem of spray cloud formation and collective propagation. These findings are especially
relevant for predicting spray behavior in reduced pressure environments, such as propulsion systems
operating at high altitudes, industrial processes in controlled environments, and even astrophysical
phenomena such as cryovolcanism on icy moons [19]. Our study opens other ways for optimizing
spray-based technologies and offers insights into natural spray phenomena.

Our experimental setup to investigate spray cloud formation and propagation consists of a
high-pressure pump pushing water through a tailor-made microfabricated nozzle that produces a
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FIG. 1. Typical sprays generated by a nozzle with 24 holes of 4 µm with a flow rate of 500 µL/min at air
pressures of (a) 1000 mbar and (b) 100 mbar, respectively, above and below the threshold value.

multitude of small liquid jets. The nozzles are made using semiconductor lithography techniques
that allows to make very well controlled holes in a 2-µm-thin Si3N2 membrane; to make sprays we
use multiple holes of fixed diameters (here, we focus mainly on nozzles with 24 or 120 holes of 4
µm, referred to as 24 × 4 µm and 120 × 4 µm). We miniaturize the spray setup to be able to spray in
a transparent vacuum chamber with inner dimensions 30 × 30 × 30 cm3 in order to investigate the
effects of air pressure on spray formation. A Phantom TMX 7510 high-speed camera records the
spray at 2000–20 000 frames per second. Image analysis is performed using the “Reslice” method
in IMAGEJ software, creating spatiotemporal maps of spray propagation. Particle image velocimetry
(PIV) is employed to study droplet behavior within the spray cloud, using the droplets as tracer
particles.

Our experiments at various air pressures reveal a surprising phenomenon: the complete disap-
pearance of spray clouds at very low air pressures (Fig. 1). Below a certain pressure, the spray cloud
does not develop and instead one observes a collection of jets. This threshold pressure depends on
the nozzle configuration and flow rate. The transition is quite sharp, within 40 mbar of pressure
one transitions from multiple individual jet behavior to the development of a full spray cloud. PIV
analysis of the vorticity within the spray (Fig. 2) reveals that when the spray cloud is formed, it does
so by vortices with a well-defined wavelength, that are on average antisymmetric with respect to the
spray axis. This is suggestive of the presence of a Kelvin-Helmholtz instability that is well known
to happen in the atmosphere when strong winds encounter clouds in stratified systems; something
similar appears to happen here.

In fact, the threshold pressure for cloud formation can be understood through the Kelvin-
Helmholtz instability mechanism, which requires a sufficient velocity difference between the spray
cloud and the surrounding air [20]. In our case, as the air pressure decreases, the friction between the
droplets and air diminishes, inhibiting the growth of the instability. Neglecting gravity for our small
drops, Chandrasekhar [20] gives the critical velocity difference for the growth of the instability
|�U |min as a function of the average density of the air-droplet mixture (ρ1), the air density (ρ2), the
surface tension (γ ), and the wave number of the disturbance (k):

|�U |min =
√

ρ1 + ρ2

ρ1ρ2
γ k. (1)
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FIG. 2. (a) Snapshot from a video of a spray generated by a 24 × 4 µm nozzle at 500 µL/min at a distance
of 12 cm from the nozzle. Each white dot is a droplet. The radius of the cone is indicated. (b) Instant vorticity
from the snapshot after removing the average speed. Arrows represent the motion of droplets where these
arrows are located.

As ρ2 (the air density) is a function of air pressure, this relationship implies that a lower air pressure
results in a higher initial jet velocity required to form a spray cloud, which explains the observed
transition to simple jets at low pressures. Specifically, the density of the spray as a mixture of
water and air can be written as ρ1 = (ρwVw + ρairVair )/Vtot, with ρw, Vw, ρair, and Vair the density
and volume of water and air, respectively. Then, replacing ρair by ρ2, Vw by Nπr2

0 h with N the
number of nozzle holes (h being the jet length), and r0 the radius of these holes, and noting that
Vair = Vtot − Vw, we obtain

ρ1 = ρwN (r0/R)2 + ρ2[1 − N (r0/R)2]. (2)

At room temperature, we can assume ρ2 ≈ ρ0P/P0, with ρ0 the air density at atmospheric pressure
P0. Neglecting the effects of gravity, we find for the prefactor of Eq. (1),

√
ρ1 + ρ2

ρ1ρ2
≈

√√√√√√
ρwN

( r0
R

)2 + ρ0
P
P0

[
2 − N

( r0
R

)2
]

ρwN
( r0

R

)2
ρ0

P
P0

+
[
1 − N

( r0
R

)2
](

ρ0
P
P0

)2 . (3)

Figure 3 shows the measured threshold speeds versus the density ratio of Eq. (1), confirming the
linear relationship and hence the occurrence of the Kelvin-Helmholtz (KH) instability.

The observed variation in the instability threshold with spray density (equivalent to the number
of jets) can be explained by considering the momentum exchange between droplets and air within
the spray cloud. As the spray emerges, the moving droplets entrain and accelerate surrounding air,
which decreases their own speed. For denser sprays, more droplets are available to entrain the air,
so the speed is less reduced than for a more sparse spray. This can be seen in Fig. 4, where droplets
from a 120 × 4 µm spray reach larger distances than the 24 × 4 µm spray within a similar time.
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for two different nozzles. Dashed lines are linear fits of the data.

Because the effective speed of the drops is smaller, one needs to impose a larger speed for the
sparse jets to go unstable. It is difficult to systematically study the effect of hole size on the slope;
4 µm is the smallest size of nozzle available and larger jets are problematic because the vacuum
chamber is too small to study this phenomenon at a larger scale. It is wothrwhile noting that the
atomization, as in the breakup of the jet into droplets, is not affected by the air pressure; it is given
by the Rayleigh instability and indeed measurements of the jet breakup length [21] in our vacuum
chamber show that it does not change with ambient pressure.

To estimate the effective surface tension γ of the spray cloud interface, we note that the wave-
length of the Kelvin-Helmholtz perturbations should scale with the characteristic droplet spacing.

24x4 μm 
120x4 μm 

1

1/2

FIG. 4. Distance traveled by the front of the spray vs elapsed time for 24 × 4 µm nozzle (blue) and 120 ×
4 µm nozzle (red). Dotted line is a power law with power 1/2.
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Taking λ ≈ 9R0 for Rayleigh breakup [20], where R0 is the hole radius of the nozzle producing
the jets, here R0 = 2 µm, we obtain λ ≈ 18 µm. The corresponding wave number is k = 2π/λ

≈ 3.5 × 105 m−1. From the observed slopes
√

γ k · α ≈ 13 and ≈9 for the two configurations, and
assuming that the air entrainment factor α varies moderately between the two sprays, we estimate the
effective surface tension to be γ ≈ 5 × 10−4 N/m. This value is approximately 140 times smaller
than the surface tension of pure water (∼72 × 10−3 N/m), which is physically reasonable for a
dispersed spray cloud interface. The diffuse, multiphase nature of the spray-air boundary makes it
far more compliant and easily deformed by airflow compared to a sharp liquid-gas interface, thus
explaining the dramatically reduced effective surface tension.

The Kelvin-Helmholtz instability threshold is dimensionally equivalent to a density-weighted
Weber number and can be rewritten in terms of effective density, yielding a modified Weber number
Weeff = ρeffU 2L

σ
for the instability threshold, where the length scale is L ∼ 1/k.

To account for the shape of the spray cloud, we note that the conservation of momentum flux
predicts that the spray front propagates as l ∝ t1/2 [7,9], and given that U = ds

dt , we obtain U ∝
t−1/2 ∝ 1/s. Then, using the fact that the KH instability grows as L ∝ Ut [22] we obtain a spray
shape with a constant opening angle: the cone radius r is proportional to the distance of the spray
front from the nozzle s.

Tracking the wave-front propagation as a function of time, we find that its scaling with time
indeed follows the expected 1/2 power-law relationship [9] for fully developed spray cones (i.e.,
at high air pressure), as shown in Fig. 4. When lowering the pressure, this scaling changes from
s ∝ t1/2 at high pressures to s ∝ t at low pressures below the threshold leading to the instability,
independently of initial flow rate. This shows that if no air friction is present, the jets travel at
constant speed, and the fanning out behavior is due to air friction. This is shown for a 24 × 4 µm
nozzle in Fig. 5. Our experiments thus reveal that spray front propagation is also affected by
pressure, and that below the pressure threshold the power laws obtained from momentum diffusion
in the boundary layer do not hold: they require the KH instablity to develop. It is consequently the
transition, not the initial slope, that distinguishes the two regimes: the early s ∝ t scaling reflects a
universal ballistic phase before instability develops. The key diagnostic of cloud suppression is the
absence of transition to s ∝ √

t scaling.
The conical shape of the spray cloud with a constant angle implies a direct relationship between

the propagation of the spray front and the scaling of droplet velocities within the cloud. If the
position of the spray front grows as s(t ) ∝ √

t , then the instantaneous velocity of the front is
vfront(t ) = ds

dt ∝ t−1/2. Since s ∝ √
t , or t ∝ s2. The velocity at position s then becomes v(s) ∝ 1/s.

Thus, the observed 1/d decay of droplet velocity with distance from the nozzle is a direct conse-
quence of the

√
t front propagation law.

Using PIV data we can also analyze the velocity of droplets within the fully developed spray (in
the stationary regime). Figure 6 shows that the droplet velocity v at the center of the spray cloud
indeed roughly scales with as the inverse of distance d from the nozzle, slowing down due to air
drag. The speed of drops within the spray, turns out to be larger than than the penetration speed of
the spray (depicted by the dashed line), but follows a similar power law, meaning that the behavior
of the droplets is similar within the spray and the front. Thus, interestingly, while the propagation of
droplets inside the spray follows a similar scaling with time as the spray front, these droplets travel
at a higher velocity due to the air entrained within the spray cloud. This phenomenon highlights
the complex interplay between individual droplet behavior and collective spray dynamics. This
interplay results also from coalescence effects; Ref. [23] shows how the drop velocity and size vary
with the distance from the nozzle: the drops slow down due to air drag, but also grow because of
coalescence; the front dynamics sensitively depends on the drop size, as larger drops have more
inertia and hence go farther.

Our experimental results provide results on the dynamics of spray cloud formation and prop-
agation. The observed t1/2 scaling of spray front propagation aligns with theoretical predictions
for high-density sprays [7,9]. However, sprays below the instability threshold exhibit faster (linear
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FIG. 5. (a) Distance traveled by the front of the spray cloud expelled from a 24 × 4 µm nozzle at
700 µL/min as a function of time at various air pressures. (b) Distance traveled by the front of the spray cloud
expelled from a 24 × 4 µm nozzle at 100 and 1000 mbar air pressures and various flow rates as a function of
time. Solid and dashed lines indicate power-law behaviors.

in t scaling), underlining the crucial role of air friction in spray dynamics. The constant angle
of the spray cone, supported by our observations of Kelvin-Helmholtz instabilities, captures the
dynamics of spray evolution, which is crucial for predicting spray behavior across scales and
applications.

Our vacuum chamber experiments uncovered a critical pressure threshold for spray cloud forma-
tion. Below this threshold, the spray transitions from a conical cloud to separate jets, highlighting the
essential role of air-droplet interactions in creating the collective spray cloud structure. This finding
parallels the surprising suppression of drop splashing in low-pressure environments observed by
Xu et al. [24], suggesting a fundamental connection between various multiphase fluid phenomena.
Dombrowski and Hooper [16] studied sheet disintegration [17] from single-hole nozzles producing
a liquid sheet across varying ambient densities and showed that the air pressure affects the drop
size distribution. We have previously shown in Ref. [18] that the instability of such a sheet is
indeed due to air drag, and so if one takes away the air it makes sense that the waves on the
triangular sheet disappear and the sheet becomes flat [16]. This is however not equivalent to our
system of parallel jets; there is still a sheet and even though the sheet has two edges, these are
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(a) (b)

FIG. 6. (a) Droplet speed at the center of the spray vs distance from the nozzle, measured through PIV.
Multiple experiments at different distances are concatenated in order to create a single curve. The black dashed
line is a slope of −1 approximating the speed of the front of the spray from Fig. 4(a). (b) Average speed within
the spray from PIV experiments in Fig. 2.

still very far from parallel jets and so do not have the same atomization mechanism. The present
work examines spray cloud formation in a three-dimensional, axisymmetric geometry. Critically, we
identify a critical pressure threshold for Kelvin-Helmholtz instability onset of the dispersed spray
cloud.

Data availability. The data that support the findings of this article are not publicly available. The
data are available from the authors upon reasonable request.
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