
44th International Conference on Environmental Systems ICES-2014-089 
13-17 July 2014, Tucson, Arizona 

Evaluation of Heat Transfer Strategies to Incorporate a Full 

Suit Flexible Radiator for Thermal Control in Space Suits 

Christopher J. Massina
1
 and David M. Klaus

2
 

University of Colorado, Boulder, CO, 80309 

and 

Rubik B. Sheth
3
 

NASA Lyndon B. Johnson Space Center, Houston, TX, 77085 

Traditionally, thermoregulation of space walking astronauts has been achieved by the 

sublimation of water to the vacuum of space. Future missions call for the need to achieve 

robust closed-loop thermal control to reduce or eliminate extravehicular activity (EVA) 

burden on consumables. The current leading concept to achieve closed-loop thermal control 

is the Space Evaporator-Absorber-Radiator (SEAR). The SEAR is nearly capable of 

achieving the desired non-venting capability; however, carried water mass for evaporation 

will still be comparable to a sublimator-based system. Evolution from systems which 

leverage sublimation or evaporation of water as the primary heat rejection mechanism to a 

system which directly leverages the local radiation environment may provide another means 

of achieving robust closed-loop space suit thermal control at a reduced system mass. 

Previous EVA thermal control investigations that utilize radiation have generally limited 

radiator surface area to the available size of the portable life support system backpack: 

about 0.85 m
2
. The utilization of a full suit flexible radiator increases this area by a factor of 

~4 for traditional gas pressure suits and ~2 for the advanced mechanical counter pressure 

suit concept. Radiator heat dissipation capacity is also dictated by radiator temperature, 

radiator surface properties (e.g. emissivity, absorptivity) and the local thermal environment. 

As such, suit radiator surface temperature should be maximized to the extent possible for 

the flexible radiator architecture to be feasible under most circumstances. Here we present 

radiator surface temperature guidelines for the full suit flexible radiator architecture in 

steady-state environments. Results identify favorable thermal environments in which a full 

suit flexible radiator can reject a nominal 300 W metabolic heat load produced within a 

space suit. 

Nomenclature 

DNE =  does not exist 

EMU = extravehicular mobility unit 

EVA = extravehicular activity  

IR = infrared 

LCAR = lithium chloride absorber radiator 

LCG = liquid cooling garment 

MCP = mechanical counter pressure 

MEMS = micro-electro-mechanical system 

PLSS = portable life support system 

SEAR = space evaporator-absorber-radiator 

SWME = spacesuit water membrane evaporator  
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A = area 

Btu/hr =  British thermal unit per hour 

°C = degree Celsius  

ft =  foot 

   = radiating area factor 

In = inch 

k =  conductivity  

kg =  kilogram 

m =  meter 

mm = milimeter 

q =  heat transfer rate 

     = radiative heat transfer rate 

    
   =  albedo/reflected solar heat flux  

   
   =  infrared heat flux  

    
   =  net radiative heat flux  

    
   =  direct solar heat flux  

       = total thermal resistance 

S = incident solar flux 

      = sink (equilibrium) temperature 

      = surface temperature  

 ̅     = mean surface temperature 

thk = thickness 

UA = overall heat transfer effectiveness  

VF =  view factor  

W = watts 

  = solar absorptivity 

  =  infrared emissivity 

  = angle of flat pate to surface 

  = angle from subsolar point 

  = Stefan-Boltzmann constant 

I. Introduction 

ROM the time space walking astronauts first disconnected from their vehicles during the Apollo program, an 

open-loop water sublimator has been the primary means of space suit heat rejection during Extravehicular 

Activity (EVA).
1
 This design dictated that all heat loads within the suit be effectively consolidated, to the extent 

possible, and directed to a heat exchanger connected to the sublimator in the thermal control system. In order to 

facilitate the process of collecting and transferring the heat loads, the suit was designed to insulate astronauts from 

their environment, keeping hot and cold extremes out and body heat in.
2,3

 To date, sublimation has provided an 

effective means of dissipating EVA heat loads; however, the sublimator becomes unsuitable for future EVA 

destinations like the surface of Mars, where a slight atmosphere is present, and the ~8 lbm of water expelled to 

provide cooling is the single largest consumable loss incurred during a spacewalk.
4
 Additionally, launch costs 

associated with providing water for lunar surface EVA make open-loop sublimation an increasingly undesirable 

approach there as well. 

The expulsion of water mass is a well-documented concern for the reasons described above and is noted in 

NASA’s Space Technology Roadmaps. Technology Area 6 maintains the stated goal of providing EVA heat 

rejection with no consumable usage.
5
 Among the many ways to achieve this goal, radiation offers perhaps the most 

convenient approach, as bulky support hardware may be reduced, distributed or eliminated. Several portable 

[primary] life support system (PLSS) backpack mounted radiator concepts have been investigated previously for 

potential integration in the lunar environment. These PLSS mounted systems are inherently limited in surface area, 

to approximately 0.85 m
2
 (9.2 ft

2
), which significantly restricts radiator heat rejection potential.

6
  

The Space Evaporator-Absorber-Radiator (SEAR) concept for thermal control is among the current leading 

design candidates for achieving closed-loop thermal control in the next generation of space suits. The design couples 

the Spacesuit Water Membrane Evaporator (SWME) with Creare’s Lithium Chloride Absorber Radiator (LCAR). 

Essentially, water evaporant from heat removal by SWME is directed to the LCAR whereby the majority of the 

water vapor is absorbed and the resulting lithium chloride and water reaction drives up the temperature of the 
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radiator surface. The PLSS backpack structure is replaced by the LCAR, letting the PLSS structure serve as the 

system’s radiator. The total system allows nearly closed-loop operation in many thermal environments.
7
     

 Early in the development of space suits, it was recognized that a suit that could provide thermal control via 

purely radiative heat transfer would offer significant mass savings through an integrated vehicle system design. 

Richardson (1965) provided one of the earliest investigations of the full suit flexible radiator concept under the 

assumption of a 300 nautical mile orbit without the presence of the supporting space vehicle. It was concluded that 

passive radiative thermal control could not provide the necessary thermal control by selection of solar absorptivity 

and infrared emissivity properties for internal heat loads greater than 1500 Btu/hr (440 W). By providing a variable 

conductance suit wall, however, heat loads up to 2000 Btu/hr (586 W) were achievable given that the exterior suit 

surface had a solar absorptivity of 0.17 and infrared emissivity of 0.85.
8
  

These full suit radiator concepts were further elaborated on in the early 2000’s and resulted in the Chameleon 

Suit architecture championed by Ed Hodgson. The Chameleon Suit leverages several emerging technologies that 

facilitate the integration, or coupling, of the EVA astronaut and their environment for nearly all suit functions. The 

thermal control system was envisioned to provide variable conductance from skin surface to outer suit [radiating] 

surface, similar to that suggested by Richardson. Additional control comes from the ability to further modulate 

insulation properties via infrared modulating electrochromics and varying the interaction with the external 

environment via MEMS (micro-electro-mechanical system) louvers.
9
 

A derivative of the Chameleon Suit concept assessed the potential to integrate variable infrared electrochromics 

into a full suit flexible radiator’s surface and found that substantial mass savings could be attained in many lunar 

environments.
10,11

 To accompany this work energy transfer to suit surfaces was envisioned to occur in one of three 

ways. The first concept utilized a dual liquid cooling garment (LCG) architecture in a gas pressure suit, whereby 

heat was transported to the surface after passing through a liquid-liquid heat exchanger. Integration in this manner 

allows existing suit layers to remain essentially unchanged while the exterior fluid loop drives radiator temperature. 

The second concept, again in a gas pressure suit architecture, replaced traditional suit layers with “thermally 

transparent” bladder, restraint and micrometeoroid protection layers. In this configuration, the suit’s inner wall 

temperature is driven by convection and radiation from the skin surface across the air gap. Additional temperature 

drop across suit layers is minimized by selecting materials with low thermal resistances to perform the required 

protection functions. The third concept utilized a skin-suit, or mechanical counter pressure suit (MCP-Suit), 

configuration whereby heat is conducted directly from the skin surface through the garment to the radiator surface.
12

  

In the initial investigations by both Hodgson and Metts, the radiator surface temperature was assumed to be a 

constant 300 K regardless of the astronaut’s metabolic heat expenditure. This was considered a reasonable 

differential from the mean skin temperature, and adequate to facilitate the necessary heat transfer to the radiator 

surface. Special considerations for variations in desirable mean skin temperatures at various metabolic loads and 

differences in heat transfer mechanisms, however, were not yet addressed in detail.  

Based on results from these earlier studies, a full suit flexible radiator concept appears to have the potential to 

provide thermal control across a range of operational scenarios and to mitigate water consumable losses that would 

otherwise be incurred from sublimation during EVA. Here we further elaborate on the previous work to provide 

guidelines for incorporating a full suit flexible radiator into a space suit thermal control system. Namely, guidelines 

are established for desireable radiator surface temperatures to provide meaningful heat dissipation capacity. 

Temperature guidelines are used to establish first-order estimates where destination environments would restrict use 

should the full suit radiator architecture ultimately be adopted.  

II. Background 

Spacesuit thermal control can be very dynamic in terms of both external environments and internal heat loads. As 

one may expect, environment fluctuations are highly dependent on mission scenario. A low-earth orbit EVA will 

pass in and out of earth’s shadow every 90 minutes. On the lunar surface, local temperatures may be mostly constant 

or have large fluctuations due to contributions from nearby surface features (e.g. boulders, craters and mountain 

ranges) depending on the EVA traverses. Additionally, internal variations from crew metabolic loads must be 

considered. Baseline minimum, average and maximum metabolic rates for differnent operational scenarios as 

defined by NASA’s Human Integration Design Handbook (HIDH) are provided in Table 1. In practice, real time 

variations in both internal and external environments must be managed so thermal equilibrium is maintained within 

specified tolerances. 
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Table 1.  EVA Metabolic Rates for Suited Operations (from HIDH).
13

 

Data Source Minimum  Average  
15-min 

Maximum  

µ Gravity EVA 

(ISS & Shuttle) 

160 W 

(545 Btu/hr) 

264 W 

(900 Btu/hr) 

645 W 

(2200 Btu/hr) 

Apollo Lunar 

Surface EVA 

144 W 

(490 Btu/hr) 

287 W 

(980 Btu/hr) 

724 W 

(2471 Btu/hr) 

Advanced 

Walkback Test 

491 W 

(1675 Btu/hr) 

696 W 

(2374 Btu/hr) 

880 W 

(3002 Btu/hr) 

 

 Depending on the metabolic rate of the astronaut, the heat load associated with avionics and PLSS systems will 

vary in significance. A modest system heat load of 100 W is ≈40% of the total heat load when added to the 

minimum Apollo EVA metabolic rate and reduces to ≈12% when added to the Apollo peak maximum rate. 

Depending on the thermal control architecture capabilities, it can be difficult to assess how these loads will be 

handled by the system. As such, for this first-order analysis, dissipation of non-metabolic suit heat loads is not 

considered. 

 For the purposes of this assessment, it’s also prudent to define a reasonable success criterion for heat dissipation 

potential to the local environment. Here we define this criterion as the ability of the radiative system to reject a 

metabolic load of 300 W (1024 Btu/hr). In terms of approximate mass savings, this capability offsets ≈2.3 kg of 

otherwise sublimated water during one six hour EVA (≈3 kg for an eight hour EVA). This assumption dictates that 

periods of higher heat loads be offset by some supplemental mechanism in the event that the radiating system cannot 

vary its properties to meet the demand and the thermal mass of the system cannot buffer these intervals.   

 The lunar surface is used throughout the analysis as the baseline EVA environment. With a relatively high solar 

absorption of ≈0.92 and the lack of an atmosphere, the moon’s surface has a very large temperature distribution 

which reduces as a cosine function from the subsolar point. Surface temperatures can range from ≈120°C at the 

subsolar point to -181°C on the dark side. While these temperatures dictate infrared (IR) heat loads, non-shaded 

EVA environments also contain solar spectra energy in the form of direct solar and/or albedo.
14,15

 

Net heat dissipation via radiation (     [W]) is governed by the Stefan-Boltzmann law provided in equation 1. 

Where   is the surface’s emissivity,   is the Stefan-Boltzmann constant           [
 

     ],   is the radiator area, 

      is the radiator’s surface temperature and       is the effective sink temperature of the environment.
16

  

         (     
       

 ) (1) 

With the exception of the Stefan-Boltzmann constant, the other parameters are defined by the spacesuit and 

environmental properties. In many ways, surface area is the most straight-forward of these parameters; however, 

several concepts have been evaluated in the context of variable heat rejection for lunar landing vehicles which 

leverage an effective area variability to modulate the heat rejection rate.
17,18 

While these concepts could potentially 

extrapolate to space suit thermal control, the definition of the maximum potential radiating area is also important. 

Without designing in extra radiating area beyond existing suit surfaces, e.g. a deployable radiator, available area is 

limited to either the PLSS structure alone or the entire exterior surface area of the suit and PLSS. A radiating area of 

~0.85 m2 is representative of previous PLSS mounted radiator studies.
6
 For MCP-suit integration, the full suit 

radiating area is approximated as the skin surface area of a nude crewmember. The projected astronaut population is 

expected to have a body surface area distribution from 1.53 m
2
 to 2.28 m

2
, a 5

th
 percentile female to a 95

th
 percentile 

male.
13

 For gas pressure type suit integration, the approximate total surface area is based on previous Extravehicular 

Mobility Unit (EMU) evaluations which found this area to be 3.9 m
2
.
19

 In either case, the total area is not necessarily 

representative of the area radiating to the environment (e.g. arm pit sections don’t readily see the external 

environment). A radiating area factor (  )  which varies with body posture, is introduced as a scaling factor for this 

reason. Guibert and Taylor found a maximum    of 0.88 for clothed subjects standing erect in their studies. Mean 

variations of    from 0.77 to 0.65 were provided for erect to crouched postured subjects.
20

 The radiating area factor 

used in the EMU study was 0.92. For the purposes of this study a maximum mean          is used as a first 

approximation to this variable. This is done with the understanding that EVAs are not conducted in a purely erect 

posture and other scaling factors may be appropriate depending on activity. Additional scaling could also be done to 

account for suit surface areas undesirable for radiator integration, such as a display and control module.  
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The definition of a radiating suit’s surface properties is coupled to the degree in which the suit is allowed to 

interact with the environment. In purely radiative heat transfer,       is the temperature to which a body/suit with a 

given solar absorptivity ( ) and IR emissivity ( ) will equilibrate to in some radiative flux environment. The sink 

temperature is defined in equation 2.
*
 Where, solar spectrum fluxes are differentiated by direct solar (    

  ) and 

reflected solar/albedo (    
  ) and all infrared heat fluxes are included as    

  . Several system concepts have been 

suggested that allow sink temperature manipulation through intelligent selection of surface properties and 

environment interaction. Ochoa and Hodgson have both suggested using surface geometry manipulation through 

louver type systems which essentially block lunar surface IR heat loads from interacting with the radiator.
9,21

 

Electrochromic materials, with IR emissivity modulation potential, have also been suggested as a means for varying 

interactions with the local environment in both vehicle and space suit applications.
10,22

 The exterior surface of the 

currently used EVA space suit, the EMU, is designed such that the emissivity is maximized and solar absorptivity is 

minimized;        and       .
6,23 

These properties mitigate the thermal influence of the sun while allowing the 

suit some heat leak. However, additional aluminized Mylar insulation layers are included to further decouple the 

crewmember from the environment and limit heat leak. 

       (
 

 
(
 

 
(           )      ))

 

 
 (2) 

 Definition of a radiator surface temperature can likewise be difficult to establish in this context. Metabolic loads 

generated within the body are directed to the skin in the form of heat that is then transferred to the local 

environment. If the heat loads are not adequately handled by the thermal control system, core temperature will shift 

from the nominal and increase the potential for degraded performance and injury.
24

 The skin surface provides the 

primary interface between metabolic loads, core 

temperature, and the thermal control mechanism. 

By extension, the skin surface also provides the 

primary temperature potential to the thermal control 

system and thereby drives radiator surface 

temperatures. For the purposes of this evaluation, 

the threshold for maximum skin temperature is 

defined as 37°C (310K), the nominal body core 

temperature. However, mean skin temperatures will 

generally be lower since 37°C (310K) at the skin 

surface would suggest the astronaut is approaching 

hyperthermia.
13,24    

 
Mean skin temperature is a commonly used 

metric for simplifying the nominal range of 

distributed skin temperatures. For persons at rest 

(low metabolic rates) a mean skin temperature of 

~33°C (306 K) is considered near optimum.
25

 As 

metabolic rates increase the desired mean skin temperature actually decreases, indicating that metabolic loads are 

adequately being removed from the astronaut and thermal stress is being avoided. This trend was characterized by 

Chambers and is illustrated in Figure 1.
26

 At a high end metabolic rate of 800 W the optimum mean skin temperature 

is ~27°C (300 K). While this 6°C drop in mean skin temperature seems modest, the result is a 7.6% reduction in 

total radiating flux potential before accounting for other performance modifiers or heat transfer losses. Additionally, 

the constant 300 K radiator surface temperature assumption made by both Hodgson and Metts would require ideal 

heat transfer from the skin surface to the radiator surface during periods of high metabolic loads. The optimum 

temperature line from Figure 1 is considered the baseline mean skin temperature for the calculations in this 

assessment.     
 

III. Methods 

This investigation utilized the following methods to establish radiating temperature guidelines for evaluating 

flexible radiator performance in the lunar environment. First, the desired net heat dissipation potential (     

                                                           
*
 Clark, Craig and Conger, Bruce, “Thermal Analysis Basics and Design Guidelines”. Unpublished Presentation, 

Created May, 2000. 

Figure 1. Mean skin temperature comfort curves for 

various metabolic loads (modified from Chambers).
26
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    ) was used to establish mean radiator surface temperature as a function of angle from the subsolar point. This 

was complemented by assessing the impact of varying radiator surface properties (absorptivity and emissivity) on 

net flux potential and resulting radiating temperature guidelines. These results were used to establish a first-order 

interaction between the suit and environment and to define the threshold operating environment for feasibility of 

use. After establishing minimum operating temperatures, required overall heat transfer effectiveness guidelines were 

determined based on the optimum mean skin temperature. The following sections describe the analytic methods 

used to perform these evaluations. 

A. Definition of Suit Interaction with the Environment and Minimum Radiator Surface Temperature 

The expected thermal environment of the moon must be characterized before meaningful operational results can 

be collected. Figure 2 illustrates the primary radiation flux sources experienced during a lunar surface EVA. 

Conduction of heat to the lunar surface is considered negligible for these investigations and is not included in the 

analysis. Heat flux out,       
 , is representative of the maximum flux potential before scaling by the surface 

emissivity value. Metabolic rate is included as the desired net heat dissipation target for the thermal control system. 

This initial study approximates the entire lunar surface as a flat sphere (e.g. featureless). The local area of the EVA 

is considered an infinite plane with a constant external flux environment based on the location’s angle from the 

subsolar point, as was done for previous 

similar investigations.
27

 The space suit is 

approximated as a flat plate where each side 

“sees” a different effective flux environment; 

one side is effectively shaded by the other and 

will have no direct solar contribution. 

Combined, these approximations allow a 

simple view factor (  ) for each radiating 

surface to be calculated as 0.5 to both the 

lunar surface and space environment. The 

view factor equation associated with Figure 3 

is found in equation 3; it is evaluated as if the 

astronaut is in a fully erect posture, resulting 

in a constant         .
28

 

Net steady state flux environments are 

calculated via equation 4 for each radiator 

surface based on a mean incident solar flux 

( ) of 1368     , an approximate lunar albedo coefficient of 0.08 (lunar surface solar absorptivity of        
    ) at some angle from the subsolar point  . The 90°, lunar pole, case is assumed to have a constant IR heat flux 

of 5.2     .
14

 Radiating temperature is shown as a mean surface temperature( ̅    ), since a true uniform radiator 

temperature is impractical. However,  ̅     is considered constant over the entire 

flexible radiator surface despite internal and external environment conditions. As 

previously established, two equal radiating areas are considered throughout this 

analysis. The nude body surface area is approximated as the mean of the extreme 

surface areas provided in the previous section, 1.91 m
2
. The pressure suit surface 

area of 3.90 m
2
 was taken directly from the previous investigation.

19
 After 

applying a radiating area factor (  ) of 0.86, radiating surface areas are assumed 

to be 1.64 m
2
 and 3.35 m

2
 for the mechanical counter pressure and pressurized 

suits, respectively. In cases with non-zero solar absorptivity, radiating area is 

considered to be split equally between sun facing and shaded sides of the suit and 

the net heat dissipation potential (    ) is calculated from equation 5. Flux 

contributions of infrared heat loads, direct solar and albedo are provided in 

equations 6, 7 and 8, respectively. Again, note that     
   is zero on the shaded 

side. 

         
      

 
 (3)     

     
    (  ̅    

     
  )   (    

       
  ) (4) 

Figure 3. View factor 

Approximation.
28

 

Figure 2. Radiative Heat Fluxes during Lunar EVA  
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             (7) 

     
            (        ) (8) 

 By defining the first-order flux environment in this way, one can solve equation 5 for  ̅     and establish the 

required temperature to provide a nominal heat dissipation rate of 300 W. Threshold limits are identified as regions 

in which body temperatures cannot drive radiator temperatures to the required degree without some heat pumping 

mechanism. Results of varying absorptivity and emissivity surface properties are also provided. 

B. Evaluation of Heat Transfer Effectiveness (UA) 

Additional insight into the potential difficulty associated with the integration of a full suit flexible radiator into a 

space suit thermal control system can be gained by examining the allowable overall heat transfer effectiveness 

coefficient (UA). This commonly used metric essentially tells a system designer how good the heat transfer 

mechanism from the skin to the radiator surface must be. UA in its most general form is calculated from equation 9, 

where    is the difference in mean skin temperature and mean radiator surface temperature for the given amount of 

energy being rejected in some operating environment.
16

 UA is also described as the inverse of the total thermal 

resistance (      ) of the system. No threshold UA is suggested in this evaluation; however, negative or infinite UA 

is not considered feasible in this direct transfer sense without the addition of some heat pumping mechanism. 

    
 

  
 

 

      
 (9) 

For the purposes of this investigation, UA and        are used only to illustrate the potential difficulty of 
achieving a low temperature drop from skin to radiator surfaces. The thermal resistance formulation for one-
dimensional steady-state conduction is found in equation 10, where k is the material’s thermal conductivity  
thk is the thickness of the material and A is the area across which energy is distributed. Similar relationships 
exist for both convection and radiation, neither of which were used in this evaluation.16 

        
   

  
 (10) 

IV. Results & Discussion 

The highly variable nature of heat loads on the lunar surface makes it difficult to accommodate all operating 

environments without the addition of some surface IR shielding mechanism. However, a first-order feasibility of 

implementing the flexible radiator architecture, without such a mechanism, can be gleaned from solving equation 5 

for the mean surface temperature required to dissipate some prescribed thermal load. Figure 4 was produced in this 

fashion for EMU and MCP-Suit characteristic radiating areas based on the described approximation of the lunar 

surface and different uniform radiator surface properties.  

Four surface property sets were chosen to represent a range of radiator conditions. The         case 

represents an ideal blackbody radiator free from the influence of solar spectrum energy. This blackbody case is 

essentially the theoretical low temperature limit without additional intervention to block lunar surface IR fluxes or 

increasing radiating area. The               case represents integration with a radiator that has equivalent 

surface properties to the EMU outer layer (ortho fabric). The               case represents the best case 

surface properties of an electrochromic radiator as provided by Ashwin-Ushas Corp.
†
 The             case is 

intended to represent an arbitrary degradation of surface properties due to the collection of lunar dust on the radiator 

surface.
29

  

  The required  ̅     guidelines provided in Figure 4 can also be used to assess long duration exploration site 

feasibility, should the full suit flexible radiator architecture be adopted for EVA thermal control. Figure 5 uses these 

results to illustrate destination restrictions for a particular test case. The inclination of the moon’s equator to the 

                                                           
†
 URL: http://www.ashwin-ushas.com/ Retrieved Jan. 31, 2014. 

http://www.ashwin-ushas.com/
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ecliptic is ~1.53°.
15

 This condition dictates that deviations of the subsolar point from the lunar equator are small 

throughout the year.
‡,30

 As such, mission sites are essentially limited to latitudes which support the required heat 

dissipation for realistic radiator mean surface temperatures. Small seasonal variations are not included. Also note in 

Figure 4 that variations in radiator surface properties change the effective sink temperature and limit heat dissipation 

capability, driving up required radiator temperatures and additionally restricting exploration area. With the surface 

properties of the EMU and best case electrochromic radiator being similar, the required surface temperature profiles 

of each are very close to the same.  

Assuming a maximum mean temperature threshold of 310 K (e.g. human core temperature) and radiator-only 

heat rejection, long term exploration sites are absolutely restricted to latitudes greater than ~46° for EMU and ~57° 

for MCP-Suit characteristic radiating areas. This upper limit assumes perfect transmission of ideal core temperatures 

to the surface of the space suit. A more realistic surface temperature would be closer to 290 K. The 290 K (17 °C) 

value was chosen as it’s near the Shuttle/Station EMU minimum liquid cooling garment water temperature (16 

°C).
23

  This radiator surface temperature is ultimately dependent on the actual suit cooling system architecture and 

could be higher or lower. 

 

 

 

                                                           
‡
 The result is nearly no “seasonal” variation in solar angle with respect to the moon’s equator. 
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Figure 4. Mean radiator temperature requirement for given dissipation rate: (a) EMU at 300 W,  

(b) EMU at 700 W, (c) MCP-Suit at 300 W, (d) MCP-Suit at 700 W. 
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Minimum threshold angles from the subsolar point at mean radiating temperatures of 310 K and 290 K for 

blackbody, EMU and degraded radiator surface properties are provided in 

Table 2. The angular restriction for both 300 W and 700 W of metabolic 

heat dissipation are provided.  These two rejection cases are provided to 

establish where the success criterion of 300 W dissipation could be met 

and to determine if the system is capable of handling peak metabolic rates 

of up to 700 W. Cases in Table 2 that do not exist (DNE) are where the 

architecture cannot provide the prescribed level of heat rejection at the 

chosen radiator temperature. All anticipated heat loads need to be 

managed by the thermal control system in some way; this includes the 

ability to accommodate metabolic rates associated with contingency 

walkback scenarios. The inability of the radiative system to accommodate 

these scenarios implies that the addition of some type of supplemental 

thermal control mechanism will be required in the PLSS architecture.  

For a true long duration mission with EVA to be feasible, perhaps the 

most telling restriction arises from degraded radiator performance. In 

either case (EMU or MCP-Suit area), the 700 W peak metabolic rate 

cannot be fully dissipated at 290 K radiating temperatures. In order to meet the 300 W integration standard, 

destination environments are essentially restricted to polar regions of the lunar surface. Figure 5 illustrates this point 

by distinguishing the threshold angle zones for 300 W of heat dissipation for a flexible radiator with the 

approximated EMU area at 290 K. Threshold angles from Table 2 of 60°, 70° and 80° are represented by variations 

in color for radiators with ideal blackbody, EMU and degraded radiative surface properties. In order for this heat 

rejection mechanism to be feasible, the EVA must be conducted outside of the threshold angle corresponding to the 

radiator’s current surface property state. Horizontal separation lines represent threshold latitudes for long duration 

missions. Transition into areas below these threshold limits would result in some fraction of a lunar day where 

EVAs utilizing the flexible radiator architecture can no longer meet the 300 W dissipation success criteria based on 

this analysis.   

In the unfavorably hot EVA cases, the feasibility of reaching these destinations could be increased by including 

some IR shielding scheme or heat pumping mechanism to increase the radiator’s potential. In the coldest EVA cases, 

such as the lunar poles or dark side, excess heat dissipation may arise to be an issue. The more traditional approach 

of astronaut insulation in combination with heaters could be implemented if desirable. Alternatively, variable heat 

rejection mechanisms or strategies could be implemented to modulate the interaction with the cold environment. 

One example would be the integration of IR electrochromics, whereby a controlled reduction of the IR emissivity 

reduces the net heat flux out of the suit system. The benefit of the cold environment is that the temperature drop 

from the skin to radiator surface can be large while still providing the same amount of heat rejection. Essentially 

making it easier for the architecture to be integrated in a meaningful capacity. 

 

Table 2.  Threshold angles from subsolar point for 310 K and 290 K mean radiator surface temperatures. 

DNE: Does Not Exist. 

 
Blackbody 

310 K 

Blackbody 

290 K 

EMU 

310 K 

EMU 

290 K 

Degraded 

310 K 

Degraded 

290 K 

EMU Area 

300 W Rejection 
46° 60° 58° 70° 69° 80° 

EMU Area 

700 W Rejection 
60° 72° 72° 83° 81° DNE 

MCP-Suit Area 

300 W Rejection 
57° 70° 69° 80° 79° 90° 

MCP-Suit Area 

700 W Rejection 
81° DNE DNE DNE DNE DNE 

 

In order to better project the feasibility of attaining the target surface temperatures in a flexible radiator based 

EVA thermal control scheme, the optimum skin comfort curve of Figure 1 is used. From that projection, an 

astronaut with a metabolic rate of 300 W has an optimum mean skin temperature of ~304 K (31 °C) while a 

Figure 5. Exploration restriction with 

angle from subsolar point. 300 W of 

dissipation, EMU area at 290 K. 
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metabolic rate of 700 W corresponds to a mean skin temperature of ~301 K (28 °C). From equation 9, the minimum 

UA required to attain a 290 K mean radiator temperature is 21.4 W/K for 300 W of heat dissipation and 63.5 W/K 

for 700 W of dissipation. These UAs correspond to maximum total thermal resistances between skin and radiator 

surfaces of 0.0467 K/W and 0.0157 K/W for 300 W and 700 W of heat transfer, respectively.  

To put these resistances into perspective, the thickness of a cotton garment covering the entire surface area of the 

average astronaut is used. Equation 10 is used to make this prediction, where the thermal conductivity ( ) of the 

cotton garment is 0.06      .
16

 In order to have an exterior surface temperature of 290 K while at a metabolic 

rate of 300 W, the cotton garment can be up to 5.35 mm (0.211 in) thick or approximately the thickness of a 

sweatshirt. For the same surface temperature at a metabolic rate of 700 W, the cotton garment is additionally 

restricted to a maximum thickness of 1.80 mm (0.071 in) or similar to that of a T-shirt. While these results do not 

support or reject any particular heat transfer mechanism, this completely dissimilar use case illustrates the inherent 

difficulty associated with maximizing radiator surface temperatures. 

These initial results identify baseline radiating temperature requirements and indicated that potentially favorable 

destination environments exist for using a full suit radiator architecture. Based on these findings, suggested follow 

on work is summarized below.  

 

- Increase fidelity of interactions between the suited astronaut and local environment with respect to both 

geometry and flux contributions. A dynamic simulation tool, such as the newly developed TherMoS suite, 

could be used to assess variations in incident fluxes for specific space suit geometries and local environment 

features.
30

 The resulting flux ranges will provide a more complete evaluation of feasibility for integrating 

the flexible radiator architecture.  

- In-depth evaluation, computationally and/or experimentally, of integration architectures focused on 

maximizing radiator surface temperature. Handling of the additional PLSS heat load may also be 

considered. This includes identification and characterization of potential heat pumping mechanisms or 

techniques for reduction of skin-to-radiator temperature drop. Assessments of this nature should be coupled 

to astronaut thermal comfort and include dynamic considerations as appropriate. 

- Both space suit surface areas that were evaluated potentially have difficulty dissipating peak metabolic 

loads, suggesting the need for supplemental heat rejection. Investigation of techniques for doing so and their 

resulting impacts on system mass and complexity is warranted.  

- Investigation of mechanisms for robust radiator degradation and lunar regolith contamination mitigation to 

expand operationally feasible working environments. In the absence of a robust mitigation scheme, effects 

of degraded performance need to be understood and characterized. 

- Assessment of techniques for the dynamic control of the thermal system. Mechanisms include but are not 

limited to: radiator area variation, radiator surface property modulation (e.g. use of variable infrared 

emissivity electrochromics) and radiator surface temperature matching. 

V. Conclusions 

The analysis described here was used to determine a set of baseline temperature requirements capable of 

dissipating a nominal metabolic rate of 300 W to the local environment using a full suit flexible radiator during 

EVA. Variations in surface radiating properties (absorptivity and emissivity) were included to bound operational 

temperature requirements. These properties ranged from an ideal emitter with no solar spectrum influence to a 

radiator representative of one which has been degraded from use on the lunar surface. Two radiating areas were used 

in the evaluation and are considered to be representative of application for a gas pressure or mechanical counter 

pressure type garment. First-order radiating temperatures were chosen to assess threshold latitudes on the lunar 

surface for long duration exploration missions. The degraded surface properties, representative of worst case 

operational scenarios, essentially limit lunar exploration to polar regions if a full suit flexible radiator scheme were 

to be adopted as the sole source for cooling. The results provided here can be used to set preliminary design 

objectives, to be refined with follow on work, should such a thermal control system be considered for future EVA 

missions.  

Suggestions for future work are included to further assess use of a full suit radiator architecture for EVA. These 

include: increasing the fidelity of the interaction between astronaut and environment both geometrically and in terms 

of local fluxes, evaluation of integration architectures for maximizing radiator surface temperature, determination of 

supplemental heat rejection system requirements, investigation of lunar dusting impacts and mitigation strategies, 

and assessment of dynamic control strategies for thermal management. 
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