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The dynamic portable life support system (PLSS) simulation software Virtual Space Suit 

(V-SUIT) has been under development at the Technische Universität München since 2011 as 

a spin-off from the Virtual Habitat (V-HAB). The MATLAB™-based V-SUIT software 

dynamically simulates space suit portable life support systems and their interaction with a 

detailed human model, as well as the external environment of the space suit. 

This paper presents results from the simulation model of a liquid cooling garment (LCG) 

as a sub module of the V-SUIT simulation. In this first step, only the conductive heat transfer 

was incorporated into the model. A literature review and study of the thermodynamic 

processes, main parameters and driving factors involved in the heat transfer between the 

human skin and the coolant fluid was performed. Results showed, that current models of the 

human to LCG heat transfer rely on values for several heat transfer coefficients and 

conductivities that are hard to determine experimentally and are therefore mostly educated 

guesses or reverse engineered.  

To create a deeper understanding of the end-to-end process, a flexible, modular model of 

a generic LCG was created within the V-SUIT framework. Simulations were run for different 

LCG configurations (number, length and diameter of tubes in the garment, flow rate, and 

others) and the results are compared to publicly available experimental data and a different 

LCG model. The presented model enables the analysis of the effect of individual heat transfer 

coefficients and conductivities on the overall performance of LCGs. 

The results show good agreement with the experimental data; deviations can mostly be 

explained by the fact that only one-dimensional heat transfer was modeled. This is a major 

part of suggested future work. The results also highlight the necessity for more detailed 

investigation into the area of human sweating since the presence of liquids in the vicinity of 

the LCG tubes heavily influences the thermal heat transfer from the body to the coolant fluid. 

Nomenclature 

A = area [m2] 

α = heat transfer coefficient [W/m2K] 

c = specific heat capacity [J/kgK] 

D = diameter [m] 

ɛ = heat exchanger efficiency [-] 

λ = thermal conductivity [W/mK] 

ṁ = mass flow [kg/s] 

NTU = Number of transfer units [-] 

Q = heat [W] 

T = temperature [K] 

U = overall heat transfer coefficient [W/m2K] 
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I. Introduction 

HE operational experience gained during the first extra vehicular activities (EVA) in the mid-1960s revealed that 

ventilation cooling alone was not sufficient to maintain the thermal comfort of a suited crewmember at elevated 

metabolic rates.1 Crewmembers overheated and their visors fogged due to the high humidity. Since then, several 

versions of liquid cooling garments (LCG) have been flown by the space faring nations of the world and many more 

have been created in development programs, both for use in space as well as in terrestrial applications.2 LCGs remove 

metabolic waste heat from the crewmember by circulating a cooled fluid, usually water, around the body via small 

tubes that are in direct contact with the skin, separated only by an optional comfort layer.3 The flexible outer fabric to 

which the coolant tubes are attached maintains a tight fit to the wearer’s body. Forced convection is also used as a 

means of heat transport, both through convective heat exchange with the skin, but also through evaporation of sweat. 

If the ducting for the gas flow is incorporated into the LCG, it is also referred to as a liquid cooling and ventilation 

garment (LCVG).  

 

 
Figure 1. Person wearing a LCVG (left), schematic drawing of LCG components 

(right). Left image retrieved from Ref. 4, right image taken from Ref. 5. 

V-SUIT, the Virtual Space Suit simulation, is built on the foundation of the Virtual Habitat (V-HAB) software 

developed by Czupalla.6 We are developing V-SUIT with the long-term goal of a fully integrated, dynamic, multi-

disciplinary computer simulation of an extra-vehicular mobility system, its environment and the crewmember inside. 

A part of this effort, the development of a liquid cooling garment model, is presented in this paper. In this first step, 

only the simulation of the one-dimensional conductive heat transfer from skin to tubing and the convective heat 

transfer to the coolant fluid have been fully implemented. However, other mechanisms for heat transfer from the body 

were considered in the model’s design and can be easily added once other components of the model, such as the 

ventilation flow simulation, are completed.  

II. Background 

To develop an LCVG, thorough analysis is needed to ensure, among other things, that the garment can effectively 

remove the maximum expected heat load from the crewmember’s body. In the early days of LCGs, these analyses 

consisted of experimentally testing several prototypes on human subjects.7,8 As electronic computing resources 

became more and more available to researchers and engineers, studies of LCGs began to include simulation models.9–

11 These were used to assess the heat removal capability of proposed garment designs, to perform feasibility studies 

on the automated control of the LCG’s water inlet temperatures and analyze other parameters of the human/LCG/suit 

system. 

A. Mechanisms for Heat Transfer in the Human/LCG/Suit System Model 

Five mechanisms for heat transfer govern the thermal state of the human/LCG/suit system: conduction, convection, 

radiation (sensible heat transfer), evaporation and condensation (latent heat transfer). In reality, all of these 

mechanisms act on every part of a thermal system simultaneously. With respect to simulation models, it would be 

impractical to model all of these effects at every point within the simulated system, both in terms of modeling effort 

and simulation performance. Considering the individual simulation requirements, some mechanisms are therefore 

either approximated or neglected entirely based on their relative contribution to the overall heat transfer and the 

T 
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location of their occurrence. An example for a neglection might be the radiative heat transfer between the comfort 

layer and the skin. These two parts of the system are ideally in direct contact. In reality this is not the case and in some 

areas there might be a small gap between skin and garment where radiative heat transfer can take place. Due to the 

small contribution to the overall heat transfer and the uncertainty associated with the location and magnitude of the 

heat transfer, it would be neglected.  

Figure 2 shows a graphical representation of the type and location of the different heat transfer mechanisms that 

can be found in previous studies employing an LCG simulation model.  

 

 
Figure 2. Heat transfer mechanisms in the human/LCG/suit system. For simplicity, suit 

layers and LCG components are represented by one solid layer. Image adapted from Ref. 11. 

Conductive heat transfer takes place between the skin and the LCG and inside the materials that make up the layers 

of the actual space suit (pressure bladder, restraint layers, thermal insulation layers, cover layer, etc.). It is assumed, 

that the LCG outer layer and suit inner layer never touch. In Figure 2 the suit layers are represented by one single solid 

layer for simplicity. Convective heat transfer takes place between the gas flowing through the suit and both the LCG 

outer layer and the innermost layer of the space suit, the pressure bladder. Radiative heat transfer takes place between 

the LCG outer layer and the pressure bladder, between the space suit layers (not shown in Figure 2) and between the 

space suit outer layer and the surrounding environment. Sweat evaporates from the crewmember’s skin and humidity 

in the suit atmosphere may condense on the cold tubes of the liquid cooling garment.  

B. Literature Review of Past Modeling Efforts 

Every model is an abstraction of reality and can never exactly reproduce the behavior of an actual system. In the 

process of creating abstract models of reality, the modeler has to make certain decisions on which parts of reality to 

neglect and which to include into the model. These decisions are based on the requirements for the model, which in 

turn are derived from the basic research question the model should answer. Since different research questions at 

different points in time produced different models, a literature review was conducted that looked at several past LCG 

studies to determine the defining parameters of LCG models and to identify areas for future improvement.  

1. Geometrical parameters of the model 

All of the reviewed studies included a model of the human 

occupying the LCG to provide the necessary thermal interface in form 

of the skin temperature. Some of them included complex models of the 

human thermoregulatory system,2,12,13 others implemented averaged 

skin temperatures based on empirical data.11 The geometric 

representation of the human also varies from study to study, however 

most use variants of the model proposed by Wissler.14 (Figure 3) Here 

the differences between the studies are the number of segments per 

extremity. Some models, for example, just have one segment for each 

arm,15 others divide the arm into three segments (upper arm, lower arm 

and hand).16 

In the more complex thermoregulation models, each body segment 

is made up of a number of thermal nodes that represent different layers 

of the human anatomy within a body segment (skin, fat, muscle, bone, 

blood, etc.). Here the variations are between 417 and 1512 nodes per 

segment. The models assume no heat transfer between the body 
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Figure 3. Wissler Human Model 

Schematic. Image taken from Ref. 12. 
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segments, only one-dimensional heat transfer between the nodes within an individual segment. The blood flowing 

through the body is modeled as a single thermal node and serves to connect the segments thermally.  

In the earlier studies, the LCG model was implemented by adding additional layers (nodes) on top of the skin of 

the human model. The heat transfer properties between the layers were then adjusted to match measured characteristics 

of the skin/LCVG interaction. Calculation of the overall transferred heat was then done based on average skin 

temperatures and the contact area between the LCG tubes and the skin.3,11,17 

Later studies added complexity to the LCG model by adding two-dimensional heat flow, especially within the 

LCG tube material.18 Recent studies have further detailed the LCG model by discerning between different areas of the 

body to research the utility of regional and intermittent cooling.17,19 

All studies however, regardless of the geometric complexity of the human or the LCG model, calculated the overall 

heat transfer using averaged values for the skin temperature, water mass flow and the total contact area between the 

LCG tubes and the skin.  

2. Inclusion of suit ventilation gas flow 

Although the main mechanism of heat transfer away from the crewmember is the conductive path from skin to the 

tubing and then into the flowing coolant, convective heat transfer due to suit ventilation gas flow does contribute to 

the overall heat transfer and thermal comfort.20 However, some of the reviewed studies focused on effects or 

parameters that would have been disturbed by the presence of a convective gas flow. In these studies, the experimental 

setup included either non-ventilated cover layers on top of the LCG3 (see Figure 4, right) or the presence of free 

convection was accepted as a disturbing factor in a room where the air movement around the subject was controlled 

to small values.21  

 

 
Figure 4. Test subject wearing only LCG in ventilation controlled 

environment (left) and suited manikin (right). Left image taken from Ref. 

22, right image taken from Ref. 21. 

3. Model detail regarding thermal properties and coefficients 

When looking at traditional thermal modeling exercises in the field of spacecraft thermal design, next to the 

geometry of the modeled systems, two factors are of great importance: the thermal conductivities and the interface 

conductances.23 Sometimes the interface conductances are also expressed as heat transfer coefficients between two 

materials. The thermal conductivities are material specific properties and their values can be found in established 

material databases.24 The interface conductances are however specific to the material combination, geometry, surface 

roughness and other parameters. Thus, there are no general databases on these values, they are usually determined 

experimentally for specific interfaces.23 

With regard to LCG modeling, there are four values that are of interest (in the direction of heat flow): (1) skin to 

comfort garment interface conductance, (2) comfort garment conductivity, (3) comfort garment to tube interface 

conductance and (4) tube conductivity.  

Only a few studies actually model the LCG to this level of detail. Often an empirical formula for the heat transfer 

between skin and water is determined, correlated to test results and then used for further study.25 The studies where 

these factors were considered were actually focused on determining the impact of material conductivity on LCG 

performance.18,26 The values for the interface conductances were given without a source, so they are assumed to be 

derived from experimental data. No study was found where the values for the interface conductances were 

experimentally determined.  
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4. Inclusion of effects due to sweating 

Some of the studies included models for the evaporative heat loss3 or even sweating manikins in hardware tests,21,27 

however others neglected these effects. Early studies even suggested that liquid “cooling virtually eliminated 

sweating.”8 The presence of a liquid on the skin of the wearer will however influence the heat transfer characteristics 

mentioned in the previous section. If the comfort layer is wet, both the conductivity through the garment as well as 

the conductances of the skin/garment and garment/tube interfaces will be different from the dry case. These effects 

have been researched in a separate study,28 but the results were not included in any of the surveyed studies. 

C. Point of Departure for V-SUIT LCG Modeling 

Most of the reviewed studies were aimed at either aiding in the design of a new liquid cooling garment or analyzing 

an existing one. In contrast to that, the modeling effort going into V-SUIT is aimed at creating a generic simulation 

model with the greatest possible and feasible level of detail. As a stand-alone simulation tool, V-SUIT shall rely on 

basic physics and first-order principles, rather than empirically determined factors, as much as possible. 

In accordance to this goal the LCG model will include a variable number of segments to be adaptable to any 

number of body segments the human model used for a specific simulation offers. This will also enable the simulation 

of LCG designs that incorporate different characteristics for different body areas such as tube pattern densities, 

different garment materials and even coolant temperatures. The ventilation gas flow inside the space suit will be 

included into the V-SUIT simulation so the LCG model will provide an interface with the gas flow around individual 

segments to enable the convective heat transfer and the rate of sweat evaporation to be modeled. The conductive heat 

transfer from the skin to the coolant fluid shall be modeled with as much detail as possible using the material 

conductivities and interface conductances as the driving factors to influence the system behavior. Finally, sweating 

will be included in the human model. The LCG model will therefore include the possibility to dynamically change the 

conductivities and conductances as a function of the sweat rate. Some experimental work in this area is planned in the 

future for better model validation. We envision a small, fully climate controlled test chamber where a section of 

simulated, sweating skin can be covered with a single LCG tube and exposed to different environmental conditions.  

III. V-SUIT LCG Model 

Due to the large body of published data available for NASA’s extra-vehicular mobility unit (EMU) many aspects 

of the model described in this section are based on the design of the LCG used in the EMU. The model can easily be 

adapted to depict other LCG designs. 

A. V-HAB Simulation Architecture 

V-SUIT is implemented using the object oriented programming capabilities of MATLAB™. For a detailed 

description of the simulation architecture, please refer to Ref. 29. Here only the aspects relevant to the LCG model 

will be covered.  

With respect to matter loops, the V-HAB simulation architecture provides three basic building blocks to describe 

a system: matter stores, matter flows and matter processors. Matter stores describe the state of a static body matter in 

terms of mass, temperature, pressure and other parameters. Stores can contain one or more phases, which are used to 

separate bodies of matter in different states (i.e. solid, liquid, gaseous). Matter flows describe the state of flowing 

matter at a certain point in the system in terms of flow rate, temperature, pressure, etc. Matter processors are able to 

change these parameters. To accomplish this, the processors are split up into three sub-categories: flow to flow (f2f), 

phase to phase (p2p) and flow to phase / phase to flow. Since the latter processor is used to extract and merge matter 

from phases, it is designated an extract/merge (exme) processor to better display its dual functionality. Figure 5 shows 

all of the aforementioned building blocks in an example system.  
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Figure 5. Example of a V-HAB system object. The green rectangle 

between the two phases is a phase to phase processor. The purple 

rectangles are extract/merge processors. Yellow lines represent matter 

flows, the green circle is a flow to flow processor. The two semicircles at 

both sides of the system denoted “IF” represent interface flows to be 

connected with other subsystems. 

B. Heat Transfer Model 

As previously mentioned, only the simulation of the conductive heat transfer between the skin and the coolant 

fluid has been fully implemented in the current version of the V-SUIT model. This section therefore only describes 

the model for this heat transfer. 

1. Modeling Approach 

In terms of the simulation architecture described in the preceding section, every segment of the LCG model is 

represented by a single f2f processor that changes the temperature and pressure of the flows it is connected to. The 

basic modeling approach is taken from Ref. 26, where a nodal network is described. Since the focus of this paper is 

the creation of a simulation model of the LCG only, the dynamics of human thermoregulation are neglected and a 

constant skin temperature is assumed.  

 

 
Figure 6: Comparison of nodal network from Ref. 26 (left) and V-SUIT (right). 
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Based on the concept given in Figure 6 and the discussion of thermal properties and coefficients in II.B.3 above 

the conductivities and interface conductances shown in Figure 7 are included in the model. 

 

 
Figure 7: Conductivities and Interface Conductances in the V-SUIT LCG 

Model. αtube/coolant is the heat transfer coefficient from the tube to the coolant 

fluid. λtube is the tube thermal conductivity. αgarment/tube is the heat transfer 

coefficient between the comfort garment and the tube. λgarment is the garment 

thermal conductivity. αskin/garment is the heat transfer coefficient between 

garment and skin. 

2. Determining Thermal Properties and Coefficients 

The values used for the tube and garment conductivities are 0.252 W/(m · K) and 0.08 W/(m · K), respectively. 

These values correspond to the materials used in the EMU LCVG.18 They can, however, be set to any given value for 

each individual model segment. They can also be changed dynamically during the simulation if, for instance, the 

comfort garment is wetted by sweat and its conductivity increases. The human model within V-SUIT would expel 

sweat over a defined interface on each skin/body segment. The sweat is then transferred to the model of the comfort 

garment which then increases it’s conductivity accordingly. The same is true for the heat transfer coefficients 

αskin/garment and αgarment/tube.  

As mentioned, the values for the heat transfer coefficients are usually determined experimentally for specific 

material interfaces. Since they cannot be directly measured in the specific case of the LCG, they are usually calculated 

using the overall transferred heat as a starting point. This value can be calculated from the temperature difference 

between the LCG in- and outlet and the heat capacity of water. From there, calculations or estimations of the contact 

area between the tubing and the comfort garment are made which then enable the calculation of the heat transfer 

coefficients. This procedure results in a wide variety of values published for the heat transfer coefficients and an equal 

number of methods to determine the contact area. The situation is made worse by the fact that there are different 

possible representations for the expression of the thermal properties of such an interface (heat transfer coefficients, 

conductances and conductivities). Many studies bypass this problem by simply determining the overall heat transfer 

coefficient experimentally or using published data. This overall heat transfer coefficient then includes the above 

mentioned factors without the need to determine them explicitly. This method would however eliminate the possibility 

to change the individual coefficients dynamically during the simulation run-time, something an analysis e.g. of a 

specific change in material or flow rate might require.  

Therefore the following approach was chosen. The model was constructed on the premise that all of the heat 

transfer coefficients are known. After completing the model, simulations were run and the results compared to 

experimental data. The unknown coefficients were then modified (increased) until the simulation results matched the 

experimental data for a baseline case. This approach however yielded unrealistic values for the heat transfer 

coefficients (145 W/(m2 · K) for both coefficients). Due to time constraints it was not possible to further investigate 

these coefficients, it is therefore part of the future work described in section VII. A parametric analysis for both 

skin 

λgarment 

λtube 

αskin/garment 

αgarment/tube 

αtube/coolant 

λwater 
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coefficients was performed to determine their effect on the overall heat transfer. The results of this analysis are shown 

in Figure 10 in section IV.B.1. 

The heat transfer coefficient αtube/coolant is calculated using the standard approach taken from Ref. 30 for the heat 

transfer for fluids flowing inside smooth tubes via forced convection. The coefficient is calculated dynamically at 

every simulation time step. The temperature dependence of coolant viscosity (both kinetic and dynamic), heat capacity 

and heat conductivity is taken into account, as well as the three possible flow regimes (laminar, transition, turbulent) 

inside the tube. The flow inside the LCG tubes is always laminar under nominal conditions, but since the same code 

is also used to calculate flow regimes for other models unrelated to LCGs, the functionality is not deleted. The 

calculations are currently based on straight tube segments, however if it becomes necessary, curved segments can be 

easily added to the simulation due to the segmental nature of the overall model.  

Since no other special assumptions were made for the calculation of αtube/coolant the actual mathematical calculations 

performed to obtain the values for this coefficient are not presented in this paper since they would exceed its scope. 

Please refer to Ref. 31 for the full description of this process. 

3. Mathematical Model Description for one Segment 

When looking at the model for one individual segment of the LCG, the goal is to calculate the outlet temperature 

of the coolant fluid. To do this some boundary conditions and assumptions need to be made. The inlet temperature is 

passed on from the preceding segment. The skin temperature is assumed to be constant. The heat capacity of the body 

is assumed to be significantly higher than that of the coolant fluid. With these assumptions the Effectiveness Method 

for heat exchangers30 can be used to calculate the heat transfer between skin and coolant fluid and in turn the outlet 

temperature.  

The Effectiveness Method defines the effectiveness ε of a heat exchanger as the ratio between the actual heat 

transfer q and the maximum possible heat transfer qmax.  

 𝜀 =
𝑞

𝑞𝑚𝑎𝑥
 (1) 

For a generic heat exchanger with two flows, the maximum heat transfer is defined as the smaller of the two heat 

capacity rates multiplied by the maximum possible temperature difference.  

 𝑞𝑚𝑎𝑥 = �̇�𝑚𝑖𝑛(∆𝑇𝑚𝑎𝑥) (2) 

Here ΔTmax is defined as the difference between the temperatures of the two incoming fluids (index i), with the 

indices h and c denoting the hot and cold flows.  

 ∆𝑇𝑚𝑎𝑥 = 𝑇ℎ,𝑖 − 𝑇𝑐,𝑖 (3) 

Since we assumed the heat capacity of the skin to be significantly larger than the heat capacity of the coolant fluid 

in the LCG tube, Ċmin is the heat capacity flow of the coolant fluid, 

 �̇�𝑚𝑖𝑛 = �̇�𝑐𝑜𝑜𝑙𝑎𝑛𝑡 ∙ 𝑐𝑐𝑜𝑜𝑙𝑎𝑛𝑡  (4) 

where ṁcoolant is the mass flow rate of coolant through the tube and ccoolant is the coolant’s heat capacity. To calculate 

the actual heat transfer a simple energy balance can be formulated, 

 𝑞 = �̇�𝑐𝑜𝑜𝑙𝑎𝑛𝑡 ∙ 𝑐𝑐𝑜𝑜𝑙𝑎𝑛𝑡(𝑇𝑐,𝑜 − 𝑇𝑐,𝑖) (5) 

where the temperature difference between the input (index i) and output (index o) temperatures of the coolant flow 

are used. When combining equations 2-5 into equation 1, the result is the following: 

 𝜀 =
𝑇𝑐,𝑜−𝑇𝑐,𝑖

𝑇ℎ,𝑖−𝑇𝑐,𝑖
 (6) 

The Effectiveness Method also provides other descriptions of the effectiveness ε where it is a function of the ratio 

between the two heat capacity flows Ċr and a dimensionless factor called the Number of Transfer Units (NTU).  
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 𝜀 = 𝑓(�̇�𝑟 , 𝑁𝑇𝑈) (7) 

 �̇�𝑟 =
�̇�𝑚𝑖𝑛

�̇�𝑚𝑎𝑥
 (8) 

Because of the assumption made earlier, that the heat capacity of the body is significantly higher than that of the 

cooland fluid, here Ċmax is significantly larger than Ċmin, which leads to 

 �̇�𝑚𝑎𝑥 → ∞,     �̇�𝑟 → 0 (9) 

For the special case of Ċr = 0, per Ref. 30, equation 7 can be expressed as: 

 𝜀 = 1 − 𝑒𝑥𝑝 (−𝑁𝑇𝑈) (10) 

The NTU is defined as:  

 𝑁𝑇𝑈 =
𝑈𝐴𝑟𝑒𝑓

�̇�𝑚𝑖𝑛
 (11) 

Here U is the overall heat transfer coefficient between the skin and the coolant fluid. It can be calculated using 

equation 12.  

 𝑈 =
1

1

𝛼𝑠𝑘𝑖𝑛/𝑔𝑎𝑟𝑚𝑒𝑛𝑡
+

𝑑𝑔𝑎𝑟𝑚𝑒𝑛𝑡

𝜆𝑔𝑎𝑟𝑚𝑒𝑛𝑡
+

1

𝛼𝑔𝑎𝑟𝑚𝑒𝑛𝑡/𝑡𝑢𝑏𝑒
+

𝑑𝑡𝑢𝑏𝑒
𝜆𝑡𝑢𝑏𝑒

+
1

𝛼𝑡𝑢𝑏𝑒/𝑐𝑜𝑜𝑙𝑎𝑛𝑡

 (12) 

The sources for all of the coefficients were discussed in section III.B.2. The variables dgarment and dtube are the 

comfort garment thickness and the thickness of the tubes carrying the coolant fluid, respectively. 

Aref in equation 11 is the reference area that is available for heat transfer between the two fluids. In the case of the 

one-dimensional LCG model, this is defined as the contact area between the tubes and the comfort garment. Due to 

the fact that it is multiplied with the overall heat transfer coefficient U in equation 11, it also defines the contact area 

between the skin and the comfort garment. This is another simplification since the skin surface area affected by the 

cooling garment tubes is larger than the tube contact area due to lateral heat transfer within the skin, something that is 

not included in the presented model.  

To calculate Aref another assumption has to be made. Mathematically the contact surface between a cylinder (LCG 

tube) and a flat surface (comfort garment) is a line. The comfort garment and the skin beneath it are of course not a 

perfectly flat surface. It will be deformed by the LCG tubes being pressed against the body by the flexible outer layer 

of the LCG.  

 𝐴𝑟𝑒𝑓 = 𝜋 ∙ 𝐷𝑜 ∙ 𝐾 ∙ 𝐿𝑠𝑒𝑔𝑚𝑒𝑛𝑡  (13) 

As can be seen from equation 13, the reference area is calculated by multiplying 

the outer diameter of the tube Do with a scaling factor K (see Figure 8) and the 

length of the tube, Lsegment. During the literature review only references to the total 

LCG contact area could be found, not for the contact area of individual tubes. 

Therefore K was initially set to 0.4 based on an estimation of how deep the tube 

would sink into the skin. 

Ċmin in equation 11 is again the heat capacity flow of the coolant fluid as defined 

in equation 4. Now all items in equation 11 are known and equation 10 can be used 

to calculate the effectiveness ε for each individual LCG segment heat exchanger. 

Using ε equation 6 can be transformed to yield the outlet temperature for each 

segment. 

 𝑇𝑐,𝑜 = 𝜀 ∙ (𝑇ℎ,𝑖 − 𝑇𝑐,𝑖) − 𝑇𝑐,𝑖 (14) 

 
Figure 8. Scaling factor K. 
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With the knowledge of the outlet temperature, equation 5 can be used to calculate the heat transfer per segment. 

In the fully functional version of V-SUIT this heat flow per segment will be passed on as an input to the human 

thermoregulatory model. For the comparative analysis presented in section IV.0 the total heat flow is calculated as the 

sum of the heat flows of all LCG segments. 

4. Model Flexibility for Future Expansion 

Due to the modular approach of the V-SUIT modeling architecture, the heat transfer between the skin and the 

coolant fluid is one module. The object-oriented programming framework of MATLAB™ allows these modules to be 

easily adapted to other mechanisms of heat transfer. To add the convective heat transfer between the skin and the 

ventilation gas flow around the suit occupant another f2f processor can be created based on the one for the skin/coolant 

processor. Each of these processors can then also be connected with a body segment of the human model and provide 

it with the value for an outgoing heat flow.  

The same process is applicable for all other mechanisms for heat transfer shown in Figure 2. 

C. Geometry and Segments 

Due to the object-oriented approach of V-SUIT any configuration of segments is possible, but since the heat 

transfer is driven by the human model, it makes sense to adapt the geometry and segmentation of the LCG model to 

that of the human model. To demonstrate the capabilities of V-SUIT, an 11-segment human model was paired with a 

24-segment LCG model. The human model segments are: upper/lower torso, left/right upper arm, left/right lower arm, 

left/right thigh, left/right calf. Head, hands and feet could be neglected because the EMU LCG does not cover these 

areas and the human model was only used as a skin temperature dummy in the simulations performed for this paper. 

The reason for creating a 24-segment LCG model instead of an 11-segment model is the arrangement of cooling loops 

on the actual LCG. The LCG used during the Apollo missions has 48 tubes approximately 2 m in length.8 These 48 

tubes are split into four separate loops with 12 tubes that cover the four quadrants of the body (left/right front and 

left/right back). Since the inlet manifold is located at the waist each of the four loops is again split into two sets of 6 

tubes, one covering the arm and upper torso, the other the leg and lower torso.32 Since their cooling efficiencies are 

similar,27 it was assumed that the EMU LCG has the same pattern of coolant tubes and loops as the Apollo LCG. By 

creating a 24-segment LCG model, it is possible to individually look at each set of 6 tubes that run along the same 

body segments in parallel. The distribution of segments can be seen in Figure 9. Each segment can be individually 

configured and is individually and dynamically influenced by the surrounding segments and the body segment it is 

connected to. 
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Figure 9. Schematic of V-SUIT LCG model segments. The arrows 

inside the segments indicate the direction of coolant flow within the 

tubes of the LCG.  

The length of the individual body segments may be set to any value. To obtain a reasonable size for each segment 

relative to the overall body size, the model implements an averaged anthropometrical model33 that expresses the 

segment lengths as a percentage of body height. For all simulation results shown in section IV a body height h of 1.8 

m was used.  

Table 1. Body segment sizing coefficients. 

body segment upper arm forearm upper torso lower torso thigh calf 

coefficient 0.186 0.146 0.251 0.139 0.245 0.246 

value for h=1.8 m in m 0.335 0.263 0.452 0.250 0.441 0.443 

D. Assumptions and Limitations 

This section summarizes the assumptions made during the modeling process described in the preceding 

subchapters of section III and discusses the overall limitations of the V-SUIT LCG model. 

In terms of overall heat transfer away from the human there are some omissions in the presented model, including 

the lack of convective heat transfer to the ventilation gas flow, evaporation from the skin and other mechanisms of 

heat transfer discussed in section II.A. This is due to the fact that the goal of the presented modeling effort was not to 

model the overall heat transfer away from the human, but to model the LCG and the heat flows influencing the coolant 

fluid temperature. One high level mechanism that was omitted in this regard was condensation and evaporation of 

ambient humidity on the LCG tubes. As stated in Ref. 34 this effect occurs when there are large transients in metabolic 

rate and it is significant enough to cause thermal discomfort during periods of low activity.20 The omission of this 

effect limits the validity of the model for simulations including large variations in metabolic rate. For comparative 

studies at lower, steady-state metabolic rates it bears less significance. Radiative heat transfer between the LCG tubing 

and the surrounding environment was also neglected due to the assumption that this effect is small compared to the 

other mechanisms of heat transfer affecting the tubes.  

Within the implemented model of heat transfer from the skin to the coolant fluid one significant limitation is the 

lack of two-dimensional heat flow. “One-dimensional models cannot account for cases where disparate environmental 

location of the 

manifolds 
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conditions exist on different sides of the body.”35 Other LCG models have implemented 2-D heat transfer18 and it is 

part of the future work on the V-SUIT system.  

Lastly the assumption of several factors within the model has to be addressed. Both heat transfer coefficients 

αskin/garment and αgarment/tube were reverse engineered from the comparison of simulation results with experimental data. 

This comparison yielded unrealistic values for both coefficients and is a large source of uncertainty in the model. The 

modification factor K, which is used in the calculation of the contact area between LCG tubes and skin (equation 13), 

is an educated guess. Further research into these three factors is necessary and part of the future work planned for V-

SUIT. 

IV. Results 

To verify the basic functionality of the model parametric analyses of all model parameters were performed. Using 

a baseline model as a starting point, each parameter was systematically varied to determine its effects on the overall 

heat transfer. This was especially important for the three factors that could only be assumed or reverse engineered 

(αskin/garment, αgarment/tube and K). Following this verification step, the model results were compared to data from a 

different thermal model and experimental data.  

A. Baseline Model Parameters 

For the baseline model it was tried to reproduce the EMU LCG as good as possible. The model has a total of 48 

tubes, their individual lengths are calculated by adding the lengths of the body segments to which they are assigned. 

Unless otherwise specified, all of the results presented on the following section use the baseline model parameters 

given in Table 2. 

 

Table 2. Baseline Model Parameters 

Parameter Symbol Value Unit 

Water flow rate ṁwater 108.6 kg/h 

Water inlet temperature Tin 289.35 K 

Tube outer diameter Dt,o 3.2 mm 

Tube inner diameter Dt,i 1.6 mm 

Tube conductivity λtube 0.252 W/(mK) 

Comfort garment thickness dg 0.6 mm 

Comfort garment conductivity λgarment 0.08 W/(mK) 

Skin/garment heat transfer coefficient αskin/garment 145 W/(m2K) 

Garment/tube heat transfer coefficient αgarment/tube 145 W/(m2K) 

Reference area scaling factor K 0.4 - 

Skin temperature Tskin 306.75 K 

B. Parametric Analyses 

1. Assumptions 

Figure 10 shows the result of a parametric analysis of the three assumed factors made in the modeling process. 

αskin/garment and αgarment/tube were modified simultaneously since they have the same weight in equation 12. The influence 

of these factors becomes smaller at higher values while the scaling factor K affects a linear increase in overall heat 

flow.  
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Figure 10. Influence of different heat transfer coefficients (αskin/garment, αgarment/tube) and the 

contact area modification factor K on the overall LCG heat flow.  

 

2. Comfort Garment Properties 

The presence of a comfort garment can significantly influence the overall heat transfer between the skin and the 

coolant fluid. Therefore it was important to determine if the model correctly reflects the garment’s properties. Figure 

11 shows the effect of the thickness of the comfort garment on overall heat transfer. As expected from this factor’s 

position in equation 12, the effect is inverse. Larger values for garment thickness decrease the overall heat flow. 

 
Figure 11. Effect of comfort garment thickness on overall LCG heat flow. 
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Figure 12 shows the effect of comfort garment conductivity on overall LCG heat flow. Further increasing the 

modeled garment conductivity provides diminishing returns above 0.3 W/(mK) which is significantly larger than the 

baseline conductivity of 0.08 W/(mK).  

 
Figure 12. Effect of comfort garment conductivity on overall LCG heat flow.  

3. Tube Properties 

The thermal properties of the LCG tubes have changed over time due to advances in materials technology.3,34,36 

Recent investigations have researched the possibility of using highly conductive materials for the tubes to increase 

heat transfer.26 The V-SUIT model correctly predicts larger overall heat flows with increasing conductivity, but Figure 

13 shows diminishing results for increasing tube conductivity above 0.75 W/(mK).  

 
Figure 13. Effects of tube conductivity on overall LCG heat flow. 



15 

International Conference on Environmental Systems 

Tube dimensions have always been an object of study for LCG designers.1 The outer dimensions affect the contact 

area available for heat transfer and the wall thickness influences the thermal resistance offered by the tubes. As can 

be seen from Figure 14 the tube outer diameter has a much greater influence on the overall heat flow than the wall 

thickness.  

 
Figure 14. Effects of tube thickness and tube diameter D on overall heat flow. 

Increasing the total number of coolant tubes while keeping the tube dimensions, thermal properties and overall 

flow rate constant produces the results shown in Figure 15. Due to the exponential relationship between heat transfer 

and NTU (equation 10) the trend is not linear as one would expect from the linear increase in contact surface.  

 
Figure 15. Overall LCG heat transfer using 24, 48 and 96 tubes. 

4. Coolant Fluid Properties 

Although it is referred to as coolant fluid throughout this paper to emphasize the model’s flexibility, the only fluid 

with a high heat capacity that can be safely used in a LCG is water. Only ammonia has a higher heat capacity than 

water, but its toxicity prevents it from being used in LCG applications. For this reason no analysis was performed on 

the effect of coolant fluid heat capacity on the overall heat flow.  

A property that can be influenced however is the water flow rate through the LCG. As is shown by Figure 16, 

simulated flow rates above 100 kg/h provide diminishing returns.  
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Figure 16. Effect of coolant fluid flow rate on overall LCG heat flow.  

The linear relationship between inlet and outlet temperature is expressed by equation 14. Since the difference 

between these two temperatures is used to calculate the overall heat transfer using equation 5 the linear trend shown 

in Figure 17 is deemed realistic. The closer the water inlet temperature is to the simulated constant skin temperature, 

the lower the overall heat flow. 

 
Figure 17. Effect of coolant inlet temperature on overall LCG heat flow. 
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C. Overall System Simulation 

Results from the V-SUIT LCG model were compared to an implementation of the 41-node-man LCG model as 

presented in Ref. 26, using experimental data from Ref. 21. The latter used a sweating manikin instead of human test 

subjects, making it ideal for model verification due to the highly controlled test setup. As previously mentioned, the 

two heat transfer coefficients αskin/garment and αgarment/tube were determined by adapting their values to make the simulated 

heat flow match the experimental data. The reference data point for this process was the 200 W metabolic load test 

case of the experimental study. This point was chosen because the sweat rate of the manikin was at the basal of 25 

ml/m2h. The presence of sweat is known to significantly increase the heat transfer between skin and tubing.21 Since 

the influence of sweat around the tube/garment/skin contact area was not modeled and the basal sweat rate of the 

thermal manikin was deemed low enough to declare the skin “dry”, the 200 W test point was chosen to correlate 

αskin/garment and αgarment/tube, resulting in the baseline values given in Table 2. For this reason, the heat flows of V-SUIT 

and the experimental data shown in Figure 18 are very similar. For the 275 W and 350 W test points the values are 

less similar, but the V-SUIT data follow the upward trend of the experimental data. In comparison to the 41-node-

man model there is an offset between the heat flow values, but the slope of the 41 node man model is fairly similar to 

the the V-SUIT results while the slope of the experimental data is steeper.  

 

 
Figure 18. Comparison of overall heat flow to published data. 

To demonstrate the transient behavior of the V-SUIT LCG model an arbitrary profile of skin temperatures 

(representing metabolic rate) and water flow rates was run. Figure 19 and Figure 20 show results from this simulation. 

In Figure 19 skin temperature profile and the outlet temperature response can be seen. Figure 20 shows the water inlet 

temperature profile and the overall heat transfer response. Since the heat transfer is calculated directly via the outlet 

temperature, the two traces are inverted with respect to each other. There is also some visible overshoot in the outlet 

temperature where the flow rate and skin temperature perform step changes.  
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Figure 19. Model response to transient parameters. The LCG water inlet temperature is kept 

constant throughout the simulation and shown for reference. The LCG water outlet temperature 

is calculated by the model. The skin temperature is pre-programmed into the simulation. 

 
Figure 20. Model response to transient parameters. The overall heat flow is calculated by the 

model. The LCG water flow rate is pre-programmed into the simulation. 
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V. Discussion 

A. Parametric Analyses 

The analyses showed that the heat transfer coefficients αskin/garment and αgarment/tube have a significant influence on 

the model behavior. Due to the way the overall heat transfer coefficient is calculated in equation 12, both coefficients 

have an equal effect on it. This abstraction prohibits V-SUIT from making any assessment of their individual effects 

on an actual system. Also the value for αskin/garment given in Ref. 26 (10.8 W/m2K) reduced the overall heat transfer by 

such a degree that no value for αgarment/tube could compensate, making the correlation with the 200 W test case from 

Ref. 21 impossible. It is clear that more effort has to be put into this aspect of the model. 

The value of 0.4 for the surface area modification factor K and it’s effect on the heat flow seems more realistic and 

it is better to handle due to its smaller range, however it still is an estimated number that needs confirmation.  

The simulation of garment thickness produces the expected results, namely decreased heat transfer with increasing 

thickness. A comparison of the results in Figure 12 with graphs in Ref. 26 is interesting, because there the coolant 

tubes are embedded into the garment. This leads to increased heat transfer with larger garment thickness. Due to the 

implementation of two-dimensional heat transfer, this modeling approach results in a larger area available for heat 

transfer when the garment thickness is increased. In terms of the V-SUIT model, the simulation of the garment 

thickness and its conductivity confirms the previously reported findings,8,37 that the presence of a fabric layer between 

the skin and the coolant tubes significantly reduces heat transfer. No absolute values for the influence of the garment 

in terms of Watts of transferred heat are given in Ref. 37 and this publication also sites this effect as an area of future 

research.  

The effect of tube conductivity on the overall heat transfer is significantly smaller in the V-SUIT model than 

compared to the data from Ref. 26. The reason for this discrepancy is most likely the lack of two-dimensional heat 

transfer in the V-SUIT model. Some of the other model characteristics mentioned in this discussion may also be 

connected to this modeling inaccuracy. Another indication for this finding is the small influence of tube wall thickness 

on the overall heat transfer shown in Figure 14.  

Water flow rates above 100 kg/h provide diminishing returns. This simulation result is confirmed by the findings 

reported in Refs. 1 and 11.  

B. Overall System Simulation 

The 41-node-man model uses an empirically determined relationship to calculate the overall heat transfer. This 

explains the slight difference in slope compared to the V-SUIT model data. The slower upward trend in comparison 

to the experimental data is assumed to be an effect from the lack of sweat modeling which would increase the heat 

transfer at higher metabolic rates due to better conductivity between the skin and coolant tubes. Further analysis is 

required to confirm this assumption. 

The transient performance of the V-SUIT model provides reasonable results, with the absolute values in need of 

correlation with experimental data. The overshoot seen at water and skin temperature step changes can be explained 

by the working principle of the V-HAB solver, which automatically increases the simulation time step when the system 

is in steady state. When step changes occur, it takes the solver a few simulation ticks to adjust the time step size.  

VI. Conclusions 

The authors acknowledge that there is a large number of unknowns in the complex system of interactions between 

the human and a liquid cooling garment. Part of the motivation for this project is to understand and maybe reduce the 

number of unknowns and in the process create a higher fidelity model. To do this, we chose an approach that models 

reality in the greatest possible and feasible level of detail. The presented model and associated simulation results 

represent a first step in this process. The fact that some findings from experimental studies can be reproduced in the 

simulation, like the relationship between water flow rate and heat transfer, is encouraging. The same is true for the 

identification of areas for improvement as described in the following section.  

VII. Future Work 

Based on the results presented in this paper the following steps will be taken to improve the overall performance 

of the V-SUIT LCG model.  

This study revealed several aspects of the heat transfer between human and LCG that cannot be excluded from the 

model without distorting the results. First and foremost is two-dimensional heat transfer, closely followed by a 

sweating mechanism and the condensation and evaporation of humidity on the coolant tubes. These will be the next 

areas of work for the V-SUIT team. Further work can be done implementing more detail, for instance a representation 
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of curved tubes instead of straight tubes and differences in contact area between tubes and skin, both due to the bending 

of joints. For even higher fidelity, models for less significant mechanisms of heat transfer can be included, like the 

radiative heat exchange with the space suit pressure bladder.  

The V-HAB human model is also being improved and once both it and the LCG model have matured, more 

integrated simulations can be run utilizing a human thermoregulatory model instead of the constant skin temperatures 

used in the presented study.  

The very specific area of determining the heat transfer coefficients between skin/garment and garment/tube might 

lend itself to some experimental work, a possibility that is currently being investigated.  
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