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ABSTRACT

We use a newly commissioned rapid expansion aerosol chamber facility to study the homogeneous nucleation of water vapor to form liquid
droplets. We perform high-speed measurements to track the partitioning of water into vapor and droplets throughout the expansion process,
including tunable diode laser absorption spectroscopy (TDLAS) to access the vapor concentration and in-line holography to track the size
and concentration of nucleating droplets. We retrieve the peak saturation ratio achieved in each expansion from the TDLAS measurements in
combination with adjusted thermocouple temperature readout. We monitor the number of nucleated droplets and their subsequent growth as
a function of saturation ratio and observe the onset of homogeneous nucleation of water vapor occurring at a threshold saturation ratio near
S = 5, in agreement with prior literature and classical nucleation theory. The trends we observe in average diameter and droplet concentration
suggest that warm air pockets near the chamber walls inhomogeneously mix with cold air at the center of the chamber following expansion.
Active forced mixing with fans yields more spatially uniform temperature readings across the chamber but also significantly broadens the
droplet size distribution. Our results demonstrate the capability of TDLAS and holography techniques to track both water vapor and liquid
water in the high saturation ratio environments necessary for the homogeneous nucleation of droplets. Our findings also reveal that droplet
nucleation and growth dynamics are highly sensitive to turbulence.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0344133
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I. INTRODUCTION water—sulfuric acid vapor system can undergo homogeneous nucle-
ation under atmospherically relevant conditions, forming clusters
The nucleation of nanoscale clusters from individual vapor- that can grow into CCNs and activate into cloud droplets at atmo-
phase molecules is the source of nearly half the global popula- spherically relevant saturation ratios.”” During droplet growth, the
tion of cloud condensation nuclei (CCNs)."” For instance, the dynamics transition from the free molecular regime (r < 10 nm) to

J. Chem. Phys. 165, 054503 (2026); doi: 10.1063/5.0344133 165, 054503-1

© Author(s) 2026


https://pubs.aip.org/aip/jcp
https://doi.org/10.1063/5.0344133
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0344133
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0344133&domain=pdf&date_stamp=2026-August-4
https://doi.org/10.1063/5.0344133
https://orcid.org/0000-0001-5672-1884
https://orcid.org/0009-0004-6014-4943
https://orcid.org/0009-0007-8535-9571
https://orcid.org/0000-0002-1660-6002
https://orcid.org/0009-0005-1312-2351
https://orcid.org/0000-0002-6657-896X
https://orcid.org/0000-0002-4644-9909
https://orcid.org/0000-0002-2551-9146
mailto:ldeike@princeton.edu
mailto:weichman@princeton.edu
https://doi.org/10.1063/5.0344133

The Journal

of Chemical Physics

the diffusion controlled regime (r > 200 nm).” Throughout these
processes, droplet concentrations and size distributions are highly
sensitive to environmental conditions, including turbulent mixing
and temperature gradients that shape the local vapor field. These
larger-scale effects can ultimately determine droplet size distribu-
tions in clouds.” ” Understanding of droplet growth dynamics under
atmospheric conditions, therefore, requires one to account for the
coupled influence of the local vapor concentration, temperature,
and turbulence. Here, we use the rapid expansion aerosol cham-
ber (REACh) facility’ equipped with high-speed optical diagnostics
to track the homogeneous nucleation of water vapor and liquid
droplet growth under controlled vapor concentration, temperature,
and turbulent mixing conditions.

Homogeneous nucleation occurs when a supersaturated vapor
spontaneously condenses into liquid droplets without any preexist-
ing particles present to act as condensation nuclei.'”'" The homo-
geneous nucleation of water vapor, in particular, has been of funda-
mental interest for over a century. Pioneering experimental efforts
by Wilson'*"” established expansion cloud chambers as a means to
prepare supersaturated water vapor and investigate the conditions
under which droplet nucleation occurs in the absence of condensa-
tion nuclei. Next-generation expansion cloud chambers have been
subsequently developed and applied to the homogeneous nucleation
of water vapor throughout the 20th century' ' and are still in
wide use for a variety of applications.”*”*” Homogeneous nucle-
ation has also been studied in thermal diffusion cloud chambers”®
and supersonic nozzles,””" although we focus here on expansion
cloud chambers as they relate most closely to the instrumentation
used in the present work.

Expansion cloud chambers utilize the temperature drop accom-
panying an expansion in volume to trigger droplet nucleation and
growth. In a typical experiment, a parcel of gas experiences a sudden
drop in pressure triggered by the motion of a piston or the opening
of a valve into a secondary evacuated volume. This pressure drop is
accompanied by a drop in temperature and, therefore, a correspond-
ing increase in the saturation ratio S = e/e” (T), where e and e*(T)
are, respectively, the partial pressure and temperature-dependent
equilibrium vapor pressure of water vapor. Homogeneous nucle-
ation of water vapor is typically cited as occurring at saturation
ratios exceeding Sonset = 4 at 293 K22 although this thresh-
old depends strongly on a given experiment’s diagnostic sensitivity
to droplet formation—both the lower size limit of droplet detection
and the ability to detect individual droplets. While S rarely exceeds
a few percent above 1 under typical atmospheric conditions, con-
trolled laboratory experiments under more extreme conditions pro-
vide important comparisons with theory and a testbed for studying
homogeneous ice nucleation.

Isothermal classical nucleation theory (CNT) provides a use-
ful jumping-off point for the treatment of homogeneous nucleation,
both due to its simplicity and ease of comparison with previous
expansion cloud chamber experiments. Within CNT, individual
vapor-phase monomers add to a small cluster until the cluster
becomes thermodynamically stable and can evolve toward a macro-
scopic droplet. The threshold between unstable and stable growth of
a molecular cluster is set by the critical cluster radius, r*, defined as'’

* 2)"’1
= — ) 1
kBTlnS ( )
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where y is the surface tension of the liquid (N m™1), v, is the vol-
ume of one molecule (m3 molecule™! ), kg is the Boltzmann constant
(JK™), and T is the temperature (K), which within isothermal CNT
is taken to be equivalent for both the cluster and the surroundings,
with heat generated by condensation assumed to equilibrate quickly.
The droplet nucleation rate J (m™> s7!) describes how often clusters
will cross the r* critical size threshold at a given T and S and go on

to form larger droplets,' "’

2y o 167y v;
J=2 ﬂmle exp[ 3(kgT)*(In 8)2]’ @)
where Z = 0.1 is the Zeldovich factor for water, which corrects for
non-equilibrium effects;’! m is the molecular mass (kg molecule™);
and N is the vapor phase molecular number density (molecule m™>).
In addition to taking the nucleation process to be isothermal, Eq. (2)
also assumes that the surface tension of the spherical molecular
cluster is comparable to that of the bulk liquid. The kinetic prefac-
tor introduced by Becker and Déring®” assumes that the nucleation
process is quasi-stationary.

Once a cluster surpasses the critical radius, sustained growth
into a droplet can proceed. As the droplet size increases relative to
the mean free path of the vapor, the growth dynamics shift from the
free molecular regime to the diffusion controlled regime. The diffu-
sive growth of the radius r of a single droplet can be approximated
as™

rdt = G(S Sk), (3)
where G is a diffusivity factor that takes thermodynamic and flux
effects into account, S is the saturation ratio of the surrounding envi-
ronment, and S is the saturation ratio at the surface of the droplet.
Integration of Eq. (3) yields the usual result that r scales with v/t
in the diffusion-controlled growth regime. Equations (1)-(3) make
it clear that e and T—and, by extension, S—are the most impor-
tant environmental parameters governing homogeneous nucleation
and droplet growth. Accurate measures of e and T are, therefore,
critical during an expansion experiment. Laboratory expansions are
often assumed to be adiabatic, allowing the maximum saturation
ratio and minimum temperature reached during an experiment to
be expressed simply as' >’

€o .pf

Smax,a = % N 4
¢ € (Tmin,ad) Po ( )
%
Tmin,ad = TO(&) > (5)
Po

where ey, p,, and Ty are the initial partial pressure of water vapor,
total chamber pressure, and temperature before the expansion
begins, respectively; p is the final total chamber pressure after the

expansion is complete; and k = cp/cy is the ratio of specific heats of
the background gas.

In practice, expansion experiments are never truly adiabatic.
Various complications—including expansion restriction by valves,
spatial temperature gradients, evaporation of water from wet cham-
ber walls, and thermalization with the walls—introduce deviations
from ideal behavior."” These effects make it difficult to infer the
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actual peak saturation ratio Smax reached in an expansion from T,
ey, and the p f/po expansion ratio alone. In addition, the adiabatic
approximation provides no description for how condensation of
vapor during the expansion itself feeds back onto the evolution of
S and T, which in turn impact nucleation and subsequent droplet
growth via Eqgs. (2) and (3). To our knowledge, no prior exper-
iments have simultaneously measured water vapor concentration
and droplet evolution in real time during an expansion experi-
ment near Sonset for the homogeneous nucleation of water vapor.
In addition, there have been no prior studies on the effect of tur-
bulent mixing on water vapor homogeneous nucleation and droplet
growth.

Here, we use the REACh facility” to examine the homo-
geneous nucleation of water vapor, subsequent droplet growth,
and the influence of turbulent mixing on these processes. We
deploy tunable diode laser absorption spectroscopy (TDLAS) to
track the water vapor number density, inspired by prior demon-
strations in chambers,”*° supersonic expansions,l““r and aircraft
measurements.”””” We use the TDLAS readout, in combination
with adjusted thermocouple temperature measurements, to retrieve
the maximum S values reached during each expansion. Concur-
rently, we harness in-line holography to track droplet concentrations
and size distributions for droplets larger than 8 ym in diameter.”*’
We perform experiments in the absence of any seeding condensa-
tion nuclei to ensure that droplet formation occurs solely through
homogeneous nucleation.

We find Sonset ~ 5 for homogeneous nucleation of water vapor
at T~ 257 K, in good agreement with CNT and prior experi-
mental literature.”" """ We systematically consider expansions that
are subcritical (Smax < 4), near-onset (Smax ~ 4-5), and supercriti-
cal (Smax > 5) by varying the initial chamber saturation ratio and
expansion ratio. We observe vapor depletion and droplet growth
simultaneously, revealing tight coupling between droplet dynamics
and the state of the surrounding vapor field. We also assess how tur-
bulent flow impacts the droplet size spectrum by monitoring water
vapor fluctuations and droplet size distributions under different
mixing conditions. Forced mixing during the expansion appears to
reduce large-scale (~5 cm) fluctuations in water vapor and temper-
ature while also broadening the droplet size distribution, which we
attribute to enhanced small-scale fluctuations. With these findings,
we establish TDLAS and holography as powerful tools to retrieve
key statistics for droplet nucleation and growth. The present work
will inform future studies tracking heterogeneous droplet nucleation
and ice nucleation in the REACh facility.

Il. EXPERIMENTAL METHODS
A. Rapid expansion aerosol chamber (REACh) facility

The REACH facility [Fig. 1(a)] is a free expansion cloud cham-
ber consisting of two separate vacuum chambers—the main cloud
chamber where droplet nucleation takes place and a secondary
expansion chamber connected via tubing and a solenoid valve [not
pictured in Fig. 1(a)]. The facility is described in detail in our
previous report,” so we provide only a high-level overview here.

To prepare for an expansion experiment, we clean both cham-
bers with several cycles of evacuation and purging with N,. We
prepare the cloud chamber with initial saturation ratio Sy and total
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pressure p, by filling it with N carrier gas bubbled through ultrapure
water (Milli-Q). The resulting H,O and N, mixture passes through
a two-stage filter (La-Man 50 SCFM series, 5 ym rating) to pre-
vent small droplets from entering the chamber. We confirm that
the chamber is free of potential heterogeneous nucleation sites by
sampling air from the chamber with a condensation particle counter
(CPC, TSI 3007), which can detect particles down to 10 nm. This
measurement yields a typical background particle concentration of
Co =1+ 1 cm ™ when the chamber is clean.

Once the cloud chamber is prepared with the desired initial
conditions, the solenoid valve connecting it to the expansion cham-
ber is opened to trigger an expansion and ultimately equalize the
pressures across the two chambers. By varying So and the pres-
sure drop experienced in the cloud chamber, Ap = p; - p, we can
access a wide range of Smax values during expansion. In all exper-
iments reported here, the cloud chamber is initially prepared near
atmospheric pressure, with p; ~ 1015 hPa. We, therefore, tune Ap
via the initial level of vacuum in the secondary expansion chamber.
We measure p, and p in the cloud chamber using a high-accuracy
pressure transducer (Keller Preciseline High Accuracy Pressure
Transmitter) with a 5 Hz acquisition rate.

The cloud chamber features a set of wall-mounted fans that
can be turned on to induce turbulent flow. The fans accelerate ther-
malization of the air with the chamber walls, which remain close
to room temperature throughout each expansion. Here, we report
on experiments performed both with fans off (“unforced mixing”)
and with fans on (“forced mixing”). The flow in the chamber under
these different mixing conditions has been characterized in our pre-
vious report.” The unforced mixing experiments represent a closer
analog to expansion-style cloud chamber experiments in the prior
literature.

A home-made LABVIEW program interfaced with two data
acquisition (DAQ) cards initiates data acquisition from the TDLAS
setup, the holography camera system, and an array of thermocou-
ple temperature sensors and triggers each expansion. Data collection
begins at t = 0 s, and the signal is sent to open the solenoid valve at
t = 0.5 s, which then takes around 40 ms to open before the expan-
sion begins. Expansions typically last for 0.8 s before the chamber
pressures equilibrate. One DAQ card (National Instruments PCle-
6353) interfaced with a junction box (National Instruments BNC-
2090A) samples the TDLAS photodetectors at a rate of 250 kHz. A
second DAQ card (National Instruments PCle-6320) interfaced with
a second junction box (National Instruments SCB-68A) samples the
thermocouple array at 4 kHz, using the onboard cold junction com-
pensation sensor for calibration. We discuss these measurements in
detail below in Secs. II B-1I D.

B. Saturation ratio measurement with tunable diode
laser absorption spectroscopy (TDLAS)

We use TDLAS to monitor the partial pressure of water vapor
in the cloud chamber via the absorption of light by the v; +
v3,J =3 — 2 rovibrational transition of water at 7181.1557 cm™!
(1392.5335 nm), as shown in Figs. 1(b)-1(e). The TDLAS system
is based on a continuous-wave distributed feedback diode laser
(Nanoplus TOP Wavelength 1392 nm) fitted with an optical iso-
lator to prevent optical feedback (Thorlabs 10-4-1390-VLP). The
TDLAS laser is centered at 1392 nm (7184 cm™), with a ~5 cm™"
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FIG. 1. (a) Schematic of the REACh facility. Tunable diode laser absorption spectroscopy (TDLAS) is used to reconstruct the time-resolved water vapor mole fraction
(x,0) inside the chamber, while time-synchronized in-line holography retrieves droplet concentrations and size distributions. A high-speed thermocouple array measures
the temperature inside the chamber during expansion and droplet growth. Wall-mounted fans permit control over turbulence. (b) In the TDLAS measurements, the frequency
of a diode laser operating near 1392 nm is repeatedly swept through resonance with the v + v3,J = 3 — 2 rovibrational transition of water vapor. This laser light makes one
round trip pass through the cloud chamber before its intensity is recorded with the signal detector. Isig, t = 0's (blue trace) represents the signal beam intensity throughout the
frequency sweep in the presence of water vapor at time t = 0 s before an expansion begins, with Sp = 0.5 and T = 298 K, as compared to the blank reference spectrum
Isig, biank (red trace) acquired with only dry Ny in the chamber. (c) To provide a relative frequency calibration for the TDLAS measurements, part of the 1392 nm diode laser
beam is picked off before the chamber, passed through a solid silicon etalon, and routed onto a second photodetector. The intensity of light striking this photodetector,
lea, Oscillates based on the known free spectral range of the etalon, allowing one to convert the sweep time axis to a frequency axis for plotting absorption spectra. (d)
Representative water vapor absorption spectra acquired at various times t throughout an expansion. The area under the absorption peak reports directly on the water
vapor concentration at each time step, while the absorption peak linewidth is sensitive to chamber pressure and, to a lesser degree, temperature. Data are shown for a
representative expansion with Sy = 0.5, T = 298 K, and Ap = 390 hPa. (e) The evolving mole fraction of water vapor xy,o can be reconstructed from the absorption spectra
acquired throughout an expansion. Absorption spectra are recorded with a repetition rate of 400 Hz, corresponding to a sampling of yy,0 every 2.5 ms. Data are shown for
an expansion with Sy = 0.5, Ty = 298 K, and Ap = 390 hPa, with color coded points corresponding to the absorption traces shown in panel (d). (f) Reconstruction of spatial
and size distributions of droplets formed within the holography sample volume, aggregated over several images. The axes show the spatial dimensions of the measurement
volume in mm, and the color bar indicates the size of each detected droplet. The sample volume for the largest droplets is indicated with the dark green line labeled V in the
center of the cloud chamber in panel (a).
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tuning range, a sub-10 MHz instantaneous linewidth, and several
milliwatts of output power. We control the laser using a current
driver (Thorlabs LDC202C) and a temperature controller (Thorlabs
TTC001). We modulate the laser wavelength by applying a 200 Hz
triangle wave from a waveform generator (BK Precision 4054b) to
the analog modulation port of the current driver. This modulation
sweeps the laser frequency back and forth over a 1.5 cm™ window
centered about the target rovibrational transition of water vapor,
yielding TDLAS sampling every 2.5 ms during an experiment.

The TDLAS beam is split into two arms: a signal arm to
quantify the amount of water vapor in the cloud chamber and
a calibration arm aligned through an etalon to provide a rela-
tive frequency reference. The calibration etalon traces are acquired
synchronously alongside the water vapor absorption spectra from
the signal arm throughout each expansion experiment. An enclo-
sure purged with dry N, surrounds the laser beamline outside
the chamber to minimize spurious signals from atmospheric water
vapor.
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In the signal arm, the 1392 nm beam is aligned into the cloud
chamber, back-reflected off a wall-mounted mirror, then collected
and focused onto the signal photodetector (Thorlabs PDA50B2). We
first record a blank reference spectrum, I plank, Wwhen the chamber
is filled with dry N [red trace in Fig. 1(b)]. We then acquire Iy
spectra throughout an expansion; a representative trace is shown in
blue in Fig. 1(b), acquired at time ¢ = 0 s before an expansion begins,
with So = 0.5 and Ty = 298 K. The signal attenuation due to resonant
absorption of light by water vapor in the chamber is evident.

In the parallel calibration arm, 1392 nm light passes through
a solid silicon Fabry-Pérot etalon with a free spectral range (FSR)
of ~0.5 GHz (Light Machinery OP-2638-83110) and strikes the cal-
ibration photodetector (Thorlabs PDA30B2). Figure 1(c) shows the
oscillating laser intensity (I, ) transmitted through the etalon and
incident on this detector as the laser frequency is swept. We calibrate
the FSR by reference to three rovibrational transitions of water vapor
whose frequencies are available in the HITRAN database.*’ The
positions of the maxima and minima of each I, trace are extracted
and mapped to frequencies spaced by half the etalon FSR using a
quadratic fitting function. This calibration procedure allows us to
convert the laser sweep time axis to a frequency axis for the water
vapor absorption spectra, while correcting for any non-linearity in
the laser sweep, yielding Isig(v) and L blank (V).

At each time point, we calculate the absorbance, A(v), by
assuming that Igg(v) is attenuated with respect to Iggplank (V)
according to the Beer-Lambert law:

A(v)=-In |:ISlg(v):| =d(v)NL, (6)

Isig,blank ( V)

where o(v) is the molecular absorption cross section
(m® molecule™), N is the number density of absorbing molecules
in the chamber (molecule m™), and L = 0.97 m is the path length
of light through the chamber. Absorption spectra are shown in
Fig. 1(d) for various time points in a representative expansion with
So = 0.5 and Ap = 390 hPa.

The molecular absorption cross section is given by

a(v) = $i(T) - f(» T.p), @)

where S;j(T) is the temperature-dependent spectral line intensity
of the relevant rovibrational transition (m molecule™), available
for water vapor from HITRAN,"""” and f(v; T,p) is the nor-
malized temperature- and pressure-dependent spectral line shape
function (m). Here, f(v; T,p) is taken to be a Voigt profile aris-
ing from the convolution of Lorentzian pressure broadening and
Gaussian Doppler broadening, although pressure broadening dom-
inates under our conditions. We fit each absorption spectrum using
the Voigt peak profile found in the Python Imfit package,* floating
the area under the absorption peak and the Lorentzian half-width
at half-maximum (hwhm) linewidth to account for changing water
vapor content and pressure in the chamber throughout the expan-
sion. During each fit, we fix the Gaussian Doppler linewidth using
the average (unadjusted) temperature measured by the thermocou-
ple array in the chamber at time ¢; see Sec. II C below for further
details on temperature measurements.

ARTICLE pubs.aip.org/aipl/jcp

Combining Egs. (6) and (7) and integrating over the spectral
axis, one can use 4, the area under the experimental absorption curve
(mfl) at each time point, to find the molecular number density,

a
N=——K\—, ®)
from which we can calculate the partial pressure of water vapor, e,
using the ideal gas law,

e = NkBT, (9)

where T is the average unadjusted temperature read out via the
thermocouple array at each sampled time point (see Sec. II C below).

In addition, the hwhm pressure-broadened Lorentzian
linewidth of the water vapor lines measured with TDLAS, y,
(cm™), is related to the total chamber pressure, p, and partial
pressure of water vapor, e, by

Tre air
ne D= () Dl rared (0

where 7, is a unitless coefficient describing the temperature depen-
dence of the pressure broadening, y,, is the pressure broadening
coefficient for collisions with air (cm™'/atm), and Ysar is the pres-
sure broadening coefficient for collisions with other water molecules
(cm™'/atm). These quantities are available for the water vapor tran-
sitions of interest from the HITRAN database’' and are defined at
reference temperature Ty = 296 K. TDLAS readout of the water
vapor transition linewidths, therefore, permits a rapid, contactless
measurement of p with a repetition rate synced with the absorp-
tion measurements of N. The pressures obtained via TDLAS are
consistently around 3% higher than those obtained using high accu-
racy pressure sensors, although expansion ratios are in near exact
agreement. As such, we use the dedicated sensors for high-accuracy
static readout of chamber pressure but use the TDLAS readout when
requiring real-time pressure readings throughout an expansion.

With e and p in hand via Egs. (9) and (10), we can calculate the
mole fraction of water vapor, xu,0, as

XH,0 = e/p (11)

This process ultimately yields the path averaged evolution of yu,0
due to condensation and evaporation sampled at 400 Hz through-
out each expansion. Figure 1(e) shows the evolution in yn,0 over
the course of a single representative expansion with Sy = 0.5 and
A p = 390 hPa. We harness TDLAS as a powerful in situ mea-
surement of water vapor content and chamber pressure during
homogeneous nucleation expansion experiments in the following
results and discussion.

C. Time-resolved thermocouple temperature
measurements and temperature correction

We use an array of highly responsive type-T thermocouple sen-
sors (Omega COCO-002) to track temperature in the cloud chamber
during an expansion with some degree of spatial resolution at a
sample rate of 4 kHz. One freely suspended thermocouple sensor
is mounted roughly in the center of the chamber. Another five sen-
sors are evenly spaced 6 cm apart in an array mounted on a plastic
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holder that lies 5 cm from the top of the chamber [see Fig. 1(a)].
One end of this sensor array lies near the center of the chamber,
while the outermost sensor lies within 2 cm of the chamber wall.
The suspended thermocouple typically reads the lowest tempera-
tures, while the thermocouple closest to the wall of the chamber has
significantly warmer readings, typically 20 K higher than the coldest
thermocouple. As detailed in Sec. I B above, calculations involving
TDLAS measurements that require fast sampling in time make use
of the raw, unadjusted temperature averaged across the thermocou-
ple array, including the suspended thermocouple, but excluding the
warmest thermocouple mounted closest to the wall. However, for
any calculations that deal with the minimum value of T or maxi-
mum value of S reached during an expansion (vide infra), we use
the temperature reading from the single coldest thermocouple (usu-
ally the freely suspended sensor), which we adjust to account for the
latent heat of condensation on the thermocouple itself.

It is important to use sufficiently responsive thermocouples to
measure the transient minimum temperatures reached during an
expansion. In order for a thermocouple to have a quick response
rate, it must be highly thermally conductive, i.e., uncoated and with
very small thermal mass. However, highly responsive thermocouples
also add certain experimental complications in high S environments
like the REACh cloud chamber, chiefly condensation of water vapor
on the thermocouples themselves. One consideration is that the
effective response time of the sensors likely increases as water con-
denses on them, increasing the thermal mass and decreasing the
thermal conductance of the device in comparison to a bare thermo-
couple. The time resolution of the temperature readings is, therefore,
likely to be significantly slower than the nominal sampling rate of
4 kHz. However, we do not expect this slowed response time to
significantly impact our minimum retrieved and calculated temper-
atures, as we observe similar temporal evolution of the chamber
temperature across dry and wet expansion experiments. The more
serious consideration is the fact that the latent heat release from
water vapor condensation on the thermocouple can significantly
heat up the sensor, leading to systematic offsets in temperature read-
out. In order to more accurately report temperature during the
expansion, we adjust our temperature measurements to account
for water condensation on the sensors. This temperature correc-
tion procedure is described in detail in Sec. SI of the supplementary
material.

These corrections allow us to accurately retrieve the minimum
temperature reached during expansion, which we can then use to
calculate the peak saturation ratio, Smax, according to

e* ( Tmin,exp )

, (12)
e* ( Tmin,adj )

Smax = Smax,exp .

where Smaxexp is the maximum saturation ratio calculated using e
from experimental TDLAS measurements and the unadjusted ther-
mocouple reading, and e (Tminexp) and e*(Tminagj) are the equi-
librium vapor pressures of water at the minimum unadjusted and
adjusted temperatures reached in the expansion, respectively. In the
following results, Smax represents a key parameter that determines
the homogeneous water droplet nucleation rate.
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D. Droplet growth measurements with in-line
holography

In parallel to the water vapor measurements described above,
we use in-line holography to track water droplet concentrations and
size distributions in time. Details of the holography system are pro-
vided by Erinin et al.”’ In brief, the system utilizes collimated light
from an Nd:YFL laser (CrystalLaser, QL527-200-L), the diffraction
of which is recorded by a 4K camera (Phantom, VEO4k-990-L) with
along-range microscope (Infinity Photo-Optical Co., K2 DistaMax).
The system features a measurement repetition rate of 600 Hz and
allows for the detection of droplets down to 8 ym.

Each captured hologram is reconstructed in depth to locate and
measure droplets within a 3D reconstruction volume, as illustrated
in Fig. 1(f). This measurement volume depends on the camera sensor
size and lens magnification, and it varies linearly with particle size.*!
The volume is calibrated for each setup using resolution targets.
One representative set of calibrated values features a cross-sectional
area of 0.54 x 0.31 cm®. With this field of view, a 10 ym droplet
and a 50 ym droplet have respective reconstruction depths of 3.31
and 16.55 cm along the chamber diameter, granting corresponding
total measurement volumes of 0.55 and 2.77 cm®. All experiments
described herein have comparable measurement volumes. While
holographic reconstruction retrieves the position and depth of each
droplet within the measurement volume, the measurement volume
is relatively small, and we operate at low droplet number density.
Analysis of the spatial distribution of droplets would, therefore,
require repeated experiments and ensemble averaging, which we do
not perform here.

Holography images are acquired for 9 s, beginning 0.5 s before
the expansion is triggered. The holographic processing is performed
in two steps, as described by Erinin et al.*’ In the first step, droplet
locations and approximate diameters are found for each captured
hologram. In the second step, each located drop is individually
re-processed to determine a precise diameter and to remove false
detections. Due to computational expense, the datasets that under-
pin Figs. 2 and 3 are processed through the first step, and the second
refinement step is performed only for a 0.33 s time window cen-
tered about ¢ = 3 s, where the maximum concentration of droplets
typically occurs. For the eight expansion experiments whose full
time-series are presented here in Figs. 4-7, holography data are
processed through both steps for the entire 9 s time interval.

Unless otherwise noted, we process the droplet statistics data as
follows. For each holography image, the size distribution of droplets
is measured, binned, and normalized by the bin size and mea-
surement volume at the mean diameter of that bin. This yields
time-dependent size distributions reported as N, (D, t) in units of
um™' cm™. Ny(D, t) is averaged in time in intervals of 9 hologra-
phy images, granting distribution measurements every 15 ms during
an expansion. We calculate the droplet concentration, Cgrop (em™),
by integrating the size distribution over all diameters,

Carop = f Na(D,t) dD. (13)
0

The maximum droplet concentrations reported correspond to the
presence of 2-70 droplets in a single frame. We report the average
diameter, D (um), by taking the first moment of the size distribution
over all diameters, normalized by the droplet concentration,
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B fooo Nd(D, i’)D dD

(14)

Cdrop

At sufficiently high droplet concentrations, tracking and
retrieval of droplets by holography becomes intractable due to opti-
cal interference from droplets both above and below the 8 ym
holography detection size threshold. In experiments studying the
homogeneous nucleation of water vapor in particular, we expect
the formation of many small droplets, which cannot be recon-
structed accurately with holography but, nonetheless, cause optical
interference. To mitigate these effects, we neglect all droplets with
diameters below 8 ym since they are difficult to distinguish from
noise. Visually, the optical interference starts to become significant
only for the highest concentrations we measure, Cgrop > 50 cm ™.
These conditions are expected to suffer from higher measurement
uncertainties. To demonstrate this consideration, we attach videos
in the supplementary material of holography data recorded in an
experiment with significant interference at high Smax (Video S3) and
without significant interference at conditions closer to Sonset (Video
S4). Upon visual inspection, Video S3 clearly has more droplets
than Video S4, although holographic reconstruction retrieves Crop
= 20 cm™ in the former case and Carop = 33 cm™ in the lat-
ter. Conditions where interference significantly impacts the droplet
detections are, therefore, removed from our analysis.

Ill. RESULTS AND DISCUSSION

We now present the results from expansion experiments span-
ning various conditions. We first consider the concentration and
size distributions of homogeneously nucleated water droplets as a
function of Smax and compare the findings with CNT. We then con-
sider droplet growth dynamics using time-resolved data from both
TDLAS and holography. Finally, we discuss the impact of turbulent
flow on homogeneous nucleation and droplet growth by using fans
to force mixing inside the chamber.

A. Homogeneous nucleation of water vapor

We begin by considering holography data from a series of
expansion experiments performed with different So and Ap. The
conditions for all expansions performed are summarized in Table
S1 of the supplementary material. Figure 2(a) plots the maximum
concentration of droplets reached at any point in time during an
expansion experiment, Cgrop,maxs VS Smax for that expansion calcu-
lated with Eq. (12). Experiments performed with unforced (fans
off) mixing conditions are notated with circles, while forced (fans
on) mixing experiments are plotted with squares. We target con-
ditions where Smax lies well below the homogeneous nucleation
threshold (blue points marked A), near the homogeneous nucleation
threshold (orange points marked B), and well above it (green points
marked C). The subscripts for the A, B, and C labels correspond to
whether the experiment features forced (f) or unforced (u) mixing.
Time-resolved data from these same sets of experiments are detailed
further in Sec. 111 B.

Crop,max €xceeds 2 cm™? [dotted blue line in Fig. 2(a)] for Smax
> 5, indicating that the onset of homogeneous nucleation lies near
this saturation ratio, e.g., Sonset ~ 5. We take 2 cm ™ as a conservative
threshold that lies above the background particle concentration and
corresponds to a statistically significant number of droplets in the
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measurement volume. Cgropmax continues to increase dramatically
for Smax > Sonset> peaking at 46 cm 2. The inability of holography to
detect particles smaller than 8 ym in diameter likely leads to under-
reporting of Caropmax at higher Smax. The spread in Carop,max for a
given Smax arises from the fact that two expansions with distinct Ap
and Sy may happen to reach the same Smax with different values of
e and T. Inspection of Eq. (2) makes it clear that different combi-
nations of T and water vapor number density N might yield vastly
different homogeneous nucleation rates J, and therefore different
Cdrop-
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FIG. 2. (a) Maximum concentration of droplets measured during an expan-
sion experiment vs peak saturation ratio reached in that expansion. Copmax i
measured with holography as described in Sec. Il D, while Smax is calculated
from TDLAS and thermocouple data using Eq. (12). Forced mixing experiments
(squares) have fans on inside the chamber, while unforced mixing experiments
(circles) have fans off. Points labeled A, B, and C correspond to experiments
whose time series are detailed in Figs. 4 and 5. The horizontal dashed line marks
a threshold of Cropmax = 2 cm~3 above which homogeneous nucleation is clearly
occurring. (b) Homogeneous nucleation rate J predicted for each experiment using
Eq. (2) and the experimental values for Smax and Tinag;. The solid blue line plots
J calculated as a function of Spax at T = 257 K, the average Tpinaq across all
experiments, with the blue envelope showing the spread in J from the minimum
and maximum T iy ag; Values.
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Figure 2(b) plots the homogeneous nucleation rate J calculated
with Eq. (2) for each data point in Fig. 2(a), using the experimen-
tal Smax> Tmin adjs and corresponding N for each expansion. The data
now collapse nicely to a line as compared to Fig. 2(a). We calculate
three different J isotherms to account for the range of tempera-
tures reached in different expansions. Across all experiments where
homogeneous nucleation occurs and Cgropmax €Xceeds the 2 cm™>
threshold, the average Tminagj reached is 257 K. The solid blue line
in Fig. 2(b) plots J calculated as a function of Smax, with T fixed
at 257 K. Many experiments that feature 5 < Smax < 6 reach a sim-
ilar minimum temperature and fall on this isotherm. We repeat this
calculation of J using the minimum and maximum Tinagj values
reached across all experiments to yield the bounds of the shaded blue
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FIG. 3. (a) Maximum droplet concentration, Cyropmax, and (b) average droplet
diameter Djy; measured with holography as a function of the homogeneous nucle-
ation rate J, calculated for each expansion using Eq. (2) with experimental Spax
and Tpinaqj Values. Diy is calculated over the 0.33 s hologram reconstruction
time interval centered about t = 3 s, when Cyp typically reaches its peak. The
horizontal dashed line in panel (a) marks the 2 cm=2 threshold for detection of
homogeneously nucleated droplets. The vertical blue line in both panels marks
J =1 om=2 s~ above which we expect to observe detectable concentra-
tions of nucleated droplets. Points labeled A, B, and C correspond to the same
experiments marked in Fig. 2, whose time series are detailed in Figs. 4 and 5.
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envelope in Fig. 2(b). All experimental results fall well within these
bounds. In addition, the calculated J exceeds 1 cm™ s™! for Smax > 5,
in close agreement with the results of Fig. 2(a). We can now use
these calculated J values to understand how the concentration and
typical size of nucleated droplets respond to changing nucleation
rates.

Figure 3(a) plots Cdropmax @ a function of calculated J for the
same set of experiments from Fig. 2. Nearly all experiments with
Crop,max > 2 cm™ (threshold marked with a horizontal dotted blue

line) feature J > 1 cm™> s™! (threshold marked with a vertical solid
blue line). For J > 1 ecm™ s7}, Cdrop.max increases with J to a point,
then levels off. We stress that we find only qualitative agreement
between the rate of nucleation and the count of nucleated droplets:
while the full expansion lasts 0.8 s, we cannot be certain of the
exact time window during which the homogeneous nucleation rate
is appreciable.

We also consider the average size of droplets formed in each
expansion. Figure 3(b) plots the average droplet diameter Diy mea-
sured with holography vs J. Dint is calculated over the time interval
when the number of homogeneously nucleated droplets reaches a
maximum, in a 0.33 s window centered about t = 3 s. We calcu-
late Din; only for experiments where Cdropmax > 2 cm™ in order
to exclude background particles and very low droplet-count exper-
iments from the analysis. The general trend observed is that Diy
decreases as J increases. We do observe some spread in Diy for
a given J, as So can vary widely across experiments, changing the
amount of water vapor available for condensation.

We can explain the results in both panels of Fig. 3 by noting that
as the concentration of homogeneously nucleated droplets increases
with J, the competition for water vapor increases and limits the size
to which a given droplet can grow. Hence, Dint decreases with J.
In addition, at high J, we likely form a large number of very small
droplets that fall below the holography detection limit, leading the
recorded Cgropmax t0 appear to level off. These too-small droplets
can also cause optical interference in the holography measurement,
limiting our ability to retrieve accurate droplet statistics at high J and
likely leading to additional scatter in Carop,max-

B. Droplet growth under unforced mixing conditions

We now make use of the high time resolution of TDLAS and
holography to understand the evolution of the water vapor field and
droplet growth for different Smax and turbulence conditions. Figure 4
reports droplet formation statistics under unforced (fans off) mixing
conditions for the expansions labeled Ay, By, and Cy in Figs. 2 and
3. All three of these experiments feature initial Sy = 0.5, with Smax
tuned by changing Ap.

Figure 4(a) plots the cloud chamber pressure as a function of
time to illustrate the timing of the expansion and the final pressure
reached in each experiment. Figure 4(b) plots the unadjusted aver-
age thermocouple array temperature (solid lines) as a function of
time, with the envelopes bounded by the warmest and coldest tem-
peratures measured in the array at each time. Figure 4(c) tracks the
water vapor mole fraction, yn,0, throughout the expansion recov-
ered using the TDLAS measurements as described in Sec. II B.
We also plot the first time derivative of yu,0 in Fig. 4(d) to better
emphasize how water vapor is appearing (dyn,0/dt > 0) and disap-
pearing (dyn,o0/dt < 0) throughout the experiment. Figures 4(e) and
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4(f) show the evolution of droplet concentration, Cgrop, and mean
droplet diameter, D, retrieved with holography.

Experiment A, features Smax < 5 and, therefore, corresponds to
aregime in which background particles in the chamber are activated
to form droplets, but no homogeneous nucleation of water vapor

A, (Smax = 3.64) mm By (Smax =5.29)

mm C, (Smax =6.03)

1100
5
< 850 1
Q a = o
600 ) T T T T
295
2 280

10 T T
0 2 4 6 8
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FIG. 4. Evolution of water vapor and droplet statistics over the course of three
expansions performed under unforced mixing conditions (fans off) with Sp = 0.50,
corresponding to the color-coded circle markers in Figs. 2 and 3. Experiment
A, (blue traces) features Ap = 329 hPa and reaches Smax = 3.64, below Synset-
Experiment B, (orange traces) features Ap = 374 hPa and reaches Spax = 5.29,
near Sonset- EXperiment Cy (green traces) features Ap = 390 hPa and reaches
Smax = 6.03, above Synset- (@) Chamber pressure retrieved from linewidth fits of
TDLAS water vapor absorption lines. (b) Unadjusted average temperature read-
ing across the thermocouple array; the shaded envelopes show the coldest and
warmest thermocouple readings at each time point. (c) Mole fraction of water vapor
measured with TDLAS. (d) dyu,o/dt calculated numerically after smoothing the
traces in panel (c). (e) Droplet concentration tracked with holography. The dashed
black line indicates the droplet concentration threshold of 2 cm~3 that distinguishes
homogeneously nucleated droplets from activation of background particles. (f) The
ensemble average diameter of all droplets counted across 9 consecutive frames
tracked with holography. We exclude A, from this panel, as the low droplet counts
make averaging impractical.
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is expected. Accordingly, holography measures Cyrop well below the
2 cm™ threshold marked with a black dashed line in Fig. 4(e).

Experiments B, and C, feature larger pressure drops to reach
lower temperatures and, therefore, higher Smax. By and C, reach
droplet concentrations of 6.7 and 33 cm™, respectively, which
are appreciably higher than the background particle concentration
and are therefore a clear indication that homogeneous nucleation
is occurring. The average droplet diameter D is also significantly
higher in experiment By than it is in Cy [see Fig. 4(f)]. This is
expected, as the average droplet diameter should decrease when
more droplets are formed, given fixed available water vapor, as also
discussed above in Sec. IIT A.

We now consider the trends in water vapor mole fraction in
Figs. 4(c) and 4(d), whose evolution is closely linked with droplet
formation and growth. Experiments Ay, By, and C, all show a clear
initial increase in yn,0 at the start of the expansion, also evident
as a sharp positive jump in dyn,0/dt. We ascribe this increase in
X1,0 to the evaporation of a film of liquid water that adsorbs on the
walls during the pre-expansion humidification of the chamber. The
rapid pressure drop at the start of the experiment pulls this water
off the walls and into the vapor phase. Taking the jump in yu,o0
as ~+0.005, and accounting for the volume and surface area of the
cloud chamber, we estimate that the evaporating film is ~ 50 nm
thick. This estimate is in reasonable agreement with prior work that
has observed similar phenomena.”” "’

Following the initial evaporation of water from the chamber
walls, experiment C, reaches the highest Syax and, therefore, has the
highest rate of homogeneous nucleation [Fig. 2(b)]. Accordingly, we
see a significant decrease in yp,0 in this experiment in Fig. 4(c) as
water vapor condenses into droplets. We also see dyu,o/df plunge
below zero in Fig. 4(d) at t = 1 s, around the same time the cloud
chamber reaches its final pressure. The holography measurements
show a steady growth in Cyy,p beginning about 0.5 s later [Fig. 4(e)].
This delay in droplet detection following the expansion is likely due
to the fact that droplets must reach diameters above 8 ym for detec-
tion with holography. The results of experiment By evidence similar
trends, although with much lower Cyy,p detected close to the onset
of homogeneous nucleation.

We can continue to monitor the evolution of both the droplet
size distribution and the water vapor concentration at longer times
post-expansion. Again, trends are easiest to see in the Cy expan-
sion. Crop continues to increase for several seconds post-expansion
while yu,0 decreases. Crop levels off at 2 s and yu,0 reaches its min-
imum at around 6 s. The system then begins to thermalize with the
room temperature chamber walls, leading to evaporation of droplets,
a dropping Cyrep, and a rising yu,o.

D increases post-expansion and then levels off around 4 s. The
trend in D is consistent with diffusive droplet growth [see Eq. (3)],
as D qualitatively increases with /. Interestingly, D continues to
hold steady for times past 6 s, even as droplets are evaporating
and Cyrop falls. We acknowledge two explanations for this phe-
nomenon, which likely both contribute in part. First, the droplet size
distribution broadens as the chamber thermalizes. As the ensem-
ble of droplets evaporates, the smallest droplets shrink below the
holography detection threshold and no longer contribute to the
Carop count. Meanwhile, the class of larger droplets persists and
can, therefore, bias the detected size distribution toward larger
diameters. In addition, the inhomogeneous mixing paradigm'**’ —a
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ubiquitous phenomenon in cloudy air masses™” "' —is at play here.
In inhomogeneous mixing, thermodynamic cloud properties such
as temperature homogenize slowly compared to the time it takes
droplets to equilibrate with their local environment, leading to air
pockets with distinct droplet concentration and size distributions.
Heat transferred from the chamber walls may, therefore, preferen-
tially evaporate droplets only in nearby pockets of air, leading to
little change in D at longer waiting times but a significant change
in the number of droplets passing through the holography detection
volume. We have also previously invoked inhomogeneous mixing
in the REACh chamber to explain a similar relationship observed
between Cgrop and D in our earlier work on heterogeneous droplet
nucleation and growth using phase Doppler anemometry (PDA).’
PDA features an order-of-magnitude smaller measurement volume
than the holography measurement used in the present work, sug-
gesting that this inhomogeneous mixing trend persists across spatial
scales.

The time-resolved data in Fig. 4(c) provide some additional
evidence in support of inhomogeneous mixing. The yn,0 traces for
experiment C, (green trace) show clear fluctuations in water vapor
concentration for the first several seconds post-expansion, point-
ing to inhomogeneously mixed pockets of air with higher and lower
water vapor content passing through the TDLAS measurement vol-
ume. As TDLAS is path-integrated across the chamber diameter, the
system is almost inherently insensitive to small-scale variations in
water vapor. The temporal fluctuations observed here are, therefore,
likely driven by macroscopic thermal plumes characteristic of the
unforced mixing. A simple visual inspection of the chamber during
an expansion similarly shows regions of brighter and dimmer light
scattering along the visible holography beam on a few-centimeter
length scale. Interestingly, the measurements of p in Fig. 4(a) are
also extracted from TDLAS data, yet do not show evidence of these
large-scale fluctuations, indicating that the inhomogeneously mixed
pockets of air seem to vary in temperature and water vapor content,
but not pressure.

Finally, we note that we do not observe evidence of tempera-
ture increase from the latent heat of condensation by the nucleated
droplets. Using the droplet statistics from holography to retrieve the
total liquid water content in the holography measurement volume
and assuming that all heat of condensation is released into the sur-
roundings, we predict only a modest temperature increase of ~1 K
for experiments performed with the highest liquid water content.
This level of warming is not detectable within the uncertainty of our
temperature measurements (see Fig. S1).

C. The impact of mixing on droplet nucleation
and growth

We finally consider how forced turbulent mixing in the cloud
chamber impacts homogeneous nucleation and growth of water
droplets. Characterization of the chamber flow conditions under
forced mixing is detailed in our earlier work.” We have also mea-
sured the turbulence with all fans on in a comparable setup at the
center of the chamber by using particle image velocimetry. We find
the root-mean-square (rms) velocity of 0.8 m s™', comparable to
the measurements based on droplet speed reported in our previ-
ous report.” We find the integral length scale of the turbulence to

be about 5 cm and a turbulence dissipation rate of about 4 m* s™°.
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While the turbulent flow in this experimental system is reasonably
homogeneous and isotropic, there are some key differences as com-
pared to atmospheric turbulence. The Reynolds number is fairly
high in our chamber, although smaller than that found in clouds.
Our chamber’s high Reynolds number is obtained with a higher dis-
sipation rate (higher rms velocity and sharper gradients) than in
small-scale atmospheric turbulence, and the centimeter-scale inte-
gral forcing scale is considerably smaller in laboratory experiments
than the meter-scale expected in the atmosphere.””

While both forced and unforced chamber mixing yield turbu-
lent flow environments, we previously observed that the velocity
fluctuations in the chamber are roughly 10x larger under forced
mixing conditions than in the unforced case.” Forced mixing is,
therefore, expected to enhance small scale variations in the temper-
ature and water vapor fields and accelerate post-expansion thermal-
ization with the room temperature walls. It should, however, reduce
large scale fluctuations in temperature and water concentration as
the overall flow is faster. We also expect forced mixing to enhance
the inhomogeneous mixing processes discussed above in Sec. I1I B
and thereby broaden the droplet size distribution.

Figure 5 plots the temporal evolution of droplet formation
and growth under forced mixing conditions (fans on) for the same
expansions labeled Ay, B, and Cs in Figs. 2 and 3. From visual com-
parison of Figs. 4 and 5, the same broad trends in yu,0, Carop> and
D are evident under both forced and unforced mixing conditions.
However, the timescales of nucleation, condensation, and evapora-
tion are all accelerated in the forced mixing case. For instance, under
unforced mixing, Carop holds steady until t = 7 s [Fig. 4(¢)], whereas
the droplet ensemble is nearly fully evaporated by this time under
forced mixing [Fig. 5(e)].

To better understand the impact of mixing, Fig. 6 plots time
traces of xm,0, Cdrop> and D from a pair of unforced and forced
mixing experiments that reach similar Smax and Carop,max- Full exper-
imental details of these runs are provided in Table S1 of the
supplementary material in the rows labeled u and f. Figure 6(a)
compares the unadjusted temperature recorded throughout the two
expansions. The unforced and forced mixing expansions reach min-
imum Tyinagj temperatures of 255 and 260 K, respectively. Under
forced mixing, the system spends significantly less time near its min-
imum temperature and warms evenly with only minor fluctuations
in temperature as compared to the unforced case. The forced mixing
experiment also shows a narrower range in measured tempera-
tures across the thermocouples [compare the widths of the shaded
areas in Fig. 6(a)], suggesting that the fans homogenize temperature
gradients inside the chamber on the ~5 cm spatial scale of the ther-
mocouple array. We confirm this by plotting the spatially resolved
temperature time traces across the thermocouple array for these
experiments in Fig. S2 of the supplementary material. Forced mixing
also appears to smooth the evolution of yu,o in Fig. 6(b).

Figures 6(d) and 6(e) compare the Cyrop and D droplet statistics
between forced and unforced mixing. At first glance, these statistics
are similar: Cyr,p reaches maxima of 13 cm™? in the forced case and
14 cm™? in the unforced case; at 3 s, before Carop decreases signif-
icantly in both experiments, D is 29 and 25 um for the forced and
unforced cases, respectively. The growth timescales in D are very
similar between the two cases, although the time evolution in Cyrop
differs. In particular, Cq.op begins to increase and peaks markedly
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earlier under forced mixing. This trend can be attributed to the exis-
tence of additional small pockets of air with higher S under forced
mixing, leading to rapid Cgrop growth. Cyrop decreases very smoothly
under forced mixing, similar to the trends noted above in temper-
ature and water vapor content. The unforced mixing experiment
demonstrates large swings in Cyrp as the particles evaporate (see
t = 6-8 s in particular), clear evidence of large-scale inhomogeneous
mixing.

Considering the droplet size distribution, rather than just
the mean droplet diameter D, can further inform this discussion.
Figures 7(a) and 7(b) plot the evolution in time of the droplet size
distribution for the same unforced and forced mixing experiments
from Fig. 6. Figure 7(c) compares the time averaged droplet size

mm A¢(Smax = 4.02) mm B (Syax =5.96)
mmm Ct(Spax =9.20)

1100
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FIG. 5. Evolution of water vapor and droplet statistics over the course of three
expansions performed under forced mixing conditions (fans on) with Sy = 0.50,
corresponding to the color-coded square markers in Figs. 2 and 3. Experiment
As (blue traces) features Ap = 348 hPa and reaches Smax = 4.02, below Synset-
Experiment Bs (orange traces) features Ap = 383 hPa and reaches Spax = 5.96,
near Sonset- EXperiment C; (green traces) features Ap = 413 hPa and reaches
Smax = 9.20, above Sonset. Panels (a)—(f) plot the same quantities reported in
Fig. 4.
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distribution, N4, for the two experiments calculated over the 4-7 s
time window. It is clear that forced mixing yields a broader droplet
size distribution than the unforced mixing case. We again ascribe
these trends to inhomogeneous mixing: the high degree of turbu-
lence under forced mixing yields small-scale pockets of air with
elevated water vapor content or lower temperatures that support the
growth of the largest droplets—as well as warmer, drier air pockets
that yield only the tiniest droplets. The cloud physics literature has
invoked similar explanations; see, e.g., prior discussions on broad-

ened size distributions in droplet growth under turbulence’”>* and
=== unforced m== forced
295
< 280 -
I~
a
265 ) T T T T
0.016
2 0.015 A +0.004
=
0.014 b) T T T T
0.001

dXHZO/dt
S
S
&

Time (s)

FIG. 6. Evolution of water vapor and droplet statistics over the course of two expan-
sions featuring unforced mixing (orange traces) and forced mixing (blue traces)
that reach similar Smax. The unforced mixing experiment features Sy = 0.50 and
Ap = 378 hPa, reaching Smax = 5.40, while the forced mixing experiment features
Sp = 0.65 and Ap = 347 hPa, reaching Smax = 5.31. (@) Unadjusted average tem-
perature reading across the thermocouple array; the shaded envelopes show the
coldest and warmest readings. (b) Mole fraction of water vapor measured with
TDLAS. The unforced mixing trace (orange) is shifted by +0.004 so that the
maxima visually coincide, accounting for the different Sp. (c) dyw,o/dt, calcu-
lated numerically after smoothing the traces in panel (a). (d) Droplet concentration
tracked with holography. The dashed black line indicates the droplet concentration
threshold of 2 cm~3 that distinguishes homogeneously nucleated droplets from
activation of background particles. (¢) Ensemble average droplet diameter tracked
with holography.
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FIG. 7. Evolution of droplet size distributions for the same two expansions from
Fig. 6 with unforced (orange traces) and forced mixing (blue traces). (a) and (b)
Droplet size distributions for the unforced and forced mixing cases, respectively,
illustrating the number of droplets detected in each 500 nm size bin and 15 ms time
bin, normalized by the droplet-size-dependent holographic detection volume and,
therefore, reported in droplets um=" cm=3 (see color bar). The vertical dashed
lines indicate the 4-7 s time window used to report the time-averaged droplet size
distribution shown in panel (c). (c) The normalized average droplet size distribution
recorded in the unforced and forced mixing experiments, averaged over the 4-7 s
time window shown by the dashed lines in panels (a) and (b). The vertical dashed
line at 8 um shows the lower reliable size limit of the holographic reconstruction.

studies on the evaporation of dense sprays of droplets in a fluctuating
vapor field.”*”

It is clear from these experiments that the spatial scale of the
inhomogeneous mixing in the chamber is highly sensitive to flow
conditions. Unforced mixing leads to large-scale fluctuations that
modulate T and yu,o0 in time and space, causing large swings in Cyrop
over time in the holography data. Under forced mixing, we see clear
evidence for inhomogeneous broadening in the droplet size distri-
butions measured with holography, but no large swings in Cyrop in
time. We conclude that forced mixing must yield inhomogeneously
mixed air pockets that are smaller than the holography measure-
ment volume and certainly smaller than the centimeter-scale spacing
of the thermocouples, which read out uniform temperatures under
forced mixing. It is of interest in future work to better resolve spatial
trends by correlating droplet statistics with their location within the
holography mode volume, although this will require considerably
more experimental data and averaging.

ARTICLE pubs.aip.org/aipl/jcp

IV. CONCLUSION

We report on the use of the REACh facility to study the homo-
geneous nucleation of water vapor. Using a combination of TDLAS
and in-line holography, we track droplet nucleation and growth in
real time while simultaneously monitoring the water vapor con-
centration inside the chamber and extracting the peak saturation
ratio reached during each expansion. Our measurements of the
concentrations of homogeneously nucleated droplets show quali-
tative agreement with nucleation rates predicted with CNT. Both
the TDLAS and holography data show clear evidence of inhomo-
geneously mixed pockets of air in the chamber with variation in
water vapor concentration and temperature, which have impacts
on homogeneous nucleation and the resulting droplet growth. We
examine different degrees of mixing in the chamber to better under-
stand how droplet nucleation and growth are impacted by these
inhomogeneities. Forced mixing in the chamber appears to accel-
erate the initial formation of droplets and ultimately broadens the
droplet size distribution. While our laboratory conditions operate
at much higher S than occurs in Earth’s atmosphere, our results
highlight more generally that the large-scale cloud dynamics and
turbulence that have major impacts on droplet microphysics are also
present during expansions in the REACh facility. Future work is nec-
essary to further investigate and verify these findings across a wider
range of turbulent conditions. In ongoing work, we are broaden-
ing our experimental capabilities to develop a rapid TDLAS readout
for temperature and to adapt holography processing to track spa-
tial droplet distributions in three dimensions during expansions as
well as over larger measurement volumes. Extending the hologra-
phy volume will help us retrieve a more accurate measurement of
the total liquid water content in the chamber, which may make it
possible to close the water budget in future experiments. We plan
to apply these methodologies to study heterogeneous nucleation of
liquid droplets and heterogeneous ice nucleation on seeding aerosol
particles.

SUPPLEMENTARY MATERIAL

See the supplementary material for details of the temperature
correction (Sec. SI), the spatially resolved temperature evolution
during expansions (Fig. S2), and a table (Table S1) summarizing
key statistics from every experiment studied in this report. Also
included are two processed holography videos (Video S3 and Video
S$4) showing interference caused by high droplet counts.
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