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The thermal conductance of liquid cooling garments can limit the performance of future
space suits that must provide thermal control and comfort in new and challenging
environments. New design approaches can help design future suits for optimal performance.
These approaches can build on extensive work that has been done developing and validating
analysis and modeling software for predicting heat and moisture transport in terrestrial
chemical/biological protective gear. The analysis is based on fundamental physics of heat
and moisture transport in textiles and convective transport inside the garment ensemble
coupled with models of human thermoregulation characterizing metabolic heating, sweating,
and respiration. The analysis and modeling methods have been validated through extensive
testing of materials, fabrics, and garment components. Design models have been formulated
that use the analysis methods to calculate performance of garment ensembles. Inputs to the
models include garment definition (materials, fit, interfaces), environmental conditions,
subject anatomy, activity rate and level of exertion, and mission parameters. Outputs
include rates of heat and moisture transport throughout the garment system, cooling and
evaporation from the wearer’s skin, and temperatures and relative humidity levels
throughout the garment system. These models help designers screen and iterate design
alternatives, explore “what if” scenarios, reduce the need for expensive full system testing,
and lead to greater confidence that designs are optimized with respect to cost, weight, and
performance. This paper describes the basic design methods, data and models; how these
elements are applied to garment design; and how they can be used to improve the
performance of future space suits. Use of these design methods could guide materials
selection, testing, data assessment, and optimal garment design for future liquid cooling and
ventilation garments. The payoff would be improved thermal conductance and comfort of
future Liquid Cooling and Ventilation Garments (LCVGs), thus maximizing astronaut
performance.

Nomenclature
A
EMU
EVA
GSPM
LCVG
PLSS
U

= Heat transfer area (m²)
= Extravehicular Mobility Unit
= Extravehicular activity
Garment System Performance Model
= Liquid Cooling and Ventilation Garment
= Portable Life Support System
= Overall heat transfer coefficient (W/m²-°C)

F

I. Introduction

UTURE space exploration missions will take astronauts to new and challenging thermal environments.
Thermal control systems for exploration space suits must reject heat in these environments while maintaining
a comfortable and healthy environment inside the suit. Mars presents a particular challenge, since the atmospheric
pressure on the Martian surface inhibits evaporation cooling and effectively increases the sink temperature for heat
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rejection. As a result, the thermal control subsystems in exploration space suits will need to provide higher overall
thermal conductance than the subsystems in the current EMU.
A key step in the heat rejection process is the transfer of metabolic heat into the liquid cooling loop that is part of
the liquid cooling and ventilation garment (LCVG). As explained in Section II, the thermal resistance in the LCVG
is typically 60% of the total thermal resistance between the crew and the external environment. If the thermal
resistance of the LCVG could be reduced, then the evaporative cooler could operate at higher temperature, enabling
greater heat rejection from smaller components. However, the heat and mass transfer processes that contribute to the
LCVG’s thermal resistance are complex, highly coupled, and active across a wide range of physical scales. As a
result, it is difficult to design an LCVG for optimal performance based solely on first-principles analysis.
The thermal performance of future LCVGs could benefit by adopting technology that has been developed for
modeling and design of terrestrial garment systems that protect users from chemical and biological warfare agents.
These garments share many characteristics with space suits, in particular the fact that user comfort is a critical
performance parameter that is controlled by the same heat and mass transfer processes that contribute to an LCVG’s
overall thermal conductance. The technology to design terrestrial protective garments comprises specialized test
apparatus to measure heat and mass transfer in textiles, analysis methods to assess test results and generate overall
transfer coefficients for system design, and design methods that use these coefficients to predict garment
performance in a wide range of simulated environments. We believe that these testing, analysis, and design methods
developed for terrestrial protective garments can help reduce the thermal resistance of LCVGs and play a generally
useful role in the design and development of exploration space suits.

II. Need for Improved Thermal Conductance
The EMU thermal control system uses a liquid-cooled garment to absorb metabolic heat and transport it to a
sublimator or evaporator that generates cooling (Figure 1a). The overall driving force for cooling is therefore the
difference between skin temperature and the saturation temperature equivalent of the external pressure. The thermal
conductance of the LCVG directly affects the performance of the thermal control system. High conductance reduces
the temperature difference between skin and circulating water and increases the driving force for evaporation in the
evaporator, which reduces evaporator size. Therefore a high-conductance LCVG will benefit both comfort and
mobility and may be necessary to enable Mars surface EVA.

(a) Cooling water flows through LCVG and evaporator to
(b) Each step in the heat rejection process requires a
absorb and reject metabolic heat. Water in the evaporator
driving temperature difference. Increasing the thermal
generates cooling by vaporizing and venting to ambient.
conductance between the skin and the LCVG loop
The driving force for evaporation is the difference between
increases the temperature difference available for
ambient pressure and the vapor pressure of the water in
heat rejection to the environment.
the evaporator.
Figure 1. Space suit thermal control problem. There is a fixed difference between a comfortable skin temperature
and the equivalent heat sink temperature of the external environment. The thermal conductance of the thermal
control system must be high enough to transfer peak metabolic loads between these two temperatures.
A. LCVG Thermal Conductance
Measurements of thermal comfort in human subject tests have shown that the LCVG conductance is low relative
to requirements for exploration space suits. To achieve good thermal comfort at metabolic rates greater than
2,000 Btu/hr (586 W) requires cooling water inlet temperatures of 50°F (10°C). 1 For skin temperatures in the range
of 78°F to 80°F (25.6°C to 26.7°C), this corresponds to an overall conductance value (typically denoted by the
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product “UA” of the overall heat transfer coefficient (U) and the heat transfer area (A)) of 67 to 71 Btu/hr/°F (35 to
38 W/K). These values are consistent with standard thermal comfort curves (Figure 2) as well as recent
measurements of the thermal conductance of the current LCVG. 2 The thermal comfort curves enable us to compute
the overall thermal resistances between skin, coolant, and ultimate heat sink (which operates close to 0°C for both
sublimation and evaporation processes). Figure 3 shows the thermal resistances based on the comfort curves and
coolant inlet temperature, along with the fractional contribution of the skin-to-coolant resistance (i.e., the LCGV
thermal resistance) to the overall thermal resistance. Based on the comfort curves, the two components of thermal
resistance are roughly equal for metabolic rates of 500 W and the LCVG resistance dominates at higher metabolic
rates. The fractional resistance of the LCVG exceeds 60% for metabolic rates greater than 550 W. At the crossover
point (550 W), the thermal conductance of the LCVG is equal to (0.025 K/W)-1 = 40 W/K.

Figure 2. Thermal comfort cooling curves. 3 Large
temperature differences between skin and coolant are
needed for cooling at high metabolic rates. Low
coolant temperatures make it more difficult to reject
heat to the environment.

Figure 3. Thermal resistances derived from thermal
comfort curves. The fraction of total ∆T between skin and
coolant inlet increase to 60% at high metabolic rates.

B. Effects on PLSS Performance for Planetary Exploration
The conductance of existing LCVG technology is low relative to requirements for heat rejection on the Martian
surface. Low conductance implies that heat must be rejected from the space suit at lower temperatures, which
reduces evaporation rates and leads to a larger evaporator component. Figure 1b has illustrated the basic physics of
the problem, and Figure 4 shows that the effects can be very large for future exploration space suits. The vapor
pressure in the evaporator is roughly equal to the saturation pressure of water at the temperature corresponding to
the LCVG inlet. This pressure can be computed from the skin temperature, metabolic load, and LCVG conductance.
The rate of vapor production depends on the difference between the evaporator vapor pressure and the pressure
outside the space suit (i.e., the evaporator backpressure). This pressure can range from roughly 0 torr near the
International Space Station to 7.5 torr on the Martin surface 4 and roughly 10 torr when operating with water-saving
technology such as a space evaporator absorber radiator. The calculated vapor pressures shown in Figure 4 show
that there is very little (if any) driving force for evaporation using conventional LCVGs in expected exploration
environments once metabolic rates reach levels of 2,000 Btu/hr (586 W). Without a higher thermal conductance, a
very large evaporator would be needed to ensure thermal control at high metabolic rates.

3
International Conference on Environmental Systems

Figure 4. Current LCVG designs are marginal for operation on Mars. Typical conductance values for the
LCVG leave only about 3 torr of pressure difference to drive evaporation under typical Mars ambient conditions.
This is about one fourth the driving pressure available to an EMU in vacuum. This plot corresponds to a metabolic
rate of 2,000 Btu/hr (586 W).

III. Improving the Performance of Future Space Suit Cooling Garments
High-performance thermal control systems for future space suits will need an LCVG with higher thermal
conductance. Recent efforts by Conger et al. 5 to develop a torso-only, high-conductance LCVG targeted at
increasing mobility showed promising results in small swatch prototype tests, but these results are currently difficult
to apply to full-scale with human physiological interactions without significant additional design development. The
testing and analysis methods described in this paper can provide important data and predictive tools that can support
the development of cooling garments with optimal performance. A program of materials testing, garment system
modeling, and prototype testing can help ensure that next-generation cooling garments have high thermal
conductance to support efficient EVA in challenging thermal environments.
A. Testing and Analysis to Support Cooling Garment Design
Figure 5 shows how a program of testing and analysis based on methods developed for terrestrial garment design
can be used to support the development of future liquid cooling garments for space suits. Such a program would
span the range from basic materials testing through integrated system tests with human subjects. The program
centers around a Garment System Performance Model (GSPM) that allows designers to use data from fundamental
tests to model overall system performance.
1. Basic Materials Testing and Model Validation
Fabric swatch tests provide key data that can be used to assess at low cost a wide range of candidate textiles for
use in thermal comfort and liquid cooling garments. Data from these tests support optimal LCVG design in two
ways: (1) they provide a quantitative way to compare fabric performance under well-controlled test conditions, and
(2) they provide data that can be used to validate basic models for heat and moisture transfer that can then be used in
higher-order system models. Test conditions can be varied to simulate fabric performance under different usage
scenarios (e.g., thermal comfort garment vs. liquid cooled garment). GSPM has elements that interpret these test
data and convert them to performance variables that can be used in larger-scale system modeling.
2. LCVG Sample Testing and Model Validation
Basic swatch tests can be adapted to evaluate the performance of cooling-garment samples—that is, materials
swatches with active, embedded cooling tubes. These tests can be used to compare the performance of different
cooling tube configurations and provide fundamental data needed to validate models of cooling garment
performance. GSPM helps provide quantitative comparisons between test samples by enabling the designer to
calculate the effects on system performance.
3. Prototype Cooling Garment Testing and Validation (Manikins)
Manikin tests of garment systems are a valuable complement to human subject testing. Manikin testing provides
well-controlled test conditions for garment ensembles that can be used to compare performance quantitatively and
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validate overall system performance models. Data from these tests are used to validate the calculation methods in
GSPM so they can be used with confidence to predict performance in operational systems.
4. Prototype Cooling Garment Testing and Validation (Human Subjects)
Tests with human subjects provide the most realistic conditions for assessment of garment ensembles. Fit and
motion are the most prototypical, and user comfort reports provide direct (though qualitative) information about
garment effectiveness. Ideally, an assessment of the effectiveness of a garment ensemble will rely on data from both
human subject and manikin tests. Comparison of human subject test results with GSPM predictions provides
validation of the basic modeling approach and helps designers assess performance under situations that cannot be
tested safely.
5. Evaluate and Iterate Garment Designs Prior to Fabrication
Validated system models can be used to evaluate new garment designs, material selections, and cooling tube
configurations and aid in down-selection of promising designs before expensive full-scale fabrication.
6. Assess Performance Under Untested Conditions
Validated GSPM models can be used to predict the performance of garment ensembles under conditions that
would be expensive or impossible to test using manikins or human subjects. Predictions like this are needed to
understand how garment systems might perform under extreme and emergency conditions.
7. Assess Garment Design Enhancements
Once a garment system is in operation, GSPM modeling can provide a low-cost method of screening potential
design improvements before investing in costly testing.
8. Identify New Requirements
GSPM models will enable designers to analyze garment performance under new operating conditions that may
not have been considered during the initial design effort. In this way, the modeling can help identify new design
requirements for operation in new environments.

Figure 5. Testing and modeling to support cooling garment development. An integrated program of testing and
modeling helps direct garment design to an optimal result.
B. Terrestrial Examples
Application of this testing and modeling methodology has enabled U.S. Army clothing designers to successfully
explore trade-offs and performance evaluation of next-generation chem/bio garment designs. For example, Gibson et
al. 6 used the GSPM to investigate the effect of varying fabric airflow resistance on system-level thermal resistance
and the effect of adding permeable fabric vents on system-level thermal and water vapor resistance. As another
example, we supported the Integrated Protective Fabric Systems program at the Natick Soldier Research and
Development Engineering Center to explore design trade-offs between chem/bio protection and thermal burden as a
function of environmental conditions, addition of body armor, and garment material selection. 7
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IV. Heat and Mass Transfer in Closed Garment Systems
The thermal conductance of the LCVG depends on combined heat and mass transfer via numerous physical
processes that take place in complex garment structures. These basic phenomena are quite similar to the phenomena
that control thermal comfort in terrestrial chem/bio protective garments.
A. Parallels Between Space Suits and Chem/Bio Garments
Thermal conductance through space suits and chem/bio protective garments relies on transport of heat in various
forms from the user’s skin surface, through various textile layers, and ultimately to the environment. The heat
transport processes and internal structures in both cases are very similar, so understanding the processes that control
thermal conductance in one case leads to better understanding of the processes that control thermal conductance in
the other. Some of the key similarities between space suits and chem/bio protective garments are:
• A highly impermeable outer garment that is designed to limit direct communication between the garment
interior and the external environment.
• A multilayered garment structure.
• Significant contributions to thermal conductance from both sensible and latent heat transport.
• Presence of airflow due to either forced ventilation (space suit) or leakage through closures (chem/bio
garments).
• Space suits use liquid-cooled garments, as do some specialized terrestrial protective garments.
B. Combined Heat and Mass Transfer
Cooling metabolic loads depends on both sensible and latent cooling. For example, Figure 6 shows NASA data
for a typical crew member illustrating how sensible and latent cooling contribute to total metabolic heat during a
30-minute period of exercise followed by 60 minutes of recovery. Throughout the exercise and recovery periods,
sensible heat rejection remains fairly constant while nearly all the additional metabolic load is removed via latent
cooling. Thermal comfort inside a protective garment therefore depends strongly on both heat and mass (water
vapor) transport through the garment system, with mass transport dominating at high metabolic loads. Figure 2 and
Figure 3 have shown that the overall thermal resistance decreases rapidly as the metabolic rate decreases. This large
change in the overall thermal resistance shows the important contributions of water vapor transport that become
active at higher metabolic rates.
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Figure 6. Crew metabolic heat and water generation rates. 8 Sensible cooling is relatively constant through the
exercise and recovery periods. Most of the heat removal at high metabolic loads occurs due to latent cooling.
C. Fundamental Phenomena
User comfort in enclosed protective garments depends on how easily thermal energy can leave the system. The
conductance of the garment system is the net result of heat transport that occurs via a surprisingly large number of
processes acting in parallel and series. These processes include direct, temperature-driven heat transfer (sensible
cooling) as well as heat transport that occurs via generation and transport of water vapor (latent cooling). Both
sensible and latent cooling occur through gradient-driven processes (heat conduction or mass diffusion) as well as
convection due to bulk fluid motion. Liquid wicking, sorption, and thermal radiation can also play significant roles.
Models to predict conductance must therefore account for a wide range of phenomena:
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Heat conduction. Temperature gradients drive heat transfer through solids (textiles, coolant tube walls, etc.)
and regions of stagnant air or water.
• Heat convection. Bulk motion of fluids (air or water flow) will transfer heat by virtue of the fluid
temperature. Interactions between moving fluids and adjacent solids will cause heat to flow from one to the
other through the action of local temperature gradients and flow characteristics.
• Evaporation and condensation. Water is introduced into the system through perspiration. Evaporation and
condensation of the water in response to local temperature and vapor pressure is a powerful mechanism for
liberating or absorbing heat.
• Water vapor transport. Water vapor moves through the garment system both by diffusion and bulk
convection in moving air.
• Water sorption. Many textiles are made from fabrics that absorb water. Absorption and desorption of water
from fabrics in response to the local temperature, vapor pressure, and material sorption properties is similar
to condensation and evaporation in its ability to absorb or liberate heat. Often the dimensions and associated
properties of the fabric will change depending on how much water is absorbed.
• Wicking of liquid water. Textiles can also hold liquid water by virtue of capillary action, and this liquid
water can wick through the fabric in response to pressure gradients, capillary forces, and sources and sinks
due to condensation and evaporation.
• Thermal radiation. Although temperature differences are typically small, thermal radiation can contribute
noticeably to a garment’s thermal balance, particularly if the outer surface is exposed to a low heat sink
temperature.
Figure 7 is a schematic that shows the transport phenomena that can be active in a typical garment systems.
Design of a new garment system needs to consider all these phenomena and include models for those that govern
garment performance.
•

Figure 7. Heat and mass transport phenomena. Schematic shows mechanisms of thermal energy transport
through elements of garment systems for terrestrial protective garments and EVA suits.
Existing models of the human LCVG system have focused more on capturing the physiological aspects of the
human thermoregulatory system and employ a relatively simple representation of the LCVG garment. The work by
Kuznetz, the “41-node metabolic man” model, 9 as well as the Wissler thermal model more recently in use, 10 provide
evaluation of the existing LCVG performance for varying operating conditions, but rely on minimal material
properties and generalized UA inputs. These tools are not well suited to evaluate new LCVG designs with new
materials and garment configurations. A missing element that can aid in the LCVG design process is a more detailed
model of the LCVG and comfort garment layers that can capture the impact on heat and mass transfer of different
materials selections and garment designs.
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V. Materials and Garment Test Methods
We have developed an integrated modeling methodology for the design and performance evaluation of terrestrial
chem/bio garments (Figure 8). This methodology combines (1) first-principles models of heat and mass transport
effects, and (2) experimental test methods for parameterizing the coefficients required for mathematical model
closure. We propose that this methodology, embodied by our GSPM, is highly applicable to space suit design with
appropriate modifications. GSPM can be used during the early stages of design by allowing designers to use data
from small sample tests to predict system performance. Designers can use the tool to narrow design choices and
reduce development effort by minimizing the number of full-scale systems that must be built and tested. GSPM can
also be used during later stages of design by allowing designers to assess performance under untestable conditions
and also feeding back lessons learned to the development of new garment materials and constructions.

Figure 8. Integrated modeling methodology for garment design and performance evaluation. This
methodology combines first-principles models of heat and mass transport effects with experimental data for
parameterization and validation of the garment models
The key steps in this GSPM-based modeling methodology are as follows:
1. GSPM Material Parameterization. We use experimental data from standardized test methods to determine
the physical transport properties of the various materials used in fabricating the garment. Table 1
summarizes the model-required material properties and recommended test methods for obtaining them. For
example, sweating guarded hot plate testing is used to determine the thermal conductivity (ASTM F1868)
and water vapor diffusivity (ASTM F1868 – Part B) of a given garment material.
2. Closure and Pinchpoint Parameterization. Airflow underneath a garment is driven by pressure gradients
induced by wind, bodily motion, and/or ventilation flow. Garment interfaces and anatomic pinchpoints
impose physical restrictions on this airflow. To determine the flow resistances of interfaces and pinchpoints,
we have developed a set of instrumented anatomic test fixtures (Figure 9 and Figure 10). These anatomic
test fixtures isolate flow through individual interfaces or pinchpoints and inject air underneath the garment
in order to induce a pressure gradient across the interface or pinchpoint. By measuring the pressure gradients
induced over a range of flow rates, we determine the characteristic flow resistances for each interface and
pinchpoint. This testing could be very useful to assess the effects of internal sizing bladders on convective
heat transport through the arms and legs of the garment.
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3.

4.

5.

6.

Garment Ensemble Design. For each garment in an overall ensemble design, the analyst specifies its
physical characteristics in terms of body regions covered, materials of fabrication, material layering, and
location and types of each interface. Note in early stages of the design process, the analyst may choose to
proceed directly to Step 6 and only perform model validation (Steps 4 and 5) for the most promising
designs.
Preliminary Thermal Manikin Simulations. GSPM then performs preliminary predictions of the performance
of the ensemble design under thermal manikin conditions for subsequent comparison to actual thermal
manikin test data in Step 5. In the thermal manikin test method, a specialized heated and sweating manikin
is dressed in a garment ensemble and then subjected to various environmental conditions (temperature,
relative humidity, and wind speed). Measurements of the heat and water vapor inputs required to maintain
predefined steady state conditions are used to determine the overall thermal and water vapor resistance of
the garments. Further details regarding thermal manikin testing are provided in ASTM F1291–10 Standard
Test Method for Measuring the Thermal Insulation of Clothing Using a Heated Manikin and ASTM F2370–
10 Standard Test Method for Measuring the Evaporative Resistance of Clothing Using a Sweating Manikin.
Refinement to Finalized Garment Models in GSPM. GSPM compares its simulation results from Step 4 to
experimental thermal manikin data for the same conditions. As necessary, it uses Levenburg-Marquardt
regression algorithms to tune available model parameters and improve correspondence with the thermal
manikin test data in order to generate a validated garment ensemble model. Figure 11 illustrates model
validation comparisons for three different garment ensembles.
System Performance Prediction and Trade Space Analysis. The analyst then can use the validated garment
ensemble models to simulate a variety of operational conditions of interest and determine the resulting
performance. Based on the results of these simulations, the analyst may choose to iterate back to Step 3 and
make improvements to the garment design.

Table 1. Required fabric model parameters and recommended test methods.
Standard
IP SPM Fabric Model
IP SPM
Standardized Test Measurements
Symbol
Parameter
Units
Fabric Thickness
δ
m
δ (ASTM D1777)
δ (ASTM D1777)
3
Fabric Density
ρ
kg/m
σ (ASTM D3776)
δ (ASTM D1777)
Flow Resistance
Ra
1/m
Q/A (ASTM D737)
δ (ASTM D1777)
σ (ASTM D3776)
Tortuosity
τ
𝜌�𝑛 Specification Sheets
DH2O (ASTM E96 or ASTMF1868)
δ (ASTM D1777)
σ (ASTM D3776)
Void Fraction
ε
𝜌�𝑛 Specification Sheets
Emissivity
e
No standardized textile test identified
�𝑛 Specification Sheets
𝐶𝐶
Specific Heat Capacity
Cp
J/kg K
𝜌
�𝑛
Specification Sheets
δ (ASTM D1777)
2
Thermal Conductivity
k
W/m K
Rt (ASTM F1868)
δ (ASTM D1777)
Ret (ASTM F1868 – Part B)
2
Water Vapor Diffusivity
m /s
𝐷𝐻2𝑂
or
MVTR (ASTM E96 – Procedure B)
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Figure 9. Apparatus for testing cuff interface closure leak rates. (Top) Key hardware elements for conducting
differential pressure driven leak rate measurements. (Bottom left) Mandrel for mounting the cuff interface and
injecting air underneath the garment. (Bottom right) Test closure mounted on the test mandrel for leak rate testing.
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Figure 10. Full-body airflow manikin for characterizing garment interfaces and pinchpoints. Left photo shows
fully clothed manikin. Right photo shows manikin with jacket removed, revealing taps connected to internal tubing
for airflow injection or pressure measurement. Gaskets and tourniquets (not shown) are used as necessary to isolate
individual interfaces or pinchpoints for independent airflow resistance measurement.

Figure 11. Example model validation comparisons for three different ensembles. Left plot compares GSPM
simulation results (solid lines) to thermal manikin results (markers) for overall thermal resistance (clo) for three
different ensembles. Right plot compares GSPM simulation results (solid lines) to thermal manikin results (markers)
for overall evaporative potential resistance (im/clo).

VI. Modeling and Analysis
This section provides further details regarding our physics-based modeling and analysis approach. GSPM
implements a macroscopic model formation that combines a physics-based, first-principles characterization of the
11
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transport phenomena with a simplified representation of human metabolism and the garment ensemble. This
approach is intended to provide sufficient fidelity, resolution, and detail for evaluating the performance of various
garment configurations under different operational conditions without requiring a high degree of end-user modeling
expertise and computational complexity. In our macroscopic model formulation, the clothed individual is
represented by a set of distinct, interconnected cylindrical body regions that are delineated by the location of
anatomical joints (Figure 12). Each cylindrical body region may be covered by an arbitrary number of fabric layers
and air gaps that represent garment layering. In this manner, each clothed body region is represented as a set of
concentric cylinders. Each cylindrical clothed body region is further broken down into a number of circumferential
and axial sub-regions, resulting in a cylindrical grid of layered “cells.” For each of these cell control volumes,
GSPM applies fundamental mass, energy, and species conservation principles in order to derive the mathematical
model equations that describe the airflow, water, and energy transport phenomena as a function of both location and
time. The resulting set of ordinary differential equations are then solved numerically.

Figure 12. Macroscopic physics-based model formulation. GSPM solves mass and energy conservation equations
over a cylindrical grid of layered control volumes for each body region.
A. Metabolic Model
GSPM implements a model of physiological thermoregulation based on Stolwijk’s formulation. 11 In our
implementation, instead of the usual six-cylinder representation that is limited to a left/right symmetry assumption, we
subdivide the body into a set of 15 body segments representing the same body segments modeled in GSPM: head,
upper torso, lower torso, left upper arm, left forearm, left hand, right upper arm, right forearm, right hand, left thigh, left
calf, left foot, right thigh, right calf, and right foot. Each body segment comprises four concentric layers representing
the body segment’s core, muscle layer, subcutaneous fat layer, and skin layer, where each is assumed to have a uniform
temperature throughout the layer (i.e., no radial or angular temperature distribution). All layers interact with a central
blood compartment that convectively exchanges heat with each body segment layer via blood flow. The 15 body
segments (each with four layers), plus the central blood pool, comprise 61 model nodes in total. Our discretization
scheme is shown schematically in Figure 13. Mathematically, our thermoregulatory model is based on nodal
conservation of energy as described by Stolwijk, where the heat fluxes depend on physical activity level, environmental
conditions (temperature, relative humidity, and air velocity), and the body’s thermoregulatory responses (sweating,
shivering, vasodilation, and vasoconstriction).
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Conduction

Metabolic heat production (basal, exercise, shivering)
Vasodilation/vasoconstriction control
Sweat production

Evaporation,
Convection
central
blood pool

Under-Garment
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Skin
Fat
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Central blood pool
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Figure 13. Baseline thermoregulatory model. The baseline model comprises 15 body segments, analogous to the
cylindrical body segments modeled in GSPM. Each cylinder has four layers that experience heat fluxes due to
internal conduction, internal convection (blood flow), external convection, evaporation, and metabolic heat
generation.
B. Garment System Modeling
As an example, Figure 14 illustrates GSPM simulation results for a particular garment ensemble of interest under
specified environmental conditions. The manikin graphic on the left depicts the spatial distribution of convective
heat fluxes from the skin at a given point in time. The plots in the center panel depict the heat fluxes as a function of
time and position for the selected body region (“Right Thigh”). Other controls allow selection of different body
regions, garment layers, and time points for the results display.

Figure 14. Example simulation results. GSPM results viewer enables visualization of simulation results as a
function of time and space for each body region.
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Running a large number of GSPM simulations over a range of potential environmental conditions enables
prediction of the performance envelope of a given garment ensemble. For example, Figure 15 shows the net heat
rejection of a given ensemble as a function of environmental wind speed, humidity, and temperature. Assuming a
desired minimum heat rejection rate of 250 W, the green regions identify the range of environmental conditions for
which this heat rejection objective is achieved. Through iterative exploration of design alternatives, the analyst can
thus determine the candidate designs that achieve acceptable performance over the largest range of potential
conditions.

Figure 15. Example tradespace analysis. Plot depicts overall system heat rejection rate for a given garment
ensemble as a function of environmental wind speed, humidity, and temperature.

VII. Conclusion
Future exploration space suits will need to operate in more challenging thermal conditions and meet more
challenging mobility and comfort requirements. Liquid cooling garments with significantly higher thermal
conductance than current suits may be needed to enable Mars surface exploration. A large array of choices for
materials, design configurations, and garment ensemble combinations, combined with the underlying complexity of
the heat and mass transfer processes that control thermal conductance, will make it difficult to find an optimal
design at reasonable cost. We believe that many of the techniques that are available for garment evaluation and
design that have been developed for terrestrial chem/bio protective garments can contribute to the effort to find an
optimal design for future liquid cooling garments. The GSPM model described in this paper has been developed for
precisely this purpose. With appropriate modifications to account for unique characteristics of space suits, GSPM
can be used as a predictive tool to help evaluate materials and configurations prior to building complete LCVG and
garment systems for future space suits. GSPM also allows designers to simulate system behavior under conditions
that are difficult to test, and to quantify lessons-learned to guide development of new materials and garment
configurations. Benefits will be improved thermal performance, reduced development time lines and decreased
development costs.
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