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Blowing Hot and Cold: Protecting Against Climatic
Extremes

(RTO MP-076 / HFM-061)

Executive Summary

On 8-10 October 2001, NATO and Partner for Peace nationals met in Dresden, Germany, to discuss the
interaction between the climate, the clothing and equipment, and the physiology of the soldier in relation to

its impact on the soldier’'s, health and operational performance. 118 people participated in the meeting,
originating from 20 countries, attending a total of 43 papers. Session topics were: ‘Advances in clothing

technology’, ‘advanced technology for heat stress mitigation’, ‘military benefits of physiological adaptation

to heat and cold’, and ‘modelling, monitoring and thermal limits’.

An underlying theme of the conference was the implication the research presented has for the fight against
terrorism. The optimisation of the protection of emergency services (police, fire-fighters, etc.) against fire,
chemical and biological hazards was clearly identified as an important spin-off of military research as
presented at the meeting. For the military aspects of this theme, many links to the operational requirements
for special task units (reconnaissance, etc.) of the research were identified. Other observed themes were:

e The sharply increased use of manikins in clothing and threat (steam, fire) evaluation. Sweating
manikins or body parts (hands, feet, head) were presented as recent developments.

e Successful development of personal cooling systems and the development of good evaluation
methods.

e Use of spacer materials in heat protection, and for creating spacers for active cooling.

e Continued development of NBC protective clothing towards minimal heat stress, towards integrated
(in combat suit) systems and towards materials with increased air permeability for the over-suit
systems.

e The optimisation of heat and cold adaptation of soldiers before going on missions to respective areas.

e The successful use of models for prediction of heat and cold stress, survival time, frostbite risk, water
requirements, clothing thermal performance, and for hypothesis testing.

e The development of new indices; for classification of physiological strain (heat and cold) and
climate.

In the discussions a number of topics with interest from many countries were identified that may be
considered in terms of future joint projects or meeting themes:

e Thermoregulatory fatigue.
¢ Inter laboratory comparison project on performance of dry and sweating thermal manikins.

e Creation of a (black-box) electronic climate analyser, using sophisticated heat balance analyses or
even physiological models to transform the climatic measurements of the device into a simple heat
stress index for use in the field.

This symposium covered a very wide area of research. Hence, the 43 papers presented here could only be ¢
very selective representation of the whole research field. Though, especially with the excellent review
papers, a good overview of the field was presented, the reader should keep in mind that for most topics only
a single or perhaps two representative communications were present. This in some cases implied that for
areas where controversy is present, only one view was presented at the meeting. This evaluation report
attempts to put these papers in perspective, but the reader should bear this problem in mind when going
through the original material.



Notwithstanding these remarks, the symposium provided an excellent overview of recent research and
developments in this area and as was clear from the many discussions in and outside the meeting room it
provided substantial food for thought and ideas for future work.

Given the speed of development in this area, a follow up symposium on the same topic would be valuable
in three to five years. Special topic meetings as suggested above, would be relevant before that date.



Souffler le chaud et le froid: comment se protéger
contre les conditions climatiques extremes
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Synthese

Des sgcialistes des pays membres de 'OTAN et du Partenariat pour la paix sewuostirDresden, en
Allemagne, du 8 au 10 octobre 2001, pour discuter des interactions entre le climatehasnis et les
equipements, ainsi que de limpact de la physiologie du combattant suetabrde” samt et ses
performances arationnelles. En tout, 118 personnes originaires de 20 pagsedif§" ont particpa la
réunion, et 43 communications caté pesentes. Le programme des @ifEntes sessionsesablit comme

suit : “Les avaneés dans les technologies vestimentaires,” ; “les ef@sitechnologies pour diminuer le
stress thermique” ; “les avantages militaires d’'une adaptation physiologique au chaud et au froid” ; et “la
modelisation, le contle et les limites thermiques”.

L’'un des tlemes sous-jacents de la cengfiice @t l'interét marqe” des intervenants pour la recherche en
matiere de lutte contre le terrorisme. L'optimisation de la protection des services d’'urgence (police,
pompiers, etc.) contre I'incendie avec prise en compte des risques chimiques et biologi§wiasr@ment
identifiee, au cours de laeuhion, comme une retom importante de la recherche militaire. En ce qui
concerne les aspects militaires, de nombreux liens avec les besenasicopiels des forces espales
(reconnaissance etc.) ont ptre identifés. Les autres émes suivants orgtg étudis :

e L'utilisation fortement accrue de mannequins powvdliuation des etements et de la menace
(vapeur, incendie). Des versioreentes de mannequins et de parties du corps factices (mains, pieds,
téte)d exsudation ongtt pesengs.

e Le développement etssi de systhes de refroidissement individuels et leveloppement de
méthodes correctes el/aluation.

¢ | utilisation de magriaux €parateurs pour la protection thermique et pourdatmn de gparateurs
pour le refroidissement actif.

e Le développement continu deetéments de protection NBC, @urs, pour limiter le stress thermique,
lint'egration (dans les tenues de combat) deemiffis systimes, mais aussi de radatux plus
perngablesa I'air pour les sysimes poks$ par dessus les tenues de combat.

e L'optimisation avant le épart en mission dans certaines zonesggaphiques, de I'adaptation des
combattants aux exmes climatiques.

o |'utilisation, avec suces, de moeles pour la m@vision du stress thermique, des temps de survie, des
risques de gelure, des besoins en eau, des performances thermiquetenhests, et pour la
vérification d’hypotleses.

e Le développement de nouveaux indices pour la classification du stress physiologique (chaud et froid)
et du climat.

Lors des discussions, un certain nombre de sujetsedinpour de nombreux pays oeg ‘identifiés,
lesquels pourraient faire I'objet de futurs projets centbs deelnion conjointsa ‘savoir :

e La fatigue isothermique.

e Un projet entre laboratoires pour comparer les performances des mannequins secs &t ceux
exsudation.

e La création d’'un analyseueléctronique de climat (du type b®"noire), mettant en ceuvre des
analyses sophistiges de bilans thermiques, voireenm® des maalés physiologiques pour
transformer les mesures climatiques de I'appareil en un indice de stress thermique pour utilisation sur
le terrain.



Ce symposium a couvert un vaste domaine. Parecomesit, les 43 communicationepenges ici ne sont
gu’une repesentation &S €lective du domainetidié. Néanmoins, et gie surtout I'excellente qualé”

des communications de sya#€, un &5 bon tour d’horizon a petre €ali€. Le lecteur doit tenir compte

du fait que seule une ou deux communications atp pesenge pour chaque sujet et pour certains cas
litigieux, un seul point de vue a miré expring. Ce rapport @&valuation tente @genmoins de placer ces
communications dans leur contexte, et le lecteur doit en tenir compte en lisant 'ensemble des textes.

En dpit de ces remarques, le symposium a domm’excellent apeu, des travaux de recherche et des
développementsecents dans ce domaine, et beaucoefeuiénts deaflexion et d'ides pour les travaux
futurs sont ressortis clairemeattravers les nombreuses discussions qui ont eu lieu pendanegtlapr
réunion.

Etant done’la rapidi€’ des dveloppements dans ce domaine, il est apparu opportun d’organiser un autre
symposium sur ce emie tleme dans trois cing ans. Comme il est recommand-dessus, il serait
souhaitableegalement d'organiser desuriions de sgxialistes sur ces sujets avant cette date.

Vi
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Technical Evaluation Report

Dr. George Havenith
Human Thermal Environments Laboratory
Dept. Human Sciences
L oughborough University
Loughborough LE11 3TU
United Kingdom
g.Havenith@lboro.ac.uk

INTRODUCTION

On 8-10 October 2001, NATO and Partner for Peace nationals with military, commercial and
academic backgrounds met in Dresden, Germany, to discuss the interaction between the climate, the
clothing and equipment, and the physiology of the soldier in relation to its impact on the soldiers
health and operational performance. The symposium was organised by the Human Factors and
Medicine Panel (HFM) with Prof. Dr. Wulf von Restorff aslocal coordinator.

One hundred and eighteen people participated in the meeting, originating from 20 countries. They
attended a total of 43 papers. Seven of these were from industry, 36 from research and testing
ingtitutions. There were four keynote papers, ten posters and 29 oral presentations.

Theme/Overview

Protecting the soldier against climatic extremes or thermal stress induced by work in insulating
clothing has never been addressed in a generic military context by NATO. In 1993 the Aerospace
Medical Panel of AGARD held a Symposium on ” Support to Air Operations under Extreme Hot and
Cold Weather Conditions’. The former Defence Research Group of CNAD did, from time to time,
address thermal protection, usually in the context of NBC protective clothing.

Despite the technological advances in weapons systems and platforms, military operations still remain
ultimately dependent on the capabilities of the individual soldier. Extremes of heat, cold and reduced
metabolic heat dissipation due to insulating clothing can seriously degrade these capabilities, put the
soldiers life at risk, reduce his or her performance and ultimately will compromise mission success.
Although clothing and equipment can be designed to provide optimal protection against climatic
extremes, these protective items will often themselves degrade performance.

Over the last decade understanding of the physiological and clinical consequences of exposure to
climatic extremes has advanced considerably. There have also been advances in clothing materials
technology, which should lead to enhanced — and simplified — approaches to cold protection. Personal
Cooling Systems (liquid, air, ice etc.) have been under development for nearly three decades, and
appear to represent a good approach to protecting against heat apart from the related logistic problems.
Also, improvements have been made in prediction of the consequences of exposure to thermal
extremes. This information allows commanders to plan operations with a good estimate of the
physiological risksinvolved and of the performance decrement to be expected.

This symposium provided an excellent opportunity to obtain an overview of available knowledge in
this area and, given the high level of expertise of the attendants, to have a critical discussion of the
implications for military operations.
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Throughout the symposium, there was a noticeable influence on the discussions of the terrorist attacks
in New York and Washington DC on September 11, 2001. As probably was the case with al military
disciplines in this period, there was a need to discuss the relation between the knowledge presented
here and the application of that knowledge in the fight of and defence against terrorism. Before
discussing the content of the meeting, | would briefly like to discuss how the recent events affect the
need for the expertise of the participants.

This discussion reflects remarks made in presentations as well as discussions between participants
between presentations.

Though terrorism in itself isn't new, given the scale of the attacks and given the biological attacks
afterwards one can state that a new threat has emerged, quite different from the well-defined
‘classical’ military threat:
* The current threats are present in home countries, without a declaration of war,
» Asfor the offensive targets one can recognise that they are:
0 Small; terrorist groups train and operate typically in small units;
0 Thetargets are located within ‘civil’ areas, which makes any attacks palitically highly
sensitive;
0 Targetsaredifficult to locate, therefore requiring small reconnaissance units;
o Often located in extreme climatic conditions.

The home threat requires a discussion of protection of the civilian population. It can be expected that
the coming years will bring about a risk-benefit analyses in relation to civilian bacteriological and
chemical protection. More directly of relevance however is the protection of emergency services, as
their risk, being called to problem areas, is much higher. For these groups, the basic requirements for
heat, cold, and ballistic protection have not changed, but there is an increased need and renewed
interest in higher level NBC protection with the consequent heat burden in these workers. The
chemical attacks on the Tokyo subway system and the recent Anthrax scare show that protection for
such threats is essential, though it may be limited to special units. Here we would expect to see a direct
spin-off of military research as presented at the symposium and research in the protection area.
Regarding the point that counter-attack targets are often located in civil areas, and that the location of
these targets will require small military units for reconnaissance, one can envisage that such units
often cannot be reached with supplies. This implies that they will need to rely heavily on their
equipment and their clothing. Considering the target location in more extreme climates, the latter
needs to protect them from these climatic influences.

All these considerations above indicate the great importance of the topic of this meeting on * Protecting
Against Climatic Extremes, as well as its interaction with NBC protection, for the military, the
emergency services, and, beit to alesser extent, for the civilian population.

SYMPOSIUM PROGRAM

The overall symposium was chaired by Dr. (Col) John Obusek (US) and Dr. Wulf von Restorff (GE),
with Dr. Michel Ducharme (CA), Dr. Hein Daanen (NE) and Dr. Kent Pandolf (US) as additional
members of the programme committee, supported by Dr. Cornelius Wientjes (NE/F) as Panel
Executive.

The symposium was split in 4 sessions, each starting with a keynote address. Due to travel restrictions
related to the September terrorist attacks, 4 papers and one keynote were withdrawn.
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After the opening ceremony (welcome address by Brig. Gen. Dr. E. Roedig (GE), Mr. Detlef Sippel
(for the Dresden Mayor), Col. Dr. Willem Tielemans (on behalf of R& TO) and Col. Dr. John Obusek
(for the organisers)), Dr. Manny Radomski (CA) presented the first keynote ‘from pole to pole: a
thermal challenge’.

Session |, ‘Advances in clothing technology’ was chaired by Dr. K.J. Glitz (GE) and Dr. H. Daanen
(NE). The keynote was cancelled (Uglene; CA), giving extra time for the 12 communications on the
topic.

Session 11, ‘advanced technology for heat stress mitigation’ was chaired by Dr. (COL) John
Obusek (US) and Dr. M. Ducharme (CA). The keynote by Dr. H.J. Knéfel (GE) ‘operational and
thermo-physiological needs for metabolic heat dissipation: ways, deviations and progress was
followed by 4 communications (3 others cancelled).

Session I11," military benefits of physiological adaptation to heat and cold’ was chaired by Dr. K.
Pandolf (US) and Dr. W. von Restorff (GE). The keynote * Human adaptations to heat and cold stress
prepared by Dr. M.N. Sawka was read by Dr. Obusek. This was followed by 6 communications, and a
poster session with 7 posters.

Session |V, ‘modelling, monitoring and thermal limits was chaired by Dr. M. Ducharme (CA) and
Dr. H. Daanen (NE). The keynote ‘Heuristic modelling of thermoregulation, -basic considerations,
potential and limitations' was presented by Dr. A. Shitzer (Israel), followed by 7 communications and
the technical evaluator’s report.

The meeting was closed by the chair of HFM panel, Dr. (Col.) W. Tielemans (NE).
SUMMARY OF THE MAIN TRENDS AND RELEVANT DEVELOPMENTS
Advances in Clothing Technology

Spacer Materials

The presentations in this session and session Il included actual developments in clothing as well as
developments in measurement techniques of clothing properties. Some interesting innovations were
presented, most related to possibilities for body cooling. They involved the use of spacer materials in
the form of a 3D mesh (Just et a., [paper 13], Knofel et al., [15]) and others in the form of spirals
(Buckley et al., [paper 2]), creating an air gap or channels in the clothing to alow forced air-cooling.
For the spirals various other applications were presented, as impact protection and creating an
insulating vacuum space. In addition, both spacer materials may find use to aleviate the problems
with reduced insulation due to wind (Holmér et al. [6]), as they could help to reduce the compression
of the garment that occurs with wind exposure.

Nocker and Siebert [9] applied a spacer materia to a fire-fighter garment and showed positive results
in terms of heat protection and lower liquid absorption.

Chemical Protection and Heat Stress

In severa papers on chemical protection, one could recognise the competition between * protection’
researchers and ‘thermal’ researchers. Protection researchers obviously are inclined to maximise this,
wheresas the thermal researchers warn for the reduced operational efficiency that goes with increasing
protection levels (heat load, procedural load, weight of equipment). The latter advocate to sacrifice
some of the protection to reduce heat stress. Against this background the papers presented showed
efforts to minimise thermal stress within the current NATO protection requirement. A paper from
industry (Topfer et al., Kércher GmbH [1]) showed an example of such optimisation. The presenters
concluded that for an optima balance between protection and thermal stress, integration of the
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protection in the standard combat suit is essential, as this is the only way to reduce the number of
clothing layers in the NBC protected state. Another paper dealt with a theoretical analyses of
penetration of wind into the microclimate (Sobera et a., [7]), which is relevant for NBC protection
too. This and Kaaijk and Brasser's [40] study on chemical protection at various wind penetration
speeds and material air permeabilities |ead the way to a theoretical understanding of how increasing
air permeability can be used to reduce heat stress, while keeping up required protection levels.

In al presentations, it was obvious that the scientists involved can only optimise heat stress levels
within the fixed protection requirements. As a message to the ‘protection’ people, it would be
interesting to review the protection requirements. Are they still based on the scenarios we would deal
with today? Do we need more differentiation? Emergency services may need different levels from
military personnel given their deployment.

Any differentiation would allow further optimisation of the protection-heat stress balance.

Testing on Level 5 Large scale field trials (n>>100)

Human subjects Level 4 Medium scale, controlled field trials (20<n<100) A
Level 3 Controlled laboratory testing (n<10)

Testing on Use of predictive modeling Cost

Equipment Level 2 and manikins for design and &

biophysical analyses of clothing ensembles Effort

Level 1 Physical evaluation of clothing materials
Level O Analyses of tasks and general requirements

Figure 1, development and evaluation stages of protective clothing.

Manikins

The next trend that one could recognise in this session was the shift in emphasis towards more basic
clothing development and evaluation stages. In order to explain this, an overview of the typical
process followed in design and evaluation of military and other protective clothing is presented in
figure 1.

Typicaly research and development starts with level 0, analysing the tasks and the specific
requirements. Next, materials are selected for the garments, using data on those materias like
insulation, abrasion & tear resistance, colour fastness etc. These materials are then confectioned into
garments, which are tested on manikins, and predictive models are used to predict their performance
(psychrometric range)(level 2). Then, the tests on subjects start, from controlled lab tests (level 3) to
full-scale field trials (level 5). The higher the level, the bigger the effort and cost to do a test. Level 5
tests are in practice only seen in the military and sometimes in fire-services and the police, as for most
other professions the numbers of garments to be procured are too small to justify the cost involved in
these large scale tests.

The papers presented [3,4,5,6,8,9,35,36] showed an increased interest and activity in the level 2
approach, using thermal manikins. It became clear that many more manikins have become operational
in research labs across NATO countries in the last years and these are used more and more in
evaluation projects. Further, a strong development towards sweating manikins could be seen, and
interesting solutions were shown. Given this increased emphasis on level 2 testing some caveats need
to be added: Those involved in procurements should not lose sight that in the end subject testing and
the field test are essential to obtain the full story on a clothing system or equipment. An excellent
example of such testing was presented by Warmé-Janville et al. [26], showing the use of an extensive
test battery to evaluate protective clothing.
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As for the manikin use, one should further realise that sweating manikin technology, though it clearly
has a place in evaluations and comparative studies, is still in the early development stages and results
do not yet represent real human sweating behaviour.

Besides a highly interesting overview of manikin history in the US (Endrusick et a, read by Pandolf
[3]), sweating manikin evaluations were presented by Richards and Mattle [4] (a manikin with a very
natural movement pattern) and Warmé-Janville et a. [36] as a general tool for comparative
investigations and by Warmé-Janville and Pélicand [35] for glove and by Uedelhoven et al. [10] for
footwear evaluation (the latter showing a beneficial effect of thick sock shat for moisture transport
away from the foot). These presentations demonstrated the potential value of such evauation tools
within the earlier mentioned limitations. Camenzind and den Hartog [5] presented an interesting study
on the use of a sweating cylinder for the study of moisture accumulation in sleeping bags. They
showed that condensation was inversely proportional to the bags insulation. One criticism to the
graphically presented results was that by choosing alow cylinder weight (lower than human) resulted
in a lower compression of the sleeping bag materials than normal which typically gives down filled
bags an advantage in the results that would probably disappear at redlistic body weights. Also the
unnatural shape of the cylinder versus the body in relation to compression of the deeping bag
materials should be considered.

Holmér et al. [6] showed with moving (dry) manikin measurements that clothing insulation decreases
dramatically at high wind speeds, the decrease being related to the clothing's air permeability. He
warns that these decreases should be incorporated in the prediction modelling to prevent large errorsin
risk assessment.

Desruelle et al. [8 and 34] demonstrated the use of a physical test apparatus and a water circulated
manikin for testing of clothing’s protection against hot steam jets (navy), showing the relation between
thickness, vapour permesability and protection. In the discussion phase change materials were
suggested as possible solution for this specific (one-off) problem, where they may show more
potential than for most other applications.

Advanced Technology for Heat Stress Mitigation

The human has a tremendous adaptive capacity for work in the heat as discussed by Dr. Sawka in the
next session. The keynote of this session, by Dr. Knéfel reviewed the classical literature on heat
exchange between body and environment and analysed its importance for heat loss through cooling
systems in those cases where the normal adaptive range of the human does not suffice. In first instance
the remedy is to optimise clothing properties for heat loss, but the next stage is the use of active
cooling systems. After a review of the possible methods (reflective garments, cooling garments with
gels or ice packs, compressed air systems, systems with circulating liquid etc) Knofel concludes that
the best general approach is that which alows the body to thermoregulate using its sweating system.
In essence this implies cooling with air streams across the skin. In the discussion, it was emphasised
that the choice for a certain cooling principle is often dependant on logistic requirements. Compressed
air is not always available and if available usually limits the movement range of the person using the
system.

The following papers by Just et al. [13] and Knofel et al. [15] presented an interesting example of an
air cooled suit (GKSS and GUSA flight suit) and helmet. The suit development showed strong
similarities with those done in the Soldier Modernisation Programme. Instead of multiple layers each
with their own function, an integrated approach was chosen providing a suit with high useability and
integrated cooling properties. In the demonstration of the equipment after the presentations it became
clear that helmet and suit integration/compatibility was not yet optimal, showing that in the ideal
approach the helmet-suit system should have been developed together as well. So, though good
developments, these problems underline the need for ‘total concept’ development. This should be
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another reminder to this matter for those involved in the SMP (Soldier Modernisation Plan)
development.

Discussion of these papers pointed towards a greater cooling potential that might be achieved with the
suit than currently present by optimisation of the airflow patterns.

Maier-Laxhuer et a. [16] presented a Zeolite system, which can provide a regeneratable cooling
source for such applications.

Finally Warmé-Janville et al. [19] showed an extensive and thorough evaluation of various cooling
systems. They showed that rankings of systems can be based on a large humber of performance
characteristics, e.g. cooling power, cooling per power input, cooling per weight, negative impact on
failure etc. Where the review discussed earlier promoted air-cooling systems if one has the choice, it is
obvious that the choice for a cooling system is often limited by operational circumstances. In those
cases one needs to be able to select the best system for those circumstances and information for this
was provided in the study presented. Some questions were asked regarding this paper, on whether
assessment parameters could be integrated into a single performance value for the systems. This can
only be done for a single application however, as for each different one the weighting factors of the
various performance parameters should be different depending on the specific circumstances
(availability of power, freedom of movement etc.). Otherwise important information would be lost
with such an integrated performance parameter.

Papers 14, 17 and 18 were withdrawn.

Military Benefits of Physiological Adaptation to Heat and Cold

This topic was aready introduced on day one with the review by Radomski, who demonstrated the
physiological adaptations to cold present in various populations. Further he presented data on a study
in which soldiers were pre adapted to cold by taking cold baths in the period before they were sent to
the Arctic. The study clearly showed advantages of the pre adaptation procedure, which resulted in
less cold induced diureses and a reduced shivering response. This information on cold adaptation was
supplemented by an excellent review by Sawka, demonstrating the high adaptive capacity to heat the
human possesses. Various aspects of acclimatisation were discussed: improvements in sweating
system, cardiovascular stability, and central changes. For the cold, data presented by Sawka did not
support adaptation as strong as they did for the heat. For the cold, results found in literature are more
often conflicting. Both keynotes emphasised the need for good preparation of the troops before being
sent to hot or cold areas and also showed that operational capacity is far from 100% on arrival if such
factors are not taken care of.

For the cold the conclusion was that physiological adaptations to cold are possible (metabolic or
insulative response), but these are quite limited. Hence the way forward is risk prediction, clothing
optimisation and if possible active systems that help maintain thermal homeostasis. On cold exposure
the short-term goal is to maintain dexterity [20, 21], and the obvious long-term goal is to avoid
hypothermia [11, 12, 22]. In the communications this was discussed for immersion clothing where
Ducharme [11] presented tests on a new concept of immersion suits. In order to reduce the heat stress
experienced in the suit, a new design was applied, which alowed the openings at wrist, neck etc to
remain open while not in the water. The protective capabilities of the suit were tested during
immersions at sea and found to meet the requirements. Brooks et al. [12] tested the knowledge of
survival course participants on hypothermia and proper use of the immersion suits. Though the
knowledge had improved after the course, participants still did not score anywhere close to 100
percent. Given that some of the questions asked to the participants could have been considered |eading
to the right answer, this is aworrying result and emphasises the importance of evaluations of training
programmes.

Brajcovic and Ducharme [20] compared various methods of warming the body and the hands in terms
of their efficiency in maintaining manual dexterity. They showed that maintaining a warm core (trunk)
overall produced the best results in terms of dexterity and hand skin temperature. Though these can be
considered the most relevant parameters, they are not the only System Performance Indices that may
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be used, however. In the discussion the question was put forward which warming method would be
best for a given amount of heat input. Thisis relevant if for instance only battery power is available.
This question needs further investigation. Other questions related to differences in effect on fine
Versus gross dexterity; on system weight, on weight/efficiency; and on the possibility of continuous
work without interruption for donning/doffing the system. The latter typically being a problem with
gloves.

Rintam&ki et a. [21] demonstrated the additional cooling effects when hands are exposed to and
wetted by snow, an effect that is often not included in therma models. Castellani et al. [22 & poster
38] (read by Pandolf) presented the concept of thermoregulatory fatigue. They showed that exhaustive
exercise will lower cold tolerance, probably due to a blunted vasoconstriction response. Thisresultsin
an increased heat flow from the body to the environment and this loss increases the risk of
hypothermia.

Goderdzishvili et al. [23] and Chaduneli et al. [24] presented data on the interaction between cold
exposure, atitude exposure, and smoking in the Georgian army, demonstrating the ill health effects on
lung and blood clotting function. The session was closed by Montain. et al. [25 & poster 39] (read by
Obusek) presenting a paper on the risks of hyperhydration, causing hyponatremiawith life threatening
complications. The paper presented new guidelines for water reguirements based on modelling and on
field experiments. Where the old guidelines were based on the hourly work time and climate, the new
guidelines are based on climate and actual workload and they also include upper limits for water
intake.

Modelling, Monitoring and Thermal Limits

Models
The keynote in this session by Dr. Shitzer (ISR) gave an extensive overview of the various uses of
therma models. Starting with the question ‘Why should we bother with a model? he presented
various approaches and showed how models can be helpful in various ways as e.g. saving
experimentation time; selecting ‘best discriminating’ conditions for experiments, and extrapolations to
situations for which experimentation would be ethically unacceptable but which may occur in real life.
Dr. Shitzer closed his paper with an overview of area’ s for future work in modelling research:

» detailed investigation of contral functions for blood flow,

» dternative solution techniques saving computer time,

« clothing: what are the actual heat transfer processes occurring,

e touseamultidisciplinary approach, and an area added in the discussion:

e individualising the models for specific groups (aged, genders, etc.).
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In the rest of the session, and also on the other days, various examples of the development and
application of models were presented:

* Montain et a. [25] showed how modelling (USARIEM models on water requirement) can
reduce the number of evaluation tests needed:;

e Danielsson [28] showed an elegant study of the use of an improved Wind Chill Index (WCI)
model in the prediction of the risk of skin freezing, adding the previously absent effects of
solar radiation, humid skin and habituation to cold to the old WCI model approach and
thereby improving the quality of the risk prediction (in the discussion a comment was made
that the assumption that CIVD (Cold Induced Vaso-Dilation) is always present could result in
an underestimation of risk);

e Camenzind and den Hartog [5] predicted application ranges of sleeping bags, using a simple
model based on the principles of that developed by Farnworth, using material measurements
for top and bottom sides; -Holmér and Nilsson [6] presented an empirical model that can be
used to predict loss of clothing insulation due to wind and movement, taking clothing air
permeability into account; and finally Mantysaari et a. presented data that can be used to
model sweat accumulation in clothing during interval exercise in the cold, demonstrating that
the type of work/rest cycle has a strong influence on sweat accumulation giving the advantage
to short work/rest cycles as sweat peaks are smaller then.

Monitoring and Thermal Limits

In the second part of this session, Markou et a. [29] (presented by Dr. Diamantopoulos) discussed the
evaluation of a heat stress index to be used by the Hellenic air force. So far they worked with the
‘discomfort index’. The authors discussed that application of WBGT and more recently of the FITS:
the ‘Fighter Pilot Index of Therma Stress'. They see clear improvements by the implementation of
FITS, but also conclude that this index needs some adjustment to the specific situation of the Hellenic
forces.

Pandolf and Moran [30] presented two strain indices, one for the heat (the Physiological (heat) Strain
Index, PSI) and one for the cold (Cold Strain Index, CSl). These are not predictive indices, but indices
that integrate a number of physiological responses in a single index value. For heat thisis a weighted
sum of the heart rate and of the core temperature response, both expressed as fractions of the
difference between resting and maximal values. For the cold, thisis aweighted response of the change
of body skin and core temperatures from ‘resting’ values again expressed as fraction of the difference
between resting and limit values. Hence the latter is an alternative way of expressing body heat deficit
relative to set limit values. The indices, especialy the PSI have been tested on a number of datasets,
and they have been shown to discriminate well between stress conditions. In the discussion, the
problem of individual differences was mentioned: during heavy work, a fit person would reach heat
exhaustion at a higher PSI (both high core temperature and high heart rate) than an unfit person (high
heart rate at till low core temperature). Hence the meaning of a certain PSI value is different for
different individuals. The authors (also of [31, 32]) suggested that, for instance where the PSI is used
for personal heat stress monitoring, it should be individually calibrated.

An application of PS| in personal monitoring systems was demonstrated by Hoyt et al. [32] (presented
by Obusek), where PSI was used to integrate heart rate and body core data (as measured using aradio
pill). These data were then transmitted to a base station, alowing the commanders to monitor the
physiological status of the individual soldiers. This promising technique is in development to improve
reliability and to reduce intelligibility of the radio signals by unfriendly forces.

Moran et a. [31] discussed a possible integration of the PSI with a new climatic index: the ESI
(Environmental Stress Index). They showed the deduction of a new ESI index producing highly
similar values as the WBGT index, but based on more commonly measured climate parameters
(temperature, relative humidity, solar radiant flux) than those for the widely used Wet Bulb Globe
Index. Despite not including the wind speed in the new index they observed a high correlation
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between ESI measurements and WBGT measurements for data of several Israeli westher stations.
There are several points that may need further research before full acceptance of thisindex, however:

* The good correlation despite the absence of wind in the new index may point towards
problems of wind sensitivity of WBGT itself, or to the use of specific combinations of
climatic conditions in the evaluation where wind has had little impact.

» Using relative humidity instead of vapour pressure (the driving force for evaporation; easily
calculated from the climatic data) in the equation results in a negative regression coefficient
for this factor that is statistically correct, but intuitively opposite from what is expected. Using
vapour pressure (calculated easily from temperature and relative humidity) would likely
improvethis.

* Finaly, in the discussion the point was raised that with the arrival of small electronic devices,
as pointed out by Dr. Moran as the bases for the new index, which can measure climatic
parameters it may be time to discuss in the scientific community whether one should hold on
to the widely used, but proven to be flawed, WBGT index or to similar ESI in its current form
(perhaps better named WBGT*). The alternative would be to use this opportunity of electronic
development to make a step to more complex indices and models that could be put in a black
box (microchip) as far as the user is concerned and could deliver more accurate results. The
‘wristwatch’ size devices suggested by Dr. Moran would form an excellent basis for this.

Asfor the link between ESI and PSI, Dr. Moran provided an example of awork rest-cycle table using
the heart rate component of PSI. He showed how information relating to these indices could be given
to operational planners.

General Observations

In addition to the specific discussions presented above, there was also a general theme present in many
communications: the importance of proper education. With the continuing development of specialised
clothing and equipment it is paramount that soldiers and commanders are trained in the proper use of
such clothing and equipment. This seems obvious, but in practice clothing and equipment are often
used in different ways than intended by the design team, often causing loss of protective properties. It
has to be communicated to the user why certain choices in clothing design were made, and how these
affect function.

Alsoin other areas the education aspect is relevant. Brooks et al. [12] showed that even after a survival
at sea training knowledge of participants on proper use of survival suits was not flawless, showing the
need for constant improvement of teaching methods and courses. The paper of Montain et al. [25]
showed that education on the need for rehydration has been successful, to the point where an
overshoot was reached and individuals started to over-hydrate leading to hyponatremia casualties.
Guidelines are now adjusted to take this risk into account.

Joint Projects

In the discussions a number of topics with interest from many countries were identified that can be
considered in terms of future joint project:

* Thermoregulatory fatigue: the interaction between exercise exhaustion and thermoregulation
and cold defence needs further study which could benefit from a multinational approach;

* Given the great interest in manikin studies this forms an important topic. First inter-laboratory
comparisons studies have been performed for dry manikins recently for the civil market, but
should also be performed between NATO labs. Even more in the centre of attention are the
sweating manikins and sweating body section models (feet, hands, heads). While the
technology of dry manikins is converging towards realistic anatomical shapes and full surface
temperature measurement and heating, that of sweating manikins is highly variable between
labs [3, 4, 5, 10, 35, 36). They use different ways of producing vapour (e.g. direct vapour
injection or water infusion to surface ‘sweat glands' or pre-wetting of atextile skin layer), and
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show very different sweat gland distribution. Most of them are, as discussed earlier, used for
comparative measurements but the ultimate goal obvioudly is to imitate human sweating.
Initial comparative tests between labs have illustrated the high variability in results due to
these differences. A multi-country/multi-laboratory project on this topic would ensure that
resources would be used optimally, and a good knowledge of differences between different
approaches would be obtained.

e With the discussion of the new Environmental Stress Index, the time may be right to start a
joint project for the creation of a (black-box) electronic climate analyser which would use
sophisticated heat balance analyses or even physiological models to transform the climatic
measurements of the device into a simple heat stress index for use in the field which
eventually could replace WBGT.

CONCLUDING REMARKS

This symposium covered a very wide area of research. Exposure to heat and cold, together with its
health effects and the role of clothing and equipment in alleviating or amplifying ill effects of heat and
cold stress is investigated from numerous angles. Hence, the 43 papers presented here can only be a
very selective representation of the whole research field. Though, especially with the excellent review
papers, agood overview of the field was presented, the reader should keep in mind that for most topics
only a single or perhaps two representative communications were present. This in some cases implies
that for areas where controversy is present, only one view was presented at the meeting. This
evaluation report attempts to put these papers in perspective, but the reader should bear this problemin
mind when going through the material.

Notwithstanding these remarks, the symposium provided an excellent overview of recent research and
developments in this area and as was clear from the many discussions in and outside the meeting room
it provided substantial food for thought and ideas for future work.
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From Poleto Pole—
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Summary

The issues of therma physiology, protection, modeling, survival, and injury have been addressed in
thousands of publications over the decades, and the topic of thermal protection and survival has been the
subject of several NATO DRG and AGARD symposia. Therefore, rather than review the current state of the
art of the field which is the subject of the many papers that will be presented at this Symposium, this paper
re-examines some of the pioneer work in cold physiology that has laid the foundations of our current
understanding as to how humans have adapted to severe cold climates, often without modern technology or
clothing. Scholander, Hammel, Elsner, Andersen, and Hart are some of the scientific pioneers that have
provided evidence from field trials that a variety of physiologica adaptations can develop in the human
species exposed to different climatic extremes ranging from one Pole to the other Pole. From these classical
field studies, severa different types of cold acclimatization of native races were identified. This paper
reviews how some of these acclimatizations can be or have been applied to modern man. In conclusion, it
appears that arapid technique using intermittent exposure to severe cold for inducing cold adaptation or cold
habituation does exist and does induce beneficial effects in soldiers required to subsequently perform and
sleep under arctic conditions. It appears to be a hypothermic type of adaptation and eliminates the negative
effects of cold diuresis. Furthermore, this technique appears to persist over a significant period of time even
in atemperature environment making it even more of a desirable military technique. One sees a shift of the
shivering threshold to a lower temperature, a shorter period of adaptation, and an increase in cold tolerance.
It appears to be more akin to the type of adaptation demonstrated by the Australian aborigine and Kalahari
bushman, that is, an Insulative Acclimatization.

Introduction
The issues of thermal physiology, protection, modeling, survival, and injury have been addressed in

thousands of publications over the decades, and the topic of thermal protection and survival has been the
subject of several NATO DRG and AGARD symposia (Table 1).

Paper presented at the RTO HFM Symposium on “ Blowing Hot and Cold: Protecting Against Climatic Extremes’,
held in Dresden, Germany, 8-10 October 2001, and published in RTO-MP-076.
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TABLE 1. List of DRG and AGARD Reports and Symposia on Operations
in Extreme Thermal Environments

Borg, A and Veghte JH  The physiology of cold weather survival AGARD-R-620
1974
Lorentzen, FV Cold: physiology, protection and survival AGARD-AG-194,
1974
Boutelier, C Survival and protection of aircrew in the AGARD-AG-211,
event of accidental immersion in cold water 1979
Brooks, CJ The human factors relating to escape and AGARD-AG-305(E)
survival from helicopters ditching in water 1989
AGARD Conference, The support of air operations under AGARD-CP-540,
Victoria, Canada, 1993  extreme hot and cold weather conditions 1993
NATO RSG-20 Handbook on predicting responses AC/243(Panel 8) TR/20,
to cold exposure 1995

Therefore, rather than review the current state of the art of the field which is the subject of the many
papers that will be presented at this Symposium, this paper will re-examine some of the pioneer work in cold
physiology that laid the foundations of our current understanding as to how humans have adapted to severe
cold climates, often without modern technology or clothing.

Adventure, economics, national security, athletics, and scientific curiosity have been major motivating
forces behind man venturing into such inhospitable climates as the Arctic and the Antarctic, particularly
since man has evolved as a tropical animal. But certain civilizations have existed in such environments for
decades with no modern technology. Beginning with Darwin during the voyage of the Beagle in 1831
(Moorehead, 1969), and subsequent explorers, scientists have been driven to investigate how such
populations adapted to their harsh environments and survived. The foundations of our knowledge as to how
man can adapt physiologically to different thermal environments (Figure 1) were laid by the studies carried
out on the:

e Australian Aborigines,

» Kalahari Bushmen,

e Alacaluf Indians of Tierradel Fuego,
* Arctic Indians and Eskimos, and

* nomadic Lapplanders.

Scholander, Hammel, Elsner, Andersen, and Hart were some of the scientific pioneers that provided
evidence from field trials that a variety of physiological adaptations can develop in the human species
exposed to different climatic extremes ranging from one Pole to the other Pole. From these classical field
studies, severa different types of cold acclimatization of native races were identified. This paper will review
some of these earlier studies and how some of these acclimatizations can be or have been applied to modern
man.
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Figure 1. Native groups studied by early investigator

Australian Aborigine

One of the first native groups investigated were the aborigines of central Australiawho have existed in
a semi-desert environment with average nightly temperatures of 4°C with a high radiant heat loss
(Scholander et al. 1958). Their sleeping habits consisted of lying naked between two small fires. This then
was a group intermittently exposed to periodic cold. The aborigines were described by FitzRoy as “the lathy
thinness of their persons, which seemed totally destitute of fat, and almost without flesh...” (Moorehead
1969). This, then, was arace devoid of any peripheral body fat to provide any insulation (Figure 2).

The standard techniques used by Scholander and his colleagues (1958) to perform field evaluations of
the metabolic and thermal responses to cold of these and subsequent native groups consisted of measuring
the thermal and metabolic responses of the natives sleeping in a tent for an 8-hour period on a cot lightly
covered with a blanket a an air temperature of about 3°C. Oxygen consumptions, rectal and skin
temperatures were monitored continuously and the data compared to the responses of a control group of
white subjects, usually the investigators themselves.

Figure2. Australian aborigine.
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Significant differences in the metabolic and thermal responses were found between the aborigines and
the white controls. The controls responded typically by elevating their metabolic rates above basal by about
28 %, accompanied by drops of about 0.8°C in rectal temperature (Tre), 1.5°C in mean body temperature
(Tb), and 2.4°C in mean skin temperature (Tsk) over the 8-hr period with bursts of shivering and disturbed
sleep throughout the night (Figure 3, Panel A).

The metabolic and thermal responses of the aborigines differed significantly from the white controls,
as the aborigines did not increase their metabolic rate, but in fact, experienced a decrease of about 7-8 %.
This was accompanied by a greater drop in rectal temperature, almost 2-fold greater than the control, along
with significantly greater drops in mean body and mean skin temperature of (Figure 3, Panel B). The natives
dlept comfortably with little shivering.

These findings led the investigators to propose the existence of an Insulative Acclimatization in the
aborigines athough it could aso be classified as a Hypothermic Insulative Acclimatization. Further
experiments in different seasons on a group of tropical aborigines not exposed to cold during sleep
demonstrated the persistence of such an acclimatization supporting the concept that this was a racia
characteristic.

— Aborigine Alacaluf
Control Kalahari Eskimo

Figure 3. Comparative responsesto a standard cold field test of different native populations.
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Kalahari Bushmen

A Bushman'’s body is the product of amillion years of hunting-gathering life in the Kalahari climate.
As he moves across the Kalahari, his heart must increase flow rate 8-fold when he runs across the desert at
top speed. His heart has evolved into a machine more efficient than any man has ever designed. Bushmen
can carry loads equal to their own weight and travel over the desert for hours without visible fatigue.The
Bushmen of the Kalahari Desert wear little or no clothing and are rather small and lean with a resultant
larger surface area per unit weight (Figure 4). Although their body build reflects the demands of the hot
desert to shed heat more efficiently during the day, they are exposed to overnight cold down to 0°C in July
making their body build a disadvantage without other compensatory mechanisms. One Bushman camp was
described thus: “They had burned all their firewood the night before, and now it was too cold to go for more,
or even go for food - so they sat cold, hungry, thirsty, and even tired, since they had been too cold to sleep
during the night.- waiting with infinite patience - for noonday when the sun would give alittle warmth”.

Figure4. Kalahari Bushman

Wyndham and Morrison (1958) and Hamel and coworkers (1962) found that when exposed to cold
overnight, the Bushman’ s responses were similar to those of the aborigines of Australia. They did not shiver,
showed little increase in metabolic rate over 8 hours, with rapid drops in body temperature, but not as low as
that of the aborigine (Figure 3, Panel C). They appeared to rely on I nsulative Acclimatization to survive in
the cold.

Alacaluf Indians

Darwin during the voyage of the Beagle was one of the first scientists to become fascinated with the
Alacaluf Indians of Tierra del Fuego (Moorehead, 1969). He described the climate of Tierra del Fuego as an
appalling climate, one of the worst in the world. The cold exposure of the Alacaluf differed from that of the
Australian aborigines and the Kalahari Bushmen in that the Alacaluf were exposed to a cold climate
throughout the 24-hour day, and not just at night when they slept. On catching sight of the natives, his first
thought was how much closer they were to wild animals than to civilized humans. (Figure 5).

“They were huge creatures...the trunk of the body is large, in proportion to their cramped and rather
crooked limbs’ who went naked except for a guanaco skin over their shoulders. “It was marvelous the way
they could stand the cold. One woman who was suckling a baby came out to the Beagle in a canoe, and she
sat there calmly in the tossing waves while the sleet fell and thawed on her naked breast. On shore these
people slept on the wet ground while the rain poured through the roofs of their crude skin huts’. It was
obvious that this tribe had adapted physiologically in some manner to the extreme climate with very little in
the way of protective garments.
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Figure5. Alacaluf Indian (from Moorehead, 1969)

A team of scientists led by Hammel (1960) studied the metabolic and thermal responses of the
Alacaluf during a night of cold exposure sleeping on a canvas cot in an unheated tent for 8 hours. They
found that the Alacaluf had a resting metabolic rate about 160% higher than the white controls, which
remained higher than the final elevated rate in the white controls. No other significant differences were
evident between the two groups in rectal, body and skin temperature except for warmer toes in the Alacaluf,
which were 2°C to 3°C higher than the controls (Figure 3, Panel D). They also had an undisturbed sleep in
such a climate whereas the control subjects experienced difficulty sleeping due to the cold. As noted by
Darwin, “at night they sat tgether round the campfires, the sailors shivering in the bitter cold, the Fuegians
sweating in the heat of the fire”. This pattern of thermal responses was called Metabolic Acclimatization.

Arctic Indians and Eskimos

Figure 6. Eskimoswith bare extremities, but with excellent whole body insulation.
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The Arctic Indians of the Y ukon and the Arctic Eskimos were studied by Irving (1960), Elsner (1960)
and by Hart (1962). (Figure 6). The normal pattern of cold exposure of the Eskimo and the Arctic Indians
consisted of exposure to intermittent exposures to severe cold while traveling, hunting and trapping and
slegping in cool environments on the trail. Otheerwise, they were very well protected having developed an
ideal Arctic clothing. Normally, during the day, the extremities were only exposed to the cold (Figure 6) and
this is where the Eskimo stands out in terms of physiological adaptation. This native population showed
responses similar to that of the Alacaluf, but with initial resting metabolic rates lower than the Alacaluf but
significantly higher than the controls. However, whereas the initial metabolic rate decreased slightly during
the cold test in the Alacaluf, it increased in the Eskimo to levels comparable to the Alacaluf (Figure 3, Panel
E). The pattern of acclimatization exhibited by the Eskimo appeared to be more of a Metabolic
Acclimatization although they demonstrated superior acclimatization of their exposed extremities.

Surprisingly, another Arctic population, the nomadic Lapps, with a life style similar to the Arctic
Eskimo demonstrated a response that was more comparable to the Australian aborigine than other Arctic
natives, that is, no increase in metabolic rate and a large drop in rectal temperature, reflective of a
Hypother mic I nsulative Acclimatization (Andersen et al. 1960).

Summary of Findings on Native Populations

These different modes of acclimatization to the climate become more distinct from a plot of the
metabolic responses of each of the above groups as a function of their mean body temperature (Figure 7). By
comparing the average metabolic response of each of the groups above as a function of their mean body
temperature, two distinct patterns of cold acclimatization were evident, Metabolic Adaptation, and
Hypothermic Insulative Adaptation. The typical unacclimatized North American or European demonstrated a
low basal metabolic rate which increased markedly as body temperature decreased. Characteristic of a
Hypothermic Insulative Adaptation, the Australian aborigine and the Kalahari Bushman had an initial
metabolic rate similar to the white control, but one which decreased or did not change as body temperature
decreased. A Metabolic Adaptation was evident in the Alacaluf Indian who began with a high resting
metabolic rate which declined slightly with a falling body temperature; and the Arctic Indian and Eskimo
with ametabolic rate intermediate between the Alacaluf and the control which increased as body temperature
decreased.

65 [T
L | Alacaluf
60 | o~
i Tl METABOLIC
r Lo’ ‘\\ ADAPTATION
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K **” Eskimo
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36 35 34 33
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Figure 7. Heat production as a function of mean body temperature before (Ieft points) and after the
standard 8 hour cold exposure test..
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LABORATORY/CHAMBER STUDIES ON ANIMALSAND HUMANS

The question subsequently pursued by investigators, partially driven by military requirements, was
whether acclimatization to cold could be induced in a normal north american/european population, what type
of acclimatization, and how quickly in order to have any practical military value. Therefore, it was necessary
to try to relate these field studies of native populations to studies on both laboratory animals and humans in
climatic chambers where the various variables could be controlled, including diet.

Approachesto Cold Adaptation

The experiments of LeBlanc's and Carlson’s groups on animals exposed to cold were key to our
understanding of the mechanisms of cold adaptation and the role of the autonomic nervous system in our
responses to cold temperatures. From their work, two types of adaptation to cold were demonstrated in rats
(Figure 8):

a) Metabolic Adaptation resulting from continuous exposure for weeks to moderate cold (6°C), and

b) Hypothermic Insulative Adaptation resulting from a series of intermittent exposures to severe cold
(-20°C).

Inter mittent
Exposureto Severe
Cold (-20°C) for days

Continuous Exposure
to Moderate
Cold (6°C) for weeks

Shivering Leading
to Nonshivering
Thermogenesis

v v

HYPOTHERMIC
INSULATIVE
ADAPTATION

Cardiovascular
Stimulation

METABOLIC

ADAPTATION

Figure 8. Types of adaptationsinduced in animals.

The mechanisms by which these two types of adaptation occur differed. Metabolic adaptation
required a continuous prolonged exposure to moderate cold (ca. 6°C) over weeks and was characterized by
an increased urinary excretion of noradrenaline (Fig 9A) and an increased noradrenaline sensitivity (Fig 9B;
adapted from Leduc 1961, and Hsieh and Carlson 1957). These findings by Leduc and Hsieh and Carlson
were key to our understanding of the mechanisms of cold adaptation and of the role of the autonomic
nervous system in the responses of animals to cold. Also, during these changes, shivering was gradually
replaced by a non-shivering mechanism of heat production.

However, as pointed out by Leblanc (1975), however, it is rare that modern man is exposed to
continuous cold, and that intermittent repeated exposures are more the norm. A simple method of
developing cold adaptation in a short period of time would have greater military value. LeBlanc, in fact,
carried out a series of studies to examine the effects of short-term repeated periods of exposure to more
severe cold (1S) to assess whether an increased tolerance and adaptation to cold could be induced in a much
shorter time, hours and days instead of weeks (1967).
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Urinary Excretion of Noradrenaline
Catecholamines Sensitivity

B Noradrenaline E cold adapted
[] Adrenaline [ Control

MR  Tre

Figure 9 . Left panel shows the pattern of urinary excretion of noradrenaline and adrenaline during
adaptation to moderate cold for 5 weeks, and the right panel the response of oxygen consumption (MR)
and rectal temperature (Tre) in control and cold-adapted animals to noradrenaline infusion. Adapted
from adapted from Leduc 1961, and Hsieh and Carlson 1957).
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From his experiments on mice, he showed that although there was some increase in noradrenaline
and adrenaline excretion during three days of repeated exposures to severe cold, the sensitivity to
noradrenaline infusion on oxygen consumption was significantly different (LeBlanc et a. 1967). The normal
increase in oxygen consumption observed in chronically adapted rats during noradrenaline infusion was not
evident in the IS adapted rats (Figure 10). Thus, whereas the rats chronically exposed to moderate cold
(CM) demonstrated characteristics of metabolic adaptation, the IS rats did not exhibit any increase in oxygen
consumption, similar to the Kalahari bushmen and the Australian aborigine. Furthermore, he showed that the
colder the temperature that the mice were adapted to by the IS technique, the better their survival times at
different temperatures.

Metabolic Response to Survival Time at Different
Noradrenaline Temperatures
167 o0°
00 _ - ) [ IS -20°C
0 12- @ !S-5°C
75 _ < [ Control
£
50 - = 8_
©
=
25 - I I g 4°
()] -
Con CM IS -5 -10 -15 -20

°C
Figure 10. Response in oxygen consumption to noradrenaline infusion in control rats (Con), in rats
chronically exposed at 10 °C for 6 weeks (CM), and in rats adapted to intermittent stress (1S) (9 exposures
per day for 10 min each at —10 °C for 3 days). Survival times at different temperatures of rats adapted to
cold by intermittent exposures to —20°C and —5°C are shown in theright panel.
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Field and Laboratory Studies on Humans

A variety of approaches have been investigated to improve human cold tolerance and
acclimatization. A partial summary of the three major approaches investigated in earlier studies are shown in
Table 2. These have involved natural exposure to external climates, exposure to cold ar in climatic
chambers, and repeated immersions in cold water or cold air.This review will next examine two of the
natural acclimatization studies in more detail and the application of the Boutelier technique for adaptation by
exposure to intermittent severe cold in more detail.

Table2. Methods of Acclimatization

Method Conditions Investigators
Natural exposure | Clothed men inthe Arctic engaged in LeBlanc 1956
to external outdoor activities for up to 12 hr/day
climate for 6 weeks
Camping for 6 weeksin mountainsat 3 | Scholander 1958
to5°C

Seasonal changes from Oct to Feb, 1 Davis and Johnston
hr/day/month exposure in nude to 14 1961

°C.

Troops working and sleeping in Radomski et al. 1982

unheated tentsin Arctic for 16 days at

-30t0-20°C
Artificial 1 week at —29 °C in climatic chamber Horvath et al. 1947
acclimatization to | Subjects wearing shorts during day and | lampietro et al. 1957
cold air sleeping under woolen blanket for 2

weeksat 15.5°C

Exposure of subjects wearing shorts for | Davis 1961

8 hr/day over 31 daysat 11.8°C

Subjects spending 7.5 hr/day for 19 Keatinge 1961

daysat 6 °C

Clothed subjects for 8 hr/day for 5 Joy 1963

weeksat 5 °C

Subjectsin shortsat 5 °C for 4 hr/day, | Newman 1968

5 times per week for 6 weeks
Artificia 1 hr/day immersion for 8 weeks at 32 Lapp and Gee 1967
acclimatizationin | to21°C

cold water

Diving 1hr every day for 1 monthin Skreslett et a. 1968
water at 0 to 3 °C wearing neoprene
suit

Daily immersion for 20-50 min 5 Boutelier et a. 1974
days/week for 2 weeks at 15 °C
(French Baths)

Natural Acclimatization

Two groups of scientists examined seasonal changes in two different groups of subjects in two
different climates (Leblanc, 1956; Davis & Johnston, 1961) to assess whether chronic exposure of humansto
cold for months will induce the type of cold acclimatization observed in the chronically adapted rats and in
native populations. LeBlanc followed a group of soldiers posted from Winnipeg to Fort Churchill at the end
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of October where they lived outdoors for approximately 12 hr/day, 6 days a week, from the end of November
until April. Their activity consisted of daily walks of 10 miles and standing motionless on guard duty for 2-3
hr a night. Their metabolic and thermal responses were measured at the end of November, December, and
February.

In the Davis and Johnston study, subjects were examined once monthly from October to February.
These were laboratory personnel who normally worked 40 hr/week in air-conditioned facilities and in heated
quarters in the winter. Their combined data are re-plotted in Figure 11.Although the studies of Davis and
Johnston and L eblanc described above did involve individuals exposed to intermittent cold, such individuals
were well protected by clothing and their type of exposure would not be typical of one of intermittent
repeated exposures to extreme cold. It is evident from these two different experiments in two different
climates with different daily periods of exposure to cold that cold-induced heat production decreased
significantly from Oct to Mar, and that the % shivering decreased to low levels by Feb. Body temperature
data did not show any significant trends.

SEASONAL CHANGES IN HEAT
PRODUCTION AND SHIVERING

100 |

- Davis & Johnston, 1961 o

ZI 3 80 | B LeBlanc, 1956 é
©g L
G2 oo =
538 60 B
3% z
lf%é % 40 — §
s 20 <
T S O
X

OCT NOV DEC JAN FEB MAR

Figure 11. Seasonal changesin heat production in two groups of subjects from October to March. The
Davis group was located in Kentucky and mean monthly temperatures varied from 13 to —4 °C from Oct to
Feb. The Leblanc group were located in Fort Churchill in the Canadian sub-arctic with seasonal
temperatures varying from —11 to —30 °C. The solid bars represent heat production as a % change from
basal levels and the solid line represents the % shivering in the Davis group.

Davis and Johnston (1961) pointed out that the decrease in heat production was much less than the
decrease in shivering and suggested that this might be due to a compensatory increase in non-shivering
thermogenisis to replace shivering heat production. On the other hand, this data could also be interpreted as
the development of Insulative Acclimatization, rather than an increase in non-shivering thermogenesis.
However, such a process of acclimatization has little military value because of the long period of time
required to induce some form of acclimatization.
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Artificial Acclimatization

Humans are generally much more exposed to intermittent severe cold (IS) than to continuous cold
(CM) and various groups have shown the development of atype of 1S adaptation in humans. There are two
basic techniques for rapidly inducing whole body | S-adaptation in humans:

e :short daily immersions of nude humans in cold water (french baths) ((Boutelier et al. 1974); and
» repeated nude exposuresto cold air (Bruck et al. 1976).

However, the practical value of such techniques to military personnel subsequently going into the Arctic for
aperiod of time had not been assessed.

Operation Kool Stool

In order to address this deficiency, Operation Kool Stool, a joint military experimental trial between
our centre in Toronto, DCIEM, and the French air force and army medical |aboratories, LAMASS and
CRSSA, was carried out to assess the feasibility, practicality, and value of applying the “french bath”
technique to rapid pre-adaptation of troops being airlifted into an Arctic environment. This was a joint
military group composed of Canadian army subjects with no prior preadaptation to the cold (NPA) and a
group of French soldiers who were preadapted to cold-water immersion (PA). Prior to embarking for
Toronto, the French troops were subjected to the Boutelier 1S technique of atotal of nine daily immersionsin
water at 15°C for 25 to 40 minutes until their rectal temperature had reached an end-point of 35 °C (Figure
12). Immersion times gradually increased from 25 minutes to 40 minutes by the end of the last immersion
indicating an increasing tolerance to cold with each repeated immersion.

Figure 12. French bath immersion techniquein cold water This consisted of 9 immersionsin water at
15°C for 25-40 minutes.
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The French troops arrived in Toronto 15 days after the last immersion and along with Canadian troops
who had not undergone IS adaptation, were subjected to a standard nude cold tolerance test (NEC1) which
consisted of lying semi-nude on a cot at 10°C for 60 minutes. Five days later, the troops were flown to Fort
Churchill where they spent 16 days and nights performing 6 hr of light outdoor activity daily and sleeping in
standard Canadian Forces sleeping bags in unheated tents. Over the period of the trial, the mean nightly
temperatures varied between —25°C and —30°C, with one warm night of —10°C half way through the trial.

While in the Arctic, sleep polysomnography, diuresis, catecholamine and 17-OHCS excretion, and
thermal and psychosociological responses were continuously monitored. Subjects experienced the greatest
cold discomfort and its effects on diuresis and sleep while in their sleeping bags during the night. At the end
of the 16-day tria, the troops were flown back to Toronto and subjected to a second nude cold tolerance test
(NEC2). Some of the changes observed in the parameters are shown in subsequent figures. The complete
study has been published in a Franco-Canadian Accord Volume (Radomski et al.. 1982) and certain chapters
in the open literature.

Figure 13 shows the metabolic responses of the non-preadapted (NPA) and the preadapted (PA)
groups to the nude cold tolerance tests before (NEC1) departing for the Arctic, and after 16 days in the
Arctic (NEC2). A significant difference between the two groups prior to departure for the Arctic (NEC 1)
was seen. Whereas the NPA group exhibited the normal increase in metabolism upon exposure to cold, the
PA group did not increase their metabolic rate until after 50 min. After 16 days in the Arctic, the NPA group
showed a similar response to the PA group to a NEC 2, in that no significant increase in metabolism
occurred over the 60 min of cold.
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Figure 13. Metaboalic responses of the non-preadapted (NPA) and the preadapted (PA) groupsto the nude
cold exposure tolerance test before and after 16 daysin the Arctic.

Comparing the MR to the mean body temperature (Figure 14) revealed a similar metabolic response in
the NPA group as observed by Hammel in his early experiments with control subjects (Figure 3) whereas the
response of the PA group was more reflective of the Kalahari Bushman in that metabolism showed little
increase (an insulative adaptation!). After 16 daysin the Arctic, no differencesin the MR vs Tb relationship
were seen in the PA group, but it appeared that the NPA group had atered its response with a smaller
increase in MR with a drop in Th suggesting that the NPA group was developing more of an insulative
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adaptation rather than a metabolic adaptation. Prior to departing for the Arctic, there were no differencesin
the response of the extremities to cold-water immersion (cold-induced vasodilatation response — CIVD)
whereas after 16 days in the Arctic, a significantly improved adaptation of the extremities had developed in
all of the subjects resulting in warmer extremities (Figure 15).
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Figure 14. Change in the metabolic rate (MR) as a function of mean body temperature. A significant

difference existed between the NPA and PA groups prior to the Arctic sojourn (NEC 1) and after 16 days
in the Arctic (NEC 2).
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Figure 15. Changes in the Cold Induced Vasodilation response before and after 16 days in the Arctic.
Min Temp is the lowest temperature to which the fingers dropped, and Aver Temp is the average
temperature over the period of immersion of the finger in ice water.
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Cold diuresis is a well-known condition in humans exposed to cold and this was evident in our NPA
group during the night with significantly increased urine output (Figure 16). Cold diuresis also interferes
with sleep as subjects find themselves getting out of their sleeping bags to urinate, thus increasing their cold
exposure during the night. However, we were surprised to find that the PA subjects showed no cold-induced
diuresis during their sojourn in the Arctic suggesting that the normal decrease in ADH found in the cold was
prevented by prior cold adaptation. The 17-OHCS response was similar to the diuresis response, with the
NPA group showing increased excretion of 17-OHCS during the night, reflective of a stress response,
whereas the PA group showed no such stress response.
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Figure 16. Cold-induced diuresisand 17-OHCS excretion in NPA and PA subjectsin the Arctic. The
values are expressed as percent change from normal.
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We also found significant differences in hormonal responses between the two groups in the Arctic
(Figures 17). Although the NPA group showed the expected increase in noradrenaline as has been observed
by others, no such increases occurred in the PA-group, a characteristic of |S-adapted animals. It is known
that |'S adaptation of animals results in no changes in noradrenaline excretion or sensitivity to noradrenaline.
Thisisin keeping with a hypothermic insulative type of adaptation.
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Figure 17 .Percent change in norepinephrine and epinephrine excretion in the NPA and PA groupsin
weeks 1 and 2 in the Arctic and during recovery in a temperate environment.
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We were only able to do polysomnography on the NPA subjects. However, insomnia did occur as a
result of the cold stress at night, mainly in the second half of the night (Figure 18). This was accompanied by
intense shivering and awakenings.
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Figure 18. Rectal temperatures and hypnograms during sleep under thermal neutral conditions and
during sleep in the tent in the Arctic.

The major sleep change was a chronic depression in paradoxical sleep, which appeared to be inversely
correlated with 17-OHCS excretion and environmental temperature (Figure 19). As the excretion of 17-

OHCS increased with a decreasing environmental temperature, the amount of PS deprivation increased.
Other stresses have been found to produce similar effects.
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Figure 19. Variation in paradoxical sleep, environmental temperature, and 17-OHCS excretion.



KN1-17

Kool Stool Conclusions

In conclusion, it appears that IS technique using cold water immersionsis (Figure 20):

« arapid technique for inducing cold adaptation

e eliminates cold diuresis and therefore allows undisturbed sl eep,

e persistsover asignificant period of time of the order of a month,

e resultsin ashift of the shivering threshold to alower body temperature,

e requires ashorter period of time to induce and is a simple technique,

e similar to the hypothermic insulative responses shown by the Aborigines and the Bushmen.

In terms of military practical value, the IS technique would appear to be the method of choice for
rapidly increasing cold tolerance in troops, such as special forces that might be airlifted at short notice into
extreme thermal climates.
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Figure 20. Summary of responses of non-adapted and cold-adapted humans and laboratory animals on
subsequent exposure to cold (adapted from LeBlanc 1978).

This paper has attempted to review some of the classical studies of how different human populations
have adapted to the cold with a minimum of resources and how one could induce an adaptation similar to
these groups in a relatively short period of time. The rest of this Symposium will address the current
advances in protecting man from cold and hot environments through technology, but technology does break
down, and perhaps a combined approach of protection and rapid adaptation will prove more beneficial rather
than solely relying upon technology
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Recent Advancesin
Protective Clothing Technology

Wendell Uglene
Mustang Survival Corporation
3810 Jacombs Road
Richmond, British Columbia
V6V 1Y 6 Canada

SUMMARY

Severa recent advances in protective clothing technology are presented. The advances are related to
floatation, thermal protection, anti-gravity protection, and the integration of protective clothing and
equipment, which are specific areas of technical expertise for Mustang Survival Corporation.

INTRODUCTION

Mustang Survival [1] isaprivately owned Canadian corporation founded in 1967 by Irving Davies. Mustang
Survival's early success was related to the design and manufacture of flotation and hypothermia protective
clothing. Over the last decade, the corporation has expanded into the areas of active cooling, anti-gravity
protection, and the integration of protective clothing and equipment.

Mustang Survival is rather unique in the clothing industry, in that, it has research and development (R&D)
capabilities. In addition to assisting the corporation’ industrial, recreational, and military product lines, R&D
is contracted externally. This paper details some of the more recent advances in clothing technology made by
Mustang Survival and provides their relative pros and cons.

TECHNOLOGIES
Flotation
Life Preserver/Survival Vest (LP/SV)

The Life Preserver / Survival Vest (Mustang MSV 971 LP/SV series) has been in use with the Canadian
Forces (CF) since the early 1990’'s. There are several variants of LP/SV configuration in use with NATO
aircrew. Ingeneral, the LPisan inflatable device that provides 35 to 37 Ibs (156 — 166 N) of buoyancy. The
bladder is shaped like a conventional “horse-collar” design. The SV has many different pocket
configurations.

Generaly, the LP/SV is capable of consistently self-righting most aircrew unless it is worn in conjunction
with immersion suits and/or anti-G garments, which trap large amounts of air or are inherently buoyant. Self-
righting is the ability of a flotation device to turn an unconscious, immersed subject from a face down to a
face up orientation. This potential safety concern exists with most aircrew immersion suit and LP/SV
combinations. Recent advances we have made in flotation technology have attempted to address this
particular performance issue.

Paper presented at the RTO HFM Symposium on “ Blowing Hot and Cold: Protecting Against Climatic Extremes” ,
held in Dresden, Germany, 8-10 October 2001, and published in RTO-MP-076.
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NASA Life Preserver Unit (LPU)

In 1994, Mustang Survival developed the LPU used by NASA Space Shuttle Crewmembers (Figure 1). The
LPU has been in-service with NASA since 1995. The shape of the current inflated LPU bladder is rather
unconventional. It provides 129 |bs (576 N) of buoyancy, an unusually high amount.

The ability to self-right the crewmember was a key performance regquirement of the NASA LPU design. The
crewmember’ s inflated anti-G trouser can cause them to float horizontally on the surface of the water. This
position can be very stable, whether on one' s side, face up or face down. This makes inducing a moment of
rotation around the lengthwise axis of the body, very difficult. It was also observed that the dangling
backpack, which contains the crewmember’ s survival water ration, either aids or hinders self-righting. With
the anti-G trouser deflated, self-righting is achieved. With the trouser deflated, the crewmembers' legs drop
in the water and they no longer float in a stable horizontal position. The large volume of the front lobes, the
overall shape of the inflated bladder, and method of anchoring to the body are keys to achieving sdlf-righting.

The Shuttle crewmember’s helmet has an anti-suffocation valve located near its base, which must remain
above water. The current LPU has such a large inflated volume, in order to provide the unusually high
amount of freeboard (defined as the distance between the water surface and lowest breathing cavity) required
by Shuttle crewmembers. The LPU provides the wearer with improved field of vision, which seems to
impart afeeling of being in greater control (Figure 2).

With such a large volume LPU, the crewmember’s in-water mobility and ability to board a their single-
person life raft becomes more difficult. Small stature crewmembers found boarding the raft in calm water
with the inflated LPU to be either impossible or very difficult. In most cases, deflation of the LPU aided
boarding. It was observed that the bladder bulk beneath and behind the crewmember’s arms hindered the
range of arm motion necessary to pull the nose of the partialy inflated life raft underneath their posterior.

Figure 1 — Side view of current NASA LPU Figure 2 — Front view of current NASA LPU

NASA Enhanced Life Preserver Unit (ELPU)

In 2001, Mustang Survival developed a prototype Enhanced Life Preserver Unit (ELPU) for NASA. The
new ELPU design addressed the in-water mobility deficiency noted with the current in-service LPU when
worn by small crewmembers.
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Ultimately, the original LPU was re-shaped to improve mobility (Figure 3). This advance did not come easy!
Numerous iterations of design and water testing were conducted. Initially we reduced the bulk of the bladder
by a considerable amount, in order to try and improve arm mobility. But when we reduced bladder bulk
beneath the arms, we lost critical freeboard and self-righting became less consistent. As we recovered
flotation performance by increasing buoyancy in severa key areas, we restricted mobility again! During
testing with various subjects, each with their own custom-fit parachute harness, we noted performance
differences attributable to variability of the LPU-to-body anchoring points.

A multitude of different bladder shapes was tested. The final solution involved “scalloping” or carving out
regions of the bladder directly beneath and behind the wearer’s arms (Figure 4). The ELPU design is about
to undergo extensive evaluation and hence is not presently in-service with Shuttle crewmembers.

Figure 3 — Front view of prototype NASA ELPU Figure 4 — Side view of prototype NASA ELPU

Advanced Life Preservers

The basic shape of the in-service NASA LPU design spawned several variants of inflatable LPUs that are
now commercially available. Each LPU has subtle differences that make it perform with particular
immersion suits. These variants are now worn by helicopter passengers transiting to and from oil/gas
platforms offshore of Canada and the United States. The Canadian Forces have also investigated the
performance of this helicopter LPU with several constant-wear aircrew anti-exposure coveralls.

Beware. The performance of any type of flotation device is very dependent on the immersion suit it isworn
in conjunction with. Self-righting is not necessarily achieved with any subject, in any water condition and
any form of immersion suit with such an LPU design. Secure anchoring of LPU to body and/or suit is one of
the keysto achieving self-righting performance.
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Figure 5 — Thermal manikin evaluation of MAC200 and advanced life preserver

The physical interactions between the human, suit, flotation device and environment are complex and even
with the present body of knowledge in this subject area, it is extremely difficult, if not impossible, to
understand these interactions via dynamic hydrostatic computer modeling. Mustang Survival is continually
exploring many advanced life preserver concepts aimed at providing high freeboard, stability, ample field of
vision, and self-righting with immersion suits. There are likely potential benefits in terms of hypothermia
protection that may be achieved by removing the torso from the water (Figure 5). This really should be
investigated further.

Wind Blast - Life Preserver / Qurvival Vest

Mustang recently improved its LP/SV that is in use with the Canadian Forces. The advance addressed a
deficiency noted during gjection testing at 600 knots. At this speed, items of survival equipment were at risk
of being lost from the vest pockets. The LP bladder and cover were at risk of being stripped from their
attachment points on the SV carrier. Displacement of the beaded LP inflation lanyard may also inadvertently
inflate the LP.

Flaps and closure methods on the SV pockets were re-designed to prevent their loss of contents upon
gjection. A protective cup and snap system was designed to stop the flow of forced air from entering the LP
securing strap points at the base of the LP cover. An elasticized cover was added to protect the automatic
inflation lanyard. The design changes to the LP/SV have been verified in actual gjection testing. The LP/SV
is capable of integrating with an air-cooling vest and ballistic panel inserts meeting N1J Level I11.

Damage Tolerant Inflatable Personal Flotation Device

Another recent advance in personal flotation is our Damage Tolerant Inflatable PFD [2]. Due to multiple
self-shifting bladders, this PFD can sustain limited puncture damage from snags, bullets and shrapnel yet
remain inflated. Comprehensive ballistic testing of the PFD and its compressed gas inflation system is
currently being conducted in conjunction with Pacific Body Armor of Kelowna, British Columbia, Canada
and several other agencies.

Re-breather Hood

Two key factorsin one's ability to egress from a water-ditched aircraft or submerged vessel are the ability to
breathe and see [3]. In an attempt to address these, we designed a waterproof hood [4] that could be donned
by simply pulling it overtop of one's head while in air. The hood is watertight and seals around the wearer’s



KN2-5

neck. Air trapped within voids inside the hood is re-breathed for alimited duration. The hood has a flexible,
transparent visor that assists vision by allowing the wearer to open their eyes and focus underwater.

Testing was conducted to determine gas exchange through the gas permeable hood while wearing the hood in
air and to determine average underwater breathing times. The prototype hood is sitting on the shelf, awaiting
some form of user interest.

Stretcher Evacuation

A system similar to the re-breather hood was designed for protecting the whole body. The prototype system
was intended for evacuating stretcher-bound medevac patients from inside a water-ditched or submerged
vessel. The system encloses the entire stretcher in a waterproof sack thus providing both short-term
breathing and vision underwater as well as thermal protection and flotation at the water surface. Severa
waterproof zippers were provided for accessing the patient.

The waterproof sack had exhaust valves and the stretcher was equipped with three inflatable bladders. This
combination allowed stretcher egress assistant(s) to vent air from the sack for the low buoyancy needed for
underwater egress and to establish high buoyancy which brings them to the water surface in a stable floating
position. The prototype system was also capable of self-righting. Once at the surface, the visor region could
be unzipped to open the system for long-term breathing and patient access. In 1994, underwater egress of a
stretcher-bound subject was demonstrated at Survival Systems Limited by the CORD Group of Dartmouth,
Nova Scotia, Canada. The prototype has not received any interest since.

Thermal Protection

Mustang Survival has been experimenting with various approaches to providing thermal protection during
immersion in cold water, particularly for users who need constant wear protection yet may be working hard
and/or exposed to hot environments.

For the designer, providing protection against both environmental extremes with passive insulation is a
daunting challenge, wrought with compromise. Typically, a minimum insulation level of 0.75 immersed clo
is required for aircrew. This results in clothing with insulation of between 1.6 to 2.0 clo in still air. Thisis
essentially backwards to the ideal, in which, insulation levels in water exceed those during normal wear in
air.

If oneis to view the ratio between a garment’s immersed insulation (Iimy) and insulation in still air (15,), a
potentially meaningful index related to overall thermal protection is formed (i.e. i = linm / lar). For a nude
subject in till air, thermal insulation is about 0.8 clo [5]. Nude in still water, thermal insulation can drop as
low as 0.06 immersed clo [6]. This example would equate to an index of only 0.08 (i.e. 0.06 / 0.8), which
would be indicative of poor overall thermal protection. Typical aircrew immersion suits provide about 2.0
cloin dtill air and 0.75 immersed clo, which gives a dlightly higher index in the order of 0.38. If we could
provide a minimum of 0.75 immersed clo and the same level of insulation in still air, the index would near
1.0. Theideal, which would occur when immersed insulation exceeds insulation in air, would have an index
greater than 1.0. We have along way to go if we want to achieve such an ideal ratio of thermal insulation!

Immersion Suits

One of our immersion suit designs has attempted to address the compromise that must be made to achieve
such insulation levels. We've attempted to minimize thermal insulation during normal wear by making
waterproof vapour permeable suit that is more tolerant in terms of losing thermal insulation should highly
probable suit leakage occur during immersion. Most in-service dry suits are known to be prone to leakage.
On average, they lose forty percent of their insulation with one litre of leakage [7].
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The design decision was made to allow small amounts of |eakage via cuffs at the neck and wrists. Accepting
leakage allowed us to design adjustable cuffs that could be worn loosely open yet tighten when required.
Since the cuffs are less constrictive than typical latex cuffs, they are more comfortable and their openness
allowsfor dissipation of air, saturated with perspiration, from inside the suit.

An unconventional zipper configuration was chosen as an alternate way to provide both donning/doffing and
the ability to relief oneself via a single waterproof zipper. There is an aircrew (MAC200) and a marine
variant (MSD900) of the suit available. Both suits are currently seeing extensive evaluation by numerous
government agencies. On the aircrew version, the zipper forms a helix around the torso [8]. To-date the
basic suit design has met with both user acceptance and didlike. In particular, the zipper and cuff
configuration have met resistance with certain users, more “user-friendly” zipper designs have been
developed.

In terms of immersion protection, thermal manikin testing indicates that this suit design can achieve 0.91
immersed clo in stirred water and 1.63 clo in air. This equates to an immersion protective index of 0.56 (i.e.
0.91/1.63).

Atmospheric Self-Inflating Immersion Suit

A higher level of insulation in the order of 1.0+ immersed clo is typically achieved by neoprene foam
immersion suits and life rafts. Both approaches occupy a large storage volume and are not generally
considered as portable or wearable.

In 1993, Mustang Survival developed a low volume, high insulation immersion suit [9]. We created a 1.0
immersed clo immersion suit that uses a compressible insulating medium packaged in waterproof bladders.
Use of a compressible medium, allows one to significantly reduce suit volume via vacuum packaging. The
prototype suit is configured into a wearable “fanny” package with a total volume and weight of 5.5 litres and
2.4 kg, respectively. Since the insulation is resilient it forces the suit to self-inflate automatically upon
opening of the vacuum package, in a manner similar to military self-inflating sleeping mattresses. The suitis
multi-segmented to minimize water absorption in case of damage. Although, the suit has not seen
operational use, an inflatable mitt and hood based on this concept have.

Thermal Undergarments

Thermal undergarments or dry suit liners have also seen recent advancements. One variant is that of water
vapour permeable foam [10,11,12]. Its advantage over traditiona fibrous battings and fleece is that it is
inherent buoyant, non-absorbing, and resists hydrostatic compression. This does result in a somewhat
heavier and stiffer undergarment though.

We also developed an incompressible diver’s undergarment that resists hydrostatic compression experienced
in diving operatons. It uses a fibrous batting that is pre-compressed during undergarment manufacture, to
reduce any subsequent loss of thickness due to hydrostatic compression it sees in use. The undergarment
includes a layer of waterproof, vapour permeable fabric to prevent externa suit leakage and condensed
perspiration from penetrating the insulating fibers. Both these features help it retain its in-water insulation.

Undergarments, which are inflatable upon immersion, have also been investigated. While variable insulation
undergarments may offer dight improvement to thermal comfort and protection, it will improve to the degree
ultimately required. Passive forms of insulation will only take us so far towards our thermal protection goal.
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Active Heating

In 1995, Mustang integrated fabric laminates containing anhydrous magnesium chloride into anti-exposure
coveralls (MS-195), as ameans of actively heating water that is trapped inside the garment during immersion
in cold water. Upon immersion, water-activated valves opened alow liquid water a pathway to the inside of
the fabric laminate. The liquid water was prevented from making direct contact with the thermo-chemical by
the presence of a series of waterproof, water vapour permeable membranes. These membranes allowed
water vapour to diffuse into the thermo-chemical and deliquese at a controlled rate. This approach prevented
dangerous over-heating due to thermal runaway and retained chemical reactants and products to prevent
contact with skin or eyes. The entire laminate was sealed in polyurethane-coated nylon, to prevent both
liquid water and its vapour from sources such as high humidity, sweating, condensation, spray, and rain etc.,
from activating the thermo-chemical.

Testing on a therma manikin demonstrated an increase in the suit’'s immersed thermal insulation due to
active heating, whereas, limited testing on humans showed an insignificant thermal benefit. It was
determined that heating the water trapped within this particular garment microenvironment reduced shivering
intensity and hence the amount of metabolic heat production. We have not investigated thermo-chemical
heating since.

Enhanced Personal Cooling

At present, if we provide the level of immersed insulation needed, active cooling is required during constant
wear. Mustang Survival recently developed a prototype Enhanced Persona Cooling Garment (EC) which
uses a different approach than existing AC or LC [13,14]. The garment contains a thin layer of water and is
worn next to the skin. Evaporation of water from the bladder extracts heat from the skin and underclothing.

When worn beneath air-cooling vests, cooling is enhanced as airflow increases the rate of evaporation hence
the rate of cooling. EC aso has a passive cooling potential without airflow. Human testing of the enhanced
personal cooling garment is discussed in Paper #17.

Integration
Smart Aircrew Integrated Life Support System (SAILSS)

The F-22 air-cooling vest (Figure 6) made by Mustang Survival is currently being investigated as a platform
for SAILSS physiological sensors. The intent is to first integrate Mustang Survival’s Enhanced Personal
Cooling Garment technology with current air-cooling vests in conjunction with Titan System's Semcor
Division. Conceptua approaches to integrating cooling, SAILSS and the Navy Combat Edge CSU-21/P
counter pressure vest are also being considered at the present time.

Tactile Stuation Awareness System (TSAS)

The F-22 air-cooling vest is also being used as the platform for attaching Tactile Situation Awareness System
(TSAS) tactile sensors (“tactors’). Tactors present information on orientation to pilots and aircrew viatactile
Sensory receptors [15].

The F-22 air-cooling vest was found to apply pressure, which increased tactor-body contact. Generaly, the
United States Naval Aerospace Medical Research Laboratory (NAMRL) found tactor-body contact to be
troublesome throughout their evaluation programs. To address this deficiency, Mustang Survival was tasked
by NAMRL to develop a prototype garment that provided a platform for the tactor array, air-cooling over the
torso, and applied both low and high pressure against the tactors. Concave-shaped regions of the body, such
as the lower back, spine and sternum, required three discrete high-pressure bladders to improve tactor-body
contact.
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Figure 6 — F-22 air-cooling vest (M SF843)

Anti-Gravity Protection

ATAGS - Magnetic Resonance I maging

During development of the Advanced Tactica Anti-Gravity Suit (ATAGS), Mustang Survival applied
magnetic resonance imaging (MRI) techniques to assess differences in the expansion envelope of inflated
anti-G trouser bladders [16]. By wetting the trouser materials with water, the technique was able to image
the garment and underlying tissues and bones. MRI proved to be a very effective tool for evaluating various
design approaches that would limit ATAGS bladder expansion in regions previously causing cockpit
interference.
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1 Introduction

Against the background of the increasingly less clearly calculable and thus still present NBC threat, NBC
protection is of highest priority in al modern armies today. Therefore, individual NBC protection, including
the ability to carry out actions under NBC conditions, is very important. Especially, the direct protection of
the soldier against the effects of applied NBC and incendiary weapons on his sensitive organism calls for the
consequent consideration of these aspects even under the mission conditions to be expected in the future.

As individual NBC protection does not only represent the sum of the parts of the personal NBC protection
equipment of the soldier individual NBC protection must be regarded as a whole taking the present and
future requirements into consideration, and must correspond to the potential danger.

As the NBC protection function can not be fulfilled by any other kind of soldier’s equipment the clothing
physiology of the personal NBC protection equipment (including breathing and body protection) should be
so that the wearer does not consider it to be a hindering ,,foreign body* that disturbs his actions.

Reliable breathing protection is absolutely necessary for the survival and function of the Soldier System as
the incorporation of toxins viathe respiratory tract is very dangerous for the human organism.

As chemica warfare agents can enter the human body not only via the respiratory tract but also via the skin
the complete body must be protected against the influence of warfare agents. Therefore, it must be noted that
the soldier can absorb a lethal dose of chemical warfare agents to be expected in a combat within only two
minutes via the unprotected skin of the head and hands alone.

In addition to fulfilling the protection requirements, an important function of a permeable NBC protective
suit is to regulate the heat and moisture exchange of the wearer with the environment so that it does not lead
to overheating (hyperthermia) or undercooling (hypothermia). On principle, operating situations can always
be problematic when a high energy consumption must be compensated for with intense heat production, for
example when wearing NBC protective clothing in hot and moist (sub-tropical) climatic zone. In such cases
there is the danger that the thermal balance (heat formation in organism = heat emission to the surroundings)
will be interfered with and at times resulting in extreme over-heating (heat stress).

Paper presented at the RTO HFM Symposium on “ Blowing Hot and Cold: Protecting Against Climatic Extremes” ,
held in Dresden, Germany, 8-10 October 2001, and published in RTO-MP-076.
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The stress resulting from the environmental situation comes in addition to the stress stemming from the
wearing of the personal NBC protective equipment (NBC protective clothing, NBC respirator with filter
canister, NBC overboots and NBC protective gloves), the enormous physical strain of the mission and
additionally the weight of the equipment that the soldier must carry.

The task of equipping NBC protective clothing with good clothing physiological wearer characteristics has
only been inadequately carried out up to now. That this point just as important is as the actual protective
characteristics of the clothing is demonstrated by the experiences and discoveries during the Gulf War.
Additionally, the increase in the requirement of the UN and NATO peace missions and the formation of
crisis reaction troops has led to afurther development in NBC protective clothing.

NBC protective clothing, which is lightweight and keeps the physiological stress of the wearer to the
minimum, is being increasingly required. To keep the stress which results from wearing NBC protective
clothing to a minimum, NBC protective clothing must be optimally designed regarding the clothing
physiological aspect.

2 Structure and Functional Mechanism of an NBC Protective Clothing System

An NBC protective clothing system mainly consists of a multi-layer textile air-permeable surface compound
with a shell fabric and afilter laminate each of which has a special function [Figure 1].

Figure 1. Structure of an air-permeable NBC protective clothing system

The strong barrier effect of the shell fabric (outer layer) prevents the penetration of radioactive particles or
pathogenes passing through the textile surface compound. In addition, the oil and water repellent
impregnation of the shell fabric prevents the absorption of liquid chemical warfare agents. The flame-
retardant quality of the shell fabric as well as the therma absorption capacity of the activated carbon,
especially when being distributed homgeneously on the surface (thisis e.g. very well developed in activated
carbon fabric), provides protection against thermal effects. Specific requirements of missions at sea, e.g.
resistance to water penetration, can be met by the integration of suitable permeable or semi-permeable
membranes in the textile surface compound.
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The filter laminate (inner layer with integrated activated carbon adsorber component) consists of a multi-
layer compound structure in which an adsorber material (either activated carbon impregnated PU-foams,
activated carbon spheres,, textile activated carbon adsorber, etc.) is embedded thus protecting the wearer of
the suit against aerosol and gaseous chemical warfare agents by adsorption by the specific active surface.

Figure 2: REM photographs of activated carbon adsorber materias:

Top left: Activated carbon impregnated PU foam (open cell)
Top right: Activated carbon impregnated PU foam (compressed)
Below left: Activated carbon spheres (covered by PU net)

Below right:  Activated carbon fabric (covered by PU net)
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The extremely high requirements of such an NBC protective clothing system are summarised in table 1.

Table 1. Requirements of an air-permeable NBC protective clothing system

. Clothing physiological wearer comfort
- lightweight
- optimal heat and moisture transport capability
- controlled air-permeabl e textile layers

- convenient design for good freedom of movement
- noskinirritations

. Protection against convective and/or radiation heat aswell as
direct influence of incendiary weapons (Napalm, etc.)

- flame-retardant properties
- strong thermal absorption properties of the activated carbon component

. Protection against mechanical influences

- high durability (tensile and tear resistance)
. Resistance against POL's
- oil-repellent properties
. Protection against specific chemical warfare agents

- multi-layer system structure with integrated activated carbon layer

. Protection against contact with radioactive fallout or biological warfare agents

- multi-layer system structure and respective material thickness

. Infrared reflectance
- IR remission of the shell fabric

. Easy care

- washing at minimum 40 °C
- dirt-repellent properties

. Reuseability
- decontaminability
. Compatibility
- with the other equipment components of the soldier

. Easy and reliable handling

- aso under stress
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3 Clothing Physiological Wearer Comfort of NBC Protective Clothing

Situations in missions can aways
be problematic for the wearer of
NBC protective clothing when his
body is stressed and thus a high
energy converson (metabolic
rate) has to be balanced by
intensive heat production. This
happens especialy to wearers of
NBC protective clothing in hot or
muggy (sub-tropica) climatic
zones. In these cases there is a
danger of a disturbance of the
thermophysiological balance (heat
production in the organism = hest
emission to the environment) and
creation of a state of temporary
extreme over-heating of the body
(heat stress).

In addition to the stress resulting
from the climatic conditions of the
environment, there are other kinds
of stress caused by the wearing of
personal NBC protective
equipment  (NBC  protective
clothing, NBC protective mask
with filter, NBC overboots and
NBC protective gloves), the
enormous physical stress arising
from the action itsdf, and the
weight of the other equipment the
soldier has to carry. To keep the
stress resulting from wearing the
NBC protective clothing as low as
possible the NBC protective
clothing must ensure optimal
clothing-physiological wearer
comfort. For this reason, there is
an increased demand for light
NBC protective clothing systems
which are less dressng with
regard to clothing physiology.

In a criticd evauation, these
principa requirements can not be
fulfiled by an "NBC overgar-
ment”, i.e. an NBC protective
clothing which is to be worn over
the combat suit [Figure2 and 3].
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Figure2:  Wearer-physiological application area of a combat suit
(yellow areq)
(Source: Hohenstein Research Ingtitute)
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31 Aspects, Components and Specific Parameter s of the Wearer Comfort
The clothing-physiological wearer comfort mainly results from the following three factors:

» Thermophysiological wearer comfort
* Skin-sensoric wearer comfort
« Ergonomic wearer comfort

Clothing fulfills its wearing function and can be called "comfortable" [ Table 2] if it has an optimal heat and
moisture transport capability and a buffer effect, prevents unconvenient sensations when coming into contact
with the skin, and does not hinder the freedom of movement of the wearer.

Table 2: Aspects, components and specific parameters of the wearer comfort

Aspect Components Specific parameters
Thermophysiological Ensuring an even heat balance Water-vapour resistance
wearer comfort Avoiding the sensations "too hot" Heat insulation
or "too cold" Moisture transfer index
Air permeability

M oisture compensation index
Water-vapour absorption capacity
M oisture compensation index
Sweat transport

Drying time

Capillary transport

Skin-sensoric wearer comfort Avoiding unconvenient sensations | Adhesion index, surface index and
when coming into contact with the | moistening index

skin (no irritations such as Number of contact points between
scratching, itching, adhering to textile material and skin
sweaty skin) Stiffness
Ergonomic wearer comfort Avoiding unconvenient heaviness | Fit
and uncomfortableness Weight

Ensuring freedom of movement
Optimal fit to the body
Design

4 Test Objectives

In the test carried out at Hohenstein Research Institute, two NBC protective clothing sets (Clothing system 1
and 2) [Tables 3 and 4] were tested for their usability in hot climatic zones with regard to clothing
physiology [9]. The test objectives were:

» Measuring the thermal and water-vapour resistance of the individual textile layers of the clothing
systems using the thermoregulatory model of the human skin (skin model)

» Measuring the thermal resistance (heat insulation) and determination of the water-vapour resistance
of the complete clothing systems using the thermoregulatory model of the human being
(thermal manikin "Charlie")

» Determination of the application area of the clothing systems under defined climatic conditions
with the help of clothing-physiological predictive calculations



Table 3: Test samples
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Description

Clothing system 1

Clothing system 2

Material structure:

Two-layer material structure
(shell fabric + filter laminate
containing activated carbon)

Two-layer material structure
(shell fabric + filter laminate
containing activated carbon)

Activated carbon component:

Activated carbon fabric

Activated carbon spheres

Tailoring:

Two-piece (jacket with integrated

hood and trousers)

Two-piece (jacket with
integrated hood and trousers)

DB3 method and vapour test
acc. to TK-BA 34-8415-048

>6 hours

>6 hours

Table 4. M echani cal-technological parameters of the test sampl es*

Par ameter Clothing system 1 | Clothing system 2 | Test according to
Surface weight (g/m?) 467 558 DIN EN 12 127
Air permeability (mm/s) 127 63.2 DIN EN ISO 9237

* Tested on the shell fabric in combination with the filter laminate

4.1 Quantitative M easurement of the Wearer Comfort

The measuring methods described in detail hereafter [Table 5] were applied for the quantitative
determination of the biophysiological parameters of the clothing systems.

Table5: Applied measuring methods

M easuring method Description

M easuring equipment

Stationary measuring method
of the human skin

Thermoregulatory model

Skin mode

Dynamic measuring method

Thermoregulatory model of man

Thermal manikin "Charlie" of
Hohenstein Research Institute

411 Thermoregulatory Model of the Human Skin (Skin Model)

The biophysical parameters, i.e. thermal resistance
(Ry) and water-vapour resistance (Rg) of the
individual textile layers of the clothing systems
[Table 6] and underwear [Table 7] were determined
guantitatively using the thermoregulatory model of
the human skin.

The skin model consists of a plate which is heated to
the temperature of the human skin. The plate is
supplied with water which can evaporate through a
large number of pores like the human skin. The skin
model is placed in a climate box which can be
adjusted to different environmental conditions (such
as temperature, humidity and wind speed). This
measuring method is established in national and
international standards|[6].

Skin Moddl, Inside View
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Table 6: Biophysical parameters of the test samples

Parameter Measuring unit Clothing system 1 Clothing system 2
Water-vapour resistance (Re) m2Pal/\W 6.21 10.53
Thermal resistance (Re)) x 10 mPK/W 131 232

Table 7: Biophysical parameters of the underwear

Parameter M easuring unit Pants (short) T-shirt (short Sleeve)
Water-vapour resistance (Re) m2Pal/\W 3.35 3.78
Thermal resistance (R.)) x 10 mPK/W 13.0 13.3

412 Thermoregulatory Modd of Man (Thermal Manikin " Charlie")

A whole-body thermo-dummy was used to evauate the tota effect of the clothing systems including the
interaction between underwear [Table 6] and outerwear under conditions which are as close to redity as

possible [ Table 7].

The life-size manikin "Charlie" (Hohenstein Research Ingtitute) has a human shape and is a size 50 (medium
size), it has mechanically movable arms and legs, and represents a thermoregulatory model of man. It can be
provided with the body and skin temperature of man by electrical heating lines in the inside of the manikin's
body. In addition, the quantity of heat leaving the body of the manikin and passing through the clothing can
be adjusted. This makes it possible to quantitatively determine the heat insulating effect of the clothing
systems possible in a certain environmental climate. This climate is adjusted in the climate box in which the

manikin is placed.

Figure 5: Figure 6:

Therma manikin "Charlie" Thermal manikin "Charlie"
wearing underwear wearing clothing system 1

Figure 7:
Therma manikin "Charlie"
wearing clothing system 2
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The following combinations (underwear, protective equipment components) of the clothing systems 1 and 2
were tested on thermal manikin "Charlie" [Figure 5]:

Underwear: Pants (short), made of 100 % CO
T-shirt (short sleeve), made of 100 % CO

NBC protective equipment: NBC protective mask with NBC filter
Cotton under-gloves
Impermeable NBC protective gloves
Socks made of 80 % CO/ 20 % PA
Field boots
Impermeable NBC overboots

Table 8: Chosen climate conditions

Parameter Value
Temperature: +40°C
Humidity: 30%r. h.
Wind speed: 1m/s

A metabolic rate of M = 280 W was chosen for the tests. This is equal to a typical average activity while
wearing NBC protective equipment.

4.2 Results
Together with the Skin Model test [Table 6 and 7] and predictive calculations, the wearer-physiological

application area and the time-pattern of rectale temperatur of the clothing systems 1 and 2 at defined climatic
conditions [ Table 8] and work intensities (M = 280 W), was determined.
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5. Discussion

Whereas both of the tested NBC protective suits are able to protect against specific chemical warfare agents
for at least 6 hours they are considerably different with regard to clothing physiology. Under the chosen
climatic conditions of +40 °C and 30 % r. h. and taking an activity level, i.e. ametabolic rate of M = 280 W
into account, it is only possible to carry out missions under full NBC protection for amost 2 hours (124
minutes) wearing clothing system 2 until the physiological performance limit is reached and the wearer is
endangered by collapse. Only clothing system 1 can be worn in missions of more than 6 hours without
putting a critical physiological burden on its wearer.

Thetests prove that it isimportant for the intended application purpose that

» the textile layers of the NBC protective clothing (shell fabric in combination with the filter laminate)
have thermal and water-vapour resistance which are as low as possible

* the textile layers of the NBC protective clothing (shell fabric in combination with the filter laminate)
have a high air permeability as much as possible.

Due to the tightly closed openings of the clothing, there is practically no ventilation inside an NBC
protective clothing, i.e. there is no air exchange between the mirco-climate inside the suit and the
environment outside via the openings of the clothing. Respective tests [5] have shown that the thermal
resistance is reduced by up to 38 % due to a certain "blow-through effect”. Thisis physiologically favourable
in hot climates. However, effective air-permeable NBC protective clothing must always ensure an optimal
ratio between the "blow-through effect” and the necessary protection performance against CWA, especially
in vapour form. Therefore, this optimal solution can only be achieved by the integration of a homogenous
adsorber material depending on the function of the total system and its individual components.
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Especialy in hot cimate zones, the comfort of the wearer can be considerably reduced while his body core
temperature and pulse frequency are considerably increased. As an NBC overgarment is usually worn over
the combat suit during a mission, the combination of clothing generated can be compared to awinter uniform
with regard to clothing physiology, and does not at all meet the mission requirements of tropical regions.
Tests carried out in hot climate zones show that wearing such combinations of clothing leads to heat stress
within the shortest time so that the personnel is no longer able to fulfill their military missions. Even
relatively short actions under full NBC protection can not be carried out.

The high requirements of reliable NBC body protection can only be realised by a new quality of combat
clothing which must optimally combine the advantages of a combat suit with those of NBC protective
clothing. The Safeguardd] 3002-Al individual NBCF protection concept meets these technological
reguirements.

The combat suit with integrated NBC and F protection is worn directly over the underwear in place of the
normal combat suit and at the same time replaces the personal NBC protective clothing (when worn together
with the NBC protective mask, protective gloves and overboots). It prevents the wearer from direct skin
contact with radioactive fallout, and biological and chemical warfare agents. Furthermore, it protects the
wearer against thermal effects in the case of nuclear weapon detonations, incendiary weapons or fire (F
protection).

Especially the experiences gained in recent missions of crisis reaction forces and the UN troops prove that
surprise attacks such as hostile ambushes without prior warning e.g. with Napalm or self-made incendiary
weapons such as "Molotov coktails' make immediate protection against thermal effects absolutely necessary.

Summary

Individual NBC protection can only be accomplished completely and effectively if al influencing parameters
are considered separately and in the necessary extent from the beginning. Uncritical treatment of individual
aspects and correlations as well as inadmissible simplifications will have fatal consequences.

The duration of actions under full NBC protection depends on the structure of the NBC protective clothing to
a large extent. However, it will definitely be limited by the actual environmental influences. In the end, the
soldier himself, his actions and decisions are the key to success even when being optimally provided with
personal equipment, well trained and able to bear physical and psychological stress.

Together with an NBC protective mask, protective gloves and overboots, a combat suit with integrated NBC
protection represents a complete set of NBC protection equipment which can be worn for quite along period
of time without considerable physical stress even under NBC conditions due to its air and water-vapour
permeability. Due to its immediate availability it provides the soldier with permanent individua body
protection so that the duration of actions under full NBC protection is no longer limited by the protection
equipment itself and its negative effect on the fitness of the personnel for combat is considerably reduced.
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New Textile Conceptsfor Usein Control of Body Environments

Roy W. Buckley
R & D Department
John Heathcoat & Co. Ltd.
Westexe
Tiverton, Devon EX16 5L L
United Kingdom

Summary

Double layer, or three dimensional, textile constructions have been manufactured for some years by
Heathcoat in the form of spacer fabrics based on a warp knitted construction and also woven double layer
products used in the civil engineering industry. The upper and lower layers of such products are
interconnected with common threads during the manufacturing process.

In this paper, | hope to convey the new functional products that are becoming available in double layer
constr uctions from the John Heathcoat textile company.

The R&D Department at Heathcoat have developed a series of novel composite fabrics based on double
layer substrates, categorised for discussion as follows:

Woven:
1. Coated — no spring support
2. Coated with spring support
Warp and Weft Knitted:
3. Spring support, no coating
4. Spring support, coated both faces.

A specific design is chosen for weaving the following Category 1 fabric so that the single and double layer
sections are formed in alternating rows. A specially controlled application of an impervious coating is
then bonded to one face, as shown in Figure 1.

If the cavities formed by the double layer sections are sealed at one end and air is blown into the open
ends, the selected porosity of the non-coated face will allow inflation which forms a series of cylindrical
cavities; air will then issue from the whole area of the porous face of the cavities. An application of this
concept has been developed with MAFF funding, and demonstrated to be very effective, for the localised
cooling of food on conveyer lines. In addition to maintaining the chilled state of the food, bacterial
challenge studies found virtually no contamination of the area from a high concentration of introduced
bacteria.

A major benefit of this system is that it allows the operative to work in ambient temper ature conditions
since there is not a need for the current practice of chilling the whole room.

Other areas of application are being pursued where localised control of temperature and bacteria
contamination are of interest.

The limiting characteristic of this category product however is that, in applications where the localised air
delivery product is likely to encounter points of external pressure to the surface or sharp bending of the
fabric, the inflated cavities will collapse at those points and restrict or prevent air-flow along them. To
overcome this, helically coiled plastic springs are inserted into the double layer cavities.

Paper presented at the RTO HFM Symposium on “ Blowing Hot and Cold: Protecting Against Climatic Extremes” ,
held in Dresden, Germany, 8-10 October 2001, and published in RTO-MP-076.
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A range of springs, made from Delrin acetyl resin, have been investigated with the help of DuPont polymers
and Figure 2 shows just afew of the profiles produced. Typical diametersare 5 to 10 mm.

The modified properties of the composite, imparted by the springs, are unique and open up new
functionalities for garments and footwear.

Category 2 consists of double layer woven fabric with an impervious coating on one face as befor e but now
with the plastic springsinserted into the cylindrical cavities.

If air is supplied, through a manifold, into the ends of the cavities it will issue from the whole of the porous
face of the composite, see Figure 3.

This concept is being developed by the Defence L ogistics Organisation in the UK, who have funding from
the MOD for optimising the design of a microclimate garment. Thiswill incorporate work by TNO in the
Netherlands, who will continue the human factor studies in their environmental chamber trias, and
composite optimisation by Heathcoat. Such a forced air system would allow natural cooling of the body
through latent heat of evaporation of sweat and Hohenstein skin model studies will also be made by DL O.

The use of coiled plastic springs, as opposed to perforated plastic tubes for instance, maintains the essential
textile characteristicsin the product of flexibility, stretch and drape whilst showing, with the springs used
so far, a crush resistance of greater than 20 tons per square meter. This means that a person can lie, sit or
stand on the product without collapse of the air-carrying cavities. Garments containing such panels are
durable to being washed in a domestic washing machine.

Figure 4 shows the first demonstrator vest trials by TNO, in conjunction with past studies done by
Defence Clothing and Textiles Agency on air-cooling gar ments, have shown that this composite structure
fabric is the way to proceed for a practical microclimate system which can be worn by the dismounted
infantryman.

Re-design of a number of features is planned. For instance the re-char geable power pack, which currently
weighs a reasonabl e 800g, could be significantly lighter in weight with the same power output if the most
modern battery systems are used. The portable system would last for eight hoursin the field before any re-
charging of the power pack at the vehicle is needed.

The air delivery manifold system from the lightweight plastic pump and filter unit will be condensed into
the gar ment probably as a spring supported fabric tube and, if necessary, replaceable silica gel sachets will
allow dry air to be supplied over the skin in conditions of high ambient humidity. No problems are
expected with air filtration situations since the rate of air exchange demanded by this system is relatively
low.

The initials trials by TNO have demonstrated the need for improvement in ease of escape of the delivered
air from the skin surface and this is expected to be achieved by cutting away sections of the coated layer
in the fabric; this would leave alternating air delivery sections and air escape sections. Such an
arrangement would also alow the microclimate garment to be worn without extra heat stressif the portable
air pump system fails. See Figure 5.

Figure 6 shows Category 3 composites that consist of open mesh warp knitted double layer fabrics without
an impervious coating but with springs inserted. This creates a very light-weight separator product with
very high crush resistance for environments where an air gap has to be maintained even when high
external pressure might be encountered. This type is under development for aesthetically acceptable
impact protection pads.

Category 4 development (see Figure 7) incorporates the Category 3 product shown on the previous dlide.
Gas impermeable membrane such as butyl rubber, is bonded to both faces and sealed round the edges
except for a one way valve. Air is withdrawn from the whole enclosed cavity layer to create a high
vacuum. Total vacuum is easily possible without the springs collapsing and since the material volume
content in the cavity is less than 5%, there is more than 95% vacuum space. With the presence of an
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aluminised outer surface for reflecting heat, the opportunity for heat penetration through the composite is
minimised.
The product offers a unique, very flexible, wrap round vacuum layer for heat and sound insulation and

has potential application in preventing heat loss or heat gain in blanket or gar ment type products.

Further concepts covered by this series of patents involve effects from rotating the springs in the fabric
cavitiesin two different modes. Textile fabric constructions are possible whereby very open surface cover
sections alternate in the double layer cylindrical cavities with more solid cover areas. If the springs are
designed to coordinate in their shape with this arrangement of the fabric, rotation of the springs in a non-
screw manner will open and close the windows in the fabric, shown in Figure 8. If the rotation of the
springs is controlled by temper ature sensors, an intelligent fabric will result which has avariable climate
and would react to prevailing climatic conditions.

An intelligent chameleon effect can also be produced using springs which have stripes of three different
colours around their circumference. Rotation of the springs in a screw fashion will present a new colour
impression to the windows with each one third revolution of the springs in the fabric.

Other novel functionalities with these constructions are in skin surface, or other surface, vacuum effect and
aso for fluid drainage from the body.

These concepts are covered by the following Heathcoat patents:
*Gas Délivery Device: EU App. No. 97308535.0
*Fabric with Helical Support:  EU App. No. 99309484.6

*Adaptive Material: EU App. No. 00301728.2
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Summary

The U.S. military has utilized thermal manikins in protective clothing research for nearly 60 years.
Prior to their development, the evaluation of textile thermal insulation was limited to one-dimensional,
guard-ring flat plates. During WW I, thermal manikins were instrumental in obtaining knowledge of
combat clothing ensemble insulation during simulated adverse environmental conditions. Additionally,
reports from the various combat theaters regarding the inadequacies of certain clothing components
prompted numerous therma manikin studies resulting in rapid improvement of many combat clothing
components before the war's end. During the immediate post-war years, thermal manikin data was used to
develop detailed tables of military cold weather clothing insulation and the corresponding climatic zones of
issue. During the 1960's, thermal manikin research began to focus on the thermal burden imposed by
protective clothing in hot environments. Research using a “sweating” therma manikin allowed for the
measurement of the maximum evaporative heat transfer obtainable by the wearer of a given clothing
ensemble. In the 1970's, thermal manikin studies in combination with human wear trials provided the
necessary parameters to develop the first reliable equations for predicting core temperature, skin temperature,
and heart rate while wearing various military clothing ensembles. From the early 1980's to the present day,
extensive research within the U.S. military using thermal manikins has resulted in a vast improvement of all
major protective clothing systems for land, sea, and air based personnel. Therma manikin data also
constitutes vital input to several predictive models assessing the amount of thermal stress soldiers will
experience during a wide range of environmental conditions and occupational settings. Today, sophisticated
thermal manikins are used worldwide in alarge number of NATO military and commercial clothing research
programs. In the U.S., both the Army and Navy are currently using thermal manikins in a wide range of
protective clothing research programs. The U.S. military will continue to rely on these unique research tools
to identify advances that will provide future warfighters with more comfortable, functional, and effective
protective clothing.

Paper presented at the RTO HFM Symposium on “ Blowing Hot and Cold: Protecting Against Climatic Extremes’,
held in Dresden, Germany, 8-10 October 2001, and published in RTO-MP-076.
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I ntroduction

The U.S. military services have utilized thermal manikins in protective clothing research for over 60
years. Prior to their development, the evaluation of textile thermal insulation was usually conducted in
commercia settings and limited to the use of simple one-dimensional, guard-ring flat plates and three-
dimensional cylinders. The development of the clo unit in 1941 by Gagge, working at the U.S. Air Force
Aeromedical Laboratory, Dayton and Burton and Bazett at the Royal Canadian Air Force Institute of
Aviation Medicine, Toronto, provided for a direct, universal measurement of the resistance of textile layers
to dry heat transfer (1). One clo unit is defined as the amount of clothing insulation required to keep a
normal sedentary man comfortable at 21° C, determined from the partitional calorimetry studies carried out
by Winslow et a., in 1936 at the John B. Pierce Laboratory in New Haven (2). One clo is equal to 0.155
m K™,

In 1940, the various military services faced a critical logistical problem in relation to the available
stockpile of protective clothing. Most magjor clothing ensembles had been developed for use during World
War |, were composed from natural fiber materials, and were poorly coordinated in terms of providing
protection for specific environmental conditions. For cold weather protection alone, there were eleven
different uniforms listed with confusing recommendations for use of the 1464 total available components.

World War I1-Thermal Manikins Develop as a Result of Global Conflict in Climatic Extremes

As entry into World War |1 appeared certain, U.S. military planners began to reevaluate much of the
outdated and inadequate combat clothing still in the Army Quartermaster supply system. A decision was
made to reduce the number of clothing items in the supply system and reconfigure major uniform systems to
provide better protection within defined climatic ranges. To accomplish this, there was a need to quantify
the thermal insulation of the standard-issue as well as prototype uniforms made from new materials, designs,
and fabrication technigues when draped over a human shaped model.

The earliest U.S. military use of a heated manikin was in 1942 by Belding, who had been working
under government contract at the Harvard Fatigue Laboratory, Cambridge, determining the comfort-
temperature range of sleeping bags and Arctic uniforms for the Army Quartermaster and €electrically-heated
aviators clothing for the Army Air Force using human subjects. Belding had been using a department store
fashion manikin to arrange various clothing ensembles before testing on his subjects. Belding was inspired
to build his own manikin to measure the clo values of the protective ensembles he was testing. This crude
manikin, lacking both arms and a head, had the general configuration of an obese man and was constructed
from sheet copper, sheet metal and stovepipe by a Boston tinsmith. It was heated by means of an electrica
heater in the torso and had an internal fan to produce air circulation within the manikin shell. Early studies
done with this manikin produced the first clothing ensemble clo values and indicated potential advantagesin
terms of increased insulation and weight reduction by the use of newly developed synthetic pile fabrics,
nylon, and polyester.

With the official entry of the U.S. into the war in late 1942, basic research in the field of
environmental physiology and the role played by protective clothing increased tremendously at several newly
formed Parallel Service Laboratories (Fort Knox Armored Medical Research Laboratory, Wright Field
Aeromedical Research Laboratory, Lawrence Climatic Research Laboratory, Bethesda Naval Medica
Research Ingtitute) and at numerous universities (Harvard, Stanford, Yale) around the country. Many
prominent environmental scientists (Belding, Darling, Dill, Gagge, Hall, Horvath, Talbott, Wilson) joined the
various military services as civilian consultants or commissioned officers.
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Figure 1. Basic and applied military research was conducted by civilian researchers at the Harvard
Fatigue Laboratory in the early 1940's.
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In 1943, the U.S. War Department was alarmed at the high incidence of non-combat injuries sustained by
U.S. Army personnel sent to retake two Aleutian Islands, Attu and Kiska, that had been occupied earlier by
Japanese Forces. Of the 15,000 troops deployed, 2,100 suffered from trench foot and general cold exposure
(3). The troops had been sent to this unforgiving cold/wet climate outfitted in World War | vintage
protective clothing composed of wool and cotton while wearing uninsulated leather boots. In mid 1943, the
Harvard Fatigue Laboratory funded Belding to acquire a more life-like manikin to conduct further studies to
improve military protective clothing. Belding contacted researchers at the General Electric Company in
Bridgeport, Connecticut. General Electric agreed to construct an electrically heated manikin similar to one
they had been using since the late 1930’ s in their research and development program to devel op an affordable
electric blanket for the consumer market. This new manikin, cast from the exquisite clay figure done by
Connecticut sculptor Leopold Schmidt, was known as the “Harvard Copper Man”. The manikin, delivered to
the Harvard Fatigue Laboratory in late 1943, was composed of an electroplated copper shell from 3 to 6 mm
in thickness and had a single electrical circuit which uniformly heated the actua shell with a provision to
vary the temperature of the hands and feet without affecting the surface temperature of the rest of the
manikin's body. Belding and his associates at Harvard used their thermal manikin throughout 1944 to
evaluate numerous military protective clothing items, investigate reports of inadequacies in protective
clothing capabilities coming in from various battlefronts, and suggest possible improvements to the Army
Quartermaster clothing specidists. In the process, Belding along with fellow scientists using thermal
manikins for Canadian and British military research efforts developed the fundamental basis for today’s
scientific study of protective clothing.

As World War |l drew to a close, many members of the Harvard Fatigue Laboratory including
Belding and his thermal manikin joined the Army Quartermaster Genera’s new Climatic Research
Laboratory in Lawrence, Massachusetts to continue pioneering work on improving environmental protection
for military personnel. 1n September 1945, General Electric was asked to build the next generation thermal
manikin for the Climatic Research Laboratory. General Electric combined its previous manikin expertise
along with detailed data from an anthropometric study of nearly 3000 Army Air Force cadets (4) to construct
another electroplated copper shell manikin with a total of six separate electrical circuits and based on the
average physical dimensions of a young U.S. military recruit. General Electric also delivered a similar
manikin to the U.S. Army Aeromedical Laboratory at Wright Field in Dayton where Gagge and his
associates used it to completely redesign most Army Air Force aviators clothing away from the use of natural
to newly developed artificial materials.



34

During 1946, researchers at the Climatic Research Laboratory conducted more extensive testing with
their new “Copper Man” including very precise determinations of the surface area and surface emissivity as
well as nude and clothed clo value studies with the manikin in various orientations, under varying wind
velocities, and throughout a wide range of ambient temperatures and humidities. Additional investigations
were done in the late 1940's to determine total clo values of most major military cold weather clothing
ensembles, standardize the caloric output of the new manikin by evaluating human subjects under similar
environmental conditions, and investigate methods to minimize the effects of wind penetration through
closures and interstices of outerwear fabrics.

The unigque instrumentation, measuring techniques, and theoretical concepts developed during the
1940's alowed for the first effective advances to be made in the research and development of improved
protective clothing for the military.

Figure 2. Therma manikinsin use at the U.S.Army Quartermaster’s Climatic Research Laboratory
inthe late 1940's. Left: single circuit “Harvard Copper Man” built by General Electric Co., 1943. Right: six
circuit “Copper Man” aso built by General Electric Co., 1946.

The 1950's-Worldwide Clothing Requirements Established From Thermal Manikin Data

By the early 1950's, clothing researchers had successfully used thermal manikins to measure the
resistance to sensible, dry heat transfer of a wide range of protective clothing from all the military services.
In the process, military footwear, handwear, sleeping bags, and combat clothing ensembles were further
improved for comfort, durability, and environmental protection.

The Korean War (1950-53), however, again demonstrated the inability of military clothing,
handwear and footwear to provide environmental protection for a large-scale deployment of personnel to a
harsh climatic region. Severe cold-dry winter conditions on the Korean Peninsula resulted in thousands of
cases of cold exposure, trench foot, and frostbite of extremitiesto U.S. military personnel.

Recognizing that U.S. military protective clothing, including boots and gloves, for use in extreme
cold conditions still needed improvement, the U.S. Army Quartermaster in 1951 contracted with General
Electric to build two new thermal manikins as well as thermal foot and thermal hand models, again all from
electroplated copper. The new thermal foot model, in conjunction with extensive human testing, was used in
a successful effort to develop the U.S. Army Extreme Cold Wesather Boot in 1953 (6). This boot, which was
designed to provide protection at -50° C, had insulation layers hermetically sealed within impermeable layers
of rubber and dramatically reduced the incidence of cold injury to the feet of personnel exposed to extreme
cold weather.
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In 1954, the Climatic Research Laboratory was relocated to Natick, just west of Boston, and
renamed the Quartermaster Research and Development Command. This new facility housed military
scientist tasked with the research and development of U.S. Army clothing, persond life support equipment,
food technology, and airdrop technology. The addition of large climatic chambers in 1955, designed to
simulate any climate that military personnel could encounter, further enhanced this facility as the premier
military laboratory for protective clothing research.

By 1955, planners from al the U.S. military services had access to extensive tables of specific
temperate and cold weather uniform insulation values. These therma manikin values were then integrated
with actual human physiological response data when wearing identical clothing ensembles. At the same
time, military earth scientists developed detailed global maps outlining the major climatic zones and their
monthly meteorological changes. The result was a series of 25 Protective Clothing Almanacs for each month
and every continent that delineated specific areas of use for certain protective ensembles and associated
components. This work also produced associated clothing requirement charts, tables, and periodic reports
forwarded to major commands to better facilitate the proper procurement and issuance of military protective
clothing.

Today, these early clothing distribution guideline efforts have been refined to form part of the
Common Table of Allowances, the single Department of the Army document for climatic-based issue of
military protective clothing (7).
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Figure 3. Globa and regional maps from a series of U.S. Army Quartermaster Genera Clothing
Almanacs delineating various clothing alowance zones based on local environmental conditions. From
reference 5.

Therma manikin research during this decade also revealed that the highly curved surfaces of the
human body created a complex and dynamic microclimate between the clothing and skin surface. Unlike the
heat transfer characteristics of textiles established from earlier guarded ring flat plate work, thermal manikins
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showed that actual clothing, when draped over the human figure, can have localized variations in thermal
conductivity as well as in the ensemble’s convective and radiative properties.

The 1960's-Use of Sweating Thermal Manikins to Measure Water Vapor Resistance of Protective
Clothing

In 1961, most military thermal manikin work was centered at the new U.S. Army Research Institute
of Environmental Medicine (USARIEM) located at Natick, MA. One area of new research was focused on
the resistance by protective clothing to the transport of water vapor and its impact on soldier performance.
This work was possible due to the introduction of the moisture permeability index, i, by Woodcock who
was working at USARIEM in 1962 (8). This index is the ratio of the maximum evaporative cooling, at a
given ambient vapor pressure, from a 100% wetted surface through a fabric, to the maximum evaporative
cooling of a psychrometric wet bulb thermometer at the same vapor pressure. This parameter characterized
the permeability of clothing materials to the transfer of water vapor.

Woodcock used a sweating, heated cylinder to conduct his i, evaluations of both the bare cylinder
surface and various protective clothing textiles. Goldman and Breckenridge, interested in utilizing this index
for practical clothing applications, outfitted thermal manikins with tight fitting cotton skins that could be
saturated with water to simulate a sweat wetted skin surface.  These “sweating” manikins could now
measure the maximum evaporative heat transfer allowed to an individual wearing a given protective
ensemble. Thiswork made it possible to begin a concerted effort to increase the “breathability” of chemical
and biological protective clothing as well as assess the thermal burden imposed by the addition of load
carriage and ballistic protective equipment to standard clothing systems.

Goldman and his associates at USARIEM proceeded to conduct extensive thermal manikin
evaluations on most major military protective clothing systems including a wide range of low permeability
garments with and without various combinations of backpacks and persona body armor. At the same time,
controlled human volunteer trials were conducted while wearing the same protective clothing configurations
in avariety of temperate, warm and hot environmental conditions (9).

Using the knowledge generated by these new sweating thermal manikins of uniform thermal and
water vapor resistances combined with the growing data base of human thermophysiological responses while
resting and working in stressful environments, it was then possible to rank order military protective
ensemblesin terms of heat tolerance of the wearer (10).

Figure 4. Technique of using wetted cotton skin on thermal manikins to simulate sweating and
measure water vapor resistance imposed by hot weather combat clothing and ballistic protective equipment.
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The 1970's-Thermal Manikin Data Used to Assist in Human Perfor mance Prediction.

Comparisons made between thermal manikin data and controlled human volunteer studies indicated
that the movement of air within and immediately adjacent to a multilayered clothing system could have a
dramatic impact on the evaporative cooling potential of the protective ensemble. Consequently, Givoni and
Goldman developed a pumping coefficient (p) that described the effects of wearer-generated air motion on
the thermal and water vapor resistances of clothing (10).

Givoni and Goldman then used clothing thermal and water vapor resistances from thermal manikins
along with the derived pumping coefficient to develop a series of equations that predicted rectal temperature
when wearing military clothing in arange of cool to very hot environments (11). These early equations were
further modified by Givoni and Goldman to predict heart rate while wearing protective clothing and working
in stressful environments (12).

In the mid-1970’s, therma manikin data continued to be critical coefficient input as these equations
were developed into more sophisticated predictive models. Important modifications were made by Pandolf et
a. (13) to assess the impact of level of dehydration and by Givoni and Goldman (14) on the effects of
acclimatization on wearers of protective clothing.

1980 to the Present-Thermal Manikin Data Assists in the Development of Advanced Protective
Clothing, Predictive Performance M odels, and Portable Environmental Stress Monitors

In the early 1980’s, the U.S. Army began a complete redesign of major clothing systems for air,
ground, and vehicle based personnel utilizing a variety of novel technologies and materials. On an increasing
basis, the military has evaluated and adopted numerous commercia textile developments for use in these
new combat clothing, footwear, handwear, and sleeping systems. Several U.S. textile manufacturers have
specialized, in-house groups interfacing directly with military clothing developers to provide access to novel
developments and test results. Military clothing devel opers were again faced with the ever-present challenge
of reducing weight and bulk while increasing the persona protective capabilities of all clothing ensembles
and associated components. Numerous biophysical studies were done to evaluate new commercia
developments in lightweight, fine-fiber polyester insulations, waterproof/breathable membranes, and durable
textiles for use in footwear, handwear and special operations clothing and equipment.

Beginning in 1983, extensive USARIEM therma manikin evaluations were instrumental in the
eventual fielding of the new Extended Cold Weather Clothing System, Intermediate Cold Weather Boot and
Glove, all Battledress Uniforms, Joint Services Chemical Protective Suit, and both Intermediate and Extreme
Cold Weather Sleeping Systems. All of these new systems incorporate advanced textile materials and design
concepts developed in partnership with numerous commercia enterprises located in the U.S. In the past 20
years, USARIEM has provided biophysical thermal manikin data to clothing developers from al the U.S.
military services on hundreds of clothing, footwear, handwear, and sleeping systems.

In 1984, USARIEM began using a new articulated, thermal manikin (Figure 5), fabricated by the
Arthur D. Little Company, Cambridge under specifications designed by USARIEM scientists. This manikin,
employing 19 separate heating zones, has the ability to simulate the bodily movements involved in walking
and running. The manikin is housed in a climatic chamber with precise control over the air velocity directed
at the manikin. A minimum of three different air velocities are usually necessary to accurately determine the
effect of air movement on the thermal and moisture transfer properties of protective clothing ensembles.
Table 1. shows typical therma manikin evaluation data at differing air velocities.



3-8

Area and Power Constants for USARIEM
Articulated M anikin

E Head 0.139 8.3 69.4
v Torso 0.336 19.9 168.0
A UpperArms 0.144 8.6 72.0
Lower Arms 0.062 37 311
178¢em Hands 0.102 6.1 510
4 B  Elbows* 0.034 2.0 17.0
L Waist 0.020 12 10.0
5§~g C  Abdomen 0107 64 53.4
g;\: D RightHip 0.084 5.0 418
§§s= Left Hip 0.084 50 418
§§§§ Thighs 0.219 130 109.5
N\ E  Knees* 0.052 3.1 26.1
Calves 0.167 9.9 836
Feet 0.131 7.8 65.5

Whole Body 1.68 100 approx 500 W/m?

Y Upper Body 0.94 56 approx 500 W/m?

Lower Body 0.74 44 approx 500 W/m?

Figure5. Photograph and technical specifications of the USARIEM articulated thermal manikin.

SYSTEM 1989 REDONE 1994
Windspeed,m/s
0.6,"still" 1) 2.24
1t, (clo) im im/It It, (clo) im im/It It, (clo) im im/It

1. IMPERMEABLE BUTYL

A) WORN ALONE,OPEN 1.58 0.13 0.08 1.36 0.13 0.10 1.22 0.15 0.12

B) WORN CLOSED 2.05 0.08 0.04 1.76 0.09 0.05 1.59 0.10 0.06

C) WORN ALONE, TERRYCLOTH COVERALL 2.05 0.27 0.13 1.76 0.28 0.16 1.59 0.32 0.20
2. FRENCH

A) WITH INTEGRAL HOOD,OPEN 2.42 0.36 0.15 2.08 0.38 0.18 1.87 0.44 0:28;

B) WITH OUT INTEGRAL HOOD, OPEN 2.31 0.39 0.17 1.99 0.41 0.21 1.79 0.47 0.26

C) WITHOUT INTEGRAL HOOD, CLOSED 2257 0.33 0.13 2.21 0.35 0.16 1.99 0.40 0.20

3. UNITED KINGDOM*

MKIV 0.00

A)WITH INTEGRAL HOOD, OPEN 2.18 0.39 0.18 1.87 0.41 0.22 1.69 0.47 0.28
B) WITHOUT INTEGRAL HOOD, OPEN 2.08 0.40 0.19 1.79 0.41 0.23 1.61 0.47 0.29
C) WITHOUT INTEGRAL HOOD, CLOSED 221, 0.32 0.14 1.95 033 0.17 1.76 0.38 0.22

4. THE NETHERLANDS

A) WITH INTEGRAL HOOD, OPEN 2.35 0.35 0.15 2.02 0.37 0.18 1.82 0.42 0.23
B) WITHOUT HOOD, OPEN 12408 0.38 0.17 1.92 0.40 0.21 1.73 0.45 0.26
C) WITHOUT HOOD, CLOSED 2.49 0.27 0.11 2.14 0.29 0.13 1.93 0.33 0.17

5.U.S. ARMY BATTLE DRESS OVERGARMENT ,BDO*
6. CANADA*

*SEE TTCP REPORT T94-4 also for latest values
UK includes Australia, New Zealand

Tablel. USARIEM therma manikin datafrom NATO NBC protective clothing evaluations. From
reference 15.
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A key development of this research has been the incorporation of therma manikin data and
subsequent clothing coefficient integration into a heat stress monitor (HSM) from 1983 to the present. The
miniature heat stress monitor (HSM) is a pocket sized, stand aone electronic device for local heat stress
assessment/management. The HSM integrates the USARIEM heat strain prediction model software with a
comprehensive suite of environmental sensors and microprocessor technology to provide tailored guidance to
reduce heat injury risk across the spectrum of heat stress environments including chemical protective
encapsulation.

The HSM has an injection molded plastic case with an integrated hinge and latch closure
mechanism. In its closed configuration, HSM dimensions are 12 x 9 x 4 cm. Opening the rear cover alows
the sensor module to be rotated into position for environmental measurements, and also provides access to
the battery compartment. The system is powered by four standard AA alkaline batteries and has a tota
weight of 0.37 kg. The field replaceable sensor module assembly consists of air temperature, humidity, wind
speed, miniature black globe temperature, and barometric pressure sensors, and their analog/digital
processing circuitry. The display is atext and graphics capable liquid crystal display (LCD) and has a back-
light feature for use at night. User inputs and HSM function selection are accomplished through a miniature
5 button GPS- type keypad to the right of the LCD. An RS-232 port on the lower side of the case provides
PC communications and a miniature threaded tripod mount on the bottom of the case allows secure
attachment for unattended data logging applications.

Figure 6. USARIEM Heat Stress Monitor used for prediction of work/rest cycles, water
requirements and maximum work possible in any ambient temperature.

The HSM microprocessor system automatically displays current date/time and battery status on
power-up. Entering the heat strain model option of the HSM, the user selects menu items for clothing type,
work/task category (resting, very light, light, moderate, or heavy work), and acclimatization status (yes or
no). After a 2 minute measurement period, the HSM displays hourly drinking water requirements, optimal
work/rest cycle limits, and maximum safe work time for continuous work, as well as the 2-minute averaged
environmental data used for these computations. A real-time sensor mode may also be selected to view real-
time display of air temperature, wind speed, relative humidity, wet bulb temperature, black globe
temperature, mean radiant temperature, WBGT index, and barometric pressure. Additional operating modes
include: 1) System setup alows the user to set current date/time, and metric or English units for displayed
parameters. 2) Datalog setup allows the user select a start time, log time interval, and duration. 3) Datalog
review alows the user to view all logged data including predictive model outputs. 4) Data log download
allows download of logged data through the RS-232 port to a PC for display with HSM software or import to
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a spreadsheet for analysis. 5) Service mode allows PC access through the RS-232 port for program updates,
calibration, and system diagnostics.

The HSM is anideal device that can be employed to help reduce the risk of heat injury in military or
industrial settings as well asin sports/physical training applications. The HSM can be used outdoors, in crew
compartments and other enclosed work space environments in rea-time. With its automated datalog
capability, it can also be used to provide operational test documentation or survey data for heat stress
conditions over a 24 hour period. HSM measurements of the ambient environment could be used in a variety
of human factors engineering/development projects and the programmable microprocessor provides an
integrated platform that is easily adaptable for use with awide range of user-specific models and algorithms.

United Kingdom Mark IV Overgarment
Mask, Gloves, Attached Hood

Ta=35.0°C RH=50% Wind Speed= 1.0 and 4.0 m/s Solar Load
Work Rate Casualties Work/HR Water/Hr Max.Work Water/Hr
Canteens (min) Canteens
Wind m/s 1 4 1 4 1 4 1 4
Light < 5% NF NL NA 1.1 108 NL 15 1.2
W
M oder ate < 5% NF 22 NA 1.0 49 66 2.1 1.8
W
Heavy < 5% NF 14 NA 1.0 34 41 2.1 21
W
Light 20% NL NL 1.4 1.0 NL NL 15 1.1
M oder ate 20% NF 37 NA 1.3 69 115 2.1 1.7
W
Heavy 20% NF 22 NA 1.1 45 56 2.1 2.1
W
Light 50% NL NL 1.3 1.0 NL NL 14 1.1
M oder ate 50% 13 NL 11 15 102 NL 2.0 1.7
Heavy 50% 5 32 1.0 14 57 77 2.1 21
Work Rates: Light= 250watts M oderate= 425watts Heavy=600watts

Work/hr: number of minutes of work with remainder assumed asresting period; NFW= no further work
possible; NL= no limit to work times
Casualty Rates: Light= < 5% reaching 39" C coretemperature

M oder ate= 20% reaching 39.5 C coretemperature

Heavy= 50% reaching 40" C coretemperature

Table 2. USARIEM Hesat strain modeling results incorporating thermal manikin clothing
coefficients from United Kingdom chemical protective clothing. From reference 17.
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Advanced Predictive Modeling

In recent times, a computer model called SCENARIO, developed by Kraning and Gonzalez (16), has been
developed that is specifically designed to simulate the time course of heat strain observed during athletic,
industrial, and military settings. The simulations generated by the model dependably reproduce the time
course of body temperature shifts, thermoeffector responses, central and peripheral circulatory changes in
persons exercising in warm and hot environments. The model also takes into consideration numerous U.S.
military protective clothing ensembles that have been evaluated by the various thermal manikins at
USARIEM described in this report and is currently being employed to predict physiologic responses for
various levels of aerobic fitness in a given population. The model is also currently being enhanced to account
for the effects of progressive dehydration. Due to recent standardization of the procedures of thermal
manikin operation, different groups can conduct protective clothing research with an increasing degree of
confidence in both the compatibility and reliability of interlaboratory data. In terms of continued
technological advancement of military protective clothing, numerous NATO countries possess or have direct
access to thermal manikins. The U.S. military is routinely involved in various data exchange programs with
NATO and The Technical Cooperation Program (TTCP) countries where protective clothing is evaluated and
results modeled in a round-robin fashion (17).

Conclusions

Today, sophisticated therma manikins are used in a large number of military and commercial
clothing research programs worldwide. They are routinely used to assess the biophysical properties of
consumer, as well as commercial and military protective clothing. Specialized thermal heads, hands and feet
are used on amore limited basis for the evaluation of clothing designed to minimize important extremity heat
loss.

Since 1942, thermal manikins have evolved within the U.S. military as a direct result of the need to
provide better personal protective clothing and equipment in an increasing variety of environmental zones of
operation. Therma manikin data have been instrumental in improving both the comfort and functional
performance of a multitude of military clothing and equipment as well as providing input to develop tactical
clothing issue doctrine and practical human performance predictive models.

The U.S. military will continue to rely on these unique research tools to test and identify
technological advances that will provide future warfighters with more comfortable, functional, and effective
protective clothing systems.
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Abstract

Moisture transport, thermal insulation and their interaction influence both the comfort and protective
properties of clothing systems. Depending on the environmental conditions and clothing design, wind and
repetitive body movements can increase the transport of heat and moisture away from the body. Thus a
thermal manikin designed to test clothing redlistically, particularly under extreme conditions, should be able
to sweat and perform such movements.

SAM is a newly developed thermal manikin capable of simulating even heavy work conditions, with sweat
rates of up to 4 litres per hour and human movements such as walking and climbing. The anatomically-
formed body is divided into 30 sectors, each heated separately with its own average surface-temperature
sensor. In total 125 sweat outlets are distributed over the body surface, with which both vapour and liquid
sweating can be simulated over all the body or just chosen parts. SAM is designed to operate at temperatures
between —30 and 40°C, with relative humidities ranging from 30 to 95% and up to high wind speeds.

SAM compliments the existing array of sweating body-part simulation systems at EMPA, such as the
sweating head ALEX and the sweating torso, by adding the capability of measuring whole-body clothing
systems under realistic reproducible conditions and reducing the need for expensive human tests.

Introduction

Thermal manikins are used to help evaluate the comfort and safety properties of clothing. They approximate
the thermal nature of the human body and bridge the gap between simple systems to measure thermal
resistance (R) and water vapour resistance (Re) and the human being, with his repertoire of complex control
and sensory systems.

Over the past 16 years EMPA has developed and built arange of increasingly complex body-part systems to
measure the thermal resistance of clothing layers with and without the influence of simulated sweat. In 1985,
EMPA started to measure Ry and Ry separately using the Hohenstein skin-model [1] and developed this to
study the influence of rain on Ry [2]. This was followed by a heated non-sweating hand, which was built in
1989 to test gloves primarily in cold environments [3]. The sweating arm, built in 1993, is able to sweat and
perform simple forearm movements [4]. Shortly afterwards in 1995, the sweating Torso was built to simulate
the human trunk [5, 6]. The sweating head (1999) is built to measure the physiological properties of helmets
[7]. Findly, following amost 5 years of development, construction of the sweating agile manikin (SAM)
was completed thisyear. A more detailed description of SAM is given elsewhere [8].

Paper presented at the RTO HFM Symposium on “ Blowing Hot and Cold: Protecting Against Climatic Extremes” ,
held in Dresden, Germany, 8-10 October 2001, and published in RTO-MP-076.
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Traditionally therma manikins are used to measure the thermal insulation of clothing systems without the
presence of body moisture [9]. However body moisture is always present within clothing system layers and
effects the total effective thermal insulation.

More recently a handful of thermal manikins have gained the ability to sweat. However the design of the
sweating system used and the analysis of results have not yet been standardised [10]. As the newest addition
to these sweating thermal manikins, SAM offers a novel internal sweating system, which produces vapour
swesating only to simulate insensible human sweating when at rest and combined vapour and liquid sweating
to simulate sensible human swesating at high work loads. Although several manikins have moveable joints, or
even simple sinusoidal drive mechanisms, the eight-axis drive system of SAM enables even complicated 2-D
movements of each limb. Thus realistic human movements can be simulated.

Background

Humans have a complex thermoregulatory system which, under normal conditions, is able to keep the vital
organs such as heart, lungs and brain within a narrow temperature band around 37°C. The body produces
heat through metabolic processes such as digestion and muscular activity. Depending on the climatic
conditions and the clothing worn, excess heat islost by evaporation, radiation, conduction and respiration.

When the body starts to cool down due to insufficient food, exercise and/or clothing insulation in a cold
climate, the body increases its own thermal insulation by reducing the flow of blood to the skin surface,
particularly at the extremities. As the sweat rate is aso reduced to a minimum (20-25 ml / h, insensible
sweating), the heat flow from the body is minimised. Additionally shivering (involuntary muscular
contractions) can produce compensatory energy of up to 450 W [11]. Normally the loss of heat through
breathing accounts for 10% of the total heat loss, but can increase to as much as 30% in cold climates.

When the body starts to overheat, vasodilatation allows warm blood to flow near to the skin's surface over
the whole body to maximise the heat flow from the body particularly from the extremities. Additionally the
overal rate of sweating increases. If this sweat is able to evaporate, the body losses additional heat. The
evaporation of 1 litre of sweat causes a heat loss of about 670 Wh. Over short periods of time, up to 4 litres
per hour can be sweated [12].

Soldiers who need to wear or carry protective clothing for long periods of time may aso be subjected
periodically to heavy workloads. Protective properties against wind, rain, certain liquids, heat, flame, thorns,
rocks, shrapnel, and nuclear, biological and chemical weapons (NBC) all tend to increase the impermeably to
water vapour. Thus not all the body moisture can escape to the external environment. Over along period of
time the moisture content can build up, which reduces the overall thermal insulation (e.g. [6]). In cold
climates, the insulation is ideally a maximum when at rest and a minimum whilst working hard.

Body movements tend to reduce the thermal insulation of clothing systems due to increased exchange of air
between the clothing layers (microclimate) and the external environment [13]. For certain clothing systems
the thermal insulation reduces exponentially with increased walking step frequency and exponentially with
increased wind speed [14]. High wind speeds can press the clothing layers together, reducing the insulating
air layers and thus the insulation considerably. Additionally wind may flow through the clothing. For
example, figure 1 shows that an increase of wind speed from 1 to 13 m/s can reduce the effective thermal
resistance by up to 80% for fleece materials. For some protective (e.g. NBC) suits where openings at the
wrists, ankles and neck are closed, the air cannot exchange directly and any moisture must pass through the
clothing layers or breathing apparatus.
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Figure 1 Reduction of thermal resistance with wind speed for various fleece materials measured on the
swesating arm. The air permesability is given for three fleeces.

As well as being costly, human tests of clothing systems produce results with poor reproducibility, with
results being dependant on many factors including the person being tested, sex, age, diet, sleep pattern, time
of day and the activity prior to each test. Furthermore practice tests must often be carried out under medical
supervision. Under extreme conditions practice tests can aso be dangerous and may even be forbidden by
law. By using athermal manikin, such tests can be performed without the possible risk to life.

Measurement systems built to simulate the human body or body parts produce results with a high
reproducibility, but no direct information on subjective human responses such as comfort and pain.

By using a combination of human and system tests, clothing systems can be studied from both psychological
and thermal aspects.

SAM’s heated sectors

The surface of SAM s divided into 30 separate uniformly-heated sectors (Figure 2). Each sector can be
heated at a constant average surface temperature or with a constant power. Thus the whole surface can be
heated to a constant temperature to perform standard 1SO TC 38 WG17 measurements of thermal insulation
or supplied with different heating powers to simulate various activities. A total heating power of up to 1.2kW
can be supplied, simulating a very high physical activity as performed by a top sportsman.
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11

Front view Rear view

Figure 2 The 30 separately-heated sectors of SAM

Sweating system

SAM has 125 sweat outlets distributed over its surface. Although the human skin has millions of sweat
glands, the outlets have been positioned to ensure a sweat distribution roughly similar to the human. Distilled
water is used to simulate sweat, supplied through SAM’s face to internal valves, which are used to regulate
the flow. Special pads which cover the outlets ensure that all the water evaporates at low sweat rates
simulating insensible sweating and both vapour and liquid water are output at higher sweat rates to simulate
sensible sweating. The total sweat rate is determined with a balance from the reduction of water in the supply
tank external to SAM. The total amount of moisture within the clothing is determined by monitoring SAM’s
weight. The sweat rate can be varied from 20 ml/h up to at least 4 litres per hour to simulate all possible
activities and conditions.

Realistic movement system

Much effort has been made to ensure that SAM can perform realistic movements. Joints at the shoulders,
elbows, hips and knees enable each limb to be moved in avertical plane. Each limb is connected to a 2-axis
linear drive mechanism. Thus repetitive body movements such as walking and climbing can be performed
during an active test phase. Figure 3 shows SAM walking at 2.5 km/h.
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Figure 3 SAM walking unclothed at 2.5 km/h.

M easurements techniques

SAM is positioned in a climatic chamber designed to operate at temperatures between —30 and 40°C, with
relative humidities ranging from 30 to 95%. A wind generator provides winds up to high speeds and snow
and rain can be simulated additionally.

Measurements of the sweat rate and average surface temperature of and average power supplied to each
sector are recorded each minute. The total condensate within the clothing is measured at regular intervals. Up
to 8 additional sensors (e.g. temperature, humidity, friction etc) may be added to SAM. External temperature
and relative humidity sensors are positioned between clothing layers to determine the partial water vapour
pressure within the microclimate.

Validation tests

In order to compare the results of SAM directly with the reality, a series of human tests involving 20 young
male subjects and 9 different clothing systems has been carried out. As each subject tested each clothing
system at least 3 times, over 540 test were performed in total. These tests were divided into 3 categories of
different clothing systems representing different physiological loads (Table 1). The first three clothing
system results have been presented previously [15]. Results of these human tests will be compared to those
of the same clothing systems measured using SAM.
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Clothing system Conditions
Nr. Description T r.H. Va R M
[°C] [%] | [m/s] | [kwW/im?] | [W]
1.1 | Fire-fighter's clothing with compact coating 30 50 2 0.5 350
1.2 | Breathable fire-fighter’s clothing 30 50 2 0.5 350
1.3 | Fire-fighter’s station wear 30 50 2 0.5 350
2.1 | Clothing for work by temperatures at —20°C -20 2 350
2.2 | Clothing for work by temperatures at 0°C 0 2 350
2.3 | Clothing for work at room temperature 20 65 2 350
3.1 | Combat clothing with NBC protection 20 50 2 350
3.2 | Combat clothing with rain protection 20 50 2 350
3.3 | Combat clothing with T-shirt 20 50 2 350

Table 1 Human tests performed to validate SAM

Discussion

Using steady-state measurements of a thermal manikin, values of effective Ry and Ry can be obtained.
However in redlity humans must perform varying activities in varying climatic conditions. Therefore
dynamic responses are also of interest, particularly when predicting the permissible exposure time or survival
time under extreme conditions, where the skin and core temperatures are decisive.

As SAM does not have a thermoregulatory system such as the human being, this would need to be simulated
using an appropriate control algorithm in order to obtain a similar dynamic response. Such an algorithm must
account for the missing blood flow, thermal capacity and breathing. The human body uses a combination of
core and skin temperature sensors to regulate blood flow and sweat rate. As SAM does not have an
equivalent to core temperature, this may prove to be difficult. Furthermore the distribution of sweat on
SAM'’s surface is only approximate to the human’s and relies partly on wicking in the innermost clothing
layer. It is planned to model the behaviour of SAM using 3-D computational modelling.

In spite of the differences between SAM and the human body, SAM is capable of comparing different
clothing systems under identical conditions and measuring differences in clothing design and manufacture by
changing climate and body activity.

Due to the unavoidable spread of physiological data obtained from human tests, tests must be designed to
have sufficient physiological load to demonstrate any significant differences when comparing two or more
clothing systems. As simulation systems such as SAM produce more repeatable results, even small
differences may be significant and small improvementsin clothing may be measurable.

Conclusions

Human subject tests of clothing systems are prone to be inaccurate due to variations in human response to
even a well-defined scenario. Sweating therma manikins such as SAM are designed to simulate the human
body in terms of heat production, sweat production and movement as closely as possible. Such simulation
systems produce results which have a much higher repeatability than those from practice tests, enabling even
small differencesin clothing to be observed. As athermal manikin can never truly mimic the human, thermal
manikin results should only be interpreted as approximate or indicative or used for relative tests of different
clothing systems. Limitations of design such as missing thermal capacity, blood flow control and thus a
missing core temperature may be overcome by suitable models. SAM will be capable of comparing the
relative dynamic response of clothing systems to body heat, sweat and movement over a large range of
environmental conditions, without the inherent costs of human tests and the possible risk to life.
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Abstract

The influence of body moisture on the insulation properties of 10 different sleeping bags, designed for
extreme conditions below —30° C, aswell as the capability to be used at such low temperatures was
investigated in a shared research project of TNO and EMPA. The sleeping bags were assessed with
standardised laboratory tests, human subject tests and a system assessment with specialised apparatus. It
turned out that the moisture released at such low temperatures leads to condensation within the sleeping bag
and ice between the bag and the underlay which reduces the thermal insulation considerably. Even at —20° C
both human subject tests and laboratory measurements demonstrate that the sleeping bags investigated have
already reached or even exceeded the limit for which comfortable sleep is possible. Details on the limits of
use given by the manufacturers are normally based on computer calculations. With two different computer
models the calculated temperature ranges were compared to the measurements. It seems necessary to make
further investigations in the field of simulation of heat and moisture transfer through complex compositions
of textile layers.

Introduction

Sleeping bags intended for use at very low temperatures have to fulfil certain safety aspects, especially
concerning the thermal insulation, in order to allow a safe and comfortable sleep. Even at low ambient
temperatures when one tends to feel cold a certain amount of moisture, called perspiratio insensibilis (ca. 22
g/h[1]), isreleased from the body. This moisture normally released in a gaseous state to the ambient air is
transported through the textile layersin which it could condense or even freeze. The evaporation of sweating
water extracts a considerable amount of energy from the body. At low temperatures up to 80% (see figure 4)
of the released moisture condenses inside the sleeping system which reduces the thermal insulation.

Different methods are used to define the maximum range of use for sleeping bags. Asthis could lead to
uncertainties when comparing different sleeping bags it was decided to learn more about the real limits of
use. One of the main aims of this project isto study the influence of moisture on the temperature range
within which a sleeping bag can still be used comfortably.

Scope of the project

Both research laboratories have been investigating the optimisation of sleeping bags for manufactures as well
as the Dutch (Netherlands) and Swiss army for several years [5]. TNO has specialised knowledge and many
years of experience in human subjects tests and EMPA offers awide range of unique test apparatus, which
have been partly developed in collaboration with the Swiss army [4]. This project gave a good possibility to
combine the broad experience of both ingtitutesin an optimal manner.

Paper presented at the RTO HFM Symposium on “ Blowing Hot and Cold: Protecting Against Climatic Extremes” ,
held in Dresden, Germany, 8-10 October 2001, and published in RTO-MP-076.
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The series of tests and selections have been divided into three phases:

1: Material measurements of thickness and insulation (TNO and EMPA) for all 10 samples,

2. climatic chamber experiments of human subjects (TNO) for 6 samples selected after tests under
point 1 and

3: testswith special test apparatus (thermal manikins) (EMPA) with all samples at different conditions;

thickness (at different thermal resistance

No. | Filling material weight [g] pressures) in [mm] [M?K/W]

15Pa | 2000 Pa| 1500 Pa| unstressed | at 2000 Pa

1 | Synthetics 2624.5 67.0 6.9 10.9 1.133 0.178
2 | Synthetics 2747.9 39.2 8.0 12.3 0.718 0.235
3 | Synthetics 3116.8 61.0 9.0 12.4 0.923 0.240
4 | Synthetics 2282.1 59.9 6.5 12.5 0.810 0.196
5 | Downy feathered 1852.0 56.5 6.0 7.0 1.004 0.176
6 |Downy feathered 1809.2 63.8 7.0 11.1 1.248 0.174
7 | Synthetics 3462.0 58.7 7.0 11.0 0.882 0.200
8 | Synthetics 2433.5 66.8 8.0 9.2 1.186 0.240
9 | Synthetics 1956.5 61.3 8.0 15.1 0.895 0.230
10 | Synthetics 2464.0 46.8 7.5 12.8 0.694 0.210

Table 1: details of the tested sleeping bags

Most of the tested sleeping bags had a nylon outer shell, a synthetic isolation fleece and a skin-friendly inner
layer. Within the sleeping bags tested were al so two bags containing down feathers (no. 5 and 6). Both the
thickness assessment and the thermal resistance measurement have been performed uncompressed and at a
pressure comparable to the human weight (between 1500 and 2000 Pa). Corresponding to the different heat
transfer mechanisms the uncompressed thermal resistance was assessed with one calorimetric plate toward
ambient air (closeto SO 11092) wheresas at 2 kPa the measurement was carried out with two plates (1SO
5085-1).

The expectation that heavier sleeping bags would show less reduction of the insulation under a certain
pressure could not be consequently proofed (table 1). But the down feathered bags lose more insulation
capacity under pressure stress than their synthetic competitors. The thickness of the insulating layer isthe
most important factor for a high thermal resistance, followed by the volumetric weight and the surface
properties (thermal resistance to the ambient air).

Correlation between the uncompressed thickness Correlation between the thickness and the thermal
and the thermal resistance resistance under pressure
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Figure 1: Correlation between the thickness and the thermal resistance at different pressures

Infigure 1 it isclearly seen that some of the most voluminous sleeping bags |ose most of their thermal
insulation under pressure which can be explained by the low volume of material compared to the volume
taken up in an uncompressed state.
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Sleeping bags asathermal system

To be able to judge the thermal properties of a sleeping bag in a practical manner the whole system
consisting of human subject, clothing, sleeping bag, supporting layer, ground and ambient conditions have to
be taken into account. The chosen place to sleep can play acrucia role protecting the sleeper from wind and
foul weather. Furthermore it has to be considered that the thermal properties of a human and the
environmental conditions can vary over awide range. Aswell as the various other boundary conditions the
manifold physical and psychological properties of different persons should be standardised for general
considerations. This can be done by choosing specific human subjects and using a climatic chamber or by
applying specialised apparatus under |aboratory conditions.

Generally thermal loss can be classified according to physical criteria such as radiation, conduction and
convection. Possible losses in sleeping bag systems include: conduction toward the ground, conductive and
convective losses toward the sky, energy transfer through respiration and the influence of the evaporation of
sweat. As mentioned above the sweat influences the thermal system mainly through the energy exchange for
evaporation and condensation and the reduction of insulation due to replacement of insulation air by water.
The evaporation extracts energy directly from the skin surface, whereas the re-condensation usually takes
place in the outer layers. Unfortunately the reduction of insulation and the occurrence of condensation are
interactive which makes it difficult to describe the system physically. The closer to the skin the evaporation
or the condensation occur the larger the influence of these changes have on the skin temperature. The loss of
energy due to evaporation is greater than the regain due to condensation since the latter usually occursin
outer textile layers and does not affect all of the moisture in the system.

Especially at low temperatures the respiration should not be neglected since the inhaled cold, dry air hasto
be moistened and warmed before it reaches the lungs. This process requires alot of energy which will be lost
with every breath. Under normal conditions the heat |oss due to respiration is around 10%, at low
temperatures it can be up to approximately 30% [1]. Reducing the breathing hole in the face region can
lessen the loss of energy but causes more moisture to remain within the sleeping bag as well.

The design of the sleeping bag is very important, modern sleeping bags are equipped with an appropriate
cover of the zipper and athermal lock in the shoulder region. Without an appropriate underlay the thermal
losses toward the ground are considerably higher than toward the sky. In an optimal system the heat loss
toward the ground should balance the losses to the ambient air.

M easurements with the sweating Tor so

The sweating Torso (figure 2) with its cylindrical shape was constructed to be similar to the human trunk.
Theindividual layers of its surface have been chosen to simulate the thermal properties of the skin as closely
as possible. In addition this apparatus can be filled with water to give amore realistic thermal capacity and
behaviour for dynamic measurements. With 54 sweating nozzles the surface can be supplied with a defined
amount of sweating water. Combined with the accurate temperature control, various work loads and
recreation cycles can be simulated.

layer 1: Teflon
layer 2 : Polyethylen

layer 3: Aluminium
sweating nozzles (54) - . . .
water filling with circulation
V / ’
"

guards supply
Figure 2: drawing of the sweating Torso
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In this project atest program with two phases was defined, consisting of a two hour acclimatisation phase at
35° C without sweating and 8 hours to simulate sleeping with a constant heating power (85 W) and defined
sweating (0.3 1/ 8 h). Although all sleeping bags had been acclimatised to the test environment before the
test, phase 1 was used to determine the dry thermal insulation under realistic conditions and to guarantee a
common starting point for all bags. During the tests the Torso was covered with an underwear (PES fleece)
and the apparatus within the sleeping bag was put on awooden board with a mattress on it. The whole
system was positioned on a balance to register all changesin weight within a climatic chamber at —20° C.
With this measurement system differences in the temperature course and the weight can be quantified
between the 10 sleeping bags. Since the Torso does not have exactly the same thermal capacity and
temperature control mechanism as a human body the results should be considered as relative.

In order to obtain more distinctive results the Torso was not filled with water in these tests. Without the
water filling the thermal capacity is considerably reduced which lessens the practical relevance of the results
in favour of emphasising the differences of the materials. To get results which can be compared to a certain
extend with the human subjects tests some tests with water filling were executed.

Comparison between different scenarios
36

Phase 1: 35° C Phase 2: konstant heating power 85W, sweating 0.3 1/8h
35 ,T%(X ,,,,,,,,,,,,,,,,,,,,,,,,

temperature [°C]
w w
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31

30

0 60 120 180 240 300 360 420 480 540 600
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‘ — No. 6 without sweating —— No. 6 with sweating —— No. 6 with sweating and water filling ‘

Figure 3: influence of different measurement scenarios on the temperature course

Figure 3 shows the results of the three different measurement scenarios where the effect of the additional
thermal capacity can be seen aswell as the influence of the small amount of sweat water used in this test.
The temperature reduction was diminished due to the additional thermal capacity but still clearly measurable.
In another assessment the same test was performed without sweating to demonstrate the influence of the
released sweating water on the thermal insulation.
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Torso measurement results

In these experimentsit was found that at —20°C the Torso cooled down noticeably in all sleeping bags (figure
4).

Temperature reduction in Phase 2

Delta T in °C

Sample

Figure 4: reduction of the surface temperature in phase 2

The measured temperature reduction between 4.8° C and 8.0° C appear to be rather high at first glance, but
asthe Torso was not filled with water, the results seem to be quite realistic and comparable with the human
subject tests (see below). The ranking of the samplesis more or less the same as that of the Rct values.
Because of the dramatically reduced thermal resistance under pressure aworse result for sasmple 1, 5, 6 and 8

could have been expected. The matting and the wooden board seem to have compensated for the negative
effect of the reduced thermal insulation.

Condensation

Condensation of the vaporised sweat in atextile layer is provoked by the saturation of the partial water
vapour pressure difference and is dependent on the temperature gradient between the body and the
environment. A fraction of the energy given up by the evaporation can be recovered but at the same time the
thermal resistance is negatively affected by the substitution of air with the condensed water.

Condensation ¥

Y The amount of condensation is
related to the 160 g (20g/h) of
totally released moisture in phase

Condensation in g/8h

1 2 3 4 5 6 7 8 9 10 2 of the measurement; the Torso
Sample represents only a part of the
‘l Sleeping bag @ Matress [0 Underwear ‘ human body.

Figure 5: amount of condensation in the different layers

At moderate ambient temperatures (> 5° C) and the low sweat rates applied in this Torso measurement
programme much |ess condensation would be expected. But low temperatures hinder evaporation and favour
condensation. The measured quantity of condensation varies between 20g and 100g. The sleeping bag with
the highest amount of condensation had the lowest thermal insulation. The weak correlation between the
thermal insulation and the amount of condensation is shown in diagram 6 (R=0.7). Most of the condensation
was found within the sleeping bag and approximately 20 to 30 % in the mattress asice. In the underwear

almost no condensation could be found. Except from sample 7 the down feathered bags (no. 5 and 6) showed
the best resultsin this test.
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Correlation between temperature reduction in phase 2 and Correlation between Rct and amount of condensation
amount of condensation
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Figure 6: correlation between condensation and temperature reduction as well as the Rct measured on the Torso

Especially in the regions which are compressed the thermal insulation is reduced considerably under the
influence of moisture. Measurements on different underwear materials showed that the heat transfer of wet
materialsis drastically increased depending on the amount of water present [2]. Also the Torso
measurements showed a connection between the temperature reduction in the sweating phase, which isa
measure for the reduced thermal insulation, and the absorption of moisture at the sametime (figure 6).

Human subject tests

If the heat loss remains higher than the metabolic energy production over alonger period of timethe
temperature of the extremities will be reduced step by step. The vital organs such as the brain, heart and
lungs have priority and remain at a high temperature level while the heat 1osses in the extremities can be
reduced. By adapting the posture the quantity of heat loss can be influenced additionally. Laying on the side,
dightly rolled up diminishes the contact area with the ground layers and pulling the arms and legs closer to
the body reduces the active area for heat exchange with the environment simultaneously. The temperatures
measured at the extremities are most suitable to judge the sleeping comfort because changes will be observed
there first. Hands are less appropriate due to large movements and corresponding temperature changes.
Whereas measurements on the toe or instep promise more accurate results. As soon as the heat |oss gets too
extensive the self regulative temperature control mechanism reduces the blood circulation which leads to a
continuous decrease of the surface temperature at the toe or foot. As areaction to the temperature reduction
in the hands they will be pulled toward the body or placed on the chest which makes thisinformation useless
since the temperature on the chest decreases only if the temperature inside the sleeping bag has reached a
very low level.

Based on the measurement of the thermal resistance and the thickness, six sleeping bags were selected for
the climatic chamber experiments. Human subjects consisted of three men and three women to account for
the dissimilar responses of the two sexes to cold environments. All the candidates were fit and between 20
and 30 years old. During six nights the sleeping bags were tested by all six people with temperature sensors
on the hand, chest, upper leg and foot at an ambient temperature of —18°C. Besides measurements of the skin
temperature, subjective ratings were collected on local and global comfort following every night and then
analysed.
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Figure 7: course of the measured foot temperatures

The graphs in figure 7 show the temperature course on the foot for all sleeping bags separately for each
candidate. The scattering of the results for each candidate and sleeping bag can not be excluded totally in
human subject tests and depends on the current physical and psychological condition of the subjects as well
as the activities and meals during the day. For a more detailed analysis of the measured data additional
measurements of the same human subjects with the same s eeping bags would be necessary.

Human test results

All subjects complained about cold or very cold feet which corresponds to the temperature courses shown in
figure 7 and 8. On the other hand the temperatures measured with the other sensors showed no significant
changes. There are noticeabl e differences between the results from male and femal e subjects, where
particularly the foot temperatures of the female candidates are generally lower.
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Figure 8: example of the temperature distribution of the foot and chest sensors

Figure 8 shows that for sleeping bag 6 the mean value of the measured chest temperatures remains around
the start level, whereas the foot temperatures decrease significantly. The following table attempts to quantify
the mean temperature reduction despite the relatively few data sets and the inherent scattering obtained.
Relating to the foot temperatures, samples 1, 5 (especially with women) and 6 gave the best results.

NoO Temperature difference foot sensors Temperature difference chest sensors
' men women both men women both

1 5.6 9.9 6.8 0.4 0.6 0.5
5 8.4 9.8 9.9 4.6 -0.3 1.6
6 4.5 10.7 8.2 0.2 -0.2 0.6
7 9.7 114 10.8 0.3 -0.1 0.0
8 6.3 135 8.9 -0.6 2.1 0.8
9 9.4 11.7 9.9 1.0 0.2 0.3

Table 2: mean temperature reduction of the foot and chest sensors

Comparison to Torso measurements

A direct quantitative comparison between the two investigations is not possible due to the dlightly different
boundary conditions and the insufficiencies of the Torso measurements mentioned. The ranking of the
sleeping bags matches the measured temperature reductions quite well. Although the Torso was not filled
with water and it only simulates the human trunk as well as the fact that the temperature reduction measured
in the human subject tests was limited to the feet, the quantitative results show similarities.

Simulation and computer calculations

The range of use of sleeping bags is normally assessed with |aboratory tests followed by computer
calculations. The models utilised to calculate the limits of use are often based on rough simplifications which
neglect the influence of sweating and condensation. A standardised cal culation method according to a future
European Standard could help solve this problem. The applied calculation models and methods should be
accurate enough to allow sensible assessments of the minimal temperature of use.

A simple model used to estimate the lower limit of use

As afirst approach the sleeping bag can be simplified to have only two different regions:
* Anareaon which the body lays where the bag and the underlay will be compressed
e Anuncompressed areain contact with the air around the bag
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In both cases an energy balance can be set up assuming adequate geometrical and thermal boundary
conditions. Taking into consideration the metabolic heat production an estimate for the minimal temperature
of use can be calculated. But even if this simple model will be expanded with additional regions between
these two main areas some important types of heat loss are ignored. The heat |oss due to respiration, where
warm moist air is exhaled, and evaporation of sweating water are not included in the balance. Physical
models which accurately reproduce these influences can only be realised with complicated computer
simulations (see Sweat management project [2]).

Modél according to prEN 13537

The proposed European Standard prEN 13537 uses adifferent method. With athermal manikin wearing
standardised clothes measurements are executed in a climatic chamber under defined conditions. The
measured dry thermal resistance is taken as abasis for the calculation of the limit of use adding estimates for
the influence of evaporation and respiration to the computer model. The standard calculates 4 different steps
using parameters from a standard male and female person: extreme (assuming a person shivering with cold),
limit, comfort and maximum temperature (with the zipper half way open). But even with this complex
simulation model the results remain a estimate of the real limits. Unfortunately the manufacturers use the
extreme temperature to promote their products. Compared with the results of this study the temperatures
calculated for the comfort or limit range match quite well with the temperature region where comfortable
deepispossible.

Comparison of the two computer models

dleeping bag thickn@s and thermal According to EN 13537 based on Rct Torso
resistance only limit extreme conditions
1 -8.9°C -9.6 -27.8
2 -34°C -4.3 -20.9
3 -9.6° C -7.3 -24.8
4 -95°C -4.7 -21.4
5 -1.8°C -7.6 -25.3
6 -7.7° C -12.0 -30.8
7 -74°C -9.3 -27.4
8 -6.5° C -11.2 -29.9
9 -12.9°C -7.3 -24.8
10 -6.4°C -0.8 -16.4

Table 3: calculated limits of use

An additional problem of this simple approximation comes from the complex temperature regulation
processes of the human body. The temperatures of different regions of the body can vary markedly
depending on the outside conditions. This problem could be partially aleviated by an anatomically shaped,
heated manikin with thermal properties like a human and programmed to behave similar to a human. In fact
it should not be neglected that the maximal temperature depends on the physical state of the sleeper as well
as the additional egquipment used and some other factors.

Conclusions

The corresponding results from the human subject test and the measurements on the sweating Torso seem to
confirm that none of the tested sleeping bags can be comfortably used at temperatures below —20° C.
Without an appropriate mattress the heat exchange to the ground is so high that at such low temperatures one
can not sleep for more than afew hours before waking up with cold feet. It al'so became evident that not all
filling materials had the same ability to transport moisture to the outside. The resulting condensation which
was considerably higher in some of the samples could cause problems on longer expeditions when the
sleeping bags can not be dried during the day.

In this project, the problem of computer calculated temperature limits could only be handled very briefly.
The variety of different calculation methods and the sometimes too optimistic results make it necessary to
find an accurate rating scheme as well as the mentioned proposal for a European standard. Some of the
correlations found could be useful for the development of a simple computer model. The negative correlation
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between the dry thermal resistance and the temperature decrease in the second phase of the Torso
measurement can be used for that purpose as well as the dependance between the quantity of condensation
and the temperature reduction.

Concluding remarks

The examination of the influence of moisture and the interaction of combinations of textile layers show that a
fundamental knowledge of the physicsinvolved is essentia for the understanding of these processes. Starting
with the “ Sweat Management” project [2] EMPA began to emphasis computer model calculations and
simulations to enhance the knowledge on the complex physical connections. Particularly the effect of
moisture is worth examining more closely since thisis essential for successful research and devel opment
projects with manufacturers or co-operating institutes to find an optimal balance between comfort and safety.
The newly built movable, sweating manikin SAM [8] could help to improve accurate tests on sleeping bags
due to the reproducible, anatomically correct simulation of a human being.

In this study ageing and durability properties have been ignored. The thermal insulation characteristic is
largely influenced by the ability to expand to the original volume following washing or transportation in a
small bag. Particularly repetitive washing can reduce the insulation and therefore this aspect should be
investigated in future projects. The slegping bags examined in this study will be subjected to 5 washing
machine cycles and tested again. In addition TNO will use some of these sleeping bags for along period
field trial.
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Summary

Cold protective clothing is characterised by its thermal insulation and wind-proof properties. Standard
insulation is measured for compl ete ensembles under static and wind still conditions (ENV-342) Air
permeability is measured on the material of the outer layer (1SO-EN-9237). Limited information is available
on the interaction of air permeability and thermal insulation under the influence of wind and walking. Ten
ensembles comprising 2 to 3-layer combinations with arange of insulation values from 1.49-3.46 clo
(0.23-0.54 m*°C/W) and air permeability between 1 and 1000 I/m?s were measured with a standing and
walking thermal manikin. The manikin was placed in awind tunnel at wind speeds between 0.2-18 m/s.
Walking speeds ranged from standing to 1.2 m/s. One equation was derived for prediction of the reduction in
thermal insulation value as function of wind, walking and air permeability. The deviation between measured
and predicted value was mostly lessthan 5 % and below 10 %. Air permeability has limited influencein
wind speeds below 3 m/s, but becomes progressively important at higher wind speeds. Typically athree
layer ensemble with low air permeability will loose 60-70 % of itstotal insulation in winds of 12 m/s and
higher.

The new algorithm for correction of clothing insulation has been incorporated in (1SO/CD-1179) and
subsequently, allows more realistic

- prediction of heat balance in cold environments and operational capabilities

- analysis of the risks associated with extreme cold and wind conditions

- assessment of the protective function of available cold weather ensembles.

I ntroduction

Air temperature and wind are the two most important climatic factors determining heat losses from humans
in cold environments. Studies have shown that the protective value of clothing may reduce considerably
under the influence of wind (Afanasieva 1992; Havenith et al. 1990; M&kinen et al. 1998; M&kinen et al.
2000; Méakinen et al. 1997; Nilsson et al. 2000; Pugh 1966; Wilson et al. 1970). Few studies, however, report
systematic effects over awide range of wind velocities.

Cold protective clothing is characterised by its thermal insulation and wind-proof properties. Standard
insulation is measured for complete ensembles under static and wind still conditions (ASTM-F1291 1995;
ENV-342 1999). Air permeability is measured on the material of the outer layer (1SO-EN-9237). Limited
information is available on the interaction of air permeability and thermal insulation under the influence of
wind and walking.

This paper reports the result of two studies of wind effects on different types of clothing ensembles, carried
out with amoveable thermal manikin. Parts of them have been published (Holmér et al. 1992; Nilsson et al.
1998; Nilsson et al. 1992)

M aterial and methods

Ten ensembles comprising 2- to 3-layer combinations with a range of total, static insulation values from
1.49-3.46 clo (0.23-0.54 m?°C/W) were measured. Six of them were measured in a climatic chamber where
wind could be controlled between 0.2 and 1.0 m/s (Nilsson et al. 1992). Four ensembles were measured in a
climatic chamber with a built-in wind tunnel over the range of 0.4 to 18 m/s (Nilsson et al. 1998). The four
ensembles comprised 3-layer systems with different outer garments. The air permeability of the outer
garments varied between 1 and 1000 I/m?s. In both studies measurements were also made with the manikin
nude.

Paper presented at the RTO HFM Symposium on “ Blowing Hot and Cold: Protecting Against Climatic Extremes’ ,
held in Dresden, Germany, 8-10 October 2001, and published in RTO-MP-076.
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The manikin comprised 18 zones, heated by a computer regulated power supply from an electric power box.
Skin temperature was individually controlled and maintained at 34.0 °C. The manikin was placed in awind
tunnel at wind speeds between 0.4-18 m/s. Walking speeds ranged from standing to 1.2 m/s. Walking speed
was determined from step length and step frequency. Manikin heat 1oss was monitored and a valid record
was obtained when it had reached steady state (approx. after 40-60 minutes). Manikin and procedures have
been reported earlier (Nilsson et al. 1997). The manikin can simulate walking movements by a pneumatic
lever system (Figure 1).

34—t
=
T Q

The total insulation value was calculated by equation 1. |1 isthe total insulation value in m**C/W, 34 isthe
controlled manikin surface temperaturein °C, t; is the ambient air temperature in °C, Q. is the sum of all
zone heat lossesin W, and A4 is the manikin surface areain m” The repeatability of the method, used for
determination of insulation values, is high. The difference between double determinations was | ess than 5%
of the mean value of the two measurements based on 228 independent measurements. Insulation values are
often reported as clo-values — 1 ¢l0=0.155 m?**C/W.

(A, D)

Figure 1. Walking, thermal manikin " TORE" used in the two wind studies.

Results and discussion

The regression equations obtained with the two sets of data from quite different range of air velocities were
remarkably similar. In the range 0.2-1 m/s there was little variation between types of clothing in relative
reduction. Data were pooled with the results from the second study with a much larger range of wind
velocities. The general equation derived from this data set of 228 independent measurements showed a
correlation coefficient of 0.91. The general equation has the form

loof1e = ALEE) ®)

Figure 2 shows the reduction in insulation value for four ensembles at air velocities from 0.4 to 18 m/s. The
reduction is expressed as fraction of the value at 0.4 m/s. The four ensembles represent similar types of
3-layer systems, but with different material in the outer layer. Thereisaclear difference between ensembles,
in particular at higher wind velocities.
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Figure 2. Reduction of total insulation of four types of winter clothing ensembles as function wind speed.
M easurements were taken with athermal manikin in a climatic wind tunnel.

At higher air velocities an equation with only wind and walking as variables becomes insufficient. An
obvious reason for thisisthe air permeability of the outer layer. This material property becomes an important
determinant of wind penetration into the clothing layers and subsequently affects the heat losses. Air
permeability was introduced in the regression analysis and new eguation was derived with the three
variables.

Theinsulation reduction (I, /l;) asafunction of air permeability (p, |/m?s), wind speed (v, m/s) and walking
speed (w, m/s) based on the present data set of is now calculated with:

/1, = 0.54 &Y% ™ _ 0,06 In(p) + 0.5 (3)

The equation is derived from three dependent regressions, one for wind and walk (R = 0.885) and one for the
inclination of the permeability (R = 0.965) and one for the intercept of the permeability (R = 0.998). The
standard deviation of the difference between measured and calculated data (1 /1) is 4% (Max/Mean/Min
15/5/0) based on all 228 independent data sets. The maximum, mean and minimum difference are 15, 5 and
0 %, respectively. Thevalid interval for the equation is0.4-18 m/swind speed, 0-1.2 m/swalking speed and
an air permeability of 1 to 1000 I/m?s. The equation is plotted in figure 3 for alow and a high value for the
air permeability of the outer layer.

Air permeability has limited influence in wind speeds below 3 m/s, but becomes progressively important at

higher wind speeds. Typically, a 3-layer ensemble with high air permeability will loose 60-70 % of its total

insulation in winds of 12 m/s and higher (figure 3). Also highly impermeable ensembles will loose 30-40 %
at high wind speeds, mostly as aresult of boundary layer breakdown and compression effects.

Few data are reported in the literature on effects at high wind speed. Breckenridge and Goldman
(Breckenridge et al. 1977) derived specific correction equations for defined military ensembles. At 10 m/s
the winter ensembl e reduced by about 20 % and the standard fatigues with over-garment reduced by about
40 %. Reductions are allittle bit smaller than reported here (Figure 3), but a direct comparison cannot be
made, as the details of the ensembles are not known. Afanasieva (Afanasieva 1992) reported wind effects of
similar magnitude to those reported here.

Wyon (Wyon 1989) made a series of measurements with athermal manikin in asmall wind tunnel and
reported the results as wind chill equations for typical civilian, outdoor clothing. He concludes that the wind-
chill temperature for the clothed body is much lower, than for nude skin. Thisisin clear contrast to the
results of this and other studies (Breckenridge et a. 1977; Steadman 1971; Steadman 1984). His results show
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remarkable reductions also for heavy winter clothing. The temperature for good heat balance would need to
be +2 °C for jogging at 220 W/m?in awind of 2.5 m/s dressed in an ensemble with atotal, static insulation
value of 2.6 clo (0.403 m?°C/W). Thisisin clear contrast to common experience. Using the IREQ-index
(1SO/CD-11079 2000) for the given conditions gives a balance temperature of —23 °C. Making the unlikely
assumption that the specified down jacket is highly air permeable (500 I/m?s), still gives a balance
temperature of —18 °C.

Low permeability High permeability
080-100 080-100
@ 60-80 o 60-80
@40-60 @ 40-60
m20-40 m20-40
100 m0-20 m0-20
80
% of total % of total 60
standard %° 1.20 standad 30 & 7L 120
insulation 40 0.9 insulation 3S 0.9
20 0.60 0.60
0.30 walking speed A 0.30 walki 23 speed
68 (m/s) 68 1012 (m/s)
1012 1416
i 141618 wind speed 18
wind speed v

Figure 3. The combined effect of wind and walking speed on the total insulation value of 2-3-layers clothing
ensembles. Air permeability of the outer layer is 1 (Ieft panel) and 1000 I/m’s (right panel), respectively
(Nilsson et al. 2000).

The new correction algorithm is used in the revised version of the IREQ-index (1SO/CD-11079 2000). The
value of IREQ is still the same (figure 4), because this is the resultant insulation that must be provided by
clothing independent of type, material and wind. In order to analyse if the selected (worn) clothing ensemble
satisfies the requirement (IREQ-value), the insulation reduction as aresult of the given conditions (activity
and wind) and the material air permeability must be calculated. Thisis done automatically in the computer
program. This means that the selected clothing maybe required to have a static insulation value that can be
more than 2 times higher than the IREQ-value, in particular if wind speed is high and air permeability is high
(figure 3). In other words, when tested according to ENV-342 (ENV-342 1998) or ASTM-F1290 (ASTM-
F1291 1995) the ensemble gets an insulation value for static, wind-still conditions. This value will then be
corrected in the IREQ-analysis using the new agorithm.

IREQneutral
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Figure 4. IREQneutral as function of ambient operative temperatureat eight levels of metabolic heat

production. IREQ is specified for thermoneutral conditions of the heat balance. Thiswould correspond to a
thermal sensation of neutral to dlightly warm. Values apply to wind-still conditions.
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In conclusion, one equation has been derived for prediction of the reduction in thermal insulation value of
2-3-layers clothing ensembles as function of wind, walking and air permeability. The deviation between
measured and predicted value was mostly less than 5 % and below 10 %. The air permeability has little
influence on the insulation for wind speed below 3 m/s. For calculations below such alimit the air
permeability could be omitted. In the future only measurements on a standing manikin should be needed.
The wind, permeability and walk reductions will be calculated from this value. To validate the relationships
more measurements on subjects exposed to wind and activity in working life are needed. Thisis the subject
of arecently started EU-research project. Albeit, the correction agorithm is based on alarge database,
results from the testing of new materials and ensembles, may modify the basic equation.

The new algorithm for correction of clothing insulation allows morerealistic

- prediction of heat balance in cold environments and operational capabilities
- analysis of the risks associated with extreme cold and wind conditions

- assessment of the protective function of available cold weather ensembles.
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SUMMARY

In order to develop more comfortable and safe protective garments, it is necessary to obtain detailed
knowledge of the phenomena governing air flow, heat and mass transfer. Computational Fluid Dynamics
(CFD) is a promising approach for those kinds of problems. Numerical simulations can support the design
process and make it cheaper. Simulations of the air flow in a 2D model of a cylindrical human body part
covered by protective clothing are presented here. The CFD predictions show dependencies of the air flow
penetrating the clothing material, and the heat and mass transfer to the body part, as a function of external
flow and clothing material properties. The problem has been formulated by using dimensionless parameters,
reducing the number of properties for flow and clothing conditions. The clothing material has been modeled
as aporous material. For turbulence modeling, we used an RNG k-g& model. The set of governing differential
eguations has been solved numerically by use of the commercial flow-simulation code Fluent 5.

INTRODUCTION

Investigation of the phenomena which play a dominant role in processes of heat and mass transfer in
protective clothing systems, is till a big challenge for researchers. The problems can be analyzed through
theoretical models, experimental studies and numerical simulations. During last years, computer power has
increased significantly, allowing for the numerical simulation of increasingly complex applications. In this
paper, we apply Computational Fluid Dynamics to protective clothing modeling. Numerical studies were
performed for better understanding of air penetration through the clothing — body part system.

We considered a 2-dimensional cylindrical body, covered by a porous medium, placed in a uniform
turbulent air flow. This is the smplest model of human body part (e.g. an arm) covered by a protective
clothing. Figure 1 shows schematically the problem formulation. We have considered the body part as a solid
cylinder, and protective garment as a porous layer, characterized by a given air permeability. The space
between the clothing material and the body part is filled with air. We considered steady state flow situations
only (no changes of mean flow propertiesin the time, no movement of the body part).

) body part

N air gap

> clothing

a b

Figurel. Schematic problem formulation (a) and a small part of computational domain with mesh (b)

Paper presented at the RTO HFM Symposium on “ Blowing Hot and Cold: Protecting Against Climatic Extremes”,
held in Dresden, Germany, 8-10 October 2001, and published in RTO-MP-076.
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NOMENCLATURE
Roman letters Greek letters
C  massfraction a binary parameter
C, specific heat, Jkg/K J. porous medium thickness, m
Da Darcy number, see Table 1 5g air gap thickness, m
Dag Damkohler number, see Table 1 A thermal conductivity, W/mK
D diffusivity, m¥s U viscosity, Pals
. porousthicknessratio P density, kg/m®
I, airgapthicknessratio
g . 2
K permeabl_l |ty of the porous medium, m Subscript
L  characteristic length
Nu Nusselt number, see Table 1 o free stream
Pr  Prandtl number, see Table 1 ¢ doth
P pressure, Pa g argap
Re Reynolds number, see Table 1

Schmidt number, see Table 1
Sherwood number, see Table 1
source term vector, Pa/lm
temperature, °C

free stream velocity, m/s

mean velocity component, m/s
fluctuating velocity component, m/s
velocity vector, m/s

<<<iF-0ggy

COMPUTATIONAL DETAILS

The fluid flow around blunt bodies is described by a set of differential equations. the continuity
equation and the Navier-Stokes or momentum balance equation [7]. In general the mass conservation
(continuity) eguation is given by formula:

%—’f +00{pv)=0 (1)
for steady state (9/0t = 0) and incompressible flow ( o = const.) we can write:

O =0 (2
The momentum equation for steady state and incompressible flow is given by:

p0vV)=-0P+0F +aS A3)

where a isabinary parameter:
1 intheporousregion

a=
Ep in thefluid region

T denotes the viscous stresses tensor, given by:

T= u(DV +(0OV )T) 4)

and ([)]T denotes a transposed vector. The momentum source term in the porous region is equal to the
pressure gradient in the porous medium in accordance to the Darcy equation:

e
$= V. (5)
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The heat transfer equation for the considered system may be written as:

pc,(V )T =A0°T 6)
and in asimilar way the species transport equation for agasthat is present in the air in small concentrations
(V O)c=D0O%. )

Here it is assumed, that heat and mass transfer through the clothing is mainly convective, and solid hest
conduction and mass diffusion in the clothing fiber materia is neglected.

The above equations have been presented in dimensiona form. In order to reduce the number of parameters
describing the problem, it is more useful to make the eguations dimensionless by scaling the variables with a
reference value. As a result, dimensionless parameters appear in the equations, describing the problem has
been presented (see Table 1).

Dimensionless group Definition
Reynolds number ( Re) p“;L
Darcy number (Da) 5%2
Damkohler number ( Da) %
Prandtl number (Pr ) £
Schmidt number (Sc) p—“D
porous thicknessratio (1) %

air gap thickness ratio (1 ;) JTQ

Table 1. The set of dimensionless parameters used for describing the discussed problem

Assuming constant air properties, we can make above equations dimensionless by introducing the following
dimensionless parameters.

T-Te P P .
Coo Ts _Too pref uo% H=tt (8)

v="_ -
Uoo

where u,, is the free stream velocity, Cis the free stream concentration of the trace gas, T is the free stream
air temperature, T is the surface temperature of the inner cylinder, and L is the characteristic length taken
here as the outer cylinder diameter. This leads to dimensionless equations as below:

1. Continuity equation:

OV =0 )
2. Momentum equation:
An P A~ (AN 12 -
0 =P+ =0V +(OV) Bra—c v 10
) Re ( ) B ~ DaRe (10
3. Heat transfer equation:
67&)?:— L ppp (11)
RePr
4. Species transport equation:
Vo)e=-—L1 n2 (12)
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The computational domain consists of three parts: the external air flow, the porous medium and the air gap
between the body part and porous cylinder. The outer flow has been considered as a turbulent. The porous
medium has been treated by adding a momentum sink, in accordance with Darcy’s law, to the momentum
equation (10). The flow in the air gap has been treated as laminar because the highest value of Reynolds
number based on air gap width was 5-10%

For the outer, turbulent flow, we used RANS (“Reynolds Averaged” Navier-Sokes) approach to obtain
turbulence correlations that needs modeling. The instantaneous velocity vector is decomposed into a mean
and afluctuating component, viz.:

V=V +Vv (13)

where V is the time averaged velocity and V' is the fluctuating component of the velocity [6]. By putting
(13) into momentum equation (10), the RANS eguations are obtained, which have similar genera form as
the instantaneous NS eguation (10), with the velocity and pressure now representing time- or ensemble-
averaged values. Additional terms now appear, representing turbulence effects. These so-called Reynolds
stress terms have to be modeled in order to close the RANS equations. In order to model the Reynolds
stresses, we used a two-equation model eddy viscosity model. Within this model, turbulence is modeled by
replacing the molecular viscosity in the momentum equation by an eddy or turbulent viscosity, which is
calculated from the turbulence kinetic energy (k) and turbulence dissipation rate (€). Two additional transport
equations are solved for k and € [6].

A part of the used computational domain has been presented in Figure 1b. In order to safe
computational time, we considered only the upper half of physical space (Figure 1a), based on the symmetry
of the flow, using the symmetry boundary condition. In the inlet at the left hand side of the domain, a
uniform horizontal velocity was specified, as well as a uniform inlet temperature and species concentration.
On the surface of the inner cylinder, a no-slip boundary condition was prescribed for the velocity, as well as
a uniform surface temperature. Furthermore, it was assumed that the trace gas species in the air deposits on
the inner cylinder wall through afirst order deposition reaction with rate R=Kk; c. For k; — 0, this corresponds
to a zero-flux Neuman boundary condition on the cylinder wall, whereas for k. — oo, it correspondstoac =10
Dirichlet boundary condition. The other boundaries of the domain were defined as free outlets. The boundary
conditionsin the inlet and on the cylinder wall are listed below:

1. Inlet boundary conditions:
Vy=Uyx - Vyx=1

Vy=0 - Vy=

Ueo ~
V=2 . ¥=005 (14)
T=T, - T=0

2. Boundary conditions at the surface of the inner cylinder:
V=0 - V=0

~

T=Ts - T=1 (15)
D@:krc - a—sz—as
dn dn |

g

Two-dimensional computations were performed using the Fluent 5, based on the well-known pressure
correction SIMPLE algorithm [3] and finite volume formulation. Second order differencing scheme has been
used for al equations. As mentioned previoudly, two-equation turbulence model (known as k-€) has been
employed. Because of the known weakness of the standard k-€ model for cases such as the one considered
here [4], the RNG version of k-& has been used [5], which is known to perform better for flow around bluff
bodies. The computations were performed with a standard desktop PC configuration (Intel PII1 800MHz, 192
Mb RAM).
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RESULTS AND DISCUSSION
Aerodynamics results

First, the aerodynamics of the studied system has been considered. The goal of this part of the work
was to study flow dependencies on the Reynolds and Darcy number. A standard case has been defined, with
Re = 7010° and Da = 6.6[10* (for an 8 cm diameter inner cylinder and a cloth thickness of 0.5 mm, this
corresponds to a free air velocity u., = 1.3 m/s, and a cloth permeability K = 0.16[10° m?, the latter |leads to
an air resistance of 15 Pa/(m/s)). In al cases | was 5[10°3, | was 5[10%, Pr was 0.7 and Sc was 1.2. All of the
described cases were in the subcritical flow regime, the highest Reynolds number being Re=3510° [1].

Figure 2a presents the streamline distribution for the standard case. Analyzing this graph we can
distinguish two regions in the air gap between the body part and the clothing material: The upstream region,
where air flows through the clothing into the air gap, and a second region, where air flows out again. In order
to see where the border between these two regions is, we can analyze Figure 2b. This graph presents the
pressure coefficient distribution for the surface of the outer and inner cylinder, as a function of the angle © ,
measured from the upstream stagnation point. From @ =0° up to about © =52°, the pressure outside the
clothing is higher than inside. This is the region where air flows through the clothing into the air gap. For
© >52°, the pressure outside is lower than pressure inside the air gap, and air flows out. The outer pressure
distribution is almost identical to known results for a single solid cylinder, as reported by different
investigators in experimental work [2]. The shape of outer pressure distribution curve also proofs the
subcritical character of the flow [1], [9].

1.0 %%, —o— Outside porous cylinder
—2— Inner cylinder surface
ol ™

0.5 Obb
/\ ] | EE}{O\O
]
/ 0.0 3

] b
b
-0.5 - b
1 oo
bbb o 0 0000
-1.0 4 Q
%OW

. —
0 20 40 60 80 100 120 140 160 180
O [deg]

Figure2. Sreamlines (a) and pressure coefficient distribution (b) for typical case

a b

Figures 3a and 3b present the tangential velocity component inside the air gap, averaged across the
air gap height, as a function of angle. For the ease of comparison, the computed velocities have been
normalized with free stream velocity.

In Figure 3a, normalized averaged tangential velocities have been displayed for different values of
Darcy number and a fixed Reynolds number Re = 7010°. For higher value of Darcy number, and
consequently for higher permeability, the normalized air velocities inside the air gap are higher. The
normalized velocity depends approximately linear on the Darcy number.

Figure 3b presents the normalized averaged tangential velocity component for fixed Darcy number
Da = 6.6[10* and different values of the Reynolds number. For higher value of the Reynolds number, and
consequently for higher air velocities, the normalized air velocities inside the air gap are higher. The
dependence of the normalized velocity on the Reynolds number is again approximately linear.
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Figure3. Averaged tangential velocity component inside air gap as a function of angle for different Darcy
(a) and Reynolds (b) number

The observed behavior, i.e. the similar dependence of the normalized velocities in the air gap on the Darcy

and the Reynolds number, can be explained from their similar appearance in the momentum sink term in the
Navier-Stokes equation (10):

2
~ |C A
= \/ 16
DaReu (16)

For the considered problem we have: [i =const and IC2 =const, which implies:

A~

V ~ DaRe. (17)

It should be noticed, that the Reynolds number is based on the diameter of the outer cylinder, whereas the
Darcy number is based on the porous material thickness.

Heat and mass transfer results

The heat transfer to the inner cylinder (body part) has been computed for three different values of the
Darcy and Reynolds number. Results are presented in Figure 4a, b and ¢, each of which presents six different
curves for given Reynolds number Re = 7(10°% 14010° and 35[10°, respectively. The first group of displayed
quantities is the dimensionless air temperature <T>, averaged over the height of the air gap (left axis). The
second group gives the distribution of the local Nusselt number Nu (right axis). Both of them are presented
for three values of the Darcy number, Da = 4010, 6.6[10"* and 10010, respectively.

For the lowest value of the Reynolds number, the temperature distribution has a maximum around
© =100-120°. For higher Darcy number, the maximum becomes smoother and shifts to larger angles. In
Figure 4b, at a higher Reynolds number, we can observe similar behavior, but the temperature distribution
becomes smoother and the maximum is located at larger angles. Comparable results have been found in [8].
The last picture, at the highest Reynolds number, shows a bit different behavior: for the lowest value of
Darcy we can observe a smooth shape of the temperature distribution, but no maximum is present. For the
higher Darcy numbers, the temperature curve has again a maximum. It appears because the flow inside the
air gap changes, exhibiting a separation point and a recirculation zone. For every graph we can notice that
the most efficient cooling occurs at locations where outer air enters the air gap (see Figure 2a and b).
Analyzing the local Nusselt number distribution in figures 4a, b and ¢, we can observe exactly the same
dependencies on the Darcy and Reynolds number. The highest value of Nusselt nhumber responds to the
highest heat flux and in consequence to the most efficient cooling.
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Figure4. Averaged relative temperatureinside air gap and local Nusselt number (a, b, ¢) as a function of

angle for different Darcy number and averaged relative mass fraction inside air gap and local
Sherwood number (d, e, f) as a function of angle for different Damkdhler number

Mass transfer has been computed for the same three different Reynolds numbers, and a fixed Darcy
number Da = 6.6[10™. For these calculations, a trace gas (mass fraction 1%) was added to the air flow. It was
assumed that the physical properties of the air and trace gas mixture were equal to those of air. On the
surface of the inner cylinder, the trace gas is absorbed according to afirst order reaction. The surface reaction
rate is related to the Damkohler number. In Figure 4d, e and f, the dimensionless trace gas mass fraction
profiles, again averaged over the height of the air gap, are presented for different surface reaction rate (left



7-8

axis). The lowest value of Damkohler number corresponds to the lowest surface reaction rate, meaning that
most of the transported gasis not absorbed on the inner cylinder surface. It is easy to observe the influence of
reaction rate on the mass fraction distribution. For low values of Damkdhler number there is amost no
difference between the free stream concentration and the concentration in the air gap between clothing and
body part. When the reaction rate increases, the concentration inside the air gap becomes smaller than the
free stream concentration, up to the extreme case when Da; — o and the surface concentration is almost
zero. The highest presented value of Damkdhler number is Das= 1000, because the differences of averaged
concentration profiles for higher Das are negligible. For large values of Dag (corresponding to a Dirichlet
boundary condition ¢ = 0 at the inner cylinder surface), the dependency of the mass fraction distribution on
the Reynolds number is very similar to the previously described dependency of the temperature distribution:
for the lowest value of the Reynolds number, the concentration profile has a clear maximum. For the next
higher Reynolds number (Figure 4e), the mass fraction curve has a smoother shape and the extreme value
occurs at larger angle. At the highest Reynolds number, the influence of flow separation inside the air gap
can again be observed. As is to be expected, for large values of Das, the Sherwood number for mass transfer
to the inner cylinder is amost identical to the Nusselt number for heat transfer. Small differences being due
to the fact that the Prandtl number for heat diffusion (Pr = 0.7) is not exactly equal to the Schmidt number
for mass diffusion (Sc = 1.2).
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Figure5. Averaged Nusselt (a) and Sherwood number for large Damkohler number (b) as a function of
Reynolds number

Figure 5 presents the Nusselt and Sherwood number (for large Das), averaged over the entire surface
of the inner cylinder, as a function of Reynolds number (based on the outer cylinder diameter). For the same
value of the Darcy number, heat and mass transfer are almost identical, as expected. Surprising is the linear
dependence of Nu and Sh on Re. This can be understood as follows: Based on well-know correlations for the
heat transfer of along cylinder, the Nusselt number can be written as

Nu ~ EM% D:)r% (18)
M

From our analysis we found, that

<v, >
h ~

Combining these two equations, we find (for fixed p, ¢ and &)
Nu ~ Re(Pre . (20)

Re (19)
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A similar analysis can be given for the Sherwood number. This explains the linear dependence of the Nusselt
and Sherwood number on the Reynolds number. For higher values of Reynolds, heat and mass transfer
become more intensive.

CONCLUSIONS

In this paper, the dependency of air flow and heat and mass transfer through protective clothing
around a cylindrical body part was studied as a function of the externa flow velocity and the clothing
material permeability. All results have been presented in dimensionless form, making them more generally
applicable. One of the most important conclusions is that the air flow enters through the clothing material for
angles up to 50—-60° (measured from the stagnation point) only. This gives a genera impression on
locations, which are sufficiently ventilated, the others which are more endangered by poisonous gases in the
air. The heat and mass transfer results accurately confirm the noticed effect; the lowest values of
temperatures and highest for concentration appear for angles up to 50 —60°. For the same angle range, a
maximal value of Nusselt and Sherwood numbers occurs, indicating large heat and mass transfer for this
region.
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Thermal Protection Against Hot Steam Stress

PhD. Anne-Virginie Desruelle, Tech. Bruno Schmid, Col. Alain M ontmayeur
Institut de M édecine Navale du Service de Santé des Armées
BP 610
F-83800 Toulon Nava
France

Summary

In order to answer to the needs of the French Navy, the thermal protective capacities of textile samples and
protective garments are assessed under hot steam stress with a testing device developed in our ingtitute. In a
first series, textile samples are exposed to three conditions of hot steam jet (leading to three rates of heat
flux: 4.31, 3.39, and 2.80 W.cm™) and to a hot saturated environment (80°C and 100% of relative humidity
leading to a heat flux of 0.70 W.cm™®). In a second series, protective garments are tested in a hot saturated
environment (80°C and 100% of relative humidity) on athermal manikin.

With the same thickness or inferior one, the textile samples and garments impermeable to water vapour are
more efficient to limit the heat transfer due to hot steam stress exposure than the permeable ones. Moreover,
thicker is the sample or the garment, higher is the thermal protection it gives. But, there is a maximal
thickness over which the gain of protection is not enough sufficient to justify the increase of thickness. The
diffusion of the water vapour through the textile samples and its absorption bring additional heat and
decrease the protective capacities of the textile fabrics. This mechanism is observed with the permeable
samples at the beginning of the exposure to hot steam jets and should be take into account to evaluate the
samples or the garments to avoid skin burn. This mechanism is also observed with one impermeable sample
after a time delay of exposure (depending on the steam conditions and the textile) probably due to a
denaturation of the impermeability of the sample.

In conclusion, the best protection against hot water steam stress should be given by athick, multi-layered and
impermeabl e to water vapour garment with awide cut to limit the contact with the skin.

Introduction

Accidental exposure to hot water steam is a potential hazard in the French Navy and particularly on nuclear
submarines or ships. Exposure to hot steam atmosphere leads to severe and sometimes letal injuries in
respiratory airways (Hathaway et al., 1996; Moritz et al., 1945) or in skin (Still et a., 2001).

In order to protect the submarine crew members of the French Navy, a study is carried out on protective
capacities of textiles and equipments under hot steam stresses. A « steam laboratory » was aeated at the
Institut de Médecine Navale du Service de Santé des Armées. A set of tools was developped: (i) a testing
device for textile samples evaluation, (ii) a thermal manikin and a climatic chamber for clothings and
procedures evaluation under steam stresses.

Materialsand methods

Serie l.

The device for textile sample evaluation can be used under two configurations: steam jet or steam
atmosphere. It is composed of a steam generator (Sano clav Wolf, Bioblock, France), a sample support, a
measuring cell (composed with a heat flux sensor, Episensor 025, JBMEurope, France) in which water
circulates at a regulated temperature of 33°C, and a data logger (DagBook 216, 10tech, USA) and a
computer that allows to observe and save the measures (software: Dagview 7.1, |0tech, USA). Under steam
jet configuration, the sample support and the measuring cell are fixed on a moving base. Under steam
atmosphere configuration, this moving base is replaced by an isolated box in which steam atmosphere is
created. In this configuration, the steam injection is made by an electrovalve asserved to a thermal regulator
which regulates the box temperature at 80°C.

Paper presented at the RTO HFM Symposium on “ Blowing Hot and Cold: Protecting Against Climatic Extremes”,
held in Dresden, Germany, 8-10 October 2001, and published in RTO-MP-076.
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Table 1 shows the caracteristics of the basal samples which are presented in this paper.

The protocol is the same for all the conditions and corresponds to 10-min exposure to steam stress. the 3 jet
conditions (J5, J10 and J15) depending on the distance between the steam output of the generator and the
external side of the samples (respectively 5, 10 and 15 cm) and the atmosphere condition (ATM). The
reference tests (REF) correspond to the measuring cell directly exposed to the steam stresses (4.312 + 0.026,
3.394 + 0.039, 2.804+ 0.033 and 0.702+ 0.117 W.cm for respectively J5, J10, J15 and ATM). Each test
(REF or samples) isrepeated 3 times.

The heat flux is measured every second throughout the exposure. The following variables are calculated with
the heat flux values. SMF (Steam Mean Flux, W.cm™) corresponds to the average of the heat flux of 3 tests
over the last minute of the exposure. AHT (total Amount of Heat Transfered, J.cm™) corresponds to the
cumul of the heat transfered to the cell over the 10-min exposure. PR (Percent of REF, %) corresponds to the
ratio between the SMF of the sample and those of the corresponding REF.

The results for three textiles samples, described in Table 1, are presented in this paper.

Thickness (mm) Ry (MKW R. (M”.PaW™)
TC 0.50 0.0252 4.3
TX 0.40 0.0121 398
TLD 0.25 0.0198 10000

TABLE 1: Caracteristics of the samples. Ry: thermal resistance. Re: evaporative resistance (EN 31092).

Serie 2.

Five protective egquipments are evaluated on a copper therma manikin in a 80°C saturated environment. The
thermal manikin is divided in nine separate segments. The surface temperature is regulated at 33°C by water
circulating inside copper pipes which are distributed on the internal face of the sheets (regulated surface:
1.349 m?). The water flows are measured (Mc Milan Co, USA) and regulated at the output of each segment
between 0.06 to 1.00 |.m™ (+ 5%). Thus, total and local heat fluxes are calculated from temperatures and
water flows. The REF test correspond to the nude manikin exposed to the climatic conditions. During the
equipment tests, the thermal manikin is worn with the equipment and placed in the center of the chamber.
For all the tests, the climatic conditions are 80°C of air temperature with step increase of humidity to the
maximum allowed by the equipment. Due to high level of condensation on the regulated surface of the
manikin, the chamber cannot reach saturation when the manikin isin. Thus, humidity is increase by step to
the maximum the chamber can reach. And the heat flux value at saturation is extrapolated by exponential
regression. For each step, the mean temperature of the surface of each segment of the manikin is regulated at
33°C. Temperatures and water flows are measured for each step over 7 minutes. Local and total heat fluxes
are then calculated for each step. And the heat fluxes for saturation are calculated by extrapolation. The
equipments are classified depending on their heat fluxes.

We present the results for five garments. TLD, TC, TBoy, TVTN and TMat. TLD and TBoy are water
vapour impermeable garments. TC, TVTN and TMat are water vapour permeable ones. TC, TVTN and TLD
are thin garments, while TBoy and TMat are thick ones. All these garments cover al the manikin surface
except the head. The comparison between garments is made with the heat fluxes measured on the surface
covered.

Results

Seriel.

The Figure 1 shows some typical exemples of heat flux pattern during the 10-min exposure to the J10
condition. During REF tests (curve 1), the heat flux increases rapidely (in 2 to 3 sec) to a steam steady state
(SMF = 3.394 + 0.039 W.cm™). During TC tests (curve 2), there is a peak of the heat flux at the beginning of
exposure. Then after, heat flux decreases to finally stabilise at a new level maintened till the end of the
exposure (SMF = 1.606 + 0.031 W.cm). During TX tests (curve 3), the heat flux reaches rapidely a first
steam steady state. But, after about 140 sec, the flux increases again till the end of exposure. During TLD
tests (curve 4), the heat flux reaches rapidely the steam steady state (SMF = 0.808 + 0.024 W.cm™).
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FIGURE 1: Typica patterns of heat flux observed during the 10-min exposure to J10 condition (see text).

Figure 2 shows the impact of two ways of impermeabilization of a textile sample (TC) on the heat flux
pattern during J10 condition. The impermesabilization is made either in adding a polyethylene foil of 10 um
thickness (P) ahead of TC (P+TC) and behind TC (TC+P) or in soaking TC just before the tests (TCm).
When P is placed ahead of TC (P+TC), the pattern is typically those of an impermeable fabrics. But, when P
is placed behind of TC (TC+P), the pattern is the same as TC alone but the peak is significantly decreased
and SMF is lower. When TC is soaked before the tests (TCm), the peak is also significantly decreased and
SMFisthesameas TC.
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FIGURE 2: Heat flux of samples composed with TC during the first minute of exposure to J10 condition.

Table 2 shows the main results observed in condition J10 when the air layer behind the fabrics (TC and
TLD) isincreased artificially in adding one (3D4) or two layers (3D8) of a 3D polyethylene waffle fabrics of
4 mm thickness. Increasing the thickness of the air layer behind fabrics leads to lower SMF, AHT and PR,
whatever the permeability of the fabrics. For the same thickness or a lower one, the impermeable fabrics
leads to lower levels.

Sample SMF (W.cm™) AHT (J.cm?) PR (%)

REF 3.39%4 (0.039) 2038.2 (26.4) -

TC 1.606 (0.031) 968.8 (6.2) 46.5 (1.3)
TC+3D4 0.591 (0.017) 3815 (7.1) 17.4 (0.7)
TC+3D8 0.388 (0.005) 249.9 (4.3) 11.8 (0.3)
TLD 0.808 (0.024) 473.3 (22.0) 23.7 (1.0)
TLD+3D4 0.069 (0.001) 41.3 (1.2) 2.0 (0.0)
TLD+3D8 0.042 (0.000) 24.6 (0.0) 1.3 (0.0)

TABLE 2: Main results observed in increasing the thickness of the air layer behind fabricsin condition J10.
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SMF: steam mean heat flux. AHT: amount of heat transferred to cell in 10 minutes. PR: percent of the REF
heat flux transferred.

Figure 3 shows the pattern of the heat flux observed with TX during the 3 conditions of steam jet. After a
first increase at the beginning of exposure to steam, the heat flux increases again after adelay of steady state.
The delay before increase and the range of increase depend on the condition.
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FIGURE 3: Heat flux observed with TX during the 3 conditions of steam jets.

Serie 2.

Figure 4 shows the local and total ratios between the mean heat flux of the samples and these of the REF test
(PR, %). In a general way, results observed on garments and fabrics have the same meaning. The permeable
garments to water vapour TC and TV TN lead to higher levels of heat flux and PR, since these 2 garments are
thin. But TMat lead to about the same level of PR than TLD due to the higher thickness of the textile fabrics,
composed with different textile layers. The best protection is brought by TBoy, TLD and TMat, and the
lowest one by TC. The figure shows aso that there is a higher difference between the local ratios with
permeable garments, and specially between limbs and the others body segments.

50

40 A

30 1

PR (%)

20 A

10 A

TAv  TAr BG BD CG CD MG MD Tot
Segments

FIGURE 4: Ratio between the heat flux of the garments and those of the REF. TAv: front of the trunk, TAr:
back, BG and BD: left and right arms, CG and CD: left and right thighs, MG and MD: left and right legs,
Tot: total.

Discussion

In a general manner, the tests on textile fabrics and on garments are in good agreement. With the same
thickness or inferior one, the textile samples impermeable to hot water steam are more efficient to limit heat
transfer due to exposure to hot water steam than the permeable ones. At the beginning of the steam jet
exposure, the permeable samples show a peak of the heat flux measured probably due to complex
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phenomenons of condensation, diffusion and absorption of water inside sample releasing high level of heat
(Farnworth, 1986; Lotens and Havenith, 1994). The « impermeabilisation » of permeable sample leads to the
loss of these phenomenons. These phenomenons should aso explain the results observed with TX
(impermeable sample). After a delay of steam jet exposure, the sample seems to change its characteristics,
and progressively becoming permeable. In this case, while the denaturation is not instantaneous, no peak of
heat flux is observed but rather a regular increase depending on the denaturation rapidity. The rapidity
depends on the level of steam agression. The denaturation is reversible for this sample. The maintenance of
the properties of the textile samples should be evaluated under steam aggression to avoid skin injuries.
Moreover, thicker is the sample, higher is the thermal protection it gives. But, it seems to exist a maximal
thickness over which the gain of protection is not enough sufficient to justify the supplementary increase of
thickness.

In the same way, impermeable garments are more efficient to protect under steam stress. Furthermore, a
loose-fitting cut (with a thick air layer between the garment and the skin) allows to increase the level of
thermal protection of a thin garment. The ergonomic consequences of this kind of protection for human
tolerance to work are to be evaluated.

Conclusions

The best protection against hot water steam aggression should be given by a thick, multi-layered and
impermeable to water vapour garment with a wide cut to limit touches with skin. Moreover, the equipment
should covered al the body surface to protect the skin surface and also the respiratory airways and the eyes.
In these conditions, this protective garment should not be worn continually. The study should be continue to
find a solution to protect the submarine crew members during their daily work.
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Fire Fighter Garment with Non Textile Insulation

Dr. Wolfgang Nocker, Johann Seibert
W. L. GORE GmbH
Hermann-Oberth-Str. 24
85640 Putzbrunn
Germany

Summary

A waterproof barrier combined with heat stable , spacers® creates the therma insulating air buffer.Fire
fighting suits with the new insulation system fullfill thermal protection according EN 366 and EN 367 and
are successfull in thermo-man test of DuPont. A controlled wear trial in a climatic chamber showed a higher
physiological performance of the new system compared to traditional ones ( GORE-TEX® and leather with
non woven insulation).

Introduction

Fibers and yarns are not the real thermal insulater of a garment. It is the locked still standing air. Fibers
conduct the heat 10 to 20 times better than still standing air. This was the idea to substitute the traditional
textile insulation by an air cushion. GORE-TEX®Airlock® is a combination of moisture barrier and thermal
protection: Heat stable ,spacers® of foamed silicone on the GORE-TEX® moisture barrier create the
insulating air buffer.

Hot plate measurements showed that at similar heat resistance we gained a 40% lower water vapor resistance
with the new system whereas the water vapor absorption was reduced by 60%.Transient measurements
showed that the Airlock® system features a higher transportation rate but lower absorption rate for liquid
water.Consequently a combination with Airlock® causes a significantly shorter drying time.

Conclusion out of this physical data : For wear situations with strong sweating,as experienced by fire
fighters, a material combination with an Airlock® liner can be expected to show a better physiological
performance than a material combination with a conventional textile insulation.In a controlled wear test on a
treadmill in the climatic chamber we tried to proof this.

Methods
Five professional fire fighters wore the following ensembles at 30°C / 50% R.H. for 95 min:

e Leather jacket with lining but without moisture barrier,Paris style, GORE-TEX® fire fighting trousers

* Textile jacket (Nomex, Aramid lining, GORE-TEX® barrier),Berlin style, GORE-TEX® fire fighting
trousers

* Textilejacket (Nomex, Airlock®, lining),Paris style, modified Airlock® fire fighting trousers

Long-legged underpants  and long-deeved undershirt of a functiona material
(Ullfrotte:60%wool ; 25%PES; 15%PA)

have been worn underneath.To be close to practice each test subject wore its boots, gloves, helmet, belt and
breathing apparatus (without respirator mask).

The load regimen was based on former studies and consisted of work and rest cycles:

10 min 4 km/h 0%

10 min rest

5min 5km/h 5%
10 min rest

5min 5km/h 10%
10 min rest

5min 5km/h 8%
40 min rest

Paper presented at the RTO HFM Symposium on “ Blowing Hot and Cold: Protecting Against Climatic Extremes”,
held in Dresden, Germany, 8-10 October 2001, and published in RTO-MP-076.
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Par ameter s measur ed:

Core temperature (rectal),heart rate,skin temperatures, relative humidities between underwear and suit,
weight loss of subject,weight gain of clothing.At the end of each cyclethe test subjects rated their heat and
moisture perception as well as the wear comfort.

Results and discussion

» Core temperature: Up to the 25th test minute, the temperature increases of the body core lay within a
relatively narrow temperature band and on a comparatively low level. From that time on,
however,distinct increases were observed.In the Leather fire fighting jacket, the body core temperature
rose by 0.9 K, in the Berlin GORE-TEX® jacket by 0.65 K, whereas an increase of only 0.45 K was
measured in the jacket Airlock®-Paris.In the Leather jacket the body core temperature was continuously
rising, even after the load phase had ended (55th test minute), and kept on rising until the end of the test
in the 95th test minute.In the two other jackets, the body core temperature kept gradually falling from the
75th test minute on.

e Mean skin temperature: The temperature curves lie within a band of approximately 2 to 1.3
Kelvin;Leather on the top (more than 37 °C) and Airlock®-Paris the lowest skin tempeature (nearly
36°C).Berlin GORE-TEX® wasin the middle.

e Heart rates: They rose in a way which was typical for the load regimen of the test and lay within a
physiologically plausible bandwidth.The small differences between the mean value curves reveal that the
individual jacket types have less influence on the heart rates.It was only in the fire fighting jacket
Airlock®-Paris that the heart rates returned nearly to the starting levels from the 65th test minute on.

*  Weight change: The weight losses of the test persons were, on an average, approximately 1 kg in the
Airlock®-Paris jacket, 1.3 kg in the Berlin GORE-TEX® jacket and 1.7 kg in the Leather jacket. The
water uptake of the garment ensembles coincided with the weight losses: 0.5 kg in the Airlock®-Pearis
jacket; 0.7 kg in the Berlin-GORE-TEX® jacket and 1 kg in the Leather jacket.

» Relative humidity:The humidities measured in the Leather jacket ranged about 5 to 10 % above the
levels measured in the two other jackets, throughout the test. It was especialy in the Airlock®-Paris
jacket that the humidity reached a steady state slightly above 80% r.h.

» Heat perception: It was ranked on a scale from 0 to 7 (O=comfortable; 1=dightly warm; 2=warm;3=very
warm; 4=hot; 5=very hot; 6=uncomfortable;7=intolerable).Up to the end of the last walking period
(55th min) the Airlock®-Paris jacket was perceived as warm to very warm; Berlin GORE-TEX® as hot
and Leather as very hot.This perception continued till the end of the test, whereas the two other
jackets showed an improvement.

» Moisture perception: It was ranked on a scale from 0 to 7 (O=dry; 1=chest or back slightly moist; 2=chest
or back moist; 3=body moist; 4=body moist with clothing partly sticking to the body; 5=perspiration is
running down at some spots; 6=perspiration is pouring down the body in many areas; 7=intolerable).Up
to the end of the last walking period (55th min) Airlock®-Paris ranked 3rd and Berlin-GORE-TEX®
and Leather 5th.

Wear comfort: It was ranked on a scale from 1 to 6 (1=excellent; 2= good; 3= satisfactory; 4=
uncomfortable;  5=very uncomfortable; 6=extremely uncomfortable). Throughout the test period,
Airlock®-Paris was perceived as excellent; Berlin GORE-TEX® as good and Leather as very
uncomfortable.

The outcome of the study wasthat for al parameters, except for the heart rate, a clear rank can be assigned to
each jacket type tested (rank 1 = best, rank 3 = worst performance):

1. Airlock®-Paris

2. Berlin GORE-TEX®
3. Leather

Conclusions

In the fire fighting suits with the new combination of thermal protection and liquid barrier very favourable
thermophysiological conditions prevailed. Such suits can be expected to produce less heat stress at the
wearer. Fire fighting suits with Airlock® fullfill EN 469 and had been successfull in thermo-man-tests.With
the new concept the bulkiness of insulation could be reduced while maintaining the same level of heat
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protection. Due to minima moisture absorption and high moisture vapor transfer the risk of injuries by
scalding should be reduced. High flexibility and reduced weight of such suits increases the wear comfort.
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Wearing Comfort of Footwear
in Hot Environments

Dr. Wolfgang H. Uedelhoven*, Prof. Dr. Bernhard Kurz** and Markus Résch*
*Bundeswehr Research Institute for Materials, Explosives, Fuels and Lubricants (WIWEB)
Landshuterstr. 70, D-85435 Erding, Germany
**|nstitute for Applied Ergonomics (IfaErg)

Siedlerstr. 1, D-85716 Unterschleif3heim, Germany

Dedicated to Dir. and Prof. Kunz on his 60" birthday

INTRODUCTION

The climatic wearing comfort of military footwear greatly influences the performance of the soldier.
Particularly in hot and/or humid environments insufficient wearing comfort of footwear can cause severe
problems. Considering that the formation of blisters can be considerably reduced if the feet are kept asdry as
possible [1], means should be provided to reduce the humidity close to the surface of the foot. Even though a
great diversity of so called "functional" socks and "breathable" shoes are available on the market today, there
is still alack of reliable and objective methods to simulate sweating inside the footwear at different levels of
metabolic rate and to measure the resultant temperatures and relative humidities. It is, therefore, difficult to
judge or compare different footwear systems (consisting of shoes, socks and inlay soles) with respect to their
influence on the climatic wearing comfort.

RATIONALE

In collaboration between WIWEB and IfaErg a testing device named CY BOR (Cybernetic Body Regulation)
for the simulation of climatical conditions inside a footwear system and the measurement of the resulting
temperatures and relative humidities close to the foot and/or between sock and shoe has been developed. The
technical specifications together with some samples of application of the device have been reported earlier
[2-4]. CYBOR consists, among other, of a foot phantom, which supplies heat and moisture to the inside of
footwear. The heat and moisture supply is closely related to human sweating behaviour at a given metabolic
rate. An investigation has been carried out to find out about a suitable combination of socks and shoes
resulting in a proposition for footwear systems to be worn in hot and hot/wet environments.

RESULTS

Five different pairs of socks with two-layer construction underneath the foot and a mixture of man made and
natural fibres within the shaft have been combined with a german combat boot particularly designed for hot
environments. The details of the construction of the socks are givenin Tab. 1.

The temperature and relative humidity inside the foot phantom of the simulation device were set to 37 °C
and 80 % relative humidity, respectively. After reaching a steady state condition (after approx. 90 min. of
test duration), the temperature and relative humidity were measured in the medial area outside the foot
phantom ("skin" in Fig. 1) as well as in the medial area between the sock and the shoe. Fig. 1 shows the
resulting calculated water vapour pressure (wvp) values.

Paper presented at the RTO HFM Symposium on “ Blowing Hot and Cold: Protecting Against Climatic Extremes”,
held in Dresden, Germany, 8-10 October 2001, and published in RTO-MP-076.



10-2

Tab. 1: Construction details of socks under test and final temperatures at the end of the test as measured in
the media area; WO = Wool, PAC = Polyacryl, PA = Polyamide, PES = Polyester (Coolmax’), PP

= Polypropylene.

Sock No. Cushion (PP) | Thickness of Shaft Length Fibremixture | Fina temperature
1 High Volume low caf WO/PAC 34,2
2 Medium Volume low caf WO/PAC/PA 34,6
3 Medium Volume low calf PES/PA 34,4
4 High Volume high calf WO/PAC/PA 34,7
5 High Volume high knee WO/PAC/PA 34,5
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Fig. 1. Water vapour pressure (wvp) measured in the medial areainside (“skin”) and outside (*sock / shoe™)
the socks under test.

Socks with thinner shafts (No. 1 - 3) tend to produce a more humid climate close to the skin even with a high
volume cushion underneath the foot. The driest climate is provided by socks No. 4 and 5 with thick shaft and
a high volume cushion. Sock No. 4, however, shows a comparatively high wvp-vaue between the sock and
the shoe. The fina temperatures insde all the socks under test are within arange of 0.5 °C, which means that
the difference cannot be realized by the wearer. The results are interpreted as follows:

There are three different ways of moisture transport out of the shoe (Fig. 2):
1. from the skin through the sock through the materia of the shaft of the shoe

2. from the skin through the sock along the inside of the shaft of the shoe
3. aong theinside of the sock
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Fig. 2. Different options for moisture
exchange in footwear (explanation of
numbers: see text)

Option No. 1 islimited by the water vapour permeation resistance of the shoe's shaft material. Even though
the shoe under test was equipped with fabric insets, the results show, that in most cases the water vapour
pressure between the sock and the shoe is higher than close to the skin, which means, that the moisture
transport through the shaft of the shoe is insufficient. The same applies to option 2. In case of a good fit of
the shoe this transport way is blocked by a snug contact between the sock and the shoe. The most efficient
way of removing moisture from the feet seemsto be option 3. This can be seen from the comparatively lower
"inside"wvp-values of socks 4 and 5 with thick shafts.

Two further important informations can be drawn from the results: In case of sock No. 3 the content of a
high surface fibre (Coolmax”) within the shaft evidently provides a better moisture transport and a drier
climate between the sock and the shoe compared to socks No. 1 and 2. No. 3, however, was the thinnest sock
under test and some of the moisture loss may also be due to the loose fit between sock and shoe. The content
of this particular high surface fibre in the shaft material of the sock does, however, not provide a drier
climate close to the skin. In case of sock No. 4 the moisture transport option 3 may be blocked by the elastic
upper end of the shaft of the sock close to the upper end of the shoe. In contrast to the knee-high sock No. 5
most of the moisture is left between the sock and the shoe, which can cause problems during longer wearing
periods.

CONCLUSION

The obtained results showed, that the construction of socks have a major influence on the climatic wearing
comfort of footwear systems for extreme environments. It turned out, that comparatively thicker socks will
provide adrier foot climate without considerably raising the skin temperature.

Currently further tests are carried out to get more precise informations about the influence of different man
made fibres with good moisture transport capabilities on the foot climate. The employed testing device
CYBOR has proved to be a powerful tool for the prediction of the climatic wearing comfort of footwear
systems.

The authors thank the Falke KG Company, Germany for supplying the necessary test samples.
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Testing a New Concept of Immersion Suit at Sea

Dr. Michel B. Ducharme
Human Protection and Performance Group, Defence and Civil Institute of Environmental Medicine
1133 Sheppard Ave. W., Toronto, Ontario, M3M 3B9, Canada

Summary

A new concept of immersion suit, the nearly dry suit, was recently developed to overcome the main
limitations of the wet and dry suits. The main new feature of the suit is the adjustable seals that can be
closed before or upon entry in water. The purpose of the present study was to test the new suit at sea
against a standard dry suit. Seven male subjects were immersed for over one hour in 3°C water in the
Atlantic ocean. Three conditions were tested during which the subjects were wearing a dry suit (DRY), a
nearly dry suit with the seals closed (NEAR-DRY-C) or a nearly dry suit with the seals opened upon
entry in water (NEAR-DRY-O). The thermal resistances of the suit, measured from the skin heat 10ss
data and the temperature difference between the skin and the outside surface of the suits, were 0.95 +
0.14, 0.69 £+ 0.13 and 0.58 + 0.09 Clo for DRY, NEAR-DRY-C and NEAR-DRY-O conditions,
respectively, with the thermal resistance being significantly lower (p < 0.05) for the NEAR-DRY
conditions. The decrease in insulation for the NEAR-DRY -O condition was attributed to a significantly
larger water leakage through the seals (1.37 = 0.29 L) as compared to the other conditions (DRY: 0.41 +
0.20 L; NEAR-DRY-C: 0.35 = 0.28 L). It was concluded that the nearly dry suit concept, while
maintaining a greater comfort when the seals were opened before immersion, successfully limited the
water leakage into the suit to a level observed with a dry suit when the seals were closed upon entry in
water. The thermal insulation provided by the nearly dry suit when closed is not inferior to 0.75 Clo, the
recommended insulation to obtain adequate thermal protection in cold water. During immersion in the
open mode, the nearly dry suit can decrease the survival time by afactor atwo.

Introduction

Two types of immersion suits are available today to protect aircrew against the risks associated with
accidental cold water immersion, namely the wet and the dry immersion suits. The main limitation of the
wet suit isits limited thermal protection during cold water immersion because of the constant |eakage of
water into the suit. The principal limitations of the dry suit are seal leakage, and neck and wrist seal
discomfort.

A new concept of immersion suit called the nearly dry suit, was recently developed by the Canadian
company Mustang Survival to overcome the main limitations of both the wet and dry suits. The main
new feature of the suit is the adjustable seals that can be closed before or upon entry in water. This new
feature, in addition to improve comfort, could help the aircrew to manage heat stress inside the aircraft
during flight operations in temperate conditions without the assistance of an active air conditioning or
cooling system. However, such afeature could also be a source of water |eakage that may cause a major
deterioration of the thermal properties of the immersion suit during water immersion. The consegquence
could be fatal to aircrew crashing in cold water because of the rapid cooling of the body and the risk of
dying from hypothermia before being rescued from the water.

Purpose

The purpose of the present study was to compare the physiological responses, leakage rate, and thermal
properties of the new suit concept to a standard dry immersion suit currently in use by the Canadian
Forces during a simulated accidental cold water immersion in the open sea. The open sea environment
was used in the present study to simulate a realistic cold water accidental immersion of aircrew at sea

Paper presented at the RTO HFM Symposium on “ Blowing Hot and Cold: Protecting Against Climatic Extremes’ ,
held in Dresden, Germany, 8-10 October 2001, and published in RTO-MP-076.
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where self-rescue activities and the sea state can both influence the thermal insulation of an immersion
suit.

M ethods
Subjects

Seven healthy, non-smoking male volunteers with the following characteristics were recruited (mean +
S.D.): age 36.0+4.3 years, height 178.0 £ 10.0 cm, weight 80.3 + 14.1 kg, body surface area 1.98 + 0.20
m? and percentage body fat 17.6 + 6.4%. Body surface area was calculated using the formula of Dubois
and Dubois (1). Percent body fat was estimated from the skinfold from 5 body sites according to Katch
et a. (2). All subjects were medically screened by a physician before being asked for their written
consent. This study was approved by the Human Ethics Committee at the Defence and Civil Institute of
Environmental Medicine (DCIEM).

Ambient Condition and Clothing Worn

The study was performed in the Atlantic Ocean on the Defence R& D Canada Research Ship Quest, 20 to
50 km off the coasts of Nova Scotia, Canada. The average air and water temperatures, and the average
peak wave height during the study were (mean £ SD) 7.3 =+ 1.0°C, 3.6 + 0.2°C, and 2.5 + 0.5m,
respectively.

Three conditions were tested on each of the seven male subjects. In the first condition called DRY, the
subjects wore a dry suit currently used by the Canadian Forces. The suit tested was the MSF750
Immersion Dry Suit by Mustang Survival that has 0.85 immersed Clo of thermal insulation as measured
in stirred water on a thermal manikin (TIM; The CORD Group, NS, Canada). In the second and third
conditions, the subjects wore the nearly dry suit MAC 200 also by Mustang Survival with 0.91 immersed
Clo of thermal insulation as measured in stirred water on the thermal manikin. The neck and wrist seals
of the MAC 200 immersion suit were closed for the second condition called NEAR-DRY -C, and opened
for the third condition called NEAR-DRY-O upon entry in the water. All seals were closed after
resurfacing during the NEAR-DRY -O condition. Both types of suits were made of a Nomex shell, an
inner Goretex membrane and a thermally insulative liner. In addition to the immersion suits, all subjects
wore the following clothing: long polyester underwear (top and bottom), one-piece cotton flying suit,
neoprene boots and hood, and inflatable mitts.

Procedures

Before each immersion, the subjects were dressed with sensors and the appropriate clothing and then
weighed on an electronic scale. Each immersion consisted of a series of 4 events that were completed
within a period of about 1.5 hr. The purpose of the immersion was to simulate the series of evens
experienced by an aircrew during a helicopter crash at sea. The first event, simulating the crash, was a
helicopter simulator egress into the sea. The egress consists of moving the subject from the ship deck to
the sea water while harnessed inside the ssmulator. Once touching the water, the simulator was inverted
under water and the subject counted to 5 before releasing himself from the chair, exiting the simulator
and resurfacing.

After resurfacing, the subject inflated his life vest, put his mitts and started swimming to a one-man life
raft positioned 20 m away from the main ship. After reaching the life raft, the subject boarded it and then
immediately exited it to return to the water. Finally, the subject was immersed for 1-hr, un-tethered and
using a natural floating position. The subjects were used in pair during the immersions and were closely
monitored by a rescue crew on board of a fast-craft. The main ship was following the subjects to a
distance of about 500 m in order to be within a5 min rescue time.

Following the immersion, the subject boarded the fast-craft and returned to the main ship where they
were sprayed with fresh water (to consistently saturate the outside of the suit) and weighed following a
2-min waiting period.
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Physical and Physiological Variables Measured

During all immersions, the following physical parameters were continuously monitored from the main
ship: air temperature, water temperature about 50 cm under the water surface, and wave height.

Water leakage into the suit was estimated by weighing the fully dressed subject before and after each
immersion test on an electronic scale accurate to = 5g. To minimize the effect of the mass fluctuation
caused by the movement of the ship on the water leakage estimation, the mass of the subject was
recorded every second for a period of 30 sec while seating still on a chair fixed on the scale platform, and
an average mass was calculated. In addition, the average mass of the subject was compared to the
average mass of amanikin of asimilar and known weight measured simultaneously. The post-immersion
weight was corrected for the water saturation of the outer layer of the suits.

During each test, skin temperature and heat flow (HFTs; Concept Engineering, Old Saybrook, CT, USA)
from 12 sites according to the Hardy and Dubois formula (3) were continuously monitored, in addition to
the outside surface temperatures on the suits at those 12 sites, the rectal temperature (Pharmaseal 400
series, Baxter, Valentia, CA, USA) and the heart rate (Polar heart rate monitor; Polar Electro, Stamford,
CT, USA). All the temperature and heat flow data were recorded and saved on small data loggers.

The thermal resistances of the suit were measured according to a method previously described (4).
Briefly, the thermal resistances were measured from the skin heat loss data and the temperature
difference between the skin and the outside surface of the suits.

Satistical Analyses

A one-way ANOVA for repeated measures was used to compare conditions DRY, NEAR-DRY-C and
NEAR-DRY-O. These analyses were done for the dependent variables mean skin temperature, mean
heat flow, rectal temperature, heart rate, water leakage and thermal insulation of the suits. Results were
considered statistically significant at p < 0.05 (using the Greenhouse-Geisser adjustment for repeated
measures). A Newman Keuls post-hoc test was used to determine where was the significance. All values
are presented as mean + SE.

Results

During the last 10 min of the immersions, the rectal temperature was not different between the three
conditions averaging 37.3 = 0.1°C for DRY, 37.3 = 0.1°C for NEAR-DRY-C and 36.7 + 0.3°C for
NEAR-DRY -0, athough the data from the last condition tends to be lower.

The average skin temperature and skin heat loss from 12 sites on the body were significantly lower for
the MAC 200 suit than for the dry suit (26.4 + 1.1°C, 147 + 8W/nm) and lower for the NEAR-DRY -O
(21.4 + 1.2°C, 188 + 5 W/m’) than the NEAR-DRY -C condition (23.5 + 0.9°C, 174 + 5 W/m?’) (Fig. 1, 2).

The heart rate was significantly higher for the NEAR-DRY-0O (96.2 £ 1.6 beats/min) as compared to the
two other conditions (91.6 = 1.6 beats/min for DRY; 90.4 + 2.3 beats/min for NEAR-DRY -C).

The thermal resistances of the suit were 0.95 + 0.14, 0.69 + 0.13 and 0.58 £ 0.09 Clo for DRY, NEAR-
DRY-C and NEAR-DRY-O conditions, respectively, with the thermal resistance being significantly
lower (p < 0.05) for the NEAR-DRY conditions (Fig. 3). The decreasein insulation for the NEAR-DRY -
O condition was attributed to a significantly larger water leakage through the seals (1.37 £ 0.10 L) as
compared to the other conditions (DRY: 0.41 £ 0.11 L; NEAR-DRY-C: 0.35+ 0.11L) (Fig. 4).
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Figure 1. Mean skin temperature (+SE) during the last 10 min period of the 1-hr immersion in
3°C water for all conditions tested at sea. n = 7. *: dgignificantly different from the DRY
condition; #: significantly different from the NEAR-DRY -C condition.

225

200 - *

175 4 T

150 A T

125 4

100 +

75

Skin Heat Flow (W/m2)

50 -

25

DRY NEAR-DRY-C NEAR-DRY-O
Conditions

Figure 2. Mean skin heat flow (xSE) during the last 10 min period of the 1-hr immersion in 3°C
water for all conditions tested at sea. n = 7. *: significantly different from the DRY condition.
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Figure 3. Suit thermal resistance (+SE) during the last 10 min period of the 1-hr immersion in
3°C water for all conditions tested at sea. n = 7. *: dignificantly different from the DRY
condition; #: significantly different from the NEAR-DRY -C condition.
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Figure 4. Water leakage into the suits (+SE) estimated from the difference between the pre and
post immersion weight of the subjects. n = 7. *: significantly different from the DRY condition.
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Discussion and Conclusion

The results from the present study show that when tested at sea during a simulated accidental cold water
immersion, the nearly dry suit used in the closed mode did not promote more water egress into the suit as
compared to a dry suit. The water leakage observed for the dry suit during this study may seems
excessive (0.41 £ 0.11 L), but one has to keep in mind that the suits were tested in a very redlistic
scenario with anumber of self-rescue exercises that promoted water egress. In addition, the dry suits used
were not new, but were considered serviceable and had been used by aircrew for a minimum period of
three months prior to the study. The same applies to the MAC 200 immersion suits tested. This was
intentionally done to further underline the practice dimension of this study. When the neck and wrist
seals were open upon entry in the water and closed upon resurfacing, the water leakage was multiplied by
afactor of nearly 4. This scenario simulated a situation where the aircrew may have been unconscious or
did not have the time to close his seals upon the entry in water.

Despite a similar water leakage, the MAC 200 caused a greater cold stress as compared to the DRY suit
condition as reflected by the various physiological parameters (see Fig. 1 and 2). This could be
explained by alower thermal resistance of the MAC 200 immersion suit as compared to the dry suit (see
Fig 3). The greater water leakage into the MAC 200 immersion suit during the NEAR-DRY -O condition
would explain the further decrease in thermal resistance during that condition.

It was concluded that the nearly dry suit concept, while maintaining a greater comfort when the
seals were opened before immersion, successfully limited the water leakage into the suit to a
level observed with a dry suit when the seals were closed upon entry in water. The thermal
insulation provided by the nearly dry suit is lower than the insulation provided by the dry suit,
but not inferior to 0.75 Clo, the recommended insulation to obtain adequate thermal protection
in cold water. When the seals of the nearly dry suit were opened before entry in water, the
resulting water leakage could significantly decrease the survival time by a factor of two, based
on the results from a prediction model (5).
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SUMMARY

Three hundred and fifty seven people attended a series of practical survival courses at Survival Systems Ltd.,
Dartmouth, Nova Scotia between January and June, 2001. Each of the attendees earns their living either
working on, or flying over water. During the courses, they wore a variety of survival suits: a helicopter
passenger suit; a marine, one-size-fits-all ship abandonment suit; or a military constant wear survival suit. At
the beginning and the end of the course, a questionnaire was administered to enquire about (a) the reasons for
wearing such a suit, (b) the ergonomics of the suit, and (c) how much confidence they had that the suit would
doitsjob in the case of ship abandonment or helicopter ditching. Pre-course, little was known about the four
stages of immersion, but the anecdotal evidence that there was general dissatisfaction with the suits was not
generally borne out by the results. Water integrity was better than expected; this can be attributed to better
manufacturing procedures, fabrics and standards. An interesting finding was that those people with small
wrists or wearing a suit with slack fit of the wrist seal, benefited from tightening the seal with duct tape. The
opinions on the ergonomics of the suits followed a normal distribution curve, with the majority of people
expressing a relatively good opinion. Most people had confidence that they would survive in them. Post
course, the degree of knowledge of the dangers of sudden cold water immersion had improved, but will
require re-testing at alater date to investigate the retention factor.

INTRODUCTION

From Biblical times until the middle of the 20" Century, loss of life from cold water immersion was
generally ignored. Finally, in 1943, the British Medical Research Committee (Reference 12) published a
pamphlet on “The Guide to the Preservation of Life at Sea After Shipwreck”. This was based on the
observations of naval medical officers who had treated survivors, and on 279 survivor interviews. This
document was the basis from which all the modern physiological research has been conducted on cold water
immersion.

After the Second World War, two other reports were to follow that revealed the shocking loss of life at sea
which could have been prevented. The first was the Talbot Report (1946) (Reference 13). This study showed

Paper presented at the RTO HFM Symposium on “ Blowing Hot and Cold: Protecting Against Climatic Extremes” ,
held in Dresden, Germany, 8-10 October 2001, and published in RTO-MP-076.
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the inadequacy of the RN lifebelt and the Carley type floats. Over 30 000 men died after escapin