
47th International Conference on Environmental Systems ICES-2017-243 
16-20 July 2017, Charleston, South Carolina 

Freezable Single-loop Thermal Control Architecture 
Assessment and Potential Key Enabling Technologies 

James A. Nabity1, Jordan B. Holquist2 and David M. Klaus 3 
University of Colorado, Boulder, CO, 80309, USA 

A space habitat thermal control system (TCS) keeps the vehicle, avionics and atmosphere 
within a specified temperature range.  On the International Space Station, a water coolant 
loop collects internal heat loads for transfer to an external anhydrous ammonia loop via a 
closed heat exchanger. The ammonia loop then interfaces with the radiators to reject the heat. 
This requires sensors, active components and feedback control to ensure that the fluid 
temperatures remain within their allowable limits without freezing water. Further, toxic 
materials like ammonia impose constraints on design and require additional instruments to 
monitor for leaks. Together, these result in a complex architecture for spacecraft thermal 
control.   

Incorporating a single-loop, freezable water-based cooling system can offer numerous 
potential benefits to the TCS architecture:  1) removing the ammonia cooling loop eliminates 
this toxic material and reduces complexity, 2) freeze-tolerant components reduce the risk of 
structural damage posed by freeze, 3) selective freeze of the fluid loop can passively turndown 
the heat rejection rate and 4) can also provide thermal storage capacity.  Under cold 
environmental conditions, the radiator temperature drops below the freeze point and water 
freezes along the tube.  The buildup of ice then passively turns down the rate of heat rejection 
in proportion to the net thermal load from the spacecraft and the external heat sink 
environment encountered, as the ice layer both adds thermal resistance and forces fluid flow 
through a bypass.  Similarly, as the heat load increases, the ice absorbs heat during thaw due 
to the latent heat of fusion.  In this position paper, we describe a freezable single-loop TCS 
architecture along with potential enabling technologies, present strategies to integrate this 
concept into the architecture allowing self-regulaton of the spacecraft thermal environment, 
and discuss performance attributes for thermal control of orbiting spacecraft and habitats. 

Nomenclature 
Ac = cross-sectional area 
As = surface area 
ATCS = Active Thermal Control System 
Cp = specific heat 
De = effective diameter 
h = height 
HX = heat exchanger 
IFHX = interface heat exchanger 
ISS = International Space Station 
k = thermal conductivity 
L = length 
LMTD = Log Mean Temperature Difference 
N = number or quantity 
NuD = Nusselt number 
OD = outer diameter 
P = perimeter 
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PCM = phase change material 
PG = propylene glycol 
Pr = Prandtl number 
"  = solar flux 

Q = heat rate 
r = radius 
t = thickness, time 
T = temperature 
TCS = Thermal Control System 
TRL = Test Readiness Level 
 
 = absorptivity 
hf = latent heat of fusion 
p = pressure drop 
t = time interval 
 = emissivity 
 = kinematic viscosity 
 = velocity 
 = density 
 = Stefan-Boltzmann constant 
 
Subscripts 
b = bulk 
B.Pt. = boiling point 
conv = conventional 
DS = deep space 
env = environment 
Fz.Pt. = freeze point 
i = inner 
ins = insulation 
IR = infrared 
o = outer 
rad = radiator 
ref = reference condition 
w = wall 
 

I. Introduction 
PACE habitat thermal control is crucial for crewed vehicles and prior architectures that have been employed 
usually have common elements.  Multi-layer insulation and thermal shields are used to passively protect spacecraft 

and habitats from both hot and cold external environments, then Active Thermal Control Systems (ATCS) are 
employed to keep the cabin within the desired internal temperature range.  Onboard the International Space Station 
(ISS), the low temperature water coolant loop transports heat from the atmosphere via a condensing heat exchanger 
to maintain a comfortable cabin environment both for temperature (18.3 to 26.7°C  ± 1.1°C) and relative humidity 
(RH 25 to 70%).1,2  

Figure 1 illustrates a simplified view of the dual-loop architecture used for ISS thermal management.  Water 
cooling loops also pick up heat from cold plates attached to the electronic equipment and experiments.  To reject the 
heat, the inner water coolant flows through water/ammonia interface heat exchangers where the anhydrous ammonia 
loops then transport the heat to radiators, which in turn reject the heat to space.  Control of the amount of heat that 
flows from the ISS modules to the radiator is absolutely necessary, since the radiators are sized to handle the maximum 
heat load (75kW total), and will overcool the cabin if the heat transport rate cannot be controlled or the radiators 
regulated by reorientation. 
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For crew safety, the interface heat exchangers (IFHX) are mounted outside the ISS pressurized modules to 
minimize the risk of exposure to ammonia, a highly toxic compound.3,4  To keep water above its freeze point, the TCS 
uses an upstream mixing valve with bypass to keep the water within a narrow temperature range within the heat 
exchanger (between 3.3 and 5.5°C).  Additional limits are in place to keep the ammonia coolant above the freeze point 
of water (2.8±1.1°C), which also helps to prevent water from freezing within the heat exchanger lines.5  Although not 
normally used, the IFHX also has low wattage heaters that can be activated to prevent freezing in the event that warm 
fluid is no longer flowing through the loops.  If the water were to freeze within the heat exchanger, the hardware may 
be damaged and no longer capable of rejecting heat from the cabin.  This concern for freezing the interface heat 
exchanger prompted an unexpected shutdown of an ammonia loop in 2013 when the Loop A ammonia temperature 
control valve was not closing properly.6  Internal heat loads were transferred to Loop B and ground teams shut down 
some equipment to reduce the load, until Loop A could be repaired.   

II. Single Loop, Self-regulating Approaches for Thermal Control 
Given the susceptibility of water to freeze and the toxicity of exposing the crew to ammonia, this paper describes 

two concepts for advanced thermal control that:  1) use non-toxic coolants that will not freeze during operation and 2) 
employ freeze-tolerant heat exchangers and radiators.  Both potentially allow relaxation of the control limits on fluid 
temperatures, can remove the ammonia cooling loop and thereby eliminate a toxic material while reducing system 
complexity, and can enable thermal management of space habitats with a single loop architecture.   

A single-loop, freezable cooling system has additional potential to simplify the TCS architecture7:  1) freeze-
tolerant components will reduce the risk of structural damage posed by freeze, and 2) the selective freeze of the fluid 
loop can passively and autonomously increase the turndown of the heat rejection rate.  The buildup and recession of 
a solid phase layer (e.g. ice) can modulate the heat flow to the radiators in proportion to the heat load from the space 
habitat and the external environment.8-11  Similarly, the SEAR system12 used evaporation and condensation processes 
“to control spacecraft temperatures in highly variable environments.”  The system absorbed water “…in lithium 
chloride solution to boost temperatures for heat rejection and to store thermal energy.”   

The heat transfer fluids that can make this happen fall into three general categories:  coolants, refrigerants and 
phase change materials (liquid-solid phase transitions).  Refrigerants are suitable for processes involving vapor-liquid 
phase changes, and thus are commonly used in heat pumps and refrigeration cycles.  Phase change materials (PCMs) 
provide cooling through both sensible change in material temperature and the latent heat of fusion during melt.  Of 
greatest interest here are those heat transport fluids that either cannot freeze under the TCS operating conditions or 
their phase change can be leveraged to self-regulate the space habitat temperature and heat rejection rate.  In Table 1, 
we present the physical and thermochemical properties of selected coolants, refrigerants and PCMs. 

Figure 1.  An illustration of the ISS dual-loop thermal control architecture employing water loops within the 
cabin and ammonia loops outside the cabin. 
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* DOWFROST:  a proprietary solution of 95.5 percent propylene glycol, dipotassium phosphate and water. 

A. Single-loop Non-freezing Architecture 
A non-toxic, low freeze-point coolant or refrigerant is needed as the working fluid to enable a single loop TCS 

architecture as illustrated in Figure 2.  This approach still employs active control of heat transport to balance radiative 
heat rejection to the heat loads from the space habitat (thus, the mixing valve and bypass), but ammonia could be 
eliminated as a second working fluid and the TCS would not need to constrain the fluid temperatures within narrow 
limits.  Unfortunately, non-toxic coolants and refrigerants having the necessary properties for use in such a single loop 
architecture could not be found in the literature.  Water and propylene glycol (PG) both have freeze points that are too 
high for flow through radiators, and the viscosity of PG makes it difficult to pump through a fluid loop.  The 
hydrofluoroethers, such as 3M HFE-720028, have very low freeze points (circa -138°C) and similar properties to 
chlorinated fluorocarbons although without the potential to deplete the ozone layer.21  Even though a low toxicity fluid 
(acute toxicity >92,000 ppm (4 hr. LC50 [Rat]) and guidelines suggest a 200 ppm 8-hr time-weighted exposure), the 
vapor pressure of HFE-7200 is high enough (109 mmHg) that toxic levels could be reached in the closed environment 
should there be a leak.  Given the difficulty with finding a suitable low-freeze point coolant, in the next section we 
describe an alternative approach:  design the TCS to tolerate freeze and thaw without damage to the structure. 

Table 1.  Physical and thermochemical properties for selected coolants, refrigerants and phase change materials 
assuming 1 atm pressure and 20°C unless otherwise specified. 

Type Name Tref (°C)  (g/cm3) Cp 
(J/g-°C) 

k 
(W/m-K) 

 
(mPa-s)

hf 
(J/g) 

TB.Pt. 
(°C) 

TFz.Pt. 
(°C) 

Volume 
Change (%)

Coolant Water13  20 0.9982 4.1819 0.598 1.0019 -334 +100 0 +9.3 (liquid-
solid) 

 Propylene Glycol (PG), (1,2-
propanediol)14,15  

25 1.038 2.51 0.2061 48.6 --- +187.4 -60 -3.9 (liquid 
phase +20°C 

to -35°C) 

 70/30 vol% Water/PG* 16,17 20 1.029 3.848 0.431 3.06 approx.   
-282 

+102 -12.2 Approx. 6.5

Refrigerant Anhydrous Ammonia13,18  -50 0.696 
(liquid) 

4.45 0.547 0.317 -331 -33.3 -77.7 -2.4 (liquid 
phase +20°C 

to -35°C) 

 3M HFE-7200 (ethoxy-
nonafluorobutane  
C4F9OC2H5)19-23  

20 1.43 1.21 0.0662 0.61 --- +76 -138 --- 

PCM Ice13,16,24  0 0.917 2.035 
(-11°C) 

1.92    
(-10°C) 

--- +334 +100 0 -9.3 (liquid-
solid) 

 n-Pentadecane13,25-27 20 0.7685 2.21 0.1447 
(12.7°C) 

9.121 -206.1 +270.6 +9.9 Approx. 5 

 
Figure 2.  A single-loop thermal control architecture. 
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B. Single-loop Freezable Architecture 
The incorporation of freeze-tolerant components within the fluid loop (Figure 3) can passively regulate heat 

transport with aqueous coolants.7-10  Under cold environmental conditions, the radiator temperature drops below the 
freeze point and water freezes along the walls of the tubes beginning with the coldest sections of the radiator.  The 
buildup of ice then passively turns down the rate of heat rejection in proportion to the net thermal load from the 
spacecraft and the external heat sink environment encountered, as the ice layer both adds thermal resistance and forces 
fluid flow through thermally insulated channels.  (An active bypass can be retained in the loop to provide a separate 
and redundant means of control if desired.)  Similarly, as the heat load increases, the warmed fluid thaws the ice to 
remove this insulating layer and increase the flow through the radiator, while concurrently, the latent heat of fusion 
adds to the net cooling capacity of the radiator.   

As a non-toxic fluid, water has been the coolant of choice because of its low viscosity, high specific heat and high 
latent heat of fusion compared to other coolants and refrigerants (see Table 1).  However, water has relatively high 
freeze point and the 9.3% volumetric expansion that occurs when water freezes to ice has prevented its use in external 
cooling loops that transport heat to radiators.  In order to use water in freezable heat exchangers and radiators, the 
volume change during freeze must be accommodated to prevent damage to the structure.  Both coolants and structures 
have been investigated to address this issue and we briefly describe some options here.  We refer the reader to the 
literature8-11,25,29-42 for more information.  Aqueous propylene glycol solutions, such as the 70/30 blend shown in the 
table, can reduce the volume change while also depressing the freeze point of water.29  There are also several physical 
means to manage the expansion/contraction of the coolant as it freezes or thaws within the heat exchanger or radiator.   

 Make the structure strong enough to withstand the forces imposed by the expanding phase change 
material. Trevino et al. 29 report a radiator design using heavy-wall 6.35-mm (0.25-in) OD tubes to 
selectively freeze a 60% propylene glycol/40% water solution.  

 Allow the walls to flex, which relieves pressure and avoids deformation or rupture of the structure.30   
The assembly remains elastic during freeze, so that the flexible structure (and the internal volume) can 
later return to its original configuration.   

 Provide an unconstrained gas void volume.31,32  As the volume of the coolant increases, it compresses 
the gas to a smaller volume.  The gas expands when the coolant shrinks. 

 Implement a collapsible gas-filled bladder8-11 or compressible foam33 within the heat exchanger or fluid 
tubes.   

In the following section, we describe static PCM heat exchangers and flow-through freezable heat exchanger and 
radiator technologies, and then suggest methods for their implementation.   

 

Figure 3.  A freezable, single-loop thermal control architecture. 
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III. Freezable Heat Transport Devices for Use in Single Loop Architectures 
Phase change material and flow-through freezable heat exchangers appear to be the most promising technologies 

to enable self-regulating spacecraft TCS with single loop architectures.  In both cases, these technologies would be 
integrated into the radiators as illustrated by the water/ice heat exchanger previously shown in Figure 3.  The reason 
for this being quite simple; in a single loop architecture only the radiator will become cold enough to freeze the wax 
PCM or aqueous coolant.   

A. Static PCM Thermal Capacitors (also, known as fusible heat sinks) 
Phase change material heat sinks use their latent heat to buffer dynamic changes in heat load or the external 

environment (e.g. the sink temperature for radiative cooling), thereby reducing the size of the radiator and the range 
of heat load that must be rejected to the environment.  Williams et al34 describe advantages of “top-off” systems using 
fusible and crystalline structure change materials.  Of principal importance, the ability to passively absorb heat without 
using any consumables.  More recent investigations have built upon that concept by employing either wax or water as 
the phase change material within static thermal capacitors32,35-42 and flow-through heat exchangers and radiators8-11. 

Ice, with its -334 J/g latent heat of fusion, would be an ideal PCM if it didn’t have such a large volumetric expansion 
during freeze.  However, the development of water-based PCM thermal capacitors has been challenging.  Leimkuehler 
et al.32,36,37 and Cognata et al.39,40 report experiments to identify failure mechanisms due to ice expansion in several 
PCMs and to control the “…void location in order to reduce the risk of damage due to ice expansion”.  They observed 
that gravity affected the distribution of water and ice formation within the heat exchanger.  Operation of the heat 
exchanger in an adverse orientation to gravity increased the susceptibility to damage during freeze and thaw.  
Buoyancy strongly influences phase separation, mixing and convective heat transfer in gravity-driven environments, 
which can lead to “freeze trap”.  This phenomena occurs when water becomes trapped between two plugs of ice and 
does not have enough room for the volumetric expansion that occurs during freeze, which then builds sufficient 
pressure to deform or rupture the heat exchanger.  Further, the 0°C freeze point of water is too low for use on spacecraft 
in lunar orbits. For these reasons, water has fallen out of favor for use in thermal capacitors.  

Wax-based PCM heat sinks have also been under development for spacecraft active thermal control.25,41,42  
Compared to water, waxes have smaller heats of fusion, but provide flexibility to select from a range of melt points 
and undergo smaller volume changes during freeze and melt.  For example, the latent heat of fusion for n-Pentadecane 
is -206.1 J/g, it melts at 9.9°C and it expands approximately 5% during melt.  To prove out PCM operation in 
microgravity, a small-scale, brazed aluminum unit with paraffin wax as the fusible material was constructed for flight 
onboard ISS.41  This unit (Figure 4) represents the state 
of the art in static PCM technology.  The prototype PCM 
heat sink experiment will provide >710 kJ of heat 
storage capacity to absorb heat at rates from 300 to 
742W and has an expected life of 17,390 freeze/thaw 
cycles.41  The design can also readily be scaled by 
increasing the volume of wax and surface area to support 
spacecraft heat loads. The unit was launched in July 
2016, installed into an ISS double EXPRESS rack 
September 2016 and has since undergone performance 
testing to examine heat storage and wax pressure 
management.42  Notionally, a PCM of this type could be 
integrated into a coolant loop or radiator structure to 
accommodate either increased heat loads or decreased 
cooling capacity from a radiator, respectively.   

B. Flow-through Freezable Heat Exchangers and Radiators 
It has long been known that a radiator can be “turned-down” by sequentially allowing tubes that carry the water (and 

heat) from the cabin to the radiator to freeze.  When a tube freezes, the temperature of the radiating surface around the 
frozen tube drops, which passively lowers the heat rejection rate offering great potential to spacecraft thermal control.  
The most robust freezable technologies all have three basic elements in common: 

 Conductive structures with high surface area to transport heat from the cooling loop to radiators 
 Provision for volumetric expansion and contraction of the coolant during phase changes 
 A thermally isolated channel that flows coolant even when the surrounding structure is at temperatures below 

the coolants freeze point (the coolant will not freeze!) 

 

Figure 4.  PCM Flight Experiment Wax Prototype 
(Quinn et al. 2015 with permission).41 
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Herein, we describe a lightweight freezable heat exchanger technology8-11 that if integrated into the radiator could enable 
a single-loop architecture with potential for self-regulation of the thermal control.  For this concept to work the heat 
exchanger (Figure 5) must be able to freeze without structural failure, it must thaw quickly when the heat flux increases 
again, and the heat rejection capacity needs to respond in proportion to the load.  In the laboratory unit (Figure 5a), warm 
water flows through an inner tube and transfers heat to a refrigerated coolant that rejects heat to the environment.  The 
inner tube has fins to help efficiently transfer heat to the wall (Figure 5b); however, the space between two of the fins is 
insulated (from both the wall and the fins) so that the water flowing through that channel will stay above the freeze point 
even should the rest of the flow channels freeze solid (Figure 5c).   

The freezable heat exchanger contains a thermally insulated flow channel that remains open in nearly all operating 
scenarios (the water will only freeze if there is a total loss of flow to the heat exchanger).  The water side of the heat 
exchanger remains fully thawed when transferring its maximum load to the fluid in the outer tube.  However, when the 
load drops, the water temperature drops below the freeze point at the coldest end of the heat exchanger, and starts to 
freeze on the walls and the fins.  This layer of ice continues to thicken, insulating the surface and reducing the heat flux 
through the wall until the incoming load matches the load transported through the wall.  Even should all flow channels 
freeze, a compressible bladder prevents damage to the structure by providing room for the 9.3% expansion in volume 
that occurs as the water turns to ice.  Increasing the thermal load heats up the water flowing through the Teflon-insulated 
channel and quickly thaws the ice (both from the entrance towards the exit and from the center out to the wall). 

Data from freeze-thaw experiments show that the heat rejection rate was turned-down from 1670W to 13W (a ratio 
of nearly 130:1) even though the volumetric flow rate of water only varied from 9 LPM to 0.5 LPM (a ratio of 18:1).10  
Thus, the buildup of ice within the freezable heat exchanger provided an additional turndown of 7:1.  The pressure drop 
across the 305-mm long heat exchanger was less than 400 Pa when fully thawed for the range of flows tested.  The p 
increased to 5200 Pa at 9 LPM when fully frozen.  Though possible, partial or full blockage of the flow path due to 
sloughing of ice from the wall and fins was not observed in any experiments.   

    
a) laboratory test unit b) cross-sectional geometry 

 

c) end view of partially frozen heat exchanger 

Figure 5.  A freezable heat exchanger test article9,10. 
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In a space habitat TCS architecture, the freezable inner tube of the heat exchanger (Figure 5) could be resized and 
adapted to create a freezable cooling loop for direct attachment to a radiator panel which then rejects heat to space 
(Figure 6).  The cross-sectional configuration, dimensions and/or length may be changed to facilitate integration.  As 
the cooling loop begins to freeze, the thermal resistance of ice will greatly reduce the heat transport to that section of 
the radiator; essentially, deactivating radiative surface area in proportion to the frozen length of the cooling loop.  As 
the heat load increases, water flowing through the thermally isolated channel will melt the ice and return the radiator 
to its full capacity for heat rejection.   

In the next section, we present strategies to integrate freeze-tolerant components into a single loop architecture for 
spacecraft TCS.   

IV. Integrated Performance Assessment of a Freezable Single Loop TCS for Crewed Spacecraft 
The spacecraft or space habitat thermal control system must be 

able to reject heat and maintain a comfortable environment for the 
crew despite dynamic changes to either the load or the environment.  
Using the thermal environment of a spacecraft in Low Lunar Orbit 
(LLO), we selected a 110-km circular polar orbit passing through the 
subsolar point as the “worst-case-scenario” orbit to be analyzed for the 
combined effects of cabin heat loads and external environment on the 
radiator temperature and state of the freezable heat exchanger. 

In our analyses, we assume internally generated heat loads (Figure 
7) follow a 24-hr diurnal cycle in response to real-time demands for 
power in support of the payloads and crewmember activities.  The 
environmental factors also vary over a 2-hr period for a spacecraft 
orbiting the Moon (Figure 8).  The solar spectrum heat flux to the 
average position of the Moon with respect to the Sun ( " ) is 1368 
W/m2.  Due to the small solar view factor, solar spectrum flux only 
affects habitat thermal control when it is in the sunlit portion of the lunar orbit and mostly through the reflectance off 
the surface of the Moon which has an average lunar albedo = 0.07343.  The spacecraft also receives an infrared heat 
flux from the Moon, which varies with the Lunar surface temperatures (from approximately -180°C to +120°C). We 
assumed a mean heat flux from the subsolar point of 1368 W/m2 and a flux of 5.2 W/m2 from the dark side, opposite 
to the subsolar point.43  For the effective temperature of deep space, we used a value of -269°C (4 K).   

Due to the high temperatures on the sunlit side of the Moon (and resulting high infrared heat loads), a polar orbit 
makes sufficient heat rejection via radiator at all points in the orbit difficult since a radiator is typically sized for the 
rejection of the peak heat load.  PCM heat exchangers and freezable radiators can readily accommodate these periodic 
variations (essentially, by cycling the radiator temperature about the melt point/freeze point of the coolant) to thereby 
eliminate the need for active control.  A freezable radiator rejects heat at nearly constant temperature when in the 
shadow of the Moon until the allowable mass of coolant has frozen.  

 

Figure 6.  Notional concept for a freezable radiator panel. 

 
Figure 7.  LLO spacecraft cabin heat loads 
after Reference 44.  
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A. ATCS Architecture Analysis Code with a Freezable Radiator 
An in-house developed ATCS Architecture Analysis Code was used to calculate the heat loads to a spacecraft 

orbiting the moon.  It contains modules to track the spacecraft in orbit, calculate the heat loads to/from the spacecraft, 
size a radiator that incorporates an aqueous self-regulating freezable heat exchanger10, and account for the latent heat 
from phase change.  Even though not optimized for direct integration with a radiator, this particular heat exchanger 
was chosen for the study because it can passively regulate the rate of heat transport as well as buffer the radiator via 
the latent heat of fusion of ice.  The heat balance at the radiator was expressed as: 

 Eq (1) 
 

where  is defined by the time-dependent loads given in Figure 7 and  
" " " "  Eq (2) 

 
The environment and radiator temperatures are then solved in sequence given an initial position for the spacecraft, 

an initial size and temperature for the radiator, and assumption for an AZ-93 coated radiator surface with emissivity 
( 0.9 in the infrared) and absorptivity ( 0.15 in the visible spectrum).  We assume that the radiator is always 
oriented to face deep space with minimal surface exposed to the moon or sun.  For the time-varying heat load case 
reported here (Figure 7), an Al-6061-T6 radiator was assumed with Arad = 33 m2 and a structural mass of 116 kg.  The 
radiator freeze-tolerant heat transport tube length (8.2 m) was sized to have sufficient internal surface area to carry the 
maximum heat load.   

	 " " " "
.

 Eq (3) 

 

∆
∙∆

 Eq (4) 

The initial mass of ice within the freezable radiator was assumed to be zero.  Equation 5 is then used to calculate 
the quantity of ice added or removed from the radiator subject to the constraint on the total volume of ice that can be 
stored within the freeze-tolerant heat transport tubes.   

 

∆
∙∆

∆ TFz.Pt.
 Eq (5) 

If Trad > TFz.Pt. then ice will melt until completely thawed.  If Trad < TFz.Pt. then water will freeze building up an ice 
layer that self-regulates heat transport to the radiator surfaces.  With a cold radiator (Trad < TFz.Pt.) the ice layer thickens 
and occludes the fins until the available fluid surface area can just transport the incoming heat load to the radiator (Eqs 
(6) – (9)).   

∙ ∙    Eq (6) 

a) orbital model b) LLO temperature environment 

Figure 8.  Spacecraft LLO model. 
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where 
∙

  Eq (7) 

and 

∙
2 1 ∙ , 0

	 1
 Eq (8) 

and 

⁄
 Eq (9) 

The Nusselt number, , is 3.658 for laminar flow assuming a constant temperature wall and the value calculated 
using the Seider and Tate equation for turbulent flow (Eq (10)).  The physical properties for water are evaluated at the 
average of the inlet and outlet temperatures, except for those at the wall (or layer of ice) which are evaluated at 0°C.   

3.658																																								 	 2100

0.023 . ⁄
.
		 	 2100	

 Eq (10) 

The Reynolds number is calculated at time  from Eq (11). 

	 	
 Eq (11) 

with the effective diameter of the heat transport tube calculated with Eq (12). 

     Eq (12) 

The velocity of water through the heat exchanger can then be calculated with Eq (13). 

	
 Eq (13) 

Reference 10 provided the values for cross-sectional geometric features (Figure 5b) and equations to calculate the 
cross-sectional flow area Ac, the wetted perimeter PHX of the heat exchanger flow path and the surface area needed 
for heat transport from which an 8.2-m length was determined.  The cross-sectional flow area of the heat exchanger 
is determined from Eq (14) as a function of the buildup of ice and Eq (15) gives the perimeter of the wetted surface. 

1 ∙ , 0   

2      Eq (14) 

2 1 ∙ , 0 	   

2 2      Eq (15) 

B. Simulation Results and Discussion 
Simulations were run using the cabin loads and environment described previously (Figures 7 and 8).  For a 

conventional radiator (i.e. without a freezable heat exchanger) with surface area of 33 m2, we observe the radiator 
temperature to vary between +11.8 and -80°C (Figure 9a).  At 6200W the resulting radiator temperature (+11.8°C) 
will exceed the upper limit for heat rejection from a low temperature cooling loop (a temperature of +5.5°C assuming 
ISS thermal control system limits).  As the temperature difference between the radiator and the environment decreased 
to zero, the heat rejection rate also dropped to zero, causing the mass of the radiator to heat up until its temperature 
was sufficiently raised (or the environmental temperature was sufficiently dropped) for heat rejection to resume.  
Similarly, at low load conditions (e.g. 3600W), the resulting -80°C radiator temperature is below the freeze point of 
ammonia which would need to be addressed by resizing the radiator or adding heaters to keep the ammonia coolant 
above its freeze point.  Further analysis shows that the radiator size needs to be increased to 41 m2 in order to keep 
the radiator temperatures between +5.5 and -77°C, which would increase the radiator mass by 24%.   
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In a prior study7, a self-regulating freezable heat exchanger was able to reduce the overall mass of the thermal 
control system by up to 20% (primarily from reducing the size of the radiator).  Thus, for the case study presented 
here, we expect a phase change material to improve the radiator performance and reduce both the hot and cold 
temperature extremes for this scenario.  During the night portions of the orbit the radiator coolant will solidify and the 
energy release from the heat of fusion will hold the radiator at the freeze point until the maximum loading of ice has 
been achieved. Under higher heat loads or the sunlit phase of the orbit, the ice will melt providing a heat sink that 
augments the heat rejection capability of the radiator.   

Indeed this is the case, with a freezable radiator we observe the latent heat of fusion for ice to lower the peak 
radiator temperature from 11.8°C to 5.4°C (compare Figure 9a and b); a reduction of 6.4°C while still rejecting the 
6200W heat load, holding the cabin temperature at 25°C and keeping the radiator temperature below the 5.5°C 
maximum water temperature of the low temperature loop.  At the low load conditions between 4200 and 3600W, the 
radiator temperature does not quite reach the melt point for water, so the ice does not thaw.  However, the sensible 
heat of ice contributes to the thermal capacity of the radiator such that its lowest temperature remains just above the 
minimum -80°C operating temperature of this heat exchanger at which the water flowing through the thermally 
insulated channel might freeze.   

C. Future Work 
Freezable heat exchangers and radiators have been developed and successfully tested in the laboratory.  Further, 

we have shown that single loop architectures hold promise, however they have not yet been developed for flight.  
Based upon results of experiments investigating the effects of Earth’s gravity on component performance, it is 
reasonable to expect that the microgravity environment will likely affect freeze-thaw behavior and control of the void 
volume for expansion during phase change.11,32,35-38  Additional ground testing is needed of integrated freezable 

a) Conventional radiator (not freezable) 

b) A freezable radiator incorporating a self-regulating freezable heat exchanger10  

Figure 9.  Radiator and environmental temperatures with and without a water-based freezable radiator. 
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radiator systems.  Further, it will be important to develop and test freezable single loop thermal control systems on 
orbit to raise the test readiness level of this promising approach for spacecraft thermal control. 

V. Conclusion 
Current thermal architectures used in human spacecraft maintain the internal water loop so that it cannot freeze. 

The potential benefits offered by a single-loop system are being investigated with ongoing research into freezable heat 
exchanger/radiator concepts.  In this paper we have presented two single loop architectures for spacecraft thermal 
control:  one using a refrigerant that does not freeze in the conditions experienced, and the other relying upon 
components that can freeze without suffering damage to the structure.  The latent heat of fusion in the latter case can 
also buffer the heat load from the cabin for use during the sunlit phase of the orbit with ice (or other solid material 
phases) that is formed during the cold portion of the orbit.  Furthermore, the buildup of the coolant’s solid phase can 
be used to passively turndown and regulate heat transport from the cabin to the radiators under low load conditions or 
the eclipse phase of the orbit.  PCM heat exchangers and freezable radiators have been investigated in the laboratory 
(approximately to Test Readiness Levels (TRL) from 4 to 6), but flight experiments are needed to prove that these 
components are ready to enable the development of single loop architectures in a reduced-gravity environment.  
Freezable single loop architectures hold promise to eliminate toxic refrigerants (e.g. ammonia) from the thermal 
control system, decrease system complexity, reduce area and mass of the radiator, and relax the constraints on fluid 
temperatures that have been imposed to avoid freezing water within the interface heat exchangers.   
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