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• Presence or absence of ice in clouds affects

• how much sunlight is absorbed, reflected, or 

transmitted through clouds

• if and how much precipitation will fall 

• To understand and forecast                 , we 

need to first predict when ice forms

• homogeneous and heterogeneous nucleation

Motivation
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How is ice formation investigated?

• Suspended droplets

• Drop(s) on substrate

• Emulsions

• Recently, droplets from microfluidic instruments*

• long residence times

• small droplet volumes (nL to pL)

• monodisperse droplet size
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* Reicher et al. 2018 AMT, 11.

Brubaker et al. 2020 Aerosol Sci Technol, 54.

Tarn et al. 2021 Micromachines, 12(2).

Roy et al. 2021 Micromachines, 12(3).

short residence times

large drop volumes

polydisperse droplet size



What is microfluidics?

• Manipulation and control of liquids at sub-microliter volumes
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Microfluidic devices for studying ice nucleation

• On-chip droplet generation and cooling
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Reicher et al. 2018 AMT, 11.

Brubaker et al. 2020 Aerosol Sci Technol, 54.

Tarn et al. 2021 Micromachines, 12(2).

Roy et al. 2021 Micromachines, 12(3).



Microfluidic devices for studying ice nucleation

• On-chip droplet generation and cooling

• droplets shrink in the polymer device

• high temperature uncertainty
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Can we rethink how we use microfluidics

to study ice nucleation?



Outline

1. New microfluidics-based instrument

2. Homogeneous nucleation rate of water
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New microfluidics-based instrument
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Droplet 

cooling

Droplet 

storage

Droplet 

generation



New microfluidics-based instrument
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aqueous phase

surfactant + oil
oil

75 μm

outlet

(1 % v/v RAN 008 in HFE-7500)
(HFE-7500)

(molecular biology grade water)

75 μm

Droplet generation



New microfluidics-based instrument
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75 μm

Droplet storage

75 or 100 μm inner diameter tubing

(high-purity perfluoroalkoxy alkane)



New microfluidics-based instrument
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75 μm

Droplet cooling

recirculating chiller

Peltier element

ethanol bath



New microfluidics-based instrument
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Droplet cooling

Courtesy of Roland Walker

Photo by Imad El-Bakouri



New microfluidics-based instrument
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Droplet cooling



New microfluidics-based instrument
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Photo by Imad El-Bakouri

Droplet 

cooling

Droplet 

storage

Droplet 

generation

• By separating droplet generation 

and storage,

• droplets are stable in storage

• temperature accuracy is 

improved (± 0.2 K)



Outline

1. New microfluidics-based instrument

2. Homogeneous nucleation rate of water
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Isenrich et al. 2022 AMT, 15, 5367–5381.



Outline

1. New microfluidics-based instrument

2. Homogeneous nucleation rate of water
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Isenrich et al. 2022 AMT, 15, 5367–5381.



Nucleation rates from pL-droplet instruments
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wide spread of nucleation 

rates across orders of 

magnitude… 

large uncertainty

S09 Stan et al. 2009; E09 Edd et al. 2009; R13 Riechers et al. 2013; W16 Weng et al. 2016; P16 Peckhaus et al. 2016; T18 Tarn et al. 2018; R18 Reicher et al. 2018; H18 Häusler et al. 2018; T21 Tarn et al. 2021



Fraction of droplets frozen vs. temperature
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𝒅 = 𝟕𝟓 𝛍𝐦



Fraction of droplets frozen vs. temperature
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𝒅 = 𝟏𝟎𝟎 𝛍𝐦𝒅 = 𝟕𝟓 𝛍𝐦



Nucleation rate 𝑱𝐕 from frozen fraction
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𝐽V = −
1

𝑉 𝑡2 − 𝑡1
ln

1 − 𝑓2
1 − 𝑓1

where 𝑉 is droplet volume

𝑡2 − 𝑡1 is an increment in time

𝑓 is the fraction of droplets that are frozen



Experimental homogeneous nucleation rate of water
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scatter from experimental error?

or scatter from randomness of nucleation?

use Monte Carlo simulation to determine 

how much scatter comes from randomness



Monte Carlo simulation
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Generate random 

number 𝑝
between 0 and 1

𝑝 ≤ 0.5

example: coin toss

heads (H)

tails (T)

yes

no

T T H T H H T H H T
T H H H H H T T H H
T H T H H H T T T H



Monte Carlo simulation

24

Cloud from a Chip: Developments in Microfluidic Ice Nucleation Experiments

Generate a random number Compare random number Calculate nucleation rate

of a population of droplets being cooled

for each droplet at every 

temperature

to probability of nucleation from simulated frozen fraction



Monte Carlo simulation of experiments
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∴ scatter from randomness of nucleation



Monte Carlo simulation of experiments
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fitting to simulated nucleation rates does not

recover underlying nucleation rate



Monte Carlo simulation of experiments
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merge all droplets at same conditions 

to one frozen fraction curve



Monte Carlo simulation of experiments
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reduced scatter using merged frozen fraction

= can recover underlying rate



Experimental homogeneous nucleation rate of water
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Comparison to other pL-droplet instruments
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obtained new 

high-accuracy data over a 

wide temperature range

S09 Stan et al. 2009; E09 Edd et al. 2009; R13 Riechers et al. 2013; W16 Weng et al. 2016; P16 Peckhaus et al. 2016; T18 Tarn et al. 2018; R18 Reicher et al. 2018; H18 Häusler et al. 2018; T21 Tarn et al. 2021



Outline

1. New microfluidics-based instrument

2. Homogeneous nucleation rate of water
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Isenrich et al. 2022 AMT, 15, 5367–5381.

Shardt et al. 2022 PCCP, 24, 28213.



1. Developed new microfluidics-based instrument

2. Precisely measured the nucleation rate of water
• Wide temperature range with 75 & 100 μm droplet diameters 

cooled at 0.1 and 1.0 K min−1

• Insight from Monte Carlo simulations for obtaining a 

parameterization of nucleation rate

Conclusions
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1. Developed new microfluidics-based instrument

2. Precisely measured the nucleation rate of water
• Wide temperature range with 75 & 100 μm droplet diameters 

cooled at 0.1 and 1.0 K min−1

• Insight from Monte Carlo simulations for obtaining a 

parameterization for nucleation rate

Conclusions
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Isenrich et al. 2022 AMT, 15, 5367–5381.

Shardt et al. 2022 PCCP, 24, 28213.

Improved our understanding of and ability to predict ice nucleation, 

aiming towards improved predictions of         and             
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