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ABSTRACT
Droplet-laden turbulent flows have been studied widely,

particularly under homogeneous turbulence, providing a
framework to understand particle dynamics in turbulence.
Sharp interfaces with different turbulent intensities are found
in many particle-laden flows relevant to environmental and
industrial applications. For example, Cumulonimbus clouds
have sharp interfaces that separate the hot, humid air inside the
cloud and the cold, dry ambient air. These interfaces exist both
parallel (along the cloud lateral edge) and perpendicular (along
the cloud top) to gravity. A better understanding of the behav-
ior of inertial particles immersed in turbulent-non turbulent in-
terfaces would support better understanding and modeling of
the complex physical processes involving droplets in warm-
rain formation, such as condensation rates in highly inhomoge-
neous supersaturation fields and collision-coalescence of those
inertial condensates. In this experimental study, we investi-
gate the effect of the orientation of the turbulent-non turbulent
interface with respect to gravity on the dynamics of inertial
particles. We show that gravitational acceleration can enhance
particle transport across the turbulent interface, which is domi-
nated by high turbulence entrainment events. Additionally, we
show the impact of gravitational acceleration on the statistical
moments of particle velocities and accelerations, providing in-
sights into the balance between drag forces and gravity forces
across the different cases. Additionally, the analysis of closing
velocities between particles also hints at the dynamics of the
clustering process.

BACKGROUND
The dynamics of droplet-laden turbulent flows have been

studied predominantly in homogeneous isotropic turbulence.
Under that condition, studies have found that the settling ve-
locity of inertial particles is enhanced, with the modification
increasing with Stokes number (up to peak enhancement at
St = 1), and with particle loading (Aliseda et al. (2002)). Parti-

cles interacting with small turbulent scales (Kolmogorov, Tay-
lor) form clusters, and those clusters contribute significantly
to the particle dynamics through near-field aerodynamic inter-
actions between particles (Huck et al. (2018)). Recent studies
have shown that, depending on the Rouse number and the in-
tegral length scale, the settling velocity can be either enhanced
or hindered by the interaction with the background turbulence
(Ferran et al. (2023)). Recently, there has been a new focus on
the effect of a turbulent-non turbulent interface. In a sheared
interface perpendicular to gravity, and therefore not influenced
by gravitational acceleration, preferential concentration and
settling velocity are enhanced by the turbulent-non turbulent
interface (Ferran et al. (2024)). In the present study, we fo-
cus on the effect of the direction of gravitational acceleration
on particles in sheared interfaces. The effect of gravitational
acceleration of inertial particles in a turbulent-non-turbulent
interface has been looked at in a preliminary study by (Good
et al. (2012)), in which they reported that intermittent events
dominate the transport of particles and generally found incon-
clusive results on the effect of gravitational acceleration. With
new developments in measurement techniques, especially im-
proving the accuracy, length ,and acquisition speed in 3D parti-
cle tracking, we build upon previous studies to provide a com-
prehensive view on the effect of turbulent-non turbulent inter-
faces and gravity on inertial particle dynamics.

METHODS
Experiments were conducted in a well-characterized low-

speed wind tunnel (1 m x 1 m cross-section) at the University
of Washington (Seattle, USA). The wind tunnel features an ac-
tive grid (M = 0.101m) with an array of embedded high-speed
gas-liquid atomizers. The atomizers produce a droplet size dis-
tribution adequate to study cloud droplets formed by conden-
sational growth, with a peak probability around 20µm (Bateson
& Aliseda (2012)). The atomizers significantly contribute to
the turbulent intensity in the wind tunnel, and therefore, turn-
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Figure 1. Cross sectional view of the wind tunnel that reveals the atomizer configurations used to create the different turbulent
interfaces used for this study. The injectors produce a non-uniform droplet-size distribution and significantly contribute to the turbulent
intensity in the wind tunnel. The three cases are: TNTI↓ (top half of injectors turned on - bottom side off), TNTI↑ (bottom half on - top
half off), and TNTI← (righ half on - left half off).

ing them off at certain locations generates distinct regions of
different turbulent intensity. While keeping the operating con-
ditions constant, we vary the orientation of the turbulent inter-
face by turning off the atomizers on the top or bottom halves of
the wind tunnel, or the side of the wind tunnel to create a ver-
tical interface. Fig. 1 shows an overview of the different grid
configurations used for these experiments. The different cases
are denoted as turbulent/non-turbulent interfaces (TNTI), and
the arrow indicates the direction from the turbulent to the non-
turbulent stream. This notation is used to reference the cases
throughout this paper.

We measure particle dynamics at the theoretical interface
location by placing our particle-tracking volume at the center
of the wind-tunnel cross section. By combining the beams of
two pulsed lasers into a single interrogation volume, we can
illuminate a larger volume (110 mm x 70 mm x 40 mm). We
can use both pulses to illuminate the particles in 4 consecutive
camera frames with ∆t = 1ms, allowing us to measure par-
ticle velocities and accelerations in independent snapshots of
the flow. The rate of snapshot collection is limited by the laser
heads’ repetition rate, which in our setup is 10 Hz. The pro-
cessing steps for the raw camera images include stereo match-
ing and particle tracking (Fig. 2). Using four high-speed cam-
eras provides reliable stereo matching within the 3D volume.
For particle tracking, we use the 4BE-ETI particle-tracking al-
gorithm (Clark et al. (2019)); its benefit is the enhanced track
initialization step, which is essential for our four-frame track-
ing setup. The algorithm tries to match a particle from the
first frame to different particles within an initial search win-
dow, whose size can be estimated from the mean flow proper-
ties. From the possible matches, the algorithm picks the track
that minimizes the particle’s overall acceleration, correspond-
ing to the most likely track. An example of a field of particle
tracks from a single snapshot is shown in Fig. 2. To better
capture the particle’s physical trajectory and account for small
uncertainties in stereomatching, we fit B-splines to the particle
positions. B-splines are smooth up to the second derivative,
allowing us to directly evaluate velocities and accelerations
from the fitted polynomial. In the statistical analysis of the
data, we look at the mean values for each track, e.g., averag-
ing the settling velocity across all 4 positions. With on aver-
age O(103) tracks per snapshot (TNTI↑: 4150, TNTI↓: 2920,
TNTI←: 3410 particles/snapshot), we can sample O(106) par-
ticle tracks for each case by performing multiple runs, yielding
significant statistical datasets.

To correlate carrier flow turbulence statistics with particle
dynamics, we need to measure the turbulent flow properties.

Processing: Stereo Matching & Particle Tracking

29

Particle Tracking

FRAME 1 FRAME 2 FRAME 3 FRAME 4

∆"

Particle entrainment in TNTI – Julian Reis

Figure 2. Processing pipeline from raw camera images that
capture the scattered laser light from the particles to the 3D
particle tracks. 1.) Detecting the particle positions in the cam-
era frame. 2.) Stereo-matching of all camera views to retrieve
3D particle locations. 3.) Particle tracking over 4 consecu-
tively captured frames.

Since simultaneous measurement of the turbulent flow field
and particle dynamics is extremely difficult in this type of vol-
ume fractions, we conduct 1D-Pitot reference measurements
of the carrier flow mean properties in the absence of parti-
cles. Since we take measurements under dilute conditions, the
assumption that the turbulence statistics are not significantly
altered by the presence of particles holds. We take measure-
ments at different locations moving from the turbulent to the
non-turbulent region, see figure 3. At the interface, we mea-
sure turbulent intensities greater than 10%. The Kolmogorov
scale in the interface region for this wind tunnel in a simi-
lar grid configuration was measured by Ferran et al. (2024),
yielding a Kolmogorov length scale of 250-300 µm and most
particle Stokes numbers St < 2 in the interface region. In the
non-turbulent region, we observe a bimodal distribution in the
1D mean streamwise velocity measurements. The lower ve-
locity mode corresponds to the non-turbulent background flow
by the fan system of the wind tunnel, while the high veloc-
ity mode corresponds to high turbulence entrainment events,
transporting turbulent fluid into the non-turbulent region.

RESULTS
In the postprocessing of our data, we focus on particle

statistics potentially influenced by gravitational acceleration,
such as particle transport across the interface and settling be-
havior, as well as relative particle velocities, which are impor-
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Figure 3. 1D flow speed measurements of the carrier flow
turbulence from the turbulent to the non-turbulent side. At
each location we plot the PDF of the mean stream velocity,
revealing the bimodal distribution in the non-turbulent region
caused by intermittent events.

tant for collision processes. Although the individual snapshots
of the flow are independent of each other, the statistics of each
snapshot can be influenced by entrainment events. Therefore,
we condition each particle track on bursts following Black-
welder & Kaplan (1976), who set the burst threshold to a mul-
tiple of the local variance.

| vx−⟨ux⟩ |
u′x,rms

=

{
burst, if >C
no burst, if ≤C

(1)

Where ⟨ux⟩ is the carrier flow mean fluid velocity, u′x,rms is
the standard deviation at the location of the measurement vol-
ume, and vx is the particle velocity. The threshold C was set to
1.5 to balance the number of tracks belonging to bursts and no
bursts, without only sampling extreme events. In the compar-
ison of probability density functions (PDFs) between particle
tracks and carrier phase mean stream velocities (Figure 4), we
can see the tracks that belong to bursts. We can already see
that in TNTI↓ and TNTI←, the particles show only a slightly
higher mean stream velocity, and there is an even split between
particles in bursts and those out of them. For TNTI↑, we can
see that most tracks belong to burst events, showing a higher
mean velocity, suggesting that they originate from deep in the
turbulent region, being transported up by an entrainment event.

Particle Transport and Settling
By looking at the mean velocity of particles across the

interface, we can estimate how the interface orientation influ-
ences particle transport from the turbulent to the non-turbulent
region. Since we use the same operating conditions for all
three cases, the total particle concentration in the wind tunnel
is the same across them. Therefore, we can multiply the num-
ber of tracks by the mean velocity to get a property similar
to a ”mass transport” across the interface (Figure 5). Across
all cases, we can see that bursts cause the strongest transport
to the non-turbulent region, with the strongest transport for
TNTI↓. The transport for TNTI← is slightly higher compared
to TNTI↑. This suggests that transport is affected by gravita-
tional acceleration, even for high turbulence events. The influ-
ence of high turbulence events on particle transport agrees with
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Figure 4. Comparison between mean streamwise velocities
of particles and carrier flow at the location of the measurement
volume to condition the particle data into burst events.
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Figure 5. Comparison of particle transport from turbulent to
non-turbulent region for the different cases, conditioned on
bursts.

observations Good et al. (2012). It should be noted that par-
ticle diameters cannot be measured in particle tracking; there-
fore, we cannot conclude which particle sizes are being trans-
ported. This requires further investigation with PDPA mea-
surements.

The conditioning can also be performed for the particles’
settling velocity (Figure 6). We see that particles follow a sim-
ilar distribution outside of bursts, with a mean settling veloc-
ity slightly lower than that of 20µm water droplets in air (-
0.12 m/s). All distributions show wide tails reaching into re-
gions of settling enhancement and hindrance. The presence of
bursts significantly changes the settling velocity distribution
for TNTI↓ and TNTI↑, while it only slightly shifts the distri-
bution towards hindering for TNTI←. For TNTI↓, we observe
a strong shift and slight skewness of the distribution towards
enhancement, while we observe hindrance for TNTI↑. Addi-
tionally, we observe a narrowing of the distribution for TNTI↑
that isn’t apparent in the other cases. The narrowing of the dis-
tribution could hint at the transport of a narrower droplet-size
distribution by turbulent eddies, which filter out larger, heavier
particles in the upward motion due to their mass.
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Figure 6. Comparison of particle settling velocities at the
theoretical location of the interface conditioned on bursts.

Particle Acceleration
Looking at the acceleration statistics reveals insights on

the effect of gravitational acceleration on droplet dynamics
(Figure 7). The largest possible acceleration observed in parti-
cle tracking is limited by the search window size in the method.
Therefore, our data is bound to accelerations of ±100 m/s2.
We look at the vertical acceleration component of our data,
since the gravitational acceleration acts on it. By looking only
at the PDFs of the particles’ acceleration components, the dis-
tributions appear to follow a similar pattern across all cases.
We observe that bursts alter the probability of large accelera-
tions for TNTI↑ and TNTI← only slightly. The probability for
large accelerations decreases for TNTI↑, while it increases for
TNTI← during bursts.

To understand the impact of the interface orientation on
the acceleration statistics, we look at the moments of the distri-
bution, for the unconditioned, as well as the burst-conditioned,
data (Figure 8). We observe different mean accelerations
across the three cases. The acceleration of TNTI← is close to
zero, independent of conditioning. This could be explained by
the fact that the large flow structures in this interface orienta-
tion have no preferential orientation in the z-direction, and the
drag force on the particles is balanced by gravity. For TNTI↑,
we can observe a negative mean acceleration that does not de-
pend on the burst conditioning, while we observe a positive
mean acceleration for TNTI↓, which gets closer to zero with-
out the presence of bursts. These observations indicate that
particles being flung upwards by the large eddies have, on av-
erage, experienced greater negative (downwards acceleration,
since the vertical drag force that was acting on the particles as
they moved up across the interface suddenly decreases once
the particles are centrifuged out of the large eddy and enter the
low turbulence side of the T-NT and gravitational acceleration
is suddenly felt by the particles as they evolve into reaching
their terminal (downwards) velocity. For TNTI↓, we observe
the opposite mechanism at work, and the opposite result. Dur-
ing periods of bursts, the particles show a strong positive accel-
eration, which could hint at a stronger drag force acting on the
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Figure 7. Comparison of vertical particle acceleration at the
theoretical location of the interface conditioned on bursts.

particles when they interact with the non-turbulent fluid, since
they far exceed their natural settling velocity. The fact that the
positive acceleration is smaller during non-burst periods sup-
ports that theory, as the particles only have a slightly enhanced
settling velocity then. The standard deviation of the accelera-
tion is almost the same for all three cases, independent of the
burst conditioning. Since the particle acceleration is directly
related to the interaction with the turbulent flow structures, pri-
marily through drag, we can then assume that the particles gen-
erally interact with the same range of flow structures. We can
observe a slight increase in the standard deviation for TNTI↑
outside of bursts. Looking at the distribution’s skewness, we
observe that all cases have positive skewness, indicating that
the distributions slightly lean towards negative accelerations.
This indicates the general impact of gravitational acceleration
on the particles. As with standard deviation, all distributions
show similar kurtosis. We can see that all distributions exhibit
higher kurtosis than a normal distribution (κ = 3), with slightly
higher values for TNTI↑ and TNTI←.

Relative Particle Velocities
To analyze the impact of the interface orientation on po-

tential particle collisions, we take a look at the relative veloc-
ity between particles in close proximity, as it is only mean-
ingful to consider relative particle velocities in a small region
around each particle. Therefore, we evaluate particle inter-
actions within a radial distance of ≈ 10 η . This radius was
chosen because we know that particles tend to form clusters
of sizes of this size (10η ≈ 3 mm for η ≈ 300 µm). We de-
termine the closing speed and closing time of two particles by
evaluating:

vclosing =
∆⃗v · r⃗ij

∥r⃗ij∥
tclosing =

∥r⃗ij∥2

∆⃗v · r⃗ij
(2)

for each particle interaction within the radius of influence. By
analyzing the mean closing velocity of the particles around
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Figure 8. Comparison of statistical moments of the verti-
cal particle acceleration (Fig. 7) at the theoretical location of
the interface, comparing unconditioned and burst conditioned
statistics.

each particle, we can determine if the particle-laden region
around the particle (which could be a cluster) is contracting
or expanding. This provides critical information about the
clustering dynamics for different gravity orientations with re-
spect to the T-NT interface. A mean negative closing velocity
around the particle means that surrounding particles are mov-
ing towards the particle, decreasing the radial distance to the
particle. A positive closing velocity, on the other hand, means
that the particles around the reference particle are diverging,
increasing their radial distance. We can observe the highest
probability for large particle closing velocities for TNTI↑. For
TNTI←, we observe a much higher probability for intermedi-
ate closing velocities, compared to the other gravity orienta-
tions. This could indicate that the dynamics of cluster forma-
tion and breakup depend strongly on gravity: Large positive
relative velocities are more likely to bring particles together to
form a cluster, while large negative relative velocities are more
likely to lead to a cluster breakup. This suggests that the for-
mation and breakup processes are more dynamic in the case of
TNTI↑, while clusters are less likely to form and break up for
TNTI↓. The mean relative distance between particles gives us
additional information about the clustering of particles. From
the PDF, we see that it’s most likely to find particles at a radial
distance of around 2.25 mm, which is the highest for TNTI↓.
Additionally, we can observe that the probabilities for small
radial distances are higher for TNTI↑ and TNTI← than for
TNTI↓.

To analyze which particle pairs are most likely to collide
with each other, we plot the distribution of closing times for
particle pairs for which ∆v · r < 0 and pick the pair with the
minimal time for each particle. Collisions for particles that
contribute to the right side of the distribution with very large
closing times are very unlikely, since there are much faster
fluid timescales that will redistribute the particles. For very
short closing times, particle collisions become more likely.
We can see that we have a high likelihood for closing times
around 4 · 10−3 s, which is slightly smaller than the Kol-
mogorov timescale of τη ≈ 6 · 10−3 s. We can observe that
the cases TNTI↓ and TNTI← have a higher likelihood for
very small closing times, resulting in a higher probability of
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Figure 10. Comparison of the closing time of most probable
colliding particle pairs in a 10 η neighborhood of particles.

particle-particle collisions.
It should be noted that these results show a general trend

in particle closing times. Due to spatial resolution limits in
the particle tracking, we have a minimal detectable particle
distance in the particle tracking. This distance is limited by
the cameras’ ability to detect particles that are very close to
each other as separate particles (in our case, around 100 µm),
and still successfully stereo-match their 3D positions. We can
expect that there are particles with even smaller interparticle
distances, which might be much more likely to collide with
each other.

Conclusion
These experimental results give us more detailed insights

into the particle dynamics in TNTI and on the influence of
gravitational acceleration on the particle dynamics. Through
advanced particle tracking techniques, we measured accurate
particle velocity and acceleration statistics over a large number
of tracks collected over many large eddy turnover times. By
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conditioning our data on burst events, we investigate the influ-
ence of high turbulence, entrainment, and intermittent events
on particle dynamics. In agreement with previous studies, we
find that high turbulence events dominantly contribute to the
transport of particles to the non-turbulent side. The effect of
gravitational acceleration enhances or hinders this effect de-
pending on the orientation to the interface. We additionally
show that the orientation of gravity with respect to the inter-
face impacts the settling behavior of particles, with the dis-
tribution shifted towards either hindering or enhancement of
settling. However, gravitational acceleration can also have a
filtering effect on the particles, as seen in TNTI↑. Most no-
tably, we observe changes in the statistical moments of accel-
eration for the different orientations, a phenomenon that has
not previously been reported by Good et al. (2012). Based on
the relative particle velocities, we can make some estimates
about the clustering dynamics in the presence of a T-NT in-
terface, revealing a larger probability for high relative particle
velocities in TNTI↑, which could hint at highly dynamic clus-
ter formation and breakup. Lastly we looked at the most prob-
able candidates for particle-particle collisions, and found that
probabilities for short closing times are highest for TNTI↓.
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