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Introduction 

The phase change and interaction behavior of supercooled water droplets are crucial for understanding cloud 
formation and precipitation processes. These micro-processes are of relevance for the development and 
enhancement of climate models and weather forecasts [1].  
In clouds, extreme ambient conditions with temperatures as low as -40° C lead to the supercooling of water 
droplets. During the freezing of the droplets, latent heat is released which is one of main energy sources in clouds 
or more severe weather phenomena like cyclones [2]. This also affects clouds on a macroscopic scale as droplets 
in the vicinity of the latent heat release evaporate and therefore the cloud size is limited [1]. 
Phase change is initiated by either homogeneous nucleation or by heterogeneous nucleation through particles 
like aerosols or ice crystals.  

Due to convection, the supercooled water droplets are in constant motion in the clouds and interact and collide 
with each other. The result of these collisions is dependent on the nucleation, if it is triggered by the impact and 
also on the ambient conditions as the surrounding gas has to transport the latent heat released during the 
freezing process away. This is dependent on the conduction and convection properties of the ambience. 
Therefore, the rate of freezing is dependent on the surrounding gas and its heat transfer ability. 

The freezing process of a droplet was described by Hindmarsh [3] and is shown in Figure 1. 

Figure 1. Freezing process of a droplet [3] 

First, the droplet cools down to subzero temperatures and is supercooled. Then, nucleation starts and the 
temperature jumps to 0°C, the melting or freezing temperature, due to the release of latent heat. This heat has to 
be transported away and the frozen droplet then cools down to ambient temperature. 

For droplet collisions of supercooled water droplets, it is important to know how fast this transport of the latent 
heat is to interpret the experimental results. 

Analytical Model 

Around the supercooled droplet several heat and mass transfer processes take place that are depicted in Figure 
2. The droplet freezes from outside to inside, so there is an outer ice shell while on the inside is mushy ice that is
not completely frozen due to the latent heat release from nucleation. Through the ice shell, heat is conducted to
the outside. There, convection due to the nitrogen flow transports the heat away. Furthermore, there is
sublimation/evaporation and diffusion happening at the droplet surface.
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Figure 2. Heat and mass transfer processes around a droplet 

 
 

For our modeling of the heat transfer processes some assumptions were made. First, the latent heat is released 
all at once and the temperature distribution within the droplet is uniform. Furthermore, the conduction is 
neglected. Fluid properties were taken from the NIST REFPROP database. 
The following Nusselt correlation was used for the convection process 
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which leads to the heat transfer coefficient h and therefore the convection heat flux [4]. 

𝑄̇𝑘𝑜𝑛𝑣 =  ℎ𝐴(𝑇𝑆 − 𝑇∞) (2) 

This heat flux will transport the latent heat away in a certain time and we can equate the two.  
 

𝑄𝐿𝐻 = 𝑄̇𝑘𝑜𝑛𝑣 𝑡 (3) 

By that, we can gain the time that is needed for complete freezing until all of the latent heat is transported away. 
  
 
Results and Discussion 

 

For varying Reynolds numbers for a droplet size of 45 µm and a relative humidity of 0.5, the results are shown in 
Figure 3. 

 
Figure 3. Freezing times for a 45 µm droplet at relative humidity of 0.5 
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It can be seen that even for low supercooling of -10°C, the freezing process is relatively fast with 1.5 seconds and 
the time decreases for higher supercooling. 
Also the droplet size was varied at a constant Reynolds number of Re = 5 and relative humidity of 0.5, the results 
are shown in Figure 4. 

 
Figure 4. Freezing times for a droplet at Re = 5 and relative humidity of 0.5 

For larger droplet sizes above 100 µm, the freezing time increases to more than 5 seconds for a supercooling of   
-10°C. For high supercooling of -40°C, the freezing time remains short, around 1 second. 

For our droplet collision experiments this means, that all collisions happen when the levitated droplet is 
completely frozen as we cannot release a second droplet within a second. But we also see that for larger droplets, 
the timescale of freezing is of relevance and can influence the collision results. 

The evaporation at the surface was also modeled but the results with and without evaporation did not change 
significantly. 
 
 
Nomenclature 

Nu Nusselt number 
Re Reynolds number 
Pr Prandtl number 
T Temperature [°C] 
η dyn. Viscosity [Pa s] 
h Heat transfer coefficient [W/m²K] 
𝑄̇ Heat flux [W] 
Q Heat [J] 
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