
47th International Conference on Environmental Systems ICES-2017-364 
16-20 July 2017, Charleston, South Carolina 

Validation and Use Cases for the new Thermal Layer of the 

V-HAB Crew Model 

Jonas Schnaitmann1 and Claas Olthoff2 

Technische Universität München, 85748 Garching, Germany 

The Virtual Habitat project (V-HAB) at the Technical University of Munich (TUM) aims 

to develop a dynamic simulation environment for life support systems (LSS). Within V-HAB 

a dynamic human model interacts with the LSS by relevant metabolic inputs and outputs 

based on internal, environmental and operational factors. The human model is separated 

into five sub-models (called layers) representing metabolism, respiration, thermoregulation, 

water balance and digestion. As V-HAB is evolving, new requirements emerge for the 

human model. An example is the use in the Virtual Spacesuit project (V-SUIT), which is a 

spin-off from V-HAB and conducts multi-domain simulations of extravehicular activities 

(EVA), including the portable LSS (PLSS). Using the thermal layer in such a scenario 

requires a higher spatial resolution (i.e. more nodes), whereas less nodes are required if e.g. 

the long-term stability of a larger base is analyzed.Due to these requirements, a new, fully 

configurable and modular thermoregulation layer was implemented. It models all mass, 

mass flows, heat capacities and heat flows using the default V-HAB elements and solvers, 

which are also used to simulate e.g. physio-chemical subsystems. This allows a close interface 

between the human thermal layer and the environment, in this case the liquid cooling 

garment (LCG) and ventilation gas within the suit.This paper describes the development, 

principles and configuration of the first full-body version of this model. Subsequently, 

validation results based on published experimental data is presented for models with 

different numbers of nodes. Also, a derived case from V-SUIT was simulated, where a 

firefighter is exposed to high environmental temperatures.It was determined that the model 

produces more accurate results than the old layer in various scenarios, and noticeable 

differences can be observed between simulation runs with different numbers of nodes for e.g. 

skin temperatures. 

Nomenclature 

V-HAB = Virtual Habitat 

V-SUIT = Virtual Suit 

TherMoS = Thermal Moon Simulator 

LSS = Life Support System 

PLSS = Portable Life Support System 

EVA = Extravehicular Activity 

LCG = Liquid Cooling Garment 
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I. Introduction and Background 

HE Virtual Habitat (V-HAB) project 

at the Institute of Astronautics (LRT) at 

the Technical University of Munich (TUM) 

aims to develop a modular, flexible 

simulation environment to dynamically model 

and simulate life support systems (LSS) for 

space missions1. Over the course of ten years, 

numerous models in the area of physio-

chemical and biological LSS subsystems were 

created. In addition, tools were created aiding 

the overall simulation process, including a 

dynamic timer supporting variable time steps, 

configuration helpers, logging and plotting 

tools and others. The goal is to be able to 

cover scenarios ranging from very short-term 

missions like extra-vehicular activities (EVAs) to very long-term missions like a permanent lunar outpost. To 

achieve this, different model versions at varying fidelity levels are often implemented for the same technology, with 

accordingly higher simulation time and higher accuracy and vice versa. 

 

One important element of V-HAB is the crew model. To simulate the “consumer” side of the LSS, a dynamic, 

environmentally sensitive model of the human physiology, with focus on exercise physiology, was implemented. 

Depending on various environmental and operational inputs, as temperature, humidity and work load, output 

parameters regarding the respiration, metabolism, water balance and thermoregulation are calculated. 

As initially, the different models in V-HAB were developed separately from each other, often introducing own 

structures to, for example, handle mass and thermal capacities and calculate the appropriate flows, creating 

interfaces between those models was sometimes problematic. Therefore it was decided to base all models on a 

common infrastructure to handle mass, thermal and electrical flows. This includes elements to define according 

capacities, flow paths and flow rate solving mechanisms. 

 

With respect to the crew model, it was decided to convert the thermal layer to be fully based on the V-HAB 

infrastructure for several reasons: 

 As this layer both contains mass and thermal flows, the benefits of using the V-HAB functionality are the 

greatest. On the one hand, the flow rate solvers of V-HAB can be used, allowing the model code to be 

focused on the “physiological” part. On the other hand, the thermal layer has numerous interfaces to the 

environment also modeled in V-HAB. Creating those interfaces is less problematic when both sides are 

based on the V-HAB infrastructure. 

 Using the V-HAB infrastructure, it is possible to dynamically set up the model, allowing the creation of 

model versions with different spatial resolutions, i.e. different number of nodes. 

 Human thermal models can be used in a wide range of applications, also in terrestrial scenarios. 

 Other projects at LRT cover various aspects of the thermal environment in space missions, namely the 

Virtual Suit (V-SUIT), which is a model of a space suit including a portable LSS (PLSS), and the Thermal 

Moon Simulation (TherMoS), which can calculate the radiative environment on the lunar surface. An 

interface between these two project was already implemented. Therefore, implementing a higher-fidelity 

thermal layer of the human to achieve a complete modeling of the thermal pathways from the human 

through the space suit to the lunar environment seemed logical. 

 

As a basis for the new thermal layer, the six-node model currently existing in V-HAB as well as the Wissler 

Human Thermal Model were used. In addition to that, much research was done into the general concepts of human 

thermal modeling, in order to identify the most important parts of the human thermal regulation that need to be 

implemented first. 

 

The overarching objectives for the new thermal layer are the following: 

 Allow the setup of models with varying node numbers. 

T 

 
Figure 1. Basic V-HAB modules. 
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 Provide an easy-to-use model for users without deeper knowledge of physiology and human thermal 

regulation. 

 Create well-structured, modular, reusable code that is readable and maintainable. 

 Implement mechanism allowing the extension of the model by separating the model into two parts: the 

bottom-up part (engineering side, i.e. mass and thermal definitions, calculating flow rates based on 

resistors, etc.), whose behavior can be influenced via numerous coefficients and setup parameters. The top-

down part represents the physiological side, containing different functions that use physiological relations 

and equations to derive those parameters for the bottom-up model. This “meta model” can also be 

configured flexibly, i.e. removing or adding top-level controllers as they are needed. 

 Ensure that the model does depict the reaction of a generic human thermoregulation to a wide range of 

environmental, physiological and operational influences in a sensible, robust way. Less focus needs to be 

put on accurately simulating parameters for a specific subject, as V-HAB generally only includes generic, 

average crew-members. 

 

This paper describes the most important and basic building block of that model in detail, the basic node, which is 

used to create the bottom-up part of the model. Additionally, some top-level controllers are already implemented in 

a first version and detailed in the paper. Finally, some validation and use cases of the new thermal layer are shown. 

II. Modeling and Simulation 

As described in the previous section, the objective of this modeling effort is to develop a well-structured and 

readable, easy-to-use and extensible model of the human thermoregulation. It was therefore decided to implement 

the model based on the following corner stones: 

 The model is implemented using as many V-HAB elements as possible, as V-HAB already provides a 

clean, modularized, object oriented way to define mass and thermal storages and flows, as well as solvers 

to calculate flow rates based on the driving forces (pressure, temperature) and  resistor elements within 

those flows. Also, many library functions are available to e.g. calculate convective heat transfer 

coefficients. Furthermore, this 

allows a close interaction of the 

thermal model with LSS 

technologies implemented in 

V-HAB. 

 To simplify the model setup, 

various helper functions are 

provided to generate model 

structures e.g. with various 

resolutions (i.e. node numbers) 

and their according geometries, 

schedules and/or the addition of 

clothing layers as well as 

environmental conditions. 

 In order to support extension 

and customization of the 

model, the, often top-level, 

physiological relations used in 

the model are separated into 

controller functions, called the 

meta model. These functions 

can be included, excluded or 

replaced with own functions 

during model setup. 

 

The model is separated into the 

“bottom-up” domain, where the basic 

mass and thermal infrastructure is 

created using the basic node element, 

 
Figure 2. Top level, central model. Equations used from the 

University of Mississippi, Medical Center, Modeling Workshop. 
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and the “top-down” domain, where top-level controllers can set various physiological coefficients within the basic 

node. This clearly separates the “engineering” part, i.e. the solving of mass and thermal flow calculations, from the 

“physiological” part where often top-level relations are used to derive coefficients subsequently set for the basic 

nodes, for example sweat rates. For example, the heat transfer coefficient for convection between the skin and the 

surrounding air is calculated within a top-level controller, taking wind speed and other parameters into account. This 

value is then set for the according thermal resistor, and the actual heat flow, based on the current skin and air 

temperatures, is then automatically calculated by V-HAB. 

Another example for this is the combination of the thermal model with the Liquid Cooling Garment (LCG) 

model implemented in V-HAB, which is being done in the context of the V-SUIT project. While all other external 

heat transfer mechanisms are deactivated (as they are not connected, or set to an infinite resistance) for each basic 

node, the LCG model directly connects a manual heat flow to the top skin layer of each node. Using that nodes skin 

temperature as well as internal properties as the flow rate and cooling liquid temperature, the model calculates and 

sets the heat flow value between that skin layer and the LCG. 

 

Following that approach, the model consists of the following main parts: 

 Basic Node 

◦ Represents the most basic building block on the lowest hierarchy level. 

◦ Creates the geometric setup of the node based on different input parameters as length, radius, number 

of layers per tissue type, thickness of each tissue type. 

◦ Contains internal and external interfaces for mass and thermal flows that can be influenced from a 

higher level using various coefficients. 

 Central Model 

◦ Calculates oxygen uptake, metabolic outputs, blood flow, heart rate and other central parameters, 

based on the requested load level [%VO2,max]. 

◦ Contains the central blood pool, to which all metabolic heat is added, and pumps the appropriate blood 

flows into the different body parts. 

◦ Handles the inclusion and execution of the top-level, meta model callback functions. 

 Simulation Setup 

◦ Creates the configurations for the different basic node elements (e.g. geometry). Depending on the 

number of nodes requested, the helper can combine several nodes into one larger node, calculating 

average values for e.g. geometric properties. 

◦ Combines these nodes to elements making up parts – for example, the part “arm_left” consists of the 

elements “upper” and “lower”, each consisting of two basic nodes, “node_1” and “node_2”. 

◦ Creates the “wiring” between the nodes, i.e. connects the different main blood vessels to each other – 

for example, within the “arm_left” part, “upper” element, connecting the “node_1.artery_out interface” 

with the “node_2.artery_in” interface. 

◦ Connects each part to the central model. 

◦ Sets up meta model callback functions in the central model. 

 

This structure was chosen to allow a clear “separation of concerns”, follow a logic already well established for 

V-HAB and enable a modular, flexible extendibility of the model: besides the possibility of adding additional top 

level controllers in the meta model, customized setups of the basic node elements can be implemented. This would 

allow, for example, the addition of “joint” nodes between the elements (shoulder, elbow, hip, etc.). Additionally, 

derivatives of the basic node (“child classes”) can be implemented, to represent special elements such as the 

mentioned joints, but also parts of the trunk. This would allow, on the one hand, a different internal geometric 

structure of the different tissue layers, while providing the same external interfaces, meaning those special basic 

nodes can be exchanged with default basic nodes without any changes to the rest of the model. 

The following sub-sections will describe the basic node in more detail. 
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A. Basic Node – Internal Structure 

As it can be seen in figure 4, the basic node consists of several concentric, hollow cylinders representing layers 

of different types: bone (gray), tissue (red), subcutaneous fat (yellow) and skin (brown). Several input parameters 

can be defined influencing the geometric setup of each node: 

 Number of layers per type (one bone layer, eight tissue layers, three fat layers and two skin layers). 

 Thickness of each type (approximately 70% for tissue, 10-15% for bone/fat). 

 Length and radius of the node. 

 Radius of the main blood vessels (artery, vein, 

as visible in figure 1), and heat exchange 

coefficients between those vessels. 

 

Whereas those geometric inputs are mostly 

customized by the setup helpers, various other 

parameters can mostly be left unchanged, using 

reasonable, preset values: 

 Density, heat capacity, and thermal 

conductance of the different types. 

 Heat transfer coefficients between the 

different layer types, and from the main blood 

vessels to the surrounding tissue. 

 Heat transfer between the capillaries and the 

tissue/skin layers due to perfusion. 

 

 
 

Figure 3. Model setup and interaction between the “bottom-up” and “top-down” model parts. 

 
 

Figure 4. Geometric setup of the basic node. 
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1. Heat Exchange between the Capillaries and the surrounding Tissue 

The calculation of the heat transfer between the capillaries and the surrounding tissue, it is assumed that the 

blood temperature and the tissue temperature will not fully equalize out while the blood flows through the tissue2. 

To calculate the resulting heat flow between the blood and the tissue, the following relation is used: 

Q' = w * ρblood * cblood * (1 – κ) * (Tblood - Ttissue) 

It is possible to adjust the κ value for this calculation, while other properties as the blood density ρblood or heat 

capacity cblood are taken from the central matter properties definition. The temperature values are directly taken from 

the according layer or flow objects, i.e. the according layer (in this case, “tissue_1”, “tissue_2” and “skin_1”), 

whereas the blood temperature of the artery is used. 

The equation is implemented within a specific “heat transfer” flow element provided by V-HAB. While this code 

cannot be changed or removed through configuration, it is still encapsulated within a separate function in the code, 

with a well-defined interface for inputs and outputs. Therefore, replacing the code is still possible with limited 

effort. 

 

2. Skin Blood Flow 

Via the meta model, different top-level controllers can adjust the internal behavior of the basic node upfront or 

during the simulation. One example is the calculation of the skin blood flow, where a simple, empirical, top-level 

relation is currently being used to adjust the distribution of the blood flow within each node. 

Two mechanisms do influence the skin blood flow3: 

 Vasodilatation is driven by an increased core temperature: for temperatures higher than 36.8°C, the skin 

blood flow starts to increase, and becomes maximal for core temperatures above 37.2°C. 

 Vasoconstriction on the other hand is driven by a decreased, local skin temperature. For skin temperatures 

lower than 33.7°C, skin blood flow starts to decrease, and becomes minimal for temperatures below 

10.7°C. 

 
 

Figure 5. Internal interfaces of the basic node object. The left and right side of the figure shows different 

visualizations of the same element. The encircled areas on the left and the right contain, with respect to the 

stroke style, the same heat transfer objects. 
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Currently, skin blood flow is calculated to allow a maximum increase of 8-10 times the nominal blood flow, and 

vice versa a 10-fold decrease is possible. 

The current implementation of the overall blood flow and local blood flow calculation is, however, insufficient 

in many cases. While the total cardiac output and the relative blood flows into the different body parts are controlled 

by the central model, the blood flow distribution between tissue and skin is calculated for each basic node. While for 

a “whole body exercise” type, this leads to acceptable results, exercising with only certain body parts cannot yet be 

simulated. 

B. Basic Node - External Interfaces 

 

It can be seen that several 

external interfaces are 

implemented in the basic node. 

While the main blood vessel 

interfaces are connected to the 

adjacent nodes during simulation 

setup, and cannot be changed, the 

external heat transfer mechanism 

elements are, initially, only 

connected to the outer skin layer 

on the one side, but unconnected 

on the other side and therefore 

inactive. Different configurations 

are currently used to connect 

those interfaces to the 

environment: 

 Unclothed human with 

direct heat exchange with 

the walls and atmosphere 

through radiation, 

convection and sweating. 

 Clothed human with heat 

conduction between skin 

and clothing layers. 

 Human wearing a liquid 

cooling garment, 

externally calculated heat 

flows. 

 

Different variations of these setups are possible. Mainly, several heat transfer conductors can be connected for 

one skin patch, e.g. convective and conductive heat transfer. While standing, the heat transfer resistance of the 

conductive element would be set to an infinite value and therefore be deactivated. If, during the simulation, contact 

with a solid surface should be depicted, the convective heat transfer can be set to zero and the conductive heat 

resistance set to the appropriate value. 

 

1. Unclothed, Standing Human 

The default case currently is an unclothed, standing human. In this case, two heat transfer mechanisms are 

active: 

 Convection: heat exchange with the surrounding air due to convection. The alpha value for this heat 

transfer is calculated in the meta model, based on natural and forced convection. 

 Radiation: without using a ray tracer or similar tools to calculate view factors, it is currently assumed that 

each skin patch is fully exposed to the walls, i.e. each view factor is simply 1. 

 

 
 

Figure 6. External interfaces of the basic node object. The thermal 

propierties of the conductors can be adjusted from top-level controllers to 

influence the behavior. External models can add heat flow paths via the 

“heat source interface”, were fixed heat flow rates can be set. The mass 

flow interfaces are connected to the adjacent basic node objects, for 

example, the artery_out interface of an upper, first node is connected to the 

artery_in interface of a lower, second node. 
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It is possible to implement and use own meta model functions to e.g. calculate the alpha value for convection. 

Besides V-HAB, which already provides some library functions aiding in the calculation of such values, mainly the 

effect of reduced total pressure and increased CO2/Humidity levels will be examined and implemented in the future. 

To implement sweating, the external interface for manual, fixed heat flows (heat source/sink) is used. Other than 

for convection or radiation, where a heat transfer coefficient is set but the actual heat flow is calculated by the V-

HAB solvers, a fixed heat flow is set based on the equation of Saltin4: 

Psweat = 19.1 * (Tskin – 29.3) + 78.7 * (Tcore - 36.7) 

In this equation, Psweat is the absolute cooling through sweating in [W], Tskin and Tcore the according temperatures 

in [°C]. This calculation happens each time step within the meta model, once for each basic node. In a next version 

of the model, it is intended to replace this mechanism with an actual mass flow of sweat (water) to the skin surface. 

There, the sweat either evaporates – depending on, for example, the ambient temperature and relative humidity – or 

drips down without any cooling effect. 

 

2. Clothed Human 

In this case, the convective and radiative heat exchange with the environment happens on the surface of the 

clothing layers. Depending on the type of clothing, an air gap might exist between the skin and the first clothing 

layer. However, in the use cases currently used, it is assumed that the lowest clothing layer is skin-tight, i.e. only 

conduction happens between the skin and the innermost clothing layer. 

Sweat is assumed to permeate through the clothing layers and evaporate there. 

 

3. Liquid Cooling Garment 

In this use case, it is assumed that all “natural” heat exchange mechanisms are inactive. This includes sweating, 

as it is assumed that the LCG always keeps the human at a comfortable temperature.  Instead, the LCG model itself 

calculates the heat flow between the skin and LCG elements, based on various properties as the skin temperature, 

the cooling liquid flow rate and temperature and other model specific properties. 

Therefore, the LCG model adds a custom, specified manual heat flow (heat source or sink) to each outer skin 

layer, and sets an absolute, fixed heat flow for each time step. 

 

 
Figure 7. Setup of the model for the following simulation cases, reduced and full model version. The 

reduced model version has one basic node per element (one node for the upper arm, one for the lower arm) 

containing one layer of each type (bone, tissue, fat, skin). The full model contains two nodes per element, 

eaac containing one bone layer, eight tissue layers, three fat layers and two skin layers. 
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III. Validation and Use Cases 

Several simulations were done to measure the improvements implemented in the model within the last year, 

validate the model against experimental data and to include the model in use cases other than the simulation of life 

support systems. 

The simulations were, in the first two cases, run with two versions of the model: the reduced and the full version. 

While the reduced version contain one basic node per element (i.e. one node for the upper, left arm), each containing 

one layer of each type (i.e. one bone, one tissue, one fat and one skin layer), the full version does contain two nodes 

per element, containing eight tissue, three fat and two skin layers, see Figure 7. 

 

Some of the results are presented in the following sections. 

A. Comparison – 2016 vs. 2017 model version 

This simulation was done to compare the current model version to the one used in early 2016. The simulated 

case was initially used to compare the original, six node thermal layer in the V-HAB Crew Model to the 

experimental data as well as to the Wissler Thermal Model. Last year, additional simulations were done with the 

new thermal layer to judge its performance. Several shortcomings were visible, mainly in the area of blood flow 

calculation and distribution. As a first, rudimentary feedback mechanism was now included to better calculate the 

blood flow, it was decided to re-run these cases to compare the results of the current model version with the one 

from early 2016. 

 

 

 
Figure 8. Simulation results in comparison to the 2016 version. Ambient temperature was 20°C, with work 

loads at 25%, 50% and 75% VO2,max. The most important results are highlighted (2016 full vs. 2017 full model). 
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It can be seen that for the skin temperature, the clearly wrong behavior of the 2016 version improved 

substantially. This is due to the implementation if a rudimentary skin blood flow calculation. As vasodilatation did 

not happen in the old version, but sweat did still evaporate from the surface because of an increased core 

temperature, skin temperatures dropped during exercise. However, it can be seen that, while the results did improve 

noticeably, the skin temperatures do still behave in a way that is not yet as close to reality as it is desired. While the 

results are now much more satisfactory, it is clear that the skin blood flow calculation needs to be improved further. 

The core temperature temperatures show an interesting behavior: while in the old, 2016 version, both core 

temperatures (reduced and full model) were closely aligned but much too high, the 2017 versions are further apart, 

with the full model being closer to the actual experimental results (yellow line). This is due to the introduction of 

additional, active thermal feedback mechanisms and the fact that the reduced model version only contains one tissue 

layer per node, meaning that the resolution of the inner body temperature seems to be much too low with the 

reduced model version. 

 

B. Validation case – Saltin 1972 

A new validation case was simulated using the experimental data from Ref. 5. This was done to examine the 

behavior of the model at high workloads and varying environmental conditions. 

Values for maximum oxygen uptake and maximum heart rate were adapted in the model to fit the description of 

the subjects in the study. To fit the work load given in the paper, the mechanical efficiency of the model was 

changed from 22% to 17%, leading to a similar work output at the same load level. The environmental conditions 

were unchanged except for the ambient temperature that was adapted for each simulation run. 

In the pre- and post-exercise phases, the load level was always at zero, i.e. only the basal metabolic rate was 

produced. During the exercise phases, the load level was controlled in a way that the heart rate matches the heart 

rate given in the study results. 

 

 
 

It can be seen that noticeable deviations occur specifically with the skin temperatures in the second case with 

higher environmental temperatures. The same behavior described in the previous section occurs again: because of 

increased sweating due to an increased core temperature, but inaccurately calculated skin blood flow, skin 

temperatures drop during exercise. The decreased skin temperature before exercise onset in the first case may point 

 
Figure 10. Results for the Saltin 1972 case A30. 30°C ambient temperature, 30 minutes of rest before exercise. 

 
Figure 9. Simulation results for the Saltin 1972 validation case A10. 10°C ambient temperature and a 

workload of 90%. Before the onset of exercise, 30 minutes of rest/low exercise was conducted. 
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to differing environmental properties like wind speed or relative humidity, leading to lower skin temperatures in the 

10 minutes of rest before the exercise. 

Additional inaccuracies the simulation results are likely to be introduced due to the fact that this high intensity 

exercise was conducted on a bicycle, leading to a higher workload on the legs and a lower workload on the arms. In 

this simulation case, both the insufficient inner, geometric representation of the trunk, where organs and the chest 

are not represented properly, as well as the centralized heat influx to the central blood reservoir instead of a 

decentralized heat production in the working muscles seem to lead to larger deviations in this case. 

C. Use Case – Fire Fighter 

This use case was done to test the model in terrestrial 

applications. Using TherMos, a software developed at LRT 

over the course of several years, a ray tracer can be used to 

calculate radiative heat fluxes on the lunar surfaces due to the 

sun and reflections from the lunar surface. This setup was 

adapted to calculate the heat fluxes from a fire within an 

enclosed room. While the space suit surfaces are still present, 

the mapping of the heat fluxes on the suit surfaces were 

mapped to heat fluxes on heavy, firefighter clothing, which are 

directly connected to the human skin via conductive heat 

transfer (no air gap between skin and clothing layer). Figure 11 

shows the outer surfaces that are being exposed to the radiative 

source. 

 

The simulation contains a human with heavy clothing, standing 

still in a room of 200°C and being additionally exposed to the 

fire as a radiative thermal source. The overall simulation time 

was 30 minutes. The maximum average skin temperature 

reaches around 48°C to 51°C. Although this is too high for 

long-term exposure without thermal injury6, the result is within 

reasonable limits, as this simulation case (30 minutes, 200°C 

room temperature, fire as a radiative heat source, protective 

clothing) represents an upper limit with respect to the heat 

tolerance of humans. This assumption is based on a similar 

limit used for fire fighters7. 

 

 

 

 

 

 

 
Figure 12. Skin temperatures for the firefighter use case. Represents an edge case of an upper, tolerable limit 

of exposure. Skin temperatures reach an upper value not tolerable for longer durations, which was as expected. 

 
Figure 11. Outer surfaces exposed to 

radiation in TherMoS. 
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IV. Conclusion 

While the new thermal layer for the V-HAB Crew Model did improve and is already used in different simulation 

cases, important additions still need to be done to ensure the proper reaction of the model to a wide range of 

environmental and operational influences, as described in the introduction. 

 

Several areas requiring additional work are evident: 

 Overall, central model 

◦ Decentralized heat production depending on the muscles actually working, i.e. depending on the type 

of the exercise. Also adjust mechanical efficiency of the metabolism accordingly. 

◦ Improved blood flow calculations both for the blood flow distribution to the different body parts as 

well as the skin blood flow. 

◦ Interconnection of the thermal layer with the other layers of the V-HAB Crew Model, leading to a 

more detailed modeling of e.g. the metabolism and the respiration. 

 Specialized basic node representing the trunk, implementing an improved internal, geometric structure 

better depicting e.g. the organs and the chest. Research is currently being done to create a database 

including all required information to implement this. 

 Conduct additional validation studies, including model versions with more nodes than the currently used 

ones, to determine the impact of the increased node number, i.e. an increased spatial resolution. 

 

Besides the improvement of the model itself, additional library functions can be provided in the future to simplify 

the model usage: 

 Introduce several predefined clothing layers to be used or customized 

 Include additional meta functions, e.g. to calculate the convective heat transfer coefficient between the skin 

and the surrounding atmosphere in a wide range of situations, e.g. at a high wind speeds or relative 

humidity or at a decreased total pressure. 

 Implement additional setup helpers, preparing the model for different use cases and scenarios. One example 

could be the definition of different postures, where some skin parts are in contact with solid surfaces or 

other skin parts have a radiative heat exchange with each other. 

 

The eventual goal is an easy-to-use model that does react in a sensible, robust way to various environmental and 

operational parameters, to ensure that unskilled users can produce reasonable data and be able to use the model in 

different scenarios. Therefore, specific focus has to be put on producing the correct trends for most validation cases, 

and less time has to be invested to adjust the model to exactly reproduce temperatures of specific subjects. As V-

HAB is a tool to simulate generic space missions, it is currently not necessary to be able to depict a specific subject, 

but rather an average astronaut or human. Based on the presented validation cases, a first version fulfilling these 

objectives within average and moderate limits for environmental, physiological and operational parameters seems to 

be achievable. 
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