
1 

 

Physical mechanisms for delaying condensation freezing on grooved and sintered wicking surfaces 

Emily M. Stallbaumer-Cyr, Melanie M. Derby, Amy R. Betz* 

Alan C. Levin Department of Mechanical and Nuclear Engineering, Carl R. Ice College of Engineering, 

Kansas State University, Manhattan, KS 66506, USA 

*Corresponding author: arbetz@ksu.edu 

ABSTRACT 

Heat pipes are passive heat transfer devices crucial for systems on spacecraft; however, they can freeze 

when exposed to extreme cold temperatures. The research on freezing mechanisms on wicked surfaces, 

such as those found in heat pipes, is limited. Surface characteristics, including surface topography, have 

been found to impact freezing. This work investigates freezing mechanisms on wicks during condensation 

freezing. Experiments were conducted in an environmental chamber at 22°C and 60% relative humidity 

on three types of surfaces (i.e., plain copper, sintered heat pipe wicks, and grooved heat pipe wicks). The 

plain copper surface tended to freeze via ice bridging – consistent with other literature – before the grooved 

and sintered wicks at an average freezing time of 4.6 minutes with average droplet diameters of 141.9 ± 

58.1 µm at freezing. The grooved surface also froze via ice bridging but required, on average, almost 

double the length of time the plain copper surface took to freeze, 8.3 minutes with average droplet 

diameters of 60.5 ± 27.9 µm at freezing. Bridges could not form between grooves so initial freezing for 

each groove was stochastic. The sintered wick’s surface could not propagate solely by ice bridging due to 

its topography, but also employed stochastic freezing and cascade freezing, which prompted more varied 

freezing times and an average of 10.9 minutes with average droplet diameters of 97.4 ± 32.9 µm at 

freezing. The topography of the wicked surfaces influenced the location of droplet nucleation and, 

therefore, the ability for droplet-to-droplet interaction during the freezing process. 

 

Heat pipes are a critical component in heat management systems, from laptops [1] to spacecraft [2]; the 

usefulness of heat pipes comes from their ability to passively transfer heat without additional equipment 

[1, 3-6]. For space applications, heat pipes can be exposed to the freezing temperatures of space – resulting 

in the solidification of the working fluid [6, 7], thereby reducing or preventing function [6, 8], decreasing 

performance [9], or damaging the wick [7, 9]. Current heat pipe freezing research focuses primarily on 

start-up from a frozen state [4, 6, 7, 10, 11] and liquid control methods to prevent ice plugs (i.e. gas-

charged heat pipes) [4, 6, 8, 11].  
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Limited data exist on the freezing process in the heat pipes. Current research on freezing via condensation 

(i.e., condensation frosting) focuses primarily on flat surfaces [12-14] or surfaces designed to delay 

freezing or promote easy ice removal, such as coatings and hydrophobic surfaces [15-19], micropillars, 

microgrooves [20-23], chemical etching, and nanopillars [21, 23-26]. Surface characteristics, such as 

hydrophobicity [15, 23], surface topography [22, 23, 26-28], surface roughness [21, 29], and surface 

tension [21, 29] affect behaviors such as droplet nucleation, droplet sizes, time freezing begins, and 

freezing propagation.   

The research objectives of this work are to investigate and compare condensation freezing on commercial 

heat pipe wicks (i.e., grooved and sintered wicks) and a plain copper surface. This research will illuminate 

freezing mechanisms, quantify freezing times, and explain freezing propagation on complex three-

dimensional surfaces. This fundamental understanding of freezing mechanisms in three dimensions is vital 

to the future design of heat pipes where performance is not prevented or impeded by freezing. 

The Gibbs free energy barrier must be overcome for initial condensation nucleation and freezing to begin 

on the surface; the Gibbs free energy barrier is impacted by the surface tension and the droplet diameter 

(i.e., larger droplets take more energy to freeze)[12, 16, 25, 30-32]. The change in Gibbs free energy 

equation is [12, 30]: Δ𝐺 = 𝑉𝐼Δ𝑔̃𝑉 + 𝜎𝐼𝐿𝐴𝐼𝐿 + (𝜎𝐼𝑤 − 𝜎𝑤𝐿)𝐴𝐼𝑤 

where 𝑉𝐼 is the volume of the ice embryo, 𝑔̃𝑉 is the change in energy per volume between water and ice,  𝐴 is the contact area, and 𝜎 is the surface tension; the subscripts 𝑉, 𝐼, 𝐿, and 𝑤 stand for volumetric, ice, 

liquid water, and the wall of the surface, respectively. Changes in the droplet volume, contact angle, and 

contact area of the droplet will change the Gibbs free energy barrier, thereby changing when freezing 

occurs. Increasing the volume of the ice embryo will also increase the contact area between the ice and 

liquid phases and/or the contact area between the ice and the wall of the surface, resulting in an overall 

increase of the change in Gibbs free energy. Altering the surface’s wettability to increase the surface 

tension between the droplet and the surface will also result in an increase of the change in Gibbs free 

energy. Additionally, increasing the surface tension will likely result in an increased area between the 

droplet and the surface, further increasing the change in Gibbs free energy. Increasing the change in Gibbs 

free energy will require more energy for droplets to change from liquid to ice. However, surface 

modifications to change the Gibbs free energy are limited for heat pipes due to the necessity of the wick 

to transport liquids.   
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On surfaces, the initial freezing frequently occurs on either the edges or on defects/rougher locations on 

the surface, due to the lowered Gibbs free energy [21, 32, 33]. After the initial freezing, the freezing front 

propagates along the surfaces via frozen droplets’ interactions with liquid droplets. Ice bridging is the 

main propagation mechanism for the majority of surfaces investigated; water from a liquid droplet 

evaporates due to the proximity of a frozen droplet and the difference in pressure between the liquid 

droplet and the frozen droplet [12, 32, 34-36]. The water vapor reaches the frozen droplet, causing vapor 

to condense and freeze, thereby creating a bridge between the two droplets. When the bridge reaches the 

neighboring liquid droplet, it freezes that droplet; however, if the bridging parameter, S* is greater than 

one, the droplet will evaporate completely before the ice bridge reaches the liquid droplet, creating a dry 

zone  [12, 34, 36, 37]. Dry zones are areas in which frozen droplets and the neighboring droplets cannot 

interact. The bridging parameter is defined as 𝑆∗ = 𝐿𝑚𝑎𝑥/𝑑 where 𝐿𝑚𝑎𝑥 is the largest distance between 

the two droplets and 𝑑 is the liquid droplet’s diameter [34, 36, 37]. Frost halos occur when a droplet 

initially freezes; the vapor pressure of the ice is greater than the vapor pressure of the liquid, thereby 

expelling vapor from the freezing droplet and condensing on the surrounding surface where the new 

droplets freeze [12, 35, 36]. Similar to frost halos, cascade freezing occurs when vapor is expelled from 

the freezing droplet; however, the vapor, along with airborne dust, impinges on the neighboring droplets 

and induces freezing instead of impinging and condensing on the surface [35, 38].   

For this research, a plain copper surface, two copper sintered wick surfaces (Adv Thermal Solutions, 

ATSHP-F8L150S45W-455, flat heat pipe, 9.45mm wide), and two copper grooved wick surfaces (Adv 

Thermal Solutions, ATS-HPD6L300G30W-00, round heat pipe, 6.0mm in diameter) were investigated. 

The sintered and grooved wick surfaces are from commercially available heat pipes; the heat pipes were 

cut in half lengthwise and split into 25-mm-long sections. The surfaces were placed on a Peltier cooler 

under a Confocal Microscope. The surface temperature was set to -5°C and the surfaces were observed 

for approximately 1-hour, sufficient time for the surfaces to completely freeze. The freezing start time is 

the first instance of observable solidification of condensed water droplets and the freezing end time 

corresponds to the time when the observed surface is completely covered in ice. The freezing times were 

determined by observing locations near the center of the surfaces. The length of freezing is taken as the 

freezing end time minus the freezing start time [39]. Further discussion on the Experimental Apparatus 

can be found in the supplemental material.  

Freezing was observed on five surfaces [i.e., Plain, Grooved 1 (G1), Grooved 2 (G2), Sintered 1 (S1), and 

Sintered 2 (S2)]; five replicates were conducted for each surface. The freezing times are shown in Figure 

1. Additional experiments were performed on the Grooved 2, Sintered 2, and Plain copper surfaces at 
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increased magnification to determine the size of droplets at freezing. Freezing is determined by the change 

in optical properties (transmittance and reflectance) of droplets. The histograms of droplet diameters at 

the time of freezing are shown in Figure 2. On the plain copper surface, freezing began after 6.3 minutes, 

on average. After freezing was initiated on the plain copper surface, the observed surface completely froze 

after an average of 4.6 minutes. The droplet diameters at freezing ranged widely on the plain copper 

surface, from 43.6 µm–418.5 µm, with an average diameter of 141.9 ± 58.1 µm (Figure 2A). Ice bridging 

is identified as the main freezing mechanism propelling the freezing front on the plain copper surface 

(Figure 3) (Multimedia view), consistent with previous literature regarding freezing fronts on smooth 

surfaces [15, 26, 34, 36]. Figure 3A depicts a frozen droplet on the plain surface that, as shown in Figure 

3B, grows an ice bridge to its neighboring droplet, initiating freezing in the neighboring droplet, as 

depicted in Figure 2D. The newly frozen droplet then also creates an ice bridge to initiate freezing in one 

of its neighboring droplets (Figure 3C). 

  

 
Figure 1:  Graphs and table indicating the start, end, and freezing times of the surfaces. (A) The freezing start times of the 

individual replicates on the different surfaces. (B) The freezing end times of the individual replicates on the different 

surfaces. (C) The time it takes the surfaces to freeze from start to finish. (D) A table of the averages of the start time, end 

time, and freezing time. 
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Figure 2: Histograms of the size of frozen droplets from 5 experiments on the (A) Plain copper surface with a frozen droplet 

diameter range from 43.6 µm–418.5 µm, (B) Grooved 2 with a frozen droplet diameter range from 24.9 µm–142.7 µm, and 

(C) Sintered 2 with a frozen droplet diameter range from 33.9–203.1 µm. (D) Schematic of three droplet freezing 

mechanisms, ice bridging, stochastic freezing, and cascade freezing. 

 
Figure 3: Droplets freezing on the plain surface (Multimedia view). (A) a droplet freezing before bridging to its neighbor. 

(B) the frozen droplet bridging to its neighbor causing it to freeze. (C) the newly frozen droplet bridging to its neighbor 

causing it to freeze. 
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Similar freezing mechanisms were observed on the grooved wicks. The grooved wicks began to freeze at 

12.5 minutes on average, the most consistent start time of the three surfaces. Once the grooved wick 

surfaces initiated freezing, the whole observed surface (i.e. the top or portion furthest from the Peltier 

cooler of the grooves) was frozen, on average, after 8.3 minutes. The droplet diameters at freezing ranged 

from 24.9 µm–142.7 µm, with an average diameter of 60.5 ± 27.9 µm; the grooved wick had the most 

consistent droplet diameters (Figure 2B). The droplet width is constrained by the width of the grooves 

(i.e., approximately 86 µm); those droplets which exceed the width of the groove are fewer and grow 

oblong. The freezing front propagated along individual grooves using ice bridging, similarly to the plain 

copper surface, as shown in Figure 4 (Multimedia view). However, as shown in Figure 4C, ice may attempt 

to bridge the in-plane distance between two grooves, but it does not cover the distance before the groove 

begins to freeze (Figure 4D). After the second groove freezes, the ice bridge does not continue to grow as 

it no longer has a water source to draw from. The distance between grooves is greater than the width of 

the grooves, therefore larger than the majority of the frozen droplet diameters on the grooved wick; the 

bridging parameter 𝑆∗ is greater than one. The formation of an ice bridge between droplets on neighboring 

grooves will not be successful; furthermore, the space between the grooves creates a dry zone that cannot 

be overcome [36]. This indicates that each groove must initiate freezing and the grooves function as their 

own independent surface. Since the droplets cannot communicate with droplets on neighboring grooves, 

the average freezing start time for the observable grooved wick is longer and more inconsistent than the 

plain copper surface.  
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The sintered wicks began to freeze at 16.4 minutes, on average. Once the sintered wick surfaces initiated 

freezing, the entire observed surface was frozen, on average, after 10.9 minutes. The droplet diameters at 

freezing ranged from 33.9–203.1 µm, with an average diameter of 97.4 ± 32.9 µm (Figure 2C). The 

particles of sintered wicks dictate the location of droplet nucleation and growth. As seen in Figure 1, the 

freezing times for the sintered wick varied from 3.9 to 17.0 minutes; more than and averaged longer than 

that of the plain copper surface and grooved wick. It was also observed that an increased start time did not 

result in an increased freezing time. Previous results showed that freezing start times correlate with total 

time to freezing [26]. This can be explained by the structure of the sintered wick. Due to the nature of 

sintering, the sintered wick has ‘voids’, i.e. space without particles. Images of the sintered wick were run 

 

Figure 4:  Droplets freezing on the top of two grooves in a grooved wick (i.e. the portion of the groove furthest from the 

Peltier cooler). (A) The droplets have begun to freeze on one of the grooves, (B) the droplets on groove 1 are completely 

frozen, (C) almost 4.5 minutes after the droplets on groove 1 froze, the droplets on groove 2 remain as water, though the ice 

is attempting to reach out in the creation of an in-plane ice bridge, (D) a little under 5.5 minutes after the droplets on groove 

1 are completely frozen, groove 2 begins to freeze, even though the ice has not bridged the gap between the grooves, 

additionally, the ice attempting to bridge stops growing without a water source (Multimedia view). 
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through Python image processing code and the percentage of voids to total area was calculated 

(supplemental material: Image Analysis of Voids in Sintered Wicks). The amount of void area in an 

observed area varied due to the randomness of the sintered particles along the wick. As the amount of void 

area increased, the time it took for the wick to freeze also tended to increase.  Decreasing the amount of 

area for droplets to form limits the number of droplets that can interact with one another. Additionally, 

decreasing the total area for droplets to form also decreases the size droplets can grow, limiting the 

distance droplets can transverse to interact with one another. These limits impact the freezing front 

propagation, increasing the time it takes the surface to freeze. The freezing front must be able to bridge 

the voids, travel around the voids, or stochastic freezing must occur for the freezing front to continue. 

While the amount of void area impacts the freezing front, so does the length and width of the void or the 

occurrence of ‘peninsulas’ of sintered particles stretching into the void. These can allow for droplets to be 

close enough to communicate across voids. The freezing front on the sintered wicks is propagated by ice 

bridging, stochastic freezing of droplets, and cascade freezing.  

Ice bridging can only occur on the sintered wick where sintered particles exist such that 𝑆∗ < 1 for the 

droplets, as shown in Figure 5A-C (Multimedia view). Figure 5A depicts a liquid water droplet whose 

neighboring droplets have frozen. Figure 5B depicts the ice bridges growing from the frozen droplets to 

the liquid droplet, and Figure 5C depicts the ice bridges reaching the liquid droplet and inducing freezing. 

Due to the location of the sintered particles creating the wick, the distance between the droplets was too 

large for the freezing front to propagate predominantly by ice bridging. Similar to the grooved wick 

surface, the sintered wick has multiple locations where 𝑆∗ > 1; the location of the sintered particles creates 

voids or dry zones between the droplets where droplets cannot form and therefore ice bridging propagation 

cannot occur. Additionally, due to these dry zone voids, the freezing propagation tends to move from 

various frame edges towards the center, instead of propagating in one direction, similar to the micropillar 

surfaces with geometrical defects found in [27].  

The sintered wick also froze via stochastic freezing – the water droplets reached freezing conditions (i.e., 

the Gibbs free energy barrier is overcome [30, 36]), shown in Figure 5D-F (Multimedia view) and depicted 

in Figure 2D. These droplets may overcome the Gibbs free energy barrier due to the roughness and edges 

of the sintered particles. Figure 5D depicts a liquid droplet with some frozen droplets on the sintered 

particles surrounding it, light is reflected on the droplet. Without any of the neighboring frozen droplets 

interacting with the liquid droplet, the liquid droplet freezes; the droplet loses reflectance (Figure 5E) and 

transmittance (Figure 5F) as it freezes.  
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The last method of freezing front propagation along the sintered wick surface is cascade freezing, depicted 

in Figure 2D. A freezing droplet initiates freezing in close neighboring droplets ~less than 1 second after 

beginning to freeze; the neighboring droplets begin to freeze following the initial droplet but before an ice 

bridge would be able to begin forming)  (Figure 5G-H) (Multimedia view) [35, 38]. Figure 5G depicts a 

group of three liquid droplets not experiencing any interaction with the surrounding frozen droplets. The 

middle droplet in Figure 5 begins freezing and expels water vapor that impinges on the two neighboring 

liquid droplets, resulting in the liquid droplets freezing (Figure 5I).  
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Stochastic freezing is not the predominant method of freezing a surface due to the time it takes for droplets 

to overcome the Gibbs free energy [12, 16, 25, 30-32]. On the observed surfaces, the average freezing 

start times were 6.3 minutes on the plain, 12.5 minutes on the grooved, and 16.4 minutes on the sintered. 

The droplets on the observed surface could not overcome the Gibbs free energy before freezing 

 

Figure 5: The mechanisms of droplets freezing on the sintered wick. (A-C) show ice bridging (Multimedia view), (D-F) 

shows a droplet freezing despite experiencing no interactions from the droplets surrounding it via stochastic freezing; the 

freezing process is observed by the loss of reflectance between (D) and (E) and loss of transmittance between (E) and (F) 

(Multimedia view), (G-I) show droplets freezing due to cascade freezing; the two additional droplets freeze within a second 

of the first and are seen in supplementary video (multimedia view). 
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propagation mechanisms reached the observed surface. The freezing began on the edges of the observed 

surfaces, indicating freezing from interaction with the droplets outside of the observed surface; a droplet 

in an area of lower Gibbs free energy (e.g. a surface edge) froze allowing propagation to the observed 

surface [12]. Ice bridging has been observed to propagate swiftly on surfaces, the speed of ice bridging 

propagation relies on the length of bridges required [16, 34]. Ice bridging on the plain copper surface with 

close droplets created ice bridges within 4 and 7 seconds in Figure 3 (Multimedia view). Haque et al. [16] 

correlated the bridge length to bridging time for droplets on graphene surfaces, the longer the bridge the 

longer it took to bridge the gap, with the lengths between 3 μm and 23 μm and corresponding times 

between a few seconds and 60 seconds. The average times for the observed surfaces to completely freeze 

were 4.6 minutes and 8.3 minutes, respectively. Both the plain and grooved surfaces froze primarily via 

ice bridging. While ice bridging takes a few seconds, cascade freezing occurs within milli- or deci-seconds 

[35, 38]. The plain surface droplets can interact with each other and freeze via droplet bridging; however, 

the droplets on one groove cannot interact with the droplets on a neighboring groove. Similarly, due to 

voids on the sintered surface, there are areas where the droplets cannot interact, slowing the freezing front 

(supplemental material: Image Analysis of Voids in Sintered Wicks). On the sintered wick, in the 

supplementary videos corresponding to Figure 5G-I, the neighboring droplets are seen experiencing 

cascade freezing following the freezing of the first droplet.  

Understanding the freezing mechanisms on wicking surfaces can lead to wick designs that can mitigate 

the damaging effects of heat pipe freezing. The topography of the surfaces has greater impacts on the 

freezing time by influencing the freezing mechanisms and the speed at which the freezing front can 

propagate. The plain copper surface can employ ice bridging across its entire length, with minimal 

interference. Therefore, a majority of the droplets formed on the surface resulted in a bridging parameter 

of less than one. While the grooved surfaces employ ice bridging as well (𝑆∗ < 1), the droplet-to-droplet 

interaction is restricted to droplets along the same groove. Droplet bridging from the top of one groove to 

another fails due to the 𝑆∗>1, thereby increasing the time for the grooved surface to freeze, as each groove 

must freeze individually. The sintered surfaces employ a mixture of ice bridging (𝑆∗ < 1), stochastic 

freezing, and cascade freezing. The freezing times on the sintered wick were the most varied of the three 

surfaces, had the most varied freezing start times, as well as the longest freezing start and end times, as a 

result of the differing area taken up by voids. The varied freezing times result from the dry zone voids 

(𝑆∗ > 1) created by the sintered particles and the sintered particles themselves acting as surface defects 

or edges; additionally, the surface topography results in varied freezing methods of different length and 

time scales – ice bridging, stochastic freezing, and cascade freezing. This research shows the opportunity 
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for optimization of heat pipe geometry to take advantage of the different time and length scales associated 

with the different freezing mechanisms to prevent harmful effects of freezing. The void structure and 

surface energy could be tailored to simultaneously allow for wicking the liquid state but prevent ice 

bridging and cascade freezing mechanism.   

Supplementary Material 

Additional detail describing the experimental apparatus and explaining the image analysis are provided in 

the supplementary materials. 
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