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A water based fusible heat sink is envisioned for use in several future human space vehicles 
ranging from a deep space habitable airlock to lunar rovers. This radiator concept has the 
potential to enable active thermal control systems with a single benign working fluid (such as 
propylene glycol water) as dynamic loading is buffered by the heat capacity of the integrated 
water layer. This paper presents the results of evaluations of a scaled test article which 
includes integrated coolant tubes through the radiator’s water reservoir. This testing was 
completed to validate analysis results and provide insight into freeze direction and control 
given the enclosure volume’s unique geometry and internal features. The coolant flows 
through the radiator in two tube bank layers. The first layer is contained within the water 
volume near the heat rejection interface, i.e. the radiating surface, and the second layer is 
submerged within the entrained water volume. The inlet temperature and flow rates of each 
layer can be controlled independently to better match the thermal performance expected in 
the full-scale radiator. Results indicate a moderate level of repeatability in the size and location 
of ice spike formation within the test article water channels. This information was used to 
inform an ice spike formation modeling tool which is also introduced. Implications for the next 
iteration of full-scale hardware design are discussed. 

Nomenclature 
kg =  Kilogram 
FHS = Fusible Heat Sink 
PCM = Phase Change Material 

I. Introduction 
water based fusible heat sink (FHS) radiator has been under development at the Johnson Space Center for a 
number of years in support of a Common Cabin space vehicle architecture.1,2 The Common Cabin architecture 

is intended to be a largely generic spacecraft cabin that can be implemented with minor modifications to any number 
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of potential missions. These missions range from a habitable airlock at Gateway, to a Mars ascent vehicle, to the 
pressurized rover cabin on the lunar surface.3-5 
  
 The FHS technology strives to integrate the thermal storage function of a water phase change material (PCM) heat 
exchanger with the heat rejection function of a traditional radiator. The PCM layer acts as a thermal buffer to dynamic 
environmental and vehicle loads and is intended to minimize system level complexity associated to these changing 
thermal conditions. The water PCM used in this application may also have additional vehicle level benefits associated 
to radiation protection potential and contingency potable water storage. While these additional functions are not 
discussed within this paper they are important to consider when evaluating the bulk mass of the FHS technology. At 
the subsystem level, having a FHS component mass > 500 kg1 appears more reasonable as this mass is expected to 
offset functional mass at the vehicle level. For example, the radiation protection efficacy provided by the water layer 
is believed to be comparable to a similar mass of polyethylene shielding. Further analysis is required to verify this 
assumption but for the vehicle level trade is a reasonable starting point. 
 

The primary challenge associated to implementing an FHS technology is management of water ice expansion in a 
way that mitigates or eliminates mechanical damage associated to ice expansion and spike formation during the freeze 
cycle. The ice spike formation phenomena had been observed in several PCM thermal capacitor applications and 
resulted in unacceptable damage to containment vessels.6,7 These early designs included a notional 20% volume void 
space within their mechanical enclosures. This void space was included as a notional expansion volume to 
accommodate ice expansion during freezing. In addition to the unacceptable damage observed in these articles, two 
fundamental issues impacted these designs. First, the resulting topography of ice formation in the gravity environment, 
where they were evaluated, was not fully understood. Simply meaning, it was not clear how much void space was 
required to mitigate mechanical damage due to ice expansion. Second, even if these unconstrained water volume 
designs had resulted in consistent successful ground demonstrations, test applicability in a microgravity environment 
was still in question. Meaning, to understand the dynamics of ice formation and predict and accommodate resulting 
topography, it’s important to have insight into the location of the liquid water within the assembly. To better tolerate 
ice expansion and ice spike formation during periods of full freeze, the current FHS implements imbedded vehicle 
coolant passages and a flexible water restraint bladder with no intentional void space or air gap. Inclusion of the 
bladder material is intended to constrain the water layer such that the location of the liquid is always known while also 
providing a compliant media for ice to form into. Additionally, by having insight into the liquid water’s location, we 
expect the water freeze dynamics to be more consistent and predictable.  
 

To verify this hypothesis, a scaled FHS test article was designed, constructed, and tested by a series of student 
interns at the Johnson Space Center. Testing of the scale article was initially completed without the bladder to 
characterize freeze characteristics of the current mechanical design. A picture of the fully frozen test article is provided 
in Figure 1. A thermal model of this test article geometry was also constructed, and logic was implemented to simulate 
the water expansion in between two interstitial fins. Correlations between lab test and modeling results were expected 
to inform full scale FHS mechanical design. This approach was intended to minimize mechanical design iterations as 
the team progresses towards a viable design that has a high tolerance to the freezing condition.  

 

 
Figure 1.  Frozen FHS Test Article with Ice Ridges Formed in Each Channel  
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II. FHS Scale Article Testing 

A. Test Article Design Background 
 
A cross-sectional view of the FHS radiator test article from 

the associated Creo model is provided in Figure 2. The test 
article consists of 10 parallel water chambers separated by thin 
fins that were machined directly into the unit. Although the full-
sized vehicle radiator would be designed and constructed out of 
a stainless steel or titanium, the scaled FHS article tested, 
modeled, and analyzed here is constructed from aluminum to 
reduce manufacturing burden. The bottom of the test article’s 
structure has an embedded cold plate which serves as the 
primary heat sink analogous to a radiator’s surface. In this 
configuration, the water volume freezes from metallic surfaces 
toward open area in a ‘U’ type shape similar to the shape of the 
channel shown in Figure 2.  

 
The analogous vehicle coolant side of the radiator, which 

would be supplying vehicle heat loads for rejection, is contained 
in two independent tube banks. One set of tubes is flush with the 
bottom ‘radiator’ surface and the fin edge, and the other is 
floating within the water volume but in contact with a fin wall. 
Each interstitial fin within the water volume has two coolant tubes in contact with it. One at the ‘radiator’ interface 
and the other is within the water volume as previously described. Each of the tube banks, radiator/fin edge (‘lower’) 
and fin only (‘upper’), is isolated from the other by the manifold design on either end of the radiator. The primary 
‘vehicle’ coolant used in this evaluation was an ~50/50 mixture of propylene glycol water.  

 
The implementation of the radiator/cold plate lower surface as the test article’s primary heat sink allowed all tests 

to occur in an ambient laboratory environment. That is, no thermal vacuum testing had been completed on this test 
article. Nor would this test article be appropriate for thermal vacuum testing due to the large additional structure mass 
required to implement the radiator/cold plate heat sink. To date, 10 individual freeze runs had been completed. In 
these initial runs the radiator chiller cart was given a set point of -40°C, each freeze cycle took ~3-4 hours to complete, 
manual ice ridge mapping/data collection took ~1-2 hours, and the test article was allowed to thaw overnight. The 10 
cycles run were completed in 3 different vehicle coolant flow configurations. Three tests were run in a parallel flow 
configuration where the analogous vehicle coolant was flowing through the upper and lower manifold sections in the 
same direction. In each of these parallel flow tests, the coolant was flowing through the test article from right to left 
as depicted in Figure 3. The remainder of the tests were run in a counterflow configuration the upper and lower vehicle 
coolant tube banks received flow in opposite directions. Three of these cases were run with the inlet sides being the 
upper left and lower right manifold lines (reference Figure 3) and the remaining four were run in the opposite flow 
condition (inlet sides being upper right and lower left). 

 
  

 
Figure 2.  Cross-Sectional View of the Creo FHS 
Radiator Test Article Model (Vehicle Coolant 
Tubes Not Included in Solid Model – Rough 
Locations Included for Reference. Water fills 
channel between fins.) 
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B. Testing and Data Collection Approach 
 
The primary ice formation data obtained in this testing resulted in a relative ice topology map that was generated 

from manual ice ridge height and fin ice level measurements after the water had been completely frozen. Height 
measurements were taken at 13 equally spaced locations across each the 10 water channels. The data collection process 
took approximately two hours to complete; no changes to the test conditions were made once data collection started 
(radiator temperature, coolant temperature, and flow rate were maintained). Each set of data was obtained by the same 
system operator. This data was then used to determine an approximate water level height increase, approximate water 
volume increase, and maximum height increase. Note that height increase, and volume expansion can be two different 
values as ice spike formation implies non-uniform expansion in the direction of freeze (if it were uniform, no ice 
spike/ridge would form). The provided initial values for frozen volume expansion assumed the ice forms a perfect 
triangle where the area can be obtained by measuring the height change between the liquid and solid state in a fin 
channel of fixed width.  

 
Each test was completed in a relatively uncontrolled lab environment. The test article was completely wrapped in 

1.5 inch foam insulation material. This helped to minimize lab environment interaction while also minimizing heat 
loss to the room; however, measurements in this regard were not explicitly completed. A spacer layer was included 
above the water layer to preclude interference or contact of the insulation with ice expansion.   

 
Additional data was collected regarding test system performance and includes standard thermal data such as 

coolant flow rates, inlet temperature, outlet temperature, heat rejection, and so on. Those numeric data are not 
explicitly included here because the primary objective of the test was to look for general trends in ice formation and 
to begin to evaluate how much flow direction, temperatures, and freeze rates may influence the locations and 
magnitude of ice spikes.  

C. Initial Test Results  
 
The results did not provide an initial indication of consistent patterns in overall ice ridge formation across the range 

flow conditions and temperatures evaluated to date. Example spike formation data once the article had been fully 
frozen is found in Figure 4. Again, these data are manually collected after the water has fully frozen. As one can see, 

 

 
Figure 3.  FHS Test Article Reference Axis and General Flow Layout. ‘Variable Vehicle 

Coolant Flow’ indicates flow control via included metering valves. 
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there are general trends that suggest similar freezing is occurring but no definitive trends had yet been established. In 
tests 5 and 7 shown in the figure, there appears to be preferential peak formation near the center and back of the test 
article. This is near the radiator side coolant inlet that is likely to be the coldest location across the entire test article. 
There was also an apparent trend for ice spike formation near the left rear of the test article. The rationale for these 
trends is not fully apparent; however, several factors are likely to be influencing the result. One factor could be that 
the time to freeze across the test article channels is not uniform. The implications of the ‘time-to-freeze’ in a given 
area of the test article were not fully captured or considered here. An additional factor could be that some number of 
tests were completed with a slight angle across the test article that impacted freeze dynamics and final ridge formation. 
Additionally, the thickness of the edges of the test article (significantly thicker than the interstitial fins) could be 
inducing an edge effect that influences the final freeze height topography.  

 

 
Figure 4.  Full Frozen FHS Topography Maps: Test 2, 5, and 7  

 
The expansion height and volume increase data for the completed tests are provided in Table 1. Note that data 

from test 8 has been omitted, this was due to an error in the data collected for that run. The mean of the average volume 
increase was 8.8% with a standard deviation of 1.6%. The mean of the average height increase was 12.2% and had a 
standard deviation of 1.7%. Finally, the mean of the maximum height increase was 19.2% and had a standard deviation 
of 1.9%. These initial results show the relative inconsistency between measurements taken. The nature of the manual 
peak measurement inevitably reduces the accuracy of these data. However, one significant bulk trend was identified 
early in the initial analysis. In particular, the maximum height increase data suggests that the previously observed void 
space of 20% was insufficient to compensate for ice ridge formation. While this had already been observed through 
the deformation of previous test article structures, the full extent of required expansion allowance was not well 
understood. Assuming one can get repeatable freezing based on the information provided here, the mechanical vessel 
should likely be designed to compensate for local height expansion of ≥ 25% to allow for margin against the maximum 
numbers observed.  

 
There is still a great deal of outstanding work to be completed at this scale. Namely evaluation of the feasibility of 

including the bladder restraint to provide continued insight into the liquid water’s location in any orientation. There’s 
also some concern that the flatness of the test article regarding the gravity vector could impact bulk results. This would 
also be true of implementation on a planetary surface rover. Additional data in this regard will be collected in future 
tests and used to inform future thermal analysis and mechanical design efforts.  

 
Table 1. Test Results in Percent Change from Initial Condition: Average Volume Increase, Average Height 

Increase, Maximum Height Increase 

Test # Flow Config. Ave. Volume 
Increase Ave. Height Increase Max Height Increase 

1 Parallel 8.7% 11.5% 19.8% 
2 Parallel 11% 15% 19.8% 
3 Parallel 9.6% 13.3% 20.8% 

4 Counter (Inlets Upper 
Left/Lower Right) 8.4% 10.5% 16.6% 

5 Counter (Inlets Upper 
Left/Lower Right) 11% 14% 22.9% 

6 Counter (Inlets Upper 
Left/Lower Right) 7.4% 11.3% 17.7% 
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Test # Flow Config. Ave. Volume 
Increase Ave. Height Increase Max Height Increase 

7 Counter (Inlets Upper 
Right/Lower Left) 5.7% 9.5% 16.6% 

8 Counter (Inlets Upper 
Right/Lower Left) - - - 

9 Counter (Inlets Upper 
Right/Lower Left) 8.1% 11.5% 18.6% 

10 Counter (Inlets Upper 
Right/Lower Left) 9.5% 12.9% 19.7% 

 

III. Modeling 

A. Modeling Approach & Assumptions 
 
A schematic of the Thermal Desktop model nodal diagram is shown in Figure 5. This image shows one of the 

parallel water chambers between two fins. The aluminum structure is shown in the orange color. The water volume is 
divided into a mesh of 16x16 cell nodes, as shown in the dark blue color. Above the water cells is a series of air-filled 
cell nodes, as shown in the teal color. The purpose of these additional nodes is explained below. 

 
As the dark blue water cell’s temperature approaches the freezing temperature of 0℃, its temperature remains 

constant (0°C) until all the water molecules within the cell freeze into ice. During this freezing process, the water 
cell’s specific volume goes from 0.001 m3/kg (for water at 0℃) to 0.0010917 m3/kg (for ice at 0℃). This indicates a 
volume increase of 9.17%. The purpose of the additional cell nodes (which are initially filled with air) is to account 
for the water volume increase during freezing. As the bottom of the cold plate is cooled, the water along the bottom 
of the water chamber starts to freeze first. The resulting expanded volume from the freezing of the water cells is pushed 
up into adjacent water cells and ultimately occupies the air-filled cell volumes. In other words, these initially air-filled 
cell nodes are place holders for the expanded water volume.    

 
The SINDA/Thermal Desktop model described in this document was developed based on the following 

assumptions: 
 
1) Only one of the ten parallel water chambers in the 

FHS testing article is modeled; this assumes all 
water chambers perform similarly. Although the 
thermal performances of the water chambers at 
either edge of the panel are expected to be slightly 
different from that of the middle chambers due to 
their environment and other factors, this 
assumption is justified for predicting the panel 
freezing profile. 

2) The PGW loop lines in the scaled testing article are 
not included in the current thermal model of the 
testing article. This is justified because the freezing 
performance of the FHS is for a no heat load 
scenario or dormancy periods when the PGW loop 
is not active. 

3) All thermal mass capacitances for panel solid 
surfaces, water volumes, and air cells were modeled 
using SINDA/Thermal Desktop NODE data inputs. 
The thermal capacitances of water cells and initially 

 
Figure 5.  Thermal Desktop Model Nodal Diagram 
of the FHS Radiator Test Article and Depiction of 
Initial Freeze Propagation 
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air-filled cells were input as a function of the cell’s temperature, which allowed for the capacitances to change 
accordingly as the cells changed from water to ice, or from air to water to ice. 

4) The heat of fusion during the freezing process was accounted for by applying a spike in the curve of specific 
heat as a function of temperature over the phase change temperature range of 0.05℃ to -0.05℃, as shown in 
Figure 6 - A. Within this phase change temperature range, the transition from water to ice during the freezing 
process is referred to as “slush” in this document. 

5) All the thermal conduction properties through the panel solid surfaces, water cells, and air cells, as well as the 
natural convection from the top nodes to the environment were modeled using SINDA/Thermal Desktop 
conductor inputs. The cell-to-cell thermal conductivities were input as a function of the cell’s temperature that 
allowed for the thermal conductivities to change accordingly as the cells changed from either water to ice, or 
from air to water to ice.  

6) To induce freezing, the base of the panel was subjected to the temperature profile shown in Figure 6 - B. This 
profile is based on the measurements taken from the chiller cart settings during the testing of scaled FHS test 
article.  

 

7) The FHS panel in the thermal model of the testing article was assumed to be filled with water to the top edge 
of the fins. 

8) The volume of each initially air-filled cell is 9.17% of the volume of each water cell node. For each water cell 
node freezing, one air-filled cell fills up with the water volume resulting from the expansion of water due to 
freezing. 

9) The logic used to control the filling sequence of the air-filled cells assumes that as each water cell in the FHS 
panel freezes, the excess water volume resulting from that freezing is pushed first upward, and then displaced 
on top to form a dome. 

10) The shape and height of the ice dome is determined by combined effects of gravity and surface tension forces 
acting on the water surface at the top of the dome. Gravity forces tend to flatten the dome while surface tension 
forces try to preserve the dome shape. 

11) This analysis assumed constant ambient pressure and temperature. 
12) Characteristics such as dissolved air bubbles and impurities in water were not considered in this analysis. 

B. Initial Model Results 
 

Two major cases were analyzed to predict the freezing performance of the FHS testing article: A gravity-dominant 
case, and a surface tension-dominant case. The gravity-dominant case refers to conditions such as warmer ambient 
temperatures and low freezing rates where the influence of gravity on shape and height of the ice dome is more than 
that of surface tension. The surface tension-dominant case, on the other hand, refers to conditions such as colder 

 
         A                B 
 
Figure 6.  A) Thermal Desktop Model Nodal Diagram of the FHS Radiator Test Article; B) FHS Sink 
Temperature Profile 
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ambient temperatures and fast freezing rates where the influence of surface tension on ice dome formation is dominant 
over that of gravity. 

 
 The gravity-dominant case is shown in Figure 7, where the structure is shown in orange, water is shown in dark 
blue, ice is shown in white, slush is shown in green, and the air-filled cells are shown in teal. The results indicate a 
5.46 mm high ice dome over the initial water level, which is equivalent to an 11.5% height increase. 
 

 
 

The surface tension-dominant case is shown in Figure 8. Like Figure 7, full channel pictures were not included in 
this surface tension-dominant case since they were very similar to the gravity-dominant case figures. The results 
indicate a 7.1 mm high ice dome over the initial water level, which is equivalent to a 14.9% height increase. The 
results confirm the expectations that the ice dome in the gravity-dominant case is flatter and lower than the ice dome 
for the surface tension-dominant case. 

 
 

 
 

IV. Discussion 
These initial modeling a test results did not directly correlate to each other but are largely considered to be in 

family with one another, as may be expected in this initial phase of evaluation. The predicted height growth for the 
gravity-dominant case is consistent with the measurements collected for average height increase. Likewise, the 
maximum height increase measurements are consistent with the surface tension-dominant case. Potentially further 
confounding this result interpretation, is the uncertainty associated to the manual measurement of the ice ridge relative 
to the initial water height in the same location and any slight angle the test article may have been at on the test stand. 
Variable local time-to-freeze conditions may have influenced final ice formation as well. Other confounding 
mechanisms likely exist as well but are not called out here. None the less, the initial comparison of testing and 
modeling suggests the model results provide valuable insight into freeze characteristics at the macro level.   

  

   
Figure 7.  Ice Spike Evolution Over Time in the Gravity-Dominant Modeling Case in 
Thermal Desktop (~11.5% height increase) 

  
   
Figure 8.  Ice Spike Evolution Over Time in the Surface Tension-Dominant Modeling Case in 
Thermal Desktop (~14.9% height increase) 



 
International Conference on Environmental Systems 

 
 

9 

 
It’s important to note that the initial test series completed here was not designed with the intent of investigating 

the relative dominance of either gravity or surface tension on ice formation in the test article. Instead, modeling results 
for these cases was presented to illustrate the potential significance these factors may have on hardware designed to 
freeze in spacecraft applications. These initial analyses set the groundwork for future work in this area. These initial 
results do, however, illustrate an important nuance for potential spaceflight applications. In the gravity-dominant case, 
upper water layers are effectively pulled down into the bulk water layers until the edges start to freeze. Different 
gravity levels are reasonably expected to vary these results but were not yet evaluated. In the surface tension dominant 
case, the upper water layers are held up by these tension forces until the edges start to freeze. As a result, the surface 
tension-dominant case results in a higher predicted ice spike. This may be the norm in a micro-gravity flight 
configuration where there is no significant gravitational influence. Additional analysis is needed to refine the model 
output and further evaluate the impact of both gravity and liquid surface tension.  
  

V. Conclusions 
Initial efforts to test and thermally model a novel fusible heat sink design were presented in this paper. The initial 

test series had relatively inconsistent results regarding bulk ice ridge formation. Additional testing is needed to 
establish any potential trends. However, maximum peak values were obtained and suggested that the generally 
assumed void space fraction of 20% in previous design iterations was insufficient to mitigate the potential for 
mechanical deformation. A water freeze analysis tool was created to model ice expansion in a channel analogous to 
the test article evaluated in the laboratory environment. The freeze analysis tool implemented two different techniques, 
gravity-dominated and surface tension-dominated, to begin evaluation of potential differences in these modes. Overall, 
the initial modeling results generally agreed with the ridge formation observed in test. 

 

VI. Recommendations and Future Work 
Additional work is recommended to perform additional testing and correlate this model to test results. It is also 

recommended that several items be investigated with this model including: 
 

1) Effects of fin spacing on the ice spike formations 
2) Effects of: thickness of fins, thickness of test article’s side walls, thickness of test article’s bottom floor, 

scaled test article’s size compared to the rover’s radiator size 
3) Effects of various fin materials/thermal conductance 
4) Effects of variations in external thermal environment/time to freeze 
5) Effects of varying the radiator size and water quantity 
6) Sensitivity analysis on PGW temperature and flow rate  
7) Sensitivity to angle of gravity (non-horizontal) 
8) Effects of gravitational and surface tension effects in more detail 
9) Effects of stirring or creating turbulence in the water volume during the freezing process 
10) Effects of radiator position including having the radiator on top of the vehicle and the freezing of the 

water going downward (freezing in the same direction as the gravity vector) 
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