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The military diver performs a wide range of operational duties encompassing ship
repair, search and salvage, mine countermeasures and other special operations . Since
all the world's oceans can be the diver's operational domain, diving can take place in
a diverse range of water temperatures, depths and durations .

Although research and development in thermal aspects of diving has never disap-
peared, until recently the R&D efforts have been primarily directed at other technolog-
ical advances re lated to diving . With the successes obtained, the diver is now exposed
to deeper and/or lon j;er pro fi les under new scenfuios, and thermal limits to perfor-
mance have once agiin emerged as the prime limiting factor. Research is being car-
ried out in all aspects of thermal protection . Passive thet7mal protec tion, whether wet
or dry, is seeing the in troduction of new materials and effective clothing ensembles .
Active thermal protection was traditionally just the free flow of hot water into a diving
suit but is now being approached by new and novel methodologies .

It is, therefore, as a result of the renewed interest in thermal issues that the con-
cept of this workshop was developed . It was organ ized under the auspices of the
ABCA-10 (America, Britain, Canada and Australia) Information Exchange Program on
Naval Diving and its purpose was to bring together representatives from all the com-
ponents concerned with military diving ; the operators who must dive in the various
conditions and who will know the shortcomings as well as the strengths of a protective
ensemble ; the manufacturers, who through their own research as well as feedback from
the user must produce the protective ensembles ; and the researchers, whether basic or
applied who through their creativeness develop the concepts and physiological basis
for thermal protection . It is hoped that under this forrnat, each member of the com-
munity can contribute their own specific expertise and instill mutual interest and a co-
operative spirit which will lead to safer and therfore more successful military diving .

Tiit T . Romet*
John Sterba, MDt
Workshop Co-Chairme n

P. rmItt Address

* National Defenc - Headquarters
c% CIS/DSTI
Ottawa, Ont. K I A 0K2
Attn : DSTI 3-3

t J.A. Sterba, MD, PhD
Wright State University School of Medicine
Department of Emergency Medicin e
Cox Heart Institute
3525 Southern Blvd .
Kettering, Ohio 45429

- v -



ACKNOWLED(CEMENT S

The organization and success of the workshop is d.;pendent upon the help and
support received from numerous sources, in particular, the Defence and Civil Institute
of Environmental Medicine and the US Navy Experimental Diving Unit. We would
like to thank Dr. M.W. Radomski, Chief, DCIEM for the use of the DCIEM facilites
and for allowing the concept of the meeting to be fulfilled . Administrative support
from the Bit+sciences Division, under the direction of Dr. K.N. Ackles, is gratefully
acknowledged. Thanks go to the DCIEM School of Operational and Aerospace Medi-
cine for pro viding the facilities and the audio-visual support. The assistance of the
staff of the DCiEM Experimental Diving Unit under the command of LCDR Henry
Mark was most welcome, especially in carrying out all the small chores which made
the meeting run smoothly . Finally, we would like to thank the participants and atten-
dees from ail segments of the diving community who joined the meeting and provided
the interaction required to make the meeting a success .

For the preparation of these Proceedings, the editors would like to acknowledge
the assistarice provided by Mr. R. MacLean in scanning most of the submitted
manuscripts into a computer, Mrs . B . Zajakovski for retyping some manuscripts, WO
M. Huard and Sgt . B. Laakso of the Diving R&D Group for the final assembly of the
proceeding, ;, and the US Navy Experimental Diving Unit for proof-reading the final
text .

Tiit T. Romet
John Sterba, MD
Ron Nish i

- vi



LIST OF ATTENDEES

0

Dr. K.N. Ackles
Defence and Civil Institute of

Environmental Medicin e
1133 Sheppard Ave. W., P.O. Box 2000
North York, Ont. M3M 3139

Mr. Gavin Anthony
Admiralty Rewarch

Estab lishment (Alverstoke )
Alverstoke, Hants
England P012 2AG

PO(D) Kevin Barratt, RN
SDV Group, c/o FOST
Portland Naval Base
Weymouth, Dorset
England DT5 2J S

Mr. Steven M. Barsky
Viking America, Inc .
30700 Solon Industrial Parkway
Solon, Ohio 44139

Mr. Bob Chaplin
Viking America, Inc .
54 Boutelle St.
Leominister, MA 0145 3

Major Richard CliffonJ, Royal Marines
SDV Group, c% FOS T
Portland Naval Base
Weymouth, Dorset
England DT5 2J S

LCDR J.S. Coggins
HQ Fleet Diving Group
HMS Nelson (Gunwharf)
Portsmouth, Hants
England PO1 3HH

Mr. George Conway
S-Tron Corp .
101 Twin Dolphin Dr .
Redwood, CA 94065

•

•

Dr. Rand Biggars
Naval Coastal Syvems Center
Material s Science Branch, Code 2110
Panama City, FL 32407-500 0

Mr. James Brau n
Navy Experimental Diving Unit
Panama City, FZ, 32407-500 1

Mr. Paul Browne
Exotcmp Ltd .
320 Boundary Road, R .R. 4
Pembroke, Ont. K8A 6W5

Dr. Arthur Callahan
US Naval Submarine Medical

Research Laboratory
Box 900, Naval Submarine Base NLON
Groton, CT 06349-5900

Mr. Randy Cummings
Dept. of the Navy

Naval fiPa Systems Command, Code 06Z
Washington, DC 20362-510 1

Mr. M. Ducharme
Defence and Civil Institute of

Environmental Medicin e
1133 Sheppard Ave . W., P.O. Box 2000
North York, Ont. M3M 3B9

Mr. John Dudinsk y
Naval Coastal Sys tems Center
Materials Science Branch, Code 2110
Panama Ci ty , FL 32407-5000

Ms. Gale Feline
c% Pajesga
Box 60 1
Renfrew Ont . K7V 4A2

- vii



Dr. Philip Hayes
Director of Research
National Hyperbaric Centre
Aberdeen, Scotland AB2 SF A

Cmdr Peter Ken t
Naval Medical Research and

Development Center
Code 401
Bethesda, MD 20814-504 4

Dr. Gunnar Kmidsen
Norwegian Underwater Technology Centre
Gravdalsveien 255-5034 Ytre Laksevag
Bergen, Norway

Sgt Ron Lien
I st Special Operations Command
USA JFKL SWCS
Fort Bragg, N C

Lt(N) Larry Lin n
Navy Facilities Engineering Command
200 Stovall St .
Alexandria, VA 22332

Dr. Syd Livingston e
Defence Research Establishment Ottawa
Department of National Defence
Ottawa, Ont . K I A 0Z,4

Mr. Dick Long
Diving Unlimited Int . Inc .
1148 Delevan Dr .
San Diego, CA 92107

Capt . M.J. McClurkan
Special Warfare Grp Command
San Diego, CA 9215 5

Lt(N) Scott McDougall, CF
HQ Fleet Diving Group
HMS Nelson (Gunwharf)
Portsmouth, Hants
England POl 3HH

LCDR Henry Mark
Defence and Civil Institute of

Environmental Medicine
1133 Sheppard Ave . W., P.O. Box 2000
North York, Ont. M3M 3B9

Lucie Martineau
Defence and Civil (r~ -~ .ute of

Environmental Medicin e
1133 Sheppard Ave. W., P.O. Box 2000
North York, Ont. M3M 3B9

Karen Mittleman, PhD.
Naval Medical Research Institute
Mail Stop 38, DBTFA
National Naval Medical Center
Bethesda, MD 20889-5055

LCDR Dave Morrison
SDV Teann I
NAB Coronado
San Diego, CA 92155

LCDR Paul Morso n
Defence and Civil Institute of

Environmental Medicine
1133 Sheppard Ave . W., P .O. Box 2000
North 'York, Ont . M3M 3B9

Mr. R.Y. Nishi

Defence and Civil Institute of
Environmental Medicine

1133 Sheppard Ave . W., P.O. Box 2000
North York, Ont. MW 3B9

Mr. Rick. Nolan
Defence Research Establishment Ottawa
Department of National Defence
Ottawa, Ont . K 1 A 0Z4

Prof M.L. Nuckols
Ocean Engineering Dept
US Naval Academy
Annapolis MD 21402



0

0

•

r

Surg Capt R. Pearson
Ins titute of Naval Medicine
Alverstoke, Hants
England P012 2DL

Mr. Richard Porter
Director General Underwater

Weapons (Naval)
UW211E
Southwell
Portland, Dorset
D I-5 2JS England

Mr. Paul Potter
CORD Group
Suitr. 215, 70 Neptune Cres .
Dartmouth, N .S. B5Y 4M 9

Mr . Richard Roesch
Naval Coastal Systems Center
Mate rials Science Branch, Code 211()
Panama City, FL 32407-5000

Mr. T.T. Rome t
Defence and Civil Institute of

Environmer;tal Medicine
1133 Sheppard Ave. W., P.O. Box 2000
North York, Ont . M3M 3B9

Mr. Peter Ruden, PMS-395 A16
Naval Sea Systems Command
Bldg. NC3, Rm 7S1 3
2531 Jefferson Davis Highway
Arlington, VA 22202

Maj . K.D. Sawatzky, MD
Defence and Civil Institute o f

Environmental Medicine
1133 Sheppard Ave . W., P.O. Box 2000
North York, [)nt . M3M 3B9

Mr. Tom Schmidt
Lockheed Corp .
Advanced Marine Systems
San Diego, CA 92123

Mr. Ed Smallhorn
CORD Group
Suite 215, 70 Neptune Cres .
Dartmouth, N.S. B5Y 4M9

CDR John Smith, MD
Maritime Command Headquarters
FMO Halifax, N .S. B3K 2X0

Dr. John Sterba
Wright State University School of Medicine
Department of Emergency Medicin e
Cox Heart Institute -
3525 Southern Blvd .
Kettering, Ohio 45429

Mr. Bob Sutherland
Mustang Industrie s
440 Laurier Ave ., Suite 200
Ottawa, Ont . KIR 5C4

Capt E. 'f7ialmann, MD.
Naval Medical Research Institute
Mail Stop 3 8, lC3B'1"b°A
National Naval McJical C'ertter
Bethesda, MD 20889 .-54}55

Mr. A.J . Thomas
Admiralty Research

Establishment (Alverstoke)
Alverstoke, Hant s
England P012 2AG

Mr. Julian 'r homson
National Hyperbalic Centre
Aberdeen, Scotland AB2 SFA

Dr. Peter Tikuisi s
Defence and Civil Ins titute of

Environmental Medicine
1133 Sheppard Ave. W., P.O. Box 2000
North York, Ont. M3M 3B9



0

Dr. Andre Vallerand
Defence and Civil Institute of

Environmental Medicin e
1133 Sheppard Ave . W., P.O. Box 2000
North York, Ont. M3M 3B9

Robert Weinberg, PhD .
Naval Medical Research Institute
Mail Stop 38, DBTFA
National Naval Medical Cente*
Bethesda, MD 20$$9-5055

CWO Larry Wilson
EOD Team, AtarEODMU 6
Charleston, SC

Dr Eugene Wissler
Dept. Chemical Engineering
Univ. of Texas
4704 Ringe Oak Drive
Austin, TX "18731

Chief Chris Wynn
1:ODMU Three
Naval Amph . Base Coronado
San Diego, CA 9 2 155

i

•

i



a

i



SESSION I

DIVER PROTECTION TODAY

Session Chairman :
LCDR Henry Mark

PREFACE

In order to best meet the goals of our meeting, it is most appropriate to be first
acyuaintcd with the current status of thermal protections being used by our military
divers and viewpuints of the manufacturing industry in terms of their interests .

The first paper was presented by PO De7ong of the host country, Canada, a
description of the th,-rmal protection ensembles used and the philosophy behind their
selection . This was followed by the presentation by the Royal Marines, Mr. R . Porter
and Maj. Clifford, who described ;;~~ ; cn5emble developed for long endurance dives .
The presentation included a demonstration of t,tie donning of the ensemble . Medical
implications of such dives, arising from the long in :.rtive time spent in the water was
subsequently addressed by Surg . Capt . Pearson. The first half nf the session ended
with a description by CWO Wilson of the U .S. Navy, EOD program, and includ ;d the
problems with the diving ensembles experienced by their divers .

The second half of the session began with a presentation by Lt(N) McDouga ►l of
the. Royal Navy's 75 msw diving procedures and the thermal problems associater : with
such dives. Two presentations by industry representatives concluded the session . The
first was by S. Barsky of Viking America who described a series of experiments on
flooded dry suit buoyancy characteristics . The second and final presentation was by D .
Long of DUI who provided .a personal view based on his experiences, of the stv.tus of
thermal protection for divers and the fi,ture for new developments .

Tiit Romet
Co-Chairrnan

1



CURRENT THERMAL PROTECTION FOR THE CANADIAN FORCES DIVER

J. DeJong and G. Cox
Experimental Diving Uni t

Defence and Civil Institute of Environmental Medicin e

INTRODUCTION

A diver in the Canari:an Forces (CF) requires specialized protection to handl e
Canada's rugged envizrmn-,enta .' conditions. These conditions vary between the east and
west coast. The east coast experiences colder water conditions throughout the year
with only a slight warming trend in late summer and early fall . The coldest time on
the west coast is in late December and January . The water and surface temprratures in
the w--st seldom get as low as the east coast and so there are definite differences in the
type of diving suit and thermal protection preferred . In the CF we rely on both pas-
sive and active suit heating. The wet and dry suits rely on the body to heat up the
layer of water or air that is between the diver and the suit . In the hot water suits, hot
water is pumped down to the divers to heat the area between the diver and the suit .

WET SUITS

The standard diving dress in the Cï' is the wet suit. It is made of 1/4 - inch (6 .35
mm) neoprene rubber and is designed and custom fit to all CF divers that have suc-
cessfully complete a qualifying course . The construction specifications for these and
ready made wet suits are laid out in CFTO D-87-003-003/SF-001 . The tailored suit
consists of two main pieces, a "Farmer John" style pant and a jacket fitted with a diag-
onal zipper. The neoprene rubber has rubber one side and nylon on the other . The
nylon is normally worn inside for ease of entry, although many Clearance Divers
prefer nylon outside . The divers teel they get better thermal value with rubber against
skin (less free-communication with water) and the nylon protects the suit from abra-
sions.

The suit is designed so that a 1/8 - inch (3 .17mm) neoprene vest may be worn
under the Farmer John. In some cases a hood is attached to provide greater protection
around the neck. The hood is normally worn separately over the jacket and is long
enough to form down over the shoulders, however the hood is sometimes attached to
the jacket . The suit is also supplied with three finger gloves made with 1/4 - inch
(6.35 mtn) neoprene for colder water or five finger gloves made with 3/16 - inch (4 .76
mm) neoprene for warmer conditions. Wet suit boots are made of 1/4 - inch (6 .35
mm) neoprene and can have a hard or soft sole .

DRY SUITS

There are two basic dry suits in the CF, compressible and non-compressible . The
non-compressible suit currently in use is the Viking Variable Volume Suit . This suit
was brought into use when the military started diving in helium atmospheres and
breathing helium gas mixtures . It was found that helium broke down the neoprene
rubber in compressible suits .

PRF CED I WG PA
3
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NON-COMPRESSIBLE DRY SUITS

The Viking suit is rnaadc of a rubber coated polyester tricot (plain knitted fabric)
with sewn and vulcanized seams . There are three different fabric weights : Sport ( 800g/m2 ), Standard ( 1000 g/m2 ), and Heavy Duty (HD) ( 1500 g/m2 ) . The neck and
wrist seals are made of latex rubber and are glued to the suit . The HD suit uses thickerlatex rubber seals . The suit can be fitted with boots of different construction . They
can be made of suit material or have a weighted boot bonded to the legs .

DIVING UNDERWEAR

The underwear first used with the Viking suit was an Open Cell type made by
Viking . This underwear is made of double laminated, 1 0 mm polyester foam withopen cells . The open cell structure conveys body moisture away from the body where
it condenses against the colder suit surface . This type of underwear is still in use,
however it is being replaced by a more durable poly-pile "Woolly Bear" underwear.

The polyester pile underwear because of it's durability provides more thermal
protection even r.fter numerous washing . This underwear is made with a polyester-pile
fabric inner surface and a porous knit outer surface . Most divers use an 19 oz . under-garment, however heavier weights up to 36 oz. are available .

COMPRESSIBLE DRi' SUITS

The compressible dry suit currendy in use is the Poseidon Unisuit. The CFTOthat covers the specifications for the Gen ;ral Purpose Dry Suit is D-87-260-000/SF-001 . This CFTO is currently under review and other dry suits are being tested for use
in the CF. The Unisuit is made of 5/16 - inch t7 .93 mm) neoprene rubber with two-
way stretch nylon fabric laminated on both sides. The neck and wrist seals are madefrom 3/ 1 6 - inch (4 .76 mm) neoprene nylon fabrc one-side . The smooth side of the
neoprene is put outside so that the seals can be either rolled in or donut-sealed, as with
the wrist . Gloves are fitted over the smooth surface fornting a water tight fit . The
hood is normally made out of the same material as the suit and uses a border of 1 /8 -inch neoprene to seal around the face . The zipper that allows entry into the suit is
fitted with a 3/16 - inch neoprene insulating flap to prevent heat transfer through the
zipper.

The suit should be built or fit so that a diver wearing a pair of undershorts, T-
shirt, wool socks, and heavy pile underwear ( 19 oz . or greater ) can move comfort-
ably with little restriction.' Both compressible and non-compressible dry suits are fitt-,1
with both suit inflation and exhaust valves to control buoyancy and increase/dccrease
air space in suit when descending/ascending during diving .

SURFACE-SUPPLIED HOT-WATER SUITS
The surface-supplied hot water suit used in the CF is of an open-circuit design .

Hot water is supplied from the surface via a hose connected at waist level to a valve
and distribution block . The water channels throughout the suit and to the extremities
through a network of tubes . The suit is made of 1/4 - inch neoprene with nylon fabric
laminated on both sides . The gloves and boots used with this suit are 1/8 - inch
neoprene. The neck of the suit is interfaced with the SL-17B Helmet using a cold
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water neck dam attached to a helmet retaining seat . This cold water neck dam is nor-
mally made with 3/16 - inch neoprene . The diver also wears a 1/8 - inch neoprene
undergarment to protect him from extreme temperature fluctuations .

The diver is supplied approximately 2 to 2 1/2 gallons (9 to 12 litres) of water
per minute at 38 °C. The temperature is controlled from the surface and is increased
according to the length of supply hose and the temperature of the surrounding water .
When the diver is breathing a Helium mixture a small hose tapped off the suit hose
supplies hot water to a shroud fitted over the helmet second stage regulator.

All the steps that are taken to protect the diver from the cold environment lessen
the divers chances of developing hypor.~emlia; increase the divers productivity; and
remove one of the main factors that cause decompression sickness, namely, cold .

One factor recently under consideration is contaminated water diving . With more
of Canada's water becoming polluted the need for diver protection is essential . The
CF is currently investigating the use of a Viking HD Dry Suit with water tight seals at
the neck (to SL-17B helmet), and at the wrist (chemical gloves and heavy duty mitts)
to keep the diver free of contaminants . Currently these suits are only used for low
grade contaminants (i .e . raw sewage) .
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THERMAL PROBLEMS IN ROYAL NAVY i: .i METRE OXYHELIUM DIVING

Lieutenant(N) Scott A McDougall, CF
OIC Fleet Diving Unit Three, Royal Navy

ABSTRACT
75 metre Oxyhelium Divin,; is carried out by Units of the Royal Navy Fleet Div-ing Group

. The 75 m diving systcw,, is intended for maximum flexibility, including
deployment frrIm small craft dowrr to rubber-boat size. Some of the tasks assigned to
this system require moderately long bottom tintes, and thermal stress is imposed on
divers in the cold waters surrounding the UK. Thermal protection is passive in natureonly, due to the flexibility required of the system . A review of T.~assive thermal protec-tion equipment currently in use with the RN 7! m diving system is presented, alongwith a discussion of tasks, in-water exposure times and water/weather conditions nor-
mally encountered in Ult waters . An illustration of space cons?raints is also presented,to show the limitations imposed. Some projections of future direction in this area arealso discussed .

INTRODUCTION

It is the intention of this paper to describe some of the practical thermal problem :
encountered by the Royal Navy in carrying out Oxyhelium diving to 75 metres seawa-
ter (msw). The RN 75 msw system is intended for maximum flexibility and portability .
The primary operating platform is a pair of rubber boats, so one can easily see that the
options for thermal protection are limited in both mass and volume .

Furthermore, the water temperatures and topside climatic conditions are relatively
severe in northern UK waters, so these are immediate concerns of the system users .
Taskings for the system vary, but may involve substantial in-water exposure times .Procedures and equipment are documented in Chapter 8 of BR 2806 (Supp), which
will be reviewed for the benefit of those who are unfamiliar with its contents .

BA CKGROUND

The Royal Navy has carried out deep diving from open boats for over 20 years .In the beginning, compressed air was used as the breathing medium for ECD, Weaponrecoveries and aircraft salvage to a depth of 7 5 msw, Breathing equipment was rela-
tively basic compared to that in use today . Thermal protection consisted primarily of
weeding out the "non-hackers" during their initial training . That useful work coulâ te
carried out at such depths with the equipment of the day is a tribute to the training and
determination of the divers . Fortunately, there has been an ongoing effort to improve
the divers equipment over the years, so the level of pain-tolerance required to qualify a
professional diver is lower than ever before . There remain several areas where equip-
ment could be improved, however, and thermal protection is one of those areas .
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CURRENT SITUATION

In recent years, the RN has used 20/80 Oxyhelium for diving deeper than 54 msw
due to the lowered work of breathing associated with the gas . The KMB 10 and
HELIOX 18 have been brought into service, and new decompression tables developed
with the assistance of the RN Institute of Naval Medicine .

:'resent policy on employment of the 75 msw diving system is unclear, as the
entire RN Underwater Intervention Policy is under review . It can be said though, that
the most likely employment of the 75 msw diving system is on light-work, rapid-
deployment tasks . The option exists to carry out manned seabed EOD or iimited MCM
without having to place a large vessel at risk directly over the object . The ethics of
placing several divers and attendants in a rubber boat at risk are questionable, but any-
one with friends in the insurance underwriting business will see the relative advantage
of a rubber boat vs . a Diving Support Vessel. The lowered numbers of human lives
and reduced magnetic influence associated with the rubber boat approach are, of
course, accompanied by severe restrictions on space . The bottom line for rubber-boat
75 msw diving is Passive Thermal Protection (PTP) .

This diving system is also capable of being deployed aboard a vessel of opportun-
ity, provid ;,d deck space is adequate . Some more complicated tasks could be under-
taken and we .ight begin to look at Active Thermal Protection (ATP) in this scenario
to allow far longer bottom times with their accompanying longer der~mpression times .

PROCEDUi!E S

Procedures and equipment are defined in BR 2806 (Supp) and BR 2807 (1),
respectively. Topside, there are a number of portable aluminium cylinders to store
Oxyhelium and Oxygen . Gas Panels for the divers, Communications for the divers and,
within 300 metres horizontal radius, an RCC, are required . Down the umbilical, we
find the divers in "Wooly Be .rr" woolen underwear, Avon non-compressible dry-suits
and KMB 10 or Heliox 18 maskc . Suit inflation is a diver-carried flask of compressed
air.

All dxompression is carried out in accordance with BR 2806, with 20 minutes
being the maximum normal exposure bottom time at 75 msw . Stops are carried out on
a shot rope, in the water. Surface decompression is classified as an emergency pro-
cedure and hence cannot as yet be used to reduce in-water exposure as a matter of rou-
tine .

When operating from a larger vessel of opportunity, more gas can be carried top-
side. This would allow for longer bottom times considered in isolation, but thermal
constraint.s usually preclude extending beyond the 20 minutes .

ENVIRONMENT

The most active area for RN diving is off the west coast of Scotland . Sheltered
deep water is found here, as well as Navy exercise areas . Water temperature varies
c:onsiderab :y in this part of the world, depending on proximity to the Gulf Stream . The
Firth of Clyde, for example, is relatively warm throughout the year, while slightly
further north, in the Loch Linnhe area, the water is more typical of the latitude .
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Generally the sea off the west Coast of Scotland is warmer than one might except
in latitudes 55 to 60 degrees North, because of the influence of the Gulf Stream. Mean
surface temperatures range from approximately 7 .5 °C in Fcbruary to 13°C in August.
Temperature at depth in winter is generally the same as at the surface ; in summer it isup to 4° colder at depth . Close in shore and the Sea Lochs the temperatures may be
considerably different for those in the open sea because of fresh water running off the
land, which frequently causes cold water to form a layer near the surface in winter .

Air temperature is quite important as well . Divers spend several hours in a
rubber boat (or open leck area) with no protection from the weather, tending or carry-
ing out other topside duties. When their turn comes to dive, they may already be
hypothermic . On completion of the dive, they are passed by the momentum of the
operation back into a topside task and do not often have the luxury of a re-warm
period .

DISCUSSION

The thermal difficulties encountered during 75 msw diving are not overly compli-
cated, but require careful management. The operat:onal effectiveness of the divers
could be greatly enhanced by better thermal protection . The woolen underwear is. not
optimum for long dives and the Avon dry suit provides no inherent insulation . Divers'
heads are wet, as a result of the KMB design, which is a significant area of heat loss .
Hot-water suits are in use with the RN's Saturation Diving System, but not yet with
the 75 msw diving system .

Topside, the supporting cast is not adequately protected from the elements . The
practicalities of the situation preclude building weather barriers, and better clothing
would help the situation considerably .

LINES OF ENQUIR Y
Evaluation of new PTP drysuit underwear should be carried out . Work already

done on behalf of the Royal Marines has improved their protection greatly by provid-
ing them with Thinsulate underwear . Thinsulate retains most of its insulating value
even when wet. There is no need to assume that this is the acme of diving underwear,
however, and evaluation of new materials should continue ,

Neoprene drysuits are being evaluated for use in 75 m diving. Although it is ack-
nowledged that there is little difference be:•Neen neoprene and non-compr»ssible
material at depths greater than 30 msw, neoprene, based on trials to date, seems to be
considerably warmer during the decompression stops, which are spent mainly at 9 and
6 msw. Why is this, given that the loft of neoprene can be duplicated by extra
underwear beneath a non-compressible dry-suit (such as the Avon)?

For employment with vessels of opportunity, ATP systems require some evalua-
tion. Several well-pioven portable hot-water systems are available off-the-shelf. The
question of correlation between ATP and higher DCS incidence needs to be resolved .
Also, is diver-carried ATP necessarily out of the question ?

Development and validation of a safe surface decompression techniques would
allow longer bottom times and reduce in-water stresses on the diver . This should be
pursued . Thermal protection for topside .personnel needs to be addressed and it i s
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suggested that the RN could take some practical advice from a"cold-weather" diving
service such as the CF in this area .

SUMMATION

This has been a brief review of how the Royal Navy conducts 75 msw diving ,
some of the thermal problems associated with it and some suggested lines of enquiry .
We hope we have provoked some. questions on ma tters discussed above .
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Royal Navy . H.R. 2806 (Suppl.) . Procedures for Deep and Saturation Diving . Minis-
try of Defence, Director of Naval Warfare . London. Dec. 1985, Chapter 8 .
Royal Navy. B.R. 2807(1)(N ) . 75 Metre Diving Equipment . Ministry of Defence,
Sea Systems Controllerate . London. March 1984 .
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OBSERVATIONS ON FLO ODED DRY SUIT BUOYANCY CHARACTERISTICS

Steven M. Barsky John N. Hcine
Viking America, Inc. Moss .Landing Marine Laboratories
30700 Solon Industrial Parkway 7711 Sandholt Rd .
Solon, Ohio 44139 Moss Landing, CA 95039
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ABSTRACT

Military and scientific divers have increasingly turned to dry suits for therma l
protection in cold water and ice diving . Concurrent with this increase comes a concern
for proper training procedures, underwear requirements, and sqfe configuration of the
diving system . One area of common concern among all dry suit divers is the residual
buoyancy available, or not available, in the event of a catastrophic dry suit failure.This issue ►nust be considered due to the persistent use of dry suits as buoyancy corn-
pensators by many dry suit divers. This paper examines dry suit buoyancy under
simulated failure conditions with a variety of suit/underwear combinations . Of the 1 3
combinations tested, r}fter complete flooding and removal of the diver's lead weights, 2
systems remained positively buoyant while the oth, • systems eventually all becarne
negatively buoyant . Recommendations are given for ey iipment requirements, training,
and emergency procedures for dry suit usage .

INTRODUCTION

Dry suits are the suit of choice for military and scientific divers who must operat e
under demanding diving conditions . When the water is cool and the job requires long
bottom times, dry suits make diving pleasant and the observations more likely to be
accurate, (Roverud, et al, 1987). For under ice diving, dry suits eliminate much of the
risk, most obviously the dangers associated with hypothermia . lndeed, Egstrom and
Ba,~hrach (1987) and Bachrach (1985), have made the observation that one of the lead-
ing contributors to diving accidents is exposure to cold water .

Even in warm water environments, dry suits are used frequently for protection
from contaminated water conditions . For example, Stanton (1987) reports on dry suit
diving operations conducted in Palau in a micturitic lake .

This expanded use of dry suits has lead to a number of safety concerns on the
part of divers, diving officers, academic institutions, and dry suit manufacturers. Many
divers are using dry suits, or attempting to use dry suits, without the benefit of an
organized training program . Without proper training, it is unreasonable to expect a
diver to be able to take a dry suit and make it work under hostile operational condi-
tions. Interestingly, only a minimum amount of training is required for most divers to
reach a reasonable level of competence with a dry suit, (Barsky, 1987) . A diver who
has completed scuba training through a recognized diving program should be able to
achieve confidence and control in a dry suit with a combination of classroom, pool,
and open water training which does not exceed twelve hours . The minimum number of
recommended open water dives is three .
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Divers who have no dry suit experience and/or training typically are most con-
cerned with procedures for coping with sudden shifts of buoyancy . Most diver's fears
revolve around critical incidents of sudden, unexpected positive buoyancy leadir.g to
uncontrolled ascents or "blow-ups" . Injury accidents precipitated by this type of event
would include lung over-expansion injuries, decompressiun s ;ckness due to rapid
ascent, and possible damage due to collisions with surface objects such as vessels or
piers. Proper training, however, reveals that even in situations where the diver's buoy-
ancy change is radical, a trained diver will be able to regain control with a minimum
change in position in the water column .

Dramatic changes in buoyancy, where the diver becomes negative and can not
re-establish positive buoyancy, also represent a serious hazard, but are very infrequent .
Sudden negative buoyancy was more common with early dry suit technology with
inferior suit materials and the lack of power inflators. Today's dry suits offer very high
reliability and such incidents are rarely reported. However, as late as 1987, a diving
fatality involving a neck seal failure was reported (Linton, 1987) . In this incident, and
others like it, death occurs due to drowning .

Primary contributing factors to dry suit accidents include a number of trrnneous
beliefs and attitudes . Principle among these myths are :
1) Myth: Dry suits require no special training.

Reality : Although many divers do not feel that dry suit training is necessary, most
of the accidents investigated and reviewed by this author can be largely related to
a lack of training. Conversely, there is probably an equal number of divers who
believe that dry suits are inherently unreliable, dangerous, and that no amount of
training will make them acceptable .

In the past three years, one of the authors has provided dry suit orientations and
training to over four hundred divers . The majority of these divers were novices, while
some were intermediate and others were highly trained . Virtually all of these individu-
als reported that the dry suit was much simpler to use than expected, was much easier
to don than a wet suit, and was far more comfortable than imagined . Many of these
individuals have gone on to be permanent dry suit users following a minimum amount
of additional information and training .

2) Myth: Dry suit use requires the diver to use large amounts of additional weight
to dive and remain on the bottom .
Reality : Divers who use large amounts of weight with their dry suits must subse-
quently use large volumes of air in their suits to achieve neutral buoyancy . When
this air shifts due to a change in swimming attitude, the diver with no training
may find it difficult to control the buoyancy of the suit .

3) Myth: By using a dry suit, the diver does not need to use a buoyancy compensa-
tvr. The drv suit acts as a buoyancy compensator.
Reality: Buoyancy adjustment with a dry suit is achieved principally through the
use of the suit itself. The diver adjusts for changes in his/her personal buoyancy
through the addition or subtraction of small quantities of air in the suit .
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Although the diver relies upon his/her dry suit for buoyancy adjustment, a buoy-
ancy compensator should always be worn . The buoyancy compensator is used for three
purposes :

1) To compensate for small additional amounts of weight (not to exceed 10
pounds) acquired during the course of the dive .

2) To provide positive buoyancy on the surface during long surface swims .
Excess air in the dry suit at the surface creates undue pressure on the carotid
artery .

3) To provide a back-up in the event of a catastrophic dry suit failure .

At the diving safety officer's meeting following the 1987 American Academy of
Underwater Sciences (AAUS) conference, the subject of using dry suits as buoyancy
compensators came under discussion. Despite the fact that no major manufacturer
endorses this policy, some diving safety officers still felt it was a viable practice . A
search of the literature provided no empirical data on any tests which could confirm
the safety, or dangers, of this diving procerlure .

There are a variety of dry suit designs, materials, and underwear available today .
Although it might seem reasonable t.u predict the outcome of a catastrophic dry suit
failure, only objective testing can give a definitive answer to the buoyancy characteris-
tics of a dry suit system under these conditions . To this end, 13 different dry
suit/underwear combinations were tested for their buoyancy characteristics in the catas-
trophic failure mode .

MATERIALS AND METHOD S

DRY SUITS

Four different types of dry suits and four different types of dry suit underwear
were obtained either from manufacturers or individuals for these tests . None of the
suits were new and only one set of the underwear was new . All of the suits were
equipped with waterproof zippers and air control valves.

The types of dry suits were as follows :

1) Foam neoprene dry suit : This suit was made of closed cell neoprene of the type
used to fabricate wetsuits. The suit material thickness was 1/4", and this type of
rubber is considered to have positive buoyancy . Entry to the suit was via a
waterproof zipper across the shoulder. The suit was equipped with a combination
inflator/exhaust airway .

This type of suit design is generally considered old technology and is declin-
ing in popularity .

Due to the form fitting design of this type of dry suit, no underwear is nor-
mally used in conjunction with it . Accordingly, this suit was tested by itself, with
no underwear worn beneath it .

2) Vulcanized rubber dry suit : This suit was fabricated fron, a combination of
natural and synthetic rubber with a lining of polyester tricot. This material has no
inherent buoyancy . Suit entry is through a waterproof zipper across the shoulders .
Separate inflator and exhaust valves are included on this suit .
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Figure 1 . Foam neoprene dry suit . Figure 2 . Vulcanized rubber dry suit .
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Figure 3 . Crushed neoprene dry suit .
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3) Crushed neoprene dry suit : This suit was manufactured from foam neoprene
material which has been compressed, collapsing the cells . By itself, the suit will
not float. Suit entry was through the chest using a self-donning zipper. Both
inflator and exhaust valves are used on this suit .

4) Tri-butyl laminate dry suit : This suit was manufactured from nylon oi "pack-
cloth" which had been coated with a butyl rubber to make it waterproof' . Entry to
the suit was through a chest mounted, self-donning zipper . An inflator vatve is
mounted on the ch :st while the exhaust valve is on the upper left arm .

DRY SUIT UNDERWEAR

The types of dry suit underwear used in this test were :

1) "Wooly Bear" : Wooly bear is a generiv term used to describe a variety of gar-
ments made from synthetic fleece . The "wooly bear" was a one piece jump suit
constructed of nylon .

2) Thinsulate U B: Thinsulate 0 B is a trade name for a type of material designed
and patented by the 3M Corporation . Thinsulate ® is used by a variety of dry suit
manufacturers in the fabrication of dry suit undergarments . Thinsulate abilitv to
maintain a high degree of insulation even when completely wet, hence its popu-
larity as a dry suit undergarment material .

3) Radiant Insulating Material: Radiant insulating material is an exceptionally
good combination of synthetics which maintains a very high degree of insulation
even when thoroughly soaked . Radiant insulating garments consist of a layer of
synthetic fleece, a layer of aluminized polyethylene, and a nylon outer shell . The
garment used in this test did not have the polyethylene layer .

4) Open Cell Foam: Open cell foam rubber is coated with nylon on both tiide .;
when used as ury suit underwear . This material is highly resistant to compression
and provides good insulation even when damp. However, it will not keep the
diver warm once the material becomes saturated with water .

DIVING EQUIPMEN T

The subject wore his personal diving equipment . The buoyancy compensator used
also included an integral weight system with weight pockets . The weight pockets were
used to carry the diver's weight and allowed the diver to ditch, the weight instantly .
The weights were all weighed on a laboratory scale prior to the tests and their weight
was written on them with an indelible marker .

The subject wore a standard steel 75 cubic foot diving cylinder . The buoyancy of
this cylinder when full is 5 .5 pounds, negative buoyancy . When this type of cylinder
is empty, it is still negative by .13 pounds . When the cylinder was half empty, a fresh
cylinder was substituted . The maximum buoyancy change calculated for this cylinder

was 2.6 pounds, which was felt to be negligible .

TEST LOCATIO N

The test location was a 14 foot deep fresh water swimming pool located in north-
ern California . The pool temperature was 80 degrees Fahn°nheit .
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Figure 5 . Wc.oly bear type underga>>nent .

I

Figure O . Thin.sulate undergarment .

Figure 7. Radiant in.sulating undergarment. Figure 8. Open ceU foam undergarment .
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SUBJECT

The subject was a 33 year old diving instructor with 10 years diving experience .The subject has used three different types of dry suits and has been diving in a variety
of cold water locations .

The subject's height was 5' 11" . His weight was 155 pounds, and his persona-1
buoyancy is approximately 3 pounds negative in fresh water .

PROCEDURES

For each test run, the subject dressed into the diving gew- with help from an assis-
tant . Based upon past experience with several dry suits, the subject selected a combina-
tion of weights which he felt appropriatc to the particular suit and underwear .

The subject entered the water and vented all the air from the suit and buoyancy
compensator, using the pressure differential at the surface . The subject then adjusted
the weight in his buoyancy compensator until he floated vertically at eye level with
full lungs . Upon exhalation, the subject would slowly begin to sink .

Once the subject was on the bottom, he opened the zipr;,r on the suit and floodedthe suit completely. In most cases it was neces ;ary for the subject to pull the suit away
from his lower body and/or turn upside down to ensure the complete filling of the suit .
In some cases, it took several minutes before the underwear was fully saturated .

With the suit completely flooded, the subject then c'ütched the weights from the
weight pockets of the buoyancy compensator . At that time, he completely relaxed and
allowed the buoyancy of th(; suit/underwear combination to either take him up to the
surf:ice or hold him on the bottom. In the trials where no residual buoyancy was evi-
dent and the subject remained on the bottom, the next step was to attempt to re-
establish positive buoyancy by pushing the inflator button on the suit and trapping air
in the upper part of the suit or the arms of the suit . Any air added to the suit at this
time was vented before the next part of the test .

The next portic:n of the test called for the subject to establish positive buoyancy
by adding air to the buoyancy compensator. Only enough air was added to the buov-
;,tncy compensator to lift the diver to the surface . Once positive buoyancy was esta-
blisl .ed, the subject was instructed to remove his tank . The buoyancy compensator was
then separated from the tank .

Individual weights were added to the weight pockets of the buoyancy compensa-
to; (BC) until the BC would just begin to sink . The weights were then removed from
the BC and totaled. This measurement represented the amount of flotation (lift)
required to make the diver positively buoyant . The saxne measurement a'so indicated
the negative buoyancy of the diver under these conditions .

RESULTS

Due to a limited number of sets of dry suit underwear and suits, not all combina-
tions could be tested starting in dry condition . For this reason, data for all
suit/underwear weight requirements were not available . However, for the eight combi-
nations for which the data exists, the system requiring the least amount of weight, 12.5
pounds, was the vulc .~nized rubber suit used with the radiant insulating garment . The
most weight, 19.5 pounds, was needed with the crushed neoprene suit used with ope n
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cell foam (see Table 1) .

After flooding the suit and ditching the weights, only two suit/underwear combi-
nations remained positively buoyant ; the foam neoprene dry suit and the crushed
neoprene suit used with open cell foam . The other 11 combinations were ail either
negatively buoyant immediately, or were initially positive and bec%tme negative in 2 to
3 minutes. Under no circumstances was any of the combinations so negative that the
subject could not swi .-n to the surface under his own power, nor did he need to inflate
the BC to surface.

The subject found that by pushing the inflator button on the suit and holding his
arms overhead, it was possible to trap enough air in each of the suits to create a posi-
tively buoyant condition .

Aside from the two combinations which remained positively buoyant, the system
with the least negative buoyancy, 2.3 pounds, was the crushed neoprene suit used with
the Thinsulate ® . Under flooded conditions, the most r . Wgative system was the tri-butyl
laminate suit used with the wooly bear, which required 13.8 pounds of lift to achieve
positive buoyancy. Complete results are presented in Table 1 .

DISCUSSION

.Aithough the weighting requirements for the various suit/underwear combinations
were not the primary focus of this study, they are of interest . The weight requirements
are a function of the amount of a ;r trapped in the underwear and the density of the
underwear itself Obviously, froTMa both a logistical and personal comfort standpoint, it
is desirable to dive with the least amount of weight possible . This should be an impor-
tant consideration to dry suit manufacturers when selecting materials .

Although the foam neoprene dry suit remained buoyant when flooded, this should
not be interpreted as a primary positive factor in selecting a dry suit for a military or
scientific operation . These suits offer neither the warmth nor reliability of today's dry
suits .

The only dry suit/underwear system which remained positively buoyant was
crushed neoprene/open cell foam. However, even the buoyancy demonstrated here was
minimai. If the subject had been wearing a different scuba cylinder, with greatei- nega-
tive buoyancy, this small amount of buoyancy would have !veen lost .

Based upon our observations made during this experiment, we would like to make
the following recommendations to military and scientific divers :

Dry suit training is essential to establish correct procedures and to ensure
proper responses during emergency situations (Barsky, 1987) . Divers must learn
how to correctly configure their dry suit system and understand the consequences
of improperly assembled gear. In addition, it is unreasonable to expect the
appropriate behavior in an emergency unless the desired response is overlearned .
Using a dry suit is like any other set of skills in diving . However, controlling
buoyancy with a dry suit is different than controlling buoyancy with a buoyancy
compensator, since the diver's entire body is encapsulated in the buoyancy
envelope . Although it is extrPmely rare for a catastrophic dry suit failure to occur,
military and/or scientific divers who use dry suits for their work should under-
stand h~-,w to establish positive buoyancy using the suit even when the zipper o r
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neck seal has failed .

A buoyancy compensator should always be worn with a dry suit. In most
cases, the shift to negative buoyancy in a catastrophic dry suit failure does not
re;-,-esent an excessive weight change. However, to ensure the diver's safety, a
buoyancy compensator should always be worn. This is especial!y important for
divers whose bodies are negative when nude, and for divers who may not be par-
ticularly strong or experienced.

The weight belt should be ditched in any situation where the dry suit does
not hold air as it should. This is especially important when ►hz diver can not
immediately locate the source of failure. Should the suit suddenly lose all of its
remaining air, the diver could find himself unexpectedly negative, particularly if
he is carrying heavy combat or salvage equipment .

Divers should always adhere to the minimum weight/minimum dry suit
volume concept . Any weight beyond what is required to achieve neutral buoyancy
will extract a serious penalty in the event of a catastrophic dry suit failure . What
might have been a minor emergency can quickly become life threatening for the
diver who has overweighted and fails to take corrective action immediately .

Divers should exit the water immediately fo!lowing any type of catastrophic
dry suit failure. Although most people will not remain in cold water once a dry
suit has flooded, far too often there is a tendency for military divers to stay to
finish the work . We believe this is a dangerous practice. While several makes of
the dry suit underwear tested are reputed to keep the diver warm even in the
event of a flood, our tests indicate that in most cases, the diver's weights must be
dropped, or a large volume of air must be introduced into the buoyancy compen-
sator to achieve neutral buoyancy again . If the diver is burdened with heavy
equipment and must add more air to the buoyancy compensator to return to the
surf ace, the volume of air in the BC could lead to an ascent rate in excess of that
allowable by the decompression tables or his dive computer . This is an unaccept-
able hazard .

Additional studies might examine the same combinations of suit and underwear in
salt water, as well as other suit/underwear systems .

As â final note, it should be recognized that virtually all of the major dry suit
manufacturers recommend the use of a buoyancy compensator with their dry suits .
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TABLE 1 : FLOODED DRY SUIT BUOYANCY CHARACTERISTICS

•

Suit/Underwear
Combination

Foam Neoprene

V ulcanized Rubber/
Open Cell Foam

Crushed Neoprene/
Thinsulate

Tri-butyl laminate/
Radiant insulating mati .

Vulcanized Rubber/
Wooly Bear

Crushed Neoprene/
Open Cell Foam

Tri-butyl laminate
Thinsulate

Vulcanized Rubber/
Thinsulate

Crushed Neoprene!
Radiant Insulating Mat] .

Tri-butyllaminate/
Wooly Bea r

Vulcanized Rubber/
Radiant Insulating Mat1.

Ctushed Neoprene/
Wooly Bear

Initial Weight Results of Flood* Flotation Req'd .
Req'd.(Pounds) to Achieve Positive

Buoyancy (Pounds)

17

1 7

19

Positive buoyancy

Negativebuoyanc y

Initially positive,
became neutral after
several minutes .

0

7 .1 5

2 . 3

16

14

19.5

Negative

Negative buoyancy

Positive buoyatnc y

Unavailable** Negative

Unavailatle** Negative

16 Initially positive,
became negative after
2 minutes .

Unavailable** Negativ e

12.5 Negativ e

Unavailable** Negative

Tri-butyllaminate/ Unavailable** Negative
Open Cell Foam

6 .6

10. 6

0

6 . 5

8 . 5

8

;'3 . 8

10 .8 5

8

5 . 6

* Buoyancy remaining after flood and ditching all lead weights .
** Weight mquinernents unavailable due to failure of underwear to dry bctween tests .
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I'd like to start off this paper by clarifying some definitions and assumptions so
that you know the position from which I offer you my thoughts .
1 . When I first entered this business, I was befriended by the commanding officer
of one of the underwater demolition teams . Not long after that he lost two divers dur-
ing a night diving exercise . I visited him the next day, knowing he had to be more
than a bit alone that morning . He shared with me a thought that has stayed with me to
this day . He said "Dick, it is times like these that I understand that we are all in fact
amateurs in this business, simply some of us have more experience than others. And
further, any time we have a tendency to forget that, Mother Nature is more than
prepared to slap us down and prove it again ." So I come to you and say I am not an
expert but merely I have some experiences which I wish to share with you.
2. In the process of searching for newer and detter solutions, I have found that first
we must estat,lish communications betwetn all of the people within our collective
society. This includes everyone from the end users, their administrators, the govern-
ment laboratories, supportive basic researchers, equipment designers and manufactur-
ers. If we are effective in establishing communications, then we are apt to generate
understanding. If we are successful in generating an understanding of the different
points of view and the different discipline components that can potentially be used in
formulating a solution, then we will attain cooperation . If we attain cooperation
between the various different disciplines from the end users on the one end to the
designers and manufacturers on the other end, then we have the opportunity to maxim-
ize our success . And only by maximizing communication and understanding can we in
fact attain the goal for which we were sent here .
3 . 1 would suggest to you that our society is made up of a large number of people
and disciplines . First we have, and most important, the end users . These are th,: people
who apply our art and our science to the ultimate task . They are mission- driven . Our
ultimate and their ultimate goal has to be for them to accomplish their mission with
the highest degree of reliability and repeatability possible . Nothing less is acceptable to
the end users . 17hey in turn are governed by a group of administrators, some of who
were at one time end users and many of whom were not . As administrators they must
adhere to the administrative and congressional mandates of our system .

These administrators in turn are supported by government laboratories who in
turn are assigned the task of finding scientific and engineering solutions for their prob-
lems. Those government laboratories in turn are supported by basic researchers from a
wide variety of disciplines to gather the basic raw information from which to put
together various proposed solutions .
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In the end, the proposed solutions must go to a manufacturer who must then take
the information from the end users, the mdministrators, the government laboratories and
basic researchers and manufacture a prvAuct that in turn the end user can use .

It is only when our collective sqcnety has completed the various steps outlined,
i.e . communications, understanding and cooperation that we accomplish our goal and
the end user accomplishes his mission. Our collective goal is for the end user to
accomplish his mission and to do so with the least amount of encumbrance possible .
Any encumbrance that our solution imposes upon the end user Mduces his ability to
accomplish his mission. At some point the encumbrance that we have placed upon him
will compromise his capability to such an extent that he is incapable of going any
further or accomplishing any more . Therefore in the process of designing our solution
we must pay very close attention to the encumbrances we put upon him . (As of today,
our encumbrances place limits on our end user.

Let me give you a bit of criteria DLJI uses in judging what is an encumbrance .
We would say that our end user must be capable of putting on all his equipment and
then go to a football scrimmage practice . He must be able to go through several plays
of knocking down and being knocked down, and rolling around in the dirt . He then
must be able to get up, run at full speed across a field and shimmy up a tree into its
branches. Once there, take out and operate a calculator with his fingers and properly
operate a sophisticated weapon from the top of that tree . If he is not able to go
through the rough and tumble of the football game without his equipment being des-
troyed, or have the agility and freedom to be able to run at full speed across the land,
or to climb the tree without breaking something, or tearing something, and not have
the freedom of movement to operate the calculator and the strength and endurance and
dexterity to be able to operate a weapon accurately, then he is going to be something
less than capable of accomplishing his mission when it comes time for him to do it .
As of yet, I am sorry to say, we have not been able to accomplish, and cannot fully
implement the above criteria .

Over the years DUI has had the opportunity to participate in a wide variety of
underwater activities . We've been very successful in developing hot water suits, bell
stmii% A systems, bell heating systems and bell support systems . We have made
thousands of wet suits, thousands of dry suits . We've made bc ~'t active and passive
systems . We Mve been successful in supporting numerous govenzment laboratories in
various projects in which they have allowed us to participate . From that collective
Wxperience, I offer you the following lessons that we have lea :ned.
1 . Wet suits are more affected adversely by water depth than they v are by water
temperatur'

. 2. The amount of insulation required to be used in a dry suit will be more con-
trolled by the exercise rate of the diver than it will be by the water temperature .
3. That any dry suit must be made of a thin, very tough membrane which in turn
merely keeps the water out . The seals must allow free blood circulation to keep the
body as close to the normal ~nndition as possible .
4. That of all the insulations that we have tested to date, we have found nothing to
compare with Thinsulate type B . We have seen a great confusion between the use of
Thinsulate type B and Thinsulate type C. Thinsulate type B is a special compressed
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form of insulation which does not compress with depth, nor does it take on water
easily . Thinsulate type C has a polyester fiber in it to give it loft and is designed to be
used above water in an air atmosphere . It will take on water when flooded . We have
found that any of the springy insulations which includes any form of pile give greater
buoyancy control problems when used in a zero G diving situation .

We found that any system we use we normally want to have a very low out-of-
the-water weight so that should the diver be required to perform some function on
land, he isn't carrying excess weight with him . We have developed various insulation
strategies that maximizes amount of insulation around the body with the least amount
of air. We have found that any suit and underwear combination must be tested in such
a manner to insun- the maximum freedom of movement of the body under the worst of
operational conditions .

We have found that no single dry suit meets the needs of everyone . We make
suits out of a wide variety of materials . We are fundamentally a custom house, we
make suits both in custom design for a given operation ; we also make them custom
fitted to give:n individuals. We make suits out of Gortex that allow water vapor to
transmit. We, use Butyl rubber which has certahi resistant to hostile chemicals . We
make suits out of several different types of Neoprenes which are resistant to petro-
chemicals and we use several different types of Urethanes for different types of opera-
tions or econom:c envelopes . We also work with vulcanized rubber suits for some
specific applications .

Within that experience we have found that no one insulation system works for all
divers in the same water temperature because each diver has a different mass-to-
surface ratio and a different metabolic rate . Therefore their heat production and heat
loss is different. We also know that different sire of divers and different age of divers
and different physical conditions will require different insulation for each individual
diving under the exact same conditions . We have learned a lat about how to adjust for
these differences through investigation and experience .

We have also learned that radiant barriers are really not a factor in the insulations
of today. Most of the radiant barriers used are either a) they don't contain enough air
in them to warrant their being an insulation outrigger, or b) are not effective at all in
the diving application .

We've learned that foam Neoprene rubber is a very poor caaterial to make a dry
suit out of; that the material collapses with compression in a vertical water column ;
that ove,,- a period of time it starts to pin-hole and begins to leak . When one measures
the amount of bulk required to achieve the given amount of insulation, it is a very
poor tradeoff.

We know that the greatest wear and tear on the suit is achieved during the pro-
cess of putting on and taking the suit off as opposed to the wearing of it . This funda-
mentally comes from the stretching of the seams, closures and seals .

We've learned that the insulation of the hands and feet are the most critical and
most difficult at this time . When it comes to insulating the feet we find ourselves often
at cross purposes. In diving, as on land, we normally wear a pair of boots with a thin
amount of insulation between the foot and the boot . In order to supply more insulation
we must supply more trapped air around the foot. This in turn requires a larger boot to
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be able to hold the insulation . Since the boots only ~~ome in a given set of sizes it
means then that the insulation is crammed in the boot which in turn restricts blood cir-
culation which in turn rather than making our felzt warmer has a tendency to make
them colder. Further, we usually need some kind of a reasonably tight fitting boot for
giving suFport both for when we're walking ot hiking and when we're climbing. This
is at cross purposes to insulating the foot and keeping it from getting cold during the
long transits under water.

Further, all of the fins that we use were not designed to be used with a large
boot . We're stuck with the human fcot as the driving force for the blade of a fin . The
blade is the most efficient method we have found to date (all things considered), to
propel the person through the water . However, the methods that we currently use to
awch the blade to the foot are. horribly archaic . We were to start wi~h the purpose of
designing to attach a blade to a foot, we would not choose a design we are currently
utilizing. This method has grown up with us through a series of evolutions . This plus
the and financial expediency in turn gives a very poor at best combination .

Currently we have a foot pocket with a fin rubber strap cramming the foot down
into the foot pocket holding the foot under tension for the entire time that the fin is
worn. There's no other piece of equipment that we attach to the body by the same
manner under tension . We need a better engineering solution to this problem . How-
ever, unless some funds are allocated to that purpose, we do not see a solution for cold
feet in the near future .

The weight systems we are currently using are totally inadequate and archaic . We
take a body that has insulation and therefore buoyancy evenly distributed over it, we
put lead weight right in the small of the back to compensate for that buoyancy . Even
when we we capable of achieving neutral buoyancy we are rarely in neutral trim so far
as an even attitude in the water . We have designed and experimented with different
weight systems that bring this much closer into a meaningful balance but they require
looking at the problem from a quite different perspective . It is our experience that
most are not ready to do that quite yet .

In truth when it comes to divers performing work in the water, all they really
need are hands . They do all the useful work. The best gloves we have tested ar- a
modification of a design developed by %h. Ted Delaca of the National Science Founda-
tion which he called Polar Paws. This is a thin membrane mitt attached to the suit by
virtue of a ring seal, in which we have a Thinsulate liner . We byink anything beyond
this is going to require artificial heat to augment because of the mass-to-surface ratio
of the hands and the temperature differential across them .

We have learned that in the U.S. Military today, there are a lot of dry suits
currently in ex:stence. Most of them are not usable . By and large the field command
staffs expect to have operational capability because they own the equipment. However,
at this time this is not true. We find that the people who have the suits by and large
are untrained in the proper use of the suit . In addition, they virtually have no mainte-
nance program of any kind. The end users have little or no understanding or discip-
line in the use of the equipment. This means that for a commander under combat situa-
tion, who chooses to use his dry suits, is taking a very great risk of not accomplishing
his mission and is placing his people at higher risk . I believe the answo:r is to use the
dry suits on an every day basis . The only way you're going to do that is to take the
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wet suits away from them . They should use the dry suits in every day training whichwill develop dry suit awareness . They should learn how to determine how much insu-
lation they need for the type of mission they're going on until it becomes totally
second nature . Once that level is achieved then if the unit is called upon to mRke a
diving mission in which a wet suit is acceptable then they can always down grade the
peoplc and put them into wet suits in which they will easily be able to use . But they
cannot go in the other dirrction . If they use wet suits for normal training and then go
to dry suits only when the mission becomes the most arduous and diffict .lt, they are
sure to fail most of the time . Under those conditions I think we are asking for a
failure in advance . In some cases, under these conditions, we have seen people a ttempt
to modify the dry suits so that they wil l be more reliable . In fact they're looking for an
engineering solution to a training problem. (We think that it is ve ry easy to do an ade-
quate job of training the people by simply using the suits in the every day training and
diving exercises and they will gain the skill and knowledge without any special or
additional training . )

Let me move on to another issue . Most of us have grown up in our engineering
world to believe that physics rules the world -- in fact it does not. Economics rules theworld. Let me g'.ve you a good example . Currently we are prepared to pay as much as$1000 for a good dry suit but they only want to pay roughly $100 for a good pair of
gloves . Yet if you examine the technical challenge of keeping the hands warm vs the
rest of the body. If you look at the jobs which usually requires the use of the hands in
the process of accomp lishing the mission, I would suggest we have our economic
priorities backward . We should be spending $10()0 for the gloves and only $100 for
the suit and we would have an overall better performzing diver at the end of the day.

I'd like to point out another situation in the world of economics . Today we
spend almost ze ro dollars in the development of any piece of equipment. We spend avery large number of dollars on the testing of equipment that was primarily designed
for the use by sport and recreational divers, and then procurement is always let out to
the lowest bidder. The acquisition of equipment usually comes out of ve ry small budg-ets or OPTAR money. Let me share with you some simple numbers that you can take
home with you. A diving equipment manufacturing company can afford to spend some
where between 3 and 7% of their gross annual income on R & D and that depends on
whether the company is in the p roprietary product business where it wi ll be to 7% or
if they're in a very competitive area where p rice is a primary issue, then it may be
even less than 3%. Take the number of divers that you have. Assume that you buy a
new suit for each diver every five years . Take the 3 to 7% of that money and you
figure that's what the entire indust ry has to spend on R & D in support of your divers .
You can easily see that there's not going to be very much money there for finding a
new solution to your old problems . If you aAded to that the total profit of the industry
which should be running some place between 5 to 7% and most of us less than that,
and you added that to the R & D budget, you still wouldn't have very much for
manufacturers to invest .

DUI currently is the largest manufacturer of dry suits in the United States by far,
and the second largest in the world . Last year we did a total of a little over $4 million
worth of business, so you can see what our R&D budget is and what our pro fit picture
is even if we plowed 100% of it back into R&D. I would suggest reprioritizing some
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of the funds from testing to development . It wouldn't take much to make a real
difference in performance . However, before we go off on any great R&D projects, I
would suggest to you that we have a lot of knowledge and information that could be
applied to current operations. This information would greatly enhance your operationalcapability. We are simply not now using what we know to the fullest . In particular we
are not taking the knowledge that we have already developed over the years and that
supplying it in such a format that our field commanders are able to apply it to their
every day diving operations . As a result, we have knowledge and information that
might as well not exist. For instance, we have lots of knowledge on insulation stra-
tegies that is not being used at all and most of the equipment that's currently being
issued as brand new equipment to the people, represent insulation strategies developed
five to eight years ago . There is no method right now of informing people on what
the latest information available is. The result is, our field commanders are constantly
placed in a position of reinventing the wheel trying to find solutions that we already
know. I would suggest that all of us who have this information are more thf.n willing
to share if we can simply find some way and some format to put it in to get it to the
field co*nmanders. Fundamentally, we still have these pyc gning to ; ar.ket school out
there, grinning and gutsing it through. It is simply no longer necessary to do that .

As far as directions I think we should go in the future, I think we need to gather
a lot of our baseline information, our knowledge and skill and begin to apply that in
an every day manner. I believe that we can do a brf*.er job. For instance, we now have
reasonably decen* methods for urine elimination . We have various different methods of
adjusting seals that we can share with people . Before we can go forward we must put
this knowledge on the end user level . We must supply information until the base
knowledge at the end user level comes up to today's knowledge . This must be done
before we can expect to have any higher degree of technology integrated into the field .

Dry suit awareness must become routine and they must have dependable perfor-
mance. We must have very predictaE!c performance on an everyday basis before we
can move on to the next level of increasing performance . We must get full use of what
we now have before we can ever expect to go anywhere forward . Where is forward?
Well, I think there's a lot to be said for developing variable insulation that can be
changed during the actual course of a dive. I think there's a lot to be done irsofar as
supplying active energy to boost the current insulations that we now have . We need to
create cooperation within our society which allows communications between the end
users and the manufacturer so that in turn the end user gets what he wants . We need tocreate the shortest link possible of ;he communications through the administrators, the
government labcratories, the basic researchers and the manufacturer so that we get the
best piece of equipment to the and users that meets his need . We need to begin to
remove some of the pre-existing restrictions, impeding information and knowledge
flow so that in turn we end up with a diver in the water who gets the job done carry-
ing our flag with the least amount of encumbrances as possible .

Another challenge we face is that of diver acceptance and/or rejection . Divers are
a unique group of people with very strong beliefs in both themselves and in their mis-
sion in life. The reason they are very successful in getting their job done is because of
their fierce tenacity and individualism both as a group and as individuals . These same
characteristics are what make it very difficult for us to put any new concepts into play .
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By and large, divers only want to accept somethiug that came from divers and most ofa ll something that came from themselves . (Because historically wi;.t+ new pieces of
equipment someone has died in its perfec tion; they don't want to be that person . They
have survived to this date because they have confidence in what they have osed. Theydo not have confidence in a new piece of equipment so therefore until that ntw pirre
of equipment has proved itself they would prefer not to use it . The only way they'regoing to get confidence in it is by using it, therefore they're in a catch 22 situa tion .
Our experience has been that if one wishes to introduce anything that is new and
different, they must prepare themselves for a long and arduous jou rney. The only timethat journey will be a short one is when the job absolutely cannot be done with the
current equipment that they have available to them . Only then will the new piece of
equipment be embraced and accepted, if it in fact does the job. Furthermore , any newpiece of equipment must be interfaced to the entire system and normally very littleatten tion is given to that prior to handing it over to the diver so the diver is left to his
own resources by which to accomplish that interface . Military divers get a little more
assistance in that end than do civilians, but usually the system does not lend itself well
to that end . There is a great deal to be said for a field commander's decision to use
something in a ve ry stressful situa tion which the divers have confidence in, as opposed
to using something that is p robably a better piece of equipment, but that the divers do
not have confidence in . For there is no ques tion that once the diver leaves the surface,
he is alone in most cases, and his capacity to deal with the situations at hand has more
to do with his mental at titude, awareness and alertness than it does with any other sin-
gle issue. For instance, if I were a field commander and in a a ve ry marginal situa tionand I knew that the proper use of dry suits would ensure that I would accomplish the
mission but the people had not be~.n using them much and/or the equipment was in
ques tionable repair, the accomplishment of my mission would be safer if I chose touse wet suits instead of dry suits . Sadly, this is curre,:tly the case in some of our rnili-tary organiza tions .

In closing, the dry suit systems we have today will not take us everywhere weneed to go. However, they will take us much farther than wet suits w~ull or our drisuits of the past . If we do not master the dry suit we have today, we will not be able
to take the step into the suit of the future . It is difficult for ar. individual to tell us
what is needed in the future if the individual lives and works in the past .

ADDENDUM

Our society in total needs to be more responsive to the needs of the end users .From the time the end user iden tifies a particular mission requirement and need, we
need to be able to come forth with solutions to him in a much shorter period of time .These solu tions must reflect his need . There needs to be more direct coordina tion
between those who are responsible for designing, developing, or producing those so ),w-tions with the end user. The current period of time can exceed 10 years . Thi s is too
long for us to collectively respond to his need. The end user-, could contribute measur-
ably to the success of developing solu tions by taking the time to learn as much as pos-
sible about the new technologies and how to apply them to the task ; to making sure
they become proficient in the new technologies before sit ting in juc'gment on whether
they wi ll or will not solve the problem . It is rare that any solut-on that is originally
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dreamed up actually makes ii to the field in the same form becat,>e the solution has to
be debugged. End users need to exhibit the understanding of some of th ;: aforemen-
tioned basic principles when participating in the final resolutions of the problerns .
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SESSION 2

PASSIVE THERMA1., PROTECTIO N

-Session Cliaimian :
LCDR John A. Sterba, MC, USNR

PREFACE

This session focussed on advances in passive thermal protection including : (1)
varying insulation using thermotropic crystals, (2) increasing insulation by chauging
the dry suit gas, (3) influence of body composition and work level on insulation, (4)
varying insulation using liquid filled suit/inner suit, (5) thermal conductivity (wet vs .
dry), compressibility and absorbency of state-of-the-art undergarment materials, and (6)
the thermal insulation of flooded dry suits .

Paper (1) discussed how thermotropic liquid crystal material could provide a vari-
able clo material for future use in dry suit materials . By changing the applied electric
field to the liquid crystals, an exercising diver could eliminate excess body heat due te
the increased heat transfer through the material . Stopping exercise or remaining at
rest, the liquid crystals could be realigned to provide increased insulation . Preliminary
experimental data was reviewed .

Paper (2) reviewed how insulation with dry suits is due to trapped air within the
fibers of the undergarment. Carbon dioxide gas has a relative insulation that is 65%
greater than air. Substituting carbon dioxide for air increased insulation by 32°k with
dry suited divers in 3°C water .

Paper (3) reviewed how the potential of passive thermal protection is dependant
u.-)on a number of variables including depth, gas mixture, water temperature, work rate,
tissue insulation and clothing insulation . This paper reviewed data of thermal ualarace
at rest and working, body cooling rates, and the contribution of body fat to insulation
during diving in cold water.

Paper (4) discussed the concept of using a doubled walled dry suit with various
fluids pump-,d into the inner space to increase passive insulation without affecting
diver buoyancy. The fluid could be drained prior to swimming or underwater work to
decrease insulation with higher heat production . Engineering data supporting the con-
cept was reviewed.

The opinions or assertions oon ►,sined in this article are the private views of the author and are
not to be construed as reffecting the view of the United Statec Department of the Navy or the
Department of Defense .



In paper (5), state-of-the-art urdergarments were studied for degree of thermal
conductivity, compressibility simulating dry u;t squeeze, and the degree of absorbencysimulating dry suit leaks. Controlled wt .ting )f the undergarments simulating a dry
suit leak decreased insulation by 80-90% . C -)mprdssibility demonstrated which ur. ~er-
garments lost most insulation with minimal dry suit squeeze. Absortx.ncy testing
demonstrated those undergarments with high capacity to continue absorbing water,
decreasing dry suit insulation and buoyancy :i there was a leak. Undergarments wereranked based on this data.

Paper (6) investigated the hzat flux from divers wearing two different dry suits
with variow undergarments . Dry 3uit flooding decreased insulation by an average of58%. Insul . .tion values are reviewed for manned dives comparing different dry suits
and undergarments .

J. Sterba
Co-Chairman



0

THERMOTROPIC LIQUID CRYSTALS :
A VARIABLE CLO MATERIA L

0

Rand R. Biggers
Materials Science Branc h

Naval Coastal Systems Cente r

•

•

•

•

ABSTRACT
Control of heat flow both to andfrom a diver continues to be one of the foremostproblems facing the divina community . Thernotropic liquid crystals comprise a classof inesophase materials with variable hcat-transfer characteristics . Utilization of theirunique thermal transport properties in a diving garment would add an additional

dimension of flezibilirr to diver thermal protection .

INTRODUCTION

Present inventory passive diving suits provide the diver with essentially a singl e
value or a pressure-dependent value of CLO insulation regardless of the water tem-
perature or the diver's activity level . Under many diving conditions, the diver's time
in the water is limited by thermal constraints . Figare 1 depicts at . approximate time in
hours before a diver would be in danger of hypothermia (loss of 200 kcal of body
hem) or hyperthermia (increase of body temperature by 1 .5°C) as a function of water
temperature, activity level, and CLO of insulation . A controllable-variable CLO
material, depending on its minimum and maximum CLO values, could not only
increase the time until hypo/hyperthermia is approached, but maintain the diver's skin
temperature at much closer to normal as well .

Mesophase materials, such as those with characteristics intermediate between
liquid and solid, show properties of significant promise in the development of
advanced technological systems . Therrnotropic liquid crystals comprise a class of
mesophase materials with variable heat-transfer characteristâcs . These materials are
composed o~ elongated molecules with a rigid core and flexible tails (see Figure 2) .
Anisotropic material properties (such as the thermal conductivity, electrical conduc-
tivity, magnetic susceptibility, dielectric constant, and index of refraction) are a direct
rcsult of the cylindrical symmetry of the molecules . This molecular structure permits
the formation of differing ordered mesophases at different temperatures . Each meso-
phase exhibits a different internal ordering, and the level of ordering per mesophase
increases with decreasing temperature . The orientations of the liquid-crystal molecules
are also sensitive to applied electric fields, and it has been demonstrated (1,2) that this
property has a significant influence on the transport of heat through the liquid crystal .
The response of the effective thermal conductivity of the liquid crystal to applied fields
is sufficiently strong that an excellent oppor.uniry exists to exploit the heat-transfer
characteristics of these materials to produce variable-CLO garments .
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Three possible modes of liquic' -rystal utilization have been identified :
(1) Reorientation of the molecules with small electric fields to vary the CLO value by

about a factor of 2 (see Figure 3) ;

(2) inducement of convective motion with large electric fields (also shown in Figure
3) to decrease the CLO fEctor by up to a factor of a 1 00 or tnore ; and

(3) phase transitions in which the lower-temperature phase has a larger CLO value
(see Figure 4).

PRESENT RESULTS

Although very large increases in thermal transfer rates have been achieved, they
reqi ire very large DC fields (36 kV/cm) . These inordinately large DC fields are res-
tricted to laboratory usage and generally cause rapid deterior~ .:on of the liquid crystal .
Therefore, we have decided to evaluate AC field effects which are not nearly as detri-
mental to the liquid crystal .

Liquid-crystal thermal-transfer rate measurements for the induced convection
mode, have been in progress for over a year utilizing a measurement system designed
specifically for application of high-voltzge AC fields to liquid samples . The experi-
mental setup, along with the experimental associated software, has been modified
several times to improve the precision and repeatability of the measurements . The
measurements have been made on samples approximately 0.635 cm thick and 1 to 2
square cm in area to rorrelate better to the cell sizes envisioned for placement in actual
undergarments .

The single-substance MBBA [N-(p-methoxyben .rylidene)-p-butylaniline) continues
to be evaluated due to the number of new discoveries being madr. (3), such as the
thermal-tran sfer- rate dependence on frequency (see Figure 5) . MBBA is also the only
liquid crystal of more than 6000 (4) for which a large amount of information is avail-
able and for which the thermal conductivities (2 .8x10`4and5 .qxlû°cal/ctn-sec•-degC)
have been published .

The results of our thermal-transfer rate measurements suggest that the best utiliza-
tion of liquid crystals would be in a cooling mode (compare Figure 1 and Figure 6) .
Inclusion of liquid crystals in a thermal undergarment significantly reduces the danger
of hyperthermia in all but the warmest water conditions and with a minimum or small
loss of insulating ability . Addition of a water retaining vest-like outer garment would
also provide a useful amount of cooling ability in out-of-the-water situations . As long
as the vest remained wet and surface conditions were conducive to evaporation, the
diver would be cooled.

The minimum thermal conductivity of MBBA gives it a CLO value roughly one-
half that of an equivalent thickness of neoprene . It is expected that when more liquid
cTystals are accurately measured, they might approach the CLO values of thinsulate . If
a 2.5 CLO undergarment becomes practicable, then replacement of 5% of the surface
area with MBBA wn-,Id avert ihe 200 kcal body-heat loss or a 1 .5°C body temperature
rise for over 12 hc-, : . : . or all combinations of diver a :-tiviry levels in water tempera-
tures ranging from 29 to 85°F (see Figure 6) . These dme ,alculations are based on the
minimum published thermal conductivity of MBBA and the maximum thermal-transfer
rate achieved in our lab (9tlx 10-4callcm-sec-degC) .
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Recent experimental measurenents have provided infonnation which suggests that
inclusion of liquid crystal cells in a thinsulate unclergarrnent, as depicted in Figure 7,
would provide a cooling ability while retaining about 95% or more of the garmentinsulating ability. The liquid crystal offers the capability to optimize the diver's skin
temperature for many of the above situations . A synoptic comparison between con-
ventional and composite undergarments has been made in Figure 8 . The resultspresented in this fig►rre indicate that for ah depicte3 conditions, on the average the
composite garment provides nine hours of protection while the conventional garment
provides only three hours.

: UTURE PLANS

A detailed understandïng of the liquid crystal's thermal transfer mechanism is
necessary for the efficient use of liquid crystals in any of the indicated modes . We are
experimentally evaluating the thermal behavior while also trying to develop a theoreti-
cal understanding of the behavior . A number of experimental parameters, such as the
AC signal shape and the amount of ionic impurities in the sample, significantly
influence the attainable thermal-transfer rates . The effect of these parameters on the
thermal-transfer rate needs to be evaluated to enable optimum utilization of the unique
thermal-transfer capabilities provided by thermotropic liquid crystals .

The formulation of an analytical model in which DC fields are applied has essen-
tially been completed and agrees qualitatively with published data. This model is
being extended to include the effects of AC fields on liquid crystals . The model
emphasizes the importance of boundary conditions and indicates that a well-adigned
sample may produce larger t.hermal-transfer rates than a nonaligned sample for the
same applied voltage. The next sample to be measured will be aligned MBBA .
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ALTERNATE DRY SUIT INFLATION GAS FOR IMPROVED
THERMAL INSULATIO N

Robert P . Weinberg
Diving Medicine Department

Naval Medical Research Institute, Bethesda, MD 20F14-505 5

" ABSTRACT

Current insulation used in thermal protection garments derives its insulative pro-
perty from trapped gas, with the garment fabric serving as a matrix to reduce gas con-
vection and prevent compression . This trapped gas is air in the case of open weave
garments worn under dry suits . The trade-off between increasing insulation garment
thickness and decreasing range of motion is nearly maximized in current dry suits
employing Thinsulate undergarments . Thinsulate insulative batting provides approxi-
mately 80% of the theoretical insulation of still air; the 20% loss due to the required
supporting fiber matrix. Use of a gas such as carbon dioxide (CO,), which has a reda-
tive insulation value 58% greater than air, could enhance the insu7ation of existing dry
suits . To investigate this theory, a series of matched 4-hour shallow immersions in 3f
0.1 °C water were performed by eight U.S. Navy divers . Substituting CO2 for air (AIR)
as the dry suit inflation gas resulted in a significant (p- :0 .05) increase in overall suit
insulation from 2 .6 ± 0.3 CLO (AIR) to 3 .1t0.3 CLO (CO2). Suit C02 concentration
averaged 86t8% in the CO2 group and 4t0 .896 in the AIR group . The respiratory
quotient was not signi,ficantly dfJj`'erent between the AIR group (0 .87±0.02 and the C02
group (0 .88i0 .03) . Ifowever, expired C02 ( m!/min kg) was elevated in the CO2 group
(5 .3±0 .6) compared to the AIR group (4 .7:U .0). Extension of this study to 150 FSW is
planned to further investigate the characteristics of depth range for operational use c>f
this alternate dry suit inflation gas .

Currew insulation used in thermal protection garments derives its insulative pro-
perty from trapj.>ed gas, with the garment fabric serving as a matrix to reduce gas con-
vection and prevent compression, both of which act to decrease insulation . The trapped
gas is air in the case of open weave garments worn under dry suits. The trade-off
between increasing garment thickness to obtain greater insulation, and the resultant
dec,rcasing range of motion is less than optimal in current dry suits employing Thinsu-
late undergarments . Cold water immersions of several hour duration by a diver at rest
require thermal protection garments of a thick:,ess that greatly reduce range of motion
and mobility . Using a thinner garment provides adequate mobility but reduces safe
exposure time due to increased heat loss . Presently, Thinsulate insulative batting in use
by several clothing manufacturers provides approximately 80% of the theoretical insu-
lation of still air; the 20% loss is due to the required supporting plastic fiber matrix .
Use of a gas such as carbon dioxide (CO2), which has a relative thermal insulation
value 58%' greater than air could enhance the insulation of existing dry suits . The
amount of this theoretical increase achieved is a function of the suit insulation garrnen,t
and the concentration of carbon dioxide achieved .

Thermal garment insulation is a function of both the insulating gas and the sup-
porting matrix . The heat flowing through the garment will be a function of the total
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garment conductivity (reciprocal of insulation) multiplied by garment thickness and the
temperature gradient across the garment. Knowing the thermal conductivity of the
inflation gas and the rr.atrix, the conductivity of both components can be weighted to
obtain the contribution of both components using a simple model .

The Thinsulate garment used in this study is comprised of a polypropylene
microfiber batt and trapped gas . Using the relationship :

garment conductivity a[A • gas conductivity +(1-A) • matrix canductivityJ

where A is the fraction of gas comprising the ga.rrnent, one obtains a fraction of 95.5%
using the known properties of air, polypropylene, and the measured conductivity of
Thinsulate with air as the trapped gas. The calculated gas fraction can be checked by
another method: Thinsulate has a reported density of 0 .057' g/cm3, and polypropylene
has a specific gravity of 0 .91, so the plastic must occupy 15 .3°b and air the remaining
93.7% . Substituting 100 % carbjn dioxide for air, and using an average gas fraction of
95% , the garment insulation should be 3 CLO/cm. This is nearly a 41% insulation
increase compared to Thinsulate filled with air .

To investigate the practicality of tlds theory, a series of matched four hour shal-
.low immersions in 3+/- 0.1 °C water were performed by eight U .S. Navy divers . The
divers wore Thinsulate undergarments beneath a DUI TLS drysuit, Sve finger neoprene
gloves under gauntlett mitts . The hands were held at chest level during each exposure .
Expired gas was collected from a modified AGA mask for volume and composition
analysis at five minute intervals . Surface and core temperatures, and regional heat
flows were recorded every minute.

Bouyancy compensation weights were fixed at 25 kg for all divers . Neglecting
the divers bouyancy and assuming an average diver body surface area of 2 square
meters, this would permit an average gas layer thickness between the dry suit and the
diver (undergarment) of 1 .25 cm. Thinsulate is reported to compress by 60% under the
2 psi pressure expected due to the hydrostatic pressure differential experienced by an
upright diver in the water. AssuT+ûng the Thinsulate had an initial thickness
uncompressed of 1 .8 cm and was compressed an average of 30%, the resulting thick-
ness of approximately 1 .26 cm agrees with the expected gas layer thickness . How well
distributed this gas was is a function of ii fit for each diver. Several sizes of standard
suits were purchased, each man wore the same suit in both the air and CO2 exposures .

The divers were instrumented in the early morning and diving gear donned. The
standard left thigh suit inflator was connected to either air or carbon dioxide and the
diver inflated/deflated the suit suit gas sample was taken from a sample line located in
the right leg and right arm and analyzed for C02 content . The diver was then
immersed, and remained at rest for four hours . Suit inflation gas was adjusted early in
the nive to provide slight negative bouyancy. After the exposure, divers were
rewarmed by head-out immersion .

The measured garment insulation increase when using carbon dioxide was about
20%, le;s than the 41% predicted for Thinsulate filled with 100 % CO2 . However, the
carbon dioxide concentration achieved in the suit gas was o ►yly 86% . Using the rela-
tionship between the conductivity of a gas mixture and the conductivity, molecular
weight, viscosity, and concentration of each gas component; the thermal resistance of

0
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•
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Pararneter Air C02

CO2 concentra tion (96) 4.0 ± 0.8 86.0 i 8.0 p<0.05
Metabolic rate (W/m2) 82 ± 11 11 t 11 p<0.05
Mean skin temp (°C) 22.6 ± 2.3 24.1 t 2.3 p<0.05
Suit heat loss (w/m2) 64 ± 2 59 t 4 p<0.05
Suit insulation (CLO) 2.6 ± 0.3 3.1 t 0.3 pt0.05

RQ 0.87 ± 0.02 0.88 f 0.03 NS
Expired CO2 (ml/min*kg) 4.7 ± 1 .0 5.3 f 0.6 NS
Rectal temp_(°C) 36.9 ± 0.2 36.8 f 0.2 NS

the suit gas mixture (85% CO2, 15% AIR) can be calculated to be 3 .8 CLO/cm. Sub-
stituting into the above relationship between gannent insulation, the estimated value is
2.9 CLO/cm. The estimated improvement is 32 % when ccrrections relating to gas
composition obtained is applied to the garment insulation eq :iation .

The difference between theoretical and measured suit insulation improvement can
be further reconciled by the fact that even when using air some CO2 is found to accu-
mulate in the suit. The actual gas composition in the garment is unknown, only the gas
between the undergarment and the dry suit was sampled . This may have led to an
overestimate of the CO2 levels in the garment .

Extension of this study to 150 FSW is planned to further investigate the charac-
teristics of transcutaneous CO2 uptal : : under hyperbaric conditions, and to establish a
safe depth range for operational use of this alternate suit inflation gas .

(Supported by NMRDC Task No. 63713N M0099.O1B-1004)



COMFARI&ON OF HELIOX AND AIR AS SUIT INFLATION CASES

T.T. Romet
Experimental Diving Uni t

Defence and Civil Institute of Environmental Medicin e

ABSTRACT
It is well accepted that the primary disadvantage of helium based breat h ing gasalso acting as the suit inflation gas is its higher thermal conductivity. Although thermal

conductivity of helium is six times that of nitrog ,!n, a helium/oxygen mixture similar to
air is only four times as great. 1: has been further suggested that for each °C that the
ambient air is below mean skin temperature, the skin will be 0.1°C lower in a HeO2
gas than air. Chamber studies have shown expcsure to a helium environment results in
a skin cooling, higher ambient temperatures to maintain comfort but no effect on core
temperature. This study investigated the differences be tween He02 and air as a suit
inflation gas during in-water dives rangir,iy in depth from 36 to 86 msw. In the double
blind study neither the divers or investig,uors were told which gas was provided for
suit inflation . Core temperature was determt,: e d by rectal thermistor and skin heat flow
by heat flux transducers . Results sl,wwed resting heat flows were 31% higher with
HeO1 as the suit inflation as (137 vs 102 W/m2, , while the peak diff"erence was 61%
(190 vs 118 W/ma) at A- min. The dif,~erence remained approximately 50% for the
majority of the in-water time . There were no si ,nificant differences in core tempera-
tures but skin temperatures were significantly knver (p,0.05) at all depths and time
points . The greatest differences observed were 2 . .'%°C with steady state differences nea►
the end of immersions of 1 ..5°C . Absolute values however seldom dropped below
28.5°C except when some water leaked into the suit. Most divers perceived themselves
as cool with the helium while rating themselvvs as comfortable or cool but comfortable
with air. The results suggest that while tieernwl comfort would be improved substitut-
ing air for He02 as the suit inflation gas, physiologically there were no significant
advantages over the depth and time profiles investigated .

INTRODUCTION

With the requirement of achieving greater depths for the military diver, heliu m
based breathing gas is required by the diver. Its lack of narcotic effects and lower den-
sity making breathing easier are the primary factors influencing its choice for dives of
greater depths. Its one physical property, a higher thermal conductivity as compared to
nitrogen has been suggested as its major disadvantage in the diving environment . In
dry suit diving, since it is technically the simplest to use the breathing gas also as the
suit inflation gas, the question arises whether the helium based gas will promote heat
loss at a r7te sufficiently greater than with air to produce a thermal problem for the
diver.

Earlier stuWes have shown that for each degree Celsius the ambient gas tempera-
ture is below mean skin temperature in air, the skin temperature will be 0.1'C lower in
an helium-oxygen mixture (Hiatt and Weiss, 1968) . The temperatu:e zone to maintain
thermal comfort has also been shown to be 3 to 5°C higher in a helium-oxygen
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environment. Raymond et al . (1968) showed a linear increase in convective heat loss
under hyperbaric conditioi .s ranging between 33 msw and 136 msw., with the rate
reaching three times that of air at maximum depth .

This study investigated the differences in heliox (84/)6) and air as suit inflation
gases during in-water dives ranging in depth from 36 to 86 msw.

METHODS

Fourteen young healthy males (ages 20 - 34) participated in a twelve dive serie s
with depths varying between 45 and 69 msw. Due to the experimental protocol, two
subjects were randor..,;v assigned as the wet divers for each dive. This prevented a bal-
anced experimental format in which each subject would have been exposed to the
same dive profile twice, once with each suit inflation gas .

Each subject was fitted with four heat flow transducers, with an incorporated
thermistor for skin surface temperature, (Thermonetics, Cal .) and placed on the chest,
forearm, thigh and calf. Rectal temperature was recorded with a rectal thermistor (YSI
serie .; 400) placed 15 cm beyond the anal sphincter . Both mean skin temperature and
body heat flow were calculated according to the weighting factors described by
Ramanathan (1964) . Suit insulation was calculated from the mean heat flow and skin-

, water temperature difference as described by Kuehn and Zumrick (1978) .
Twelve dives were performed over a two week period . Subjects were divided into

- two groups, diving on alternate day~: . Each wet diver wore a non-compressible dry suit
with a crushed neoprene undergarments . They were provided with a suit inflation but
were not informed to which one they received . The monitoring personnel similarly
were not told of the identity of the gas .

Upon entry into the water, the divers attached themselves to the bicycle ergometer
and rested for five minutes. Following compression to depth, the subjects began
cycling for 10 min, with the load adjusted from the surface to produce a heart rate
approximately 150 bpm. The exercise period was followed by a 10 min rest period and
the cycle repeated until the beginning of decompression . There was no physical
activity during the decompression phases .

RESULTS

Resting, in-water heat flows were on average 319'o higher with heliox as the sui t
inflation gas as compared to air ~ 137 vs 102 W/sqm). This difference increased upon
compression to depth and the commencement of exercise with a ppak difference of
61 % (190 vs 118 W/sqm) at 10 min of immersion ; and maintained on average, a 50%
difference for the duration (Figure 1) . Suit insulations were significantly different
averaging 1 .3 clo with air, 0 .75 clo with heliox, while tissue insulations remained
essentially identical (Figure 2) . Mean skin temperature was significantly differv,t dur-
ing the compression and decompression phases averaging 2 .2°C (range 2 .9 to 1 .5°C) .
Rectal temperature between the two conditions however were not significantly different
(Figure 3) .

•
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DISCUSSION

It has long been known that thermal conductivity of helium is greater than nitro-
gen. However, when At is combined with oxygen and considering other factors (viscos-
ity, density and specific heat), it has been suggested heliox is only about P.yice as
effective in promoting convective heat transfer . Raymond et al . (1968) indicated that
by 14.6 ATA, convective heat loss in a helium environment was three tunes that of ai r

This present study has shown for depths between 45 and 69 msw, the convective
heat loss from the skin, as measured by heat flow transducers was on average 50%
higher. In-water resting values prior to compression were 31% higher, less than he
100 % value predicted by Hiatt and Weiss (1968). The results would indicate that
effective heat loss from the skin is not as great as predicted . Skin temperatures were
lower with the heliox suit inflation gas, but this did not have any effect on the core
temperature . Although no metabolic rfttes were measured, it is speculated an increased
metabolic rate resulting from the lower skin temperature provided sufficient heat pro-
duction to maintain core temperature . Thermal comfort was perceived as cool but com-
fortable with heliox as the suit inflation gas . This compared to ratings perceived as
comfortable with the air suit inflation .

Average suit insulations were calculated as 1 .21 clo with air and 0.75 of using
heliox. As each subject was permitted to voluntarily select the amount of gas they
wanted to inflate the suit, this study is unable to provide an exact comparison suit
insula>inn . whether in clo%m or clo/unit volume . It is clear that while differences do
exist, the increased heat flow is tolerable by the divers . It must be further noted that
while the in-water durations of these dives were not long, a suit providing 0.75 clo
insulation at depth, as observed with the heliox gas, does urm ;ide sufficient thermal
protection without the need for a separate suit inflation gas suppiy . It still remains to
be determined whether the differences in heat flow and resultant lower skin tempera-
tures become a significant factor in dives of greater than 70 min duration carried out in
the present study or in conditions where divers already have a negative thermal bal-
ance.
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THE POTENTIAL OF PASSIVE THERMAL PROTECTIOIN IN COLD WATER
DEPENDENT UPON BODY COMPOSITION AND WORK LEVE L

P. A. Hay-.s
National Hyperbaric Centre

Aberdeen, Scotland, AB2 SFA .

ABSTRACT
SuggesWins abound as to the minimal and maximal levels of peripheral and core ten :-
peratures and acceptable rates of fall or heat transfer that can be tolerated by the
diver in colc.' water. What is not so commonplace is an indication of whether the some-
times arbitr ary limits are acceptable lower levels or the upper levels of a &►ngerouscondition which one should rarely encounter . The influence of the level of work andthe impact of differences in body composition are rarely considered in the application
of these limits . This paper examines the poter!ial of passive systems to provide the
required fiezibilitv of thermal protection over a range of activity in water below S"C .The magnitude of respiratory and suit heat loss are estimated with respect to changing
heat production, tissue conductance and net heat loss .

POTENTIAL OF PROTECTION

This paper is a semi-empirical analysis of the heat balance of a diver in shallow
water. Although the precise values for the thermal limits and the values of heat
transfer chosen may not receive universal agreement, it is the essential concept and
mr,,thod of manipulation that are of interest . This present approach owes much l.o thetechnical paper by Thcxnton (1981) .

The thermal balance of a diver is a complex function of a number of variables
including depth, gas mixture, water temperature, rate of work, inherent tissue insu :ationand clothing insulation . Additional factors include size of the man, level of habituation
to cold and perhaps physical (endurance) fitness . The problem olf protection can be
~-educed to two interrelated requirements :

1 . Reduce the level of overall body heat loss, such that any fall in core temperature
does not jeopardize cognitive perfom.iance or safety over a specifieà dive dura-
tion .

2. Reduce peripheral and extremity heat loss such that the body nervous tissue is
maintained above a level where manual performance and sensation are b adlyaffected or pain is felt .

It is generally taken that these recu:Jrements can be met by designing protection to
meet the folloving criteria :

a) Deep body temperature should riot fall below 36 .0°f' ;

b) The maximum acceptable net heat loss from the diver should not exceed 840 kT,
equivalent to 0.23 kWhr;

-51-



•

c) Mean skin temperature should be maintained above 25°C ; no individual site
should be less than 20°C, save the hands and feet wèere the limit is 15°C ;

d) Respiratory heat loss should not exceed 200 W, thereby providing a minimum
inspired gas tenaperature limit dependent upon depth and average level of ventila-
tion. Recent NPlllt) ► of En. guidelines suggest respiratory heat loss should not
exceed 15% of enexgy expenditure . .

When diving at night it should be noted that no consideration has been given to
the effect of a fall in dr .ep body temperature of 1 .0°C below the normal body tempera-
ture, at say 0400 hrs, when the natural circadian rhythm may result in an initial tem-
perature as low as 35.5°C.

Note that the risk of non freezing cold injury may exist at 15°C for extensive
(24-48 hrs) exposure, particularly in previously damaged or injured tissue, but could
occur at temperatures bflow 8°C over much shorter times, perhaps 60 minutes. How-
ever, there are many incidents of hands and feet maintaining function and integrity of
tissues at temperatures below 5°C fcir considerable time, particularly in habituated or
"locally" acclimatised individuals . Incidents of sudden exposure to sea water below
freezing, as in a sudden rip in a suit, can result in recoverable damage to the skin and
vasculature resembling severe bruising .

THERMAL. BALANCE

Respiratory heat losses, without exchanger or shroud, and typical body surface
rates of heat transfer estimated for a diver carrying out work in 4°C are shown in the
following Table I (values in Watr;) .

Depth Fie.,vpiratory Loss Clothing Dry Suit Heat Production Net Heat Loss
m 8 20 40 Togs + insul-

(0.3) (l .l) (2.2) ation (0.3) (1 .1) (2.2) (0.3) (1 .1) (2 .2)
loss(W)

1 6 1 1 22 1.5 170 100 290 5'>15 76 -109 -383

10 9 17 34 1 .5 170 100 '290 575 79 -103 -33 1

30 18 34 69 1 .0 400 1(x► 290 575 318 144 -10 6

Table 1 : Table of respiratory heat losses, heat losses through dry suit and insulation (e .g . PTS), heat pro-
duction at 25% efficient work and net heat loss from the body . The numbers 8 . 20 and 40 are represen-
tative values of ventilation (L, min 1, BTPS) with the corresponding values of oxygen uptake (0 .3, 1,1
and 2 .2 L min-1 STPD) below .

It is noted from Table I that there is, a net heat loss at all depths if the diver is
resting (typically VO2 = 0 .3 L min- l ) , but there is a net heat gain as a result of
m,oderate activity (VOZ typically 1 .1, V/VO2 approx .= 18), at depths of I and 10 m,
but a loss at 30 m. At heavy work there is a net heat gain .

•
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These estimates should be taken in the light of typical diving activities such as :

SC'UBA/SDV Depth 10m Duration 6 hrs
RandmasklAga/CDBA 30m Duration 1 hr

Rates of heat transfer can subsequently be turned into quantities by the product of time
(w. Table II below) .

Depth Time Net Heat Loss Reduction in body heat content
Rest Moderate Heavy U (kWhr)

1 6 hr 76 -109 -383 1642(0.46) -2354(0.65) -8273(2 .3)
(21600s)

•
10 6 hr 79 -103 -371 1706(0.47) -2225(0.62) -8014(2 .2)

(21600s)

30 1 hr 318 144 -306 1145(0.32) 518(0.14) -1102(0.31)
(3600s)

Table II . Quantities of heat lost from the body during represet ;tative dive durations in shallow water .

All resting dives result in a reduction ir body heat content of more than the
recommended level of 840 kJ (0.23 kWhr) . Moderate exercise at 30 m results in a
minor negative balance but would be acceptable for the 1 hr dive. Any active dive of
approximately VO2 = 1 I, min-' continually would result in a positive hcat balance
and the diver would need to lose heat, b y some means, at a rate of about 100 Watts
whilst in water of 10 m depth or less . Any sustained work would result in a diver
becoming overheated . The tolerance time, according to the formula suggested by
Blockley ( 1963) would be in the order of 1 .5 hrs at I to 10 m performing moderate
amounts of work .

if moderate or hard work is required at the end of a long pe riod of minimum
activi ty in cold water then a comp romise may be necessary whereby suit insulation is
reduced but work is artificially substituted f^r the resting state .

Work shouid be performed without subsequent overheating and/or degradation of
the insulation as the result of sweating . Data from Hall and Polte ( 1956) suggest that
500 grams of sweat, not an unreasonable amount over a sustained pe riod, would
reduce insulation by about 15% . This reduction occurs irrespective of the choice of
under wear, be it of polyolefin, acrylic or animal origin. A total of 1000 grams of sweat
would reduce the 1 .5 tog rated assembly to 0 .6 togs and heat loss would be accelerated
to 240 Watts .

In summary , for the diver to remain in balance it would be necessary to either
recover 80 Watts of heat orpromote an additional energy expenditure of approximately
110 Watts (total 210 W or VO2 = 0 .6 L min-1 STPD) .
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BODY COOLING RATE

If one looks at the relationship between the fall in core temperature ATc) and the
net quantity of heat removed f r o m the body (kJ kg 1) it is evident that the correlation
is poor, particularly when using a large number of subjects of different build and vari-
ous rates of cooling. Webb (1984) pointed out that a man of 70-75 kg cooled rapidly
by the extraction of 840 kJ (200 kcals) over 30 minutes would probably be in poor
state (Tc < 34 .5°C), perhaps semi conscious), whereas the same quantity of heat
extracted over 2 hours results in a core temperature of about 35 .5°C . A 50% increase
in the heat extracted but occurring over an 8 hour period results in a core temperature
maintained about 36°C . Tissue thermal conductances the relative size of "core" and
"shell" and the impact net heat loss can have on central function and the risk of
hypothermia are clearly different between these three cases . So what is the relevance
and significance of the limit of 840 kJ (about 11 U kg-1 for the 75 kg man) in each
case? It is apparent that a fall of 1 .5°C can be caused by anything between 18 and 45
U kg-1 (Hayes, 1988) depending upon the rate of cooling and the individual r,on-
cerned. In effect, the simplified analysis presented in Tables I and Il above may
represent an inaccurate extrapolation of the measured data because the process of heat
loss and temperature change is far from "linear" in its development . Despite this
reservation the derived numbers appear to accord reasonably well with the fin&:zgs of
Piantadosi et al (1979) . However, strict adherence to the principle of " . . . no more than
200 kcals . . ." highlights the question of whether we are offering acceptable lirni+:s (rou-
tinely encountered) or dangerous levels (always to be avoided) ; time will tell the

difference! However, it is apl+arent that over 6 hours it is likely that the shallow water
diver can tolerate the loss of more than the recommended level . Does a temperature
drop of a certain amount represent the same risk however it occurs ?

BODY FAT

The role of body fat in any study of heat balance is complex . Tissue thermal
insulation will increase and the rate of heat loss will be reduced in fatter, persons . This
in itself will alter the relationship between DTc and k1 kg-1 (net heat loss) . Additional
fatness often infers increased tissue mass and this too will modify our view of how
much heat can be safely lost. If there is a reduced heat loss there is usually a reduced
heat production and this may be borne out by the frequent obserration that fat people
shiver less for the same conditions of "core" and "skin" temperature .

Tissue thermal insulation depends not only or the amount of subcutaneous fat but
also on the metabolic activity of the underlying muscles, i .e . how much shivering and
perfusion is taking place?

Below a certain water (skin) temperature total tissue insulation wil'l decrease as
shivering (and consequently muscle perfusion) increase . Non shivering men demon-
strate total tissue insulations of between 0 .1 °C m?W-1 (I tog) and 0.22 °C m2W 1
(2.2 togs) across the range from thin to obese, (Wade et al, 1979). The muscular com-
ponent can vary from 0 .8 to 1 .5 togs, dependent upon the bulk of muscle, its blood
flow and also the amount of overlying fat . However, wor,ting divers are likely to
display much greater conductances and level of heat transfer through the muscles .
Values of 0.6 togs (0.4 clo or 0.06 °C m2W-t or 16 W M-2 oc-) were reported by
Kang et al (1983), and 0 .35 togs by Pugh and Edholm (1955) for a thin man . The
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review by Rennie (1988) indicates that muscle insuiation is negiigiblr, irrespective of
fat levels, at energy expenditures above 300 Watts and it seems likcly that the origin,
whether work or shivering, will make little difference . Padbury ( :984) reports body
tissue conductances of 17 .3 ± sd 1 .5 W m72 GC°t- with skin temperature between 28°C
and 32°C, corresponding to a resistance of 0 .6 togs. Values range from 0.4 (thin) to
1.2 togs (fat) . Corresponding diver heat lossr•s for the condition of core = 37°C and
skin = 30°C would be 101 Watts for the fattest man but 316 Watts for the thin . If
both men, fat and thin, wore a suit which maintained the mean skin temperature at
30'C, the latter would lose 3 times more heat than the former . The fat man could
afford to rest virtually indefinitely whereas the thin man would expect to lose 840 0
from body stores in 45 minutes. In reality the skin and core would both fall and tissue
insulation may reduce still further due to high shivering levels . One may therefore
expect a large variation in diver capability and cooling rate, with perhaps 3 times the
duration spent in water before reaching a critical phase, dependent on a large subcu-
taneous fat thickness of the big man compared to the small and thin .

However, the same fat layer which provides a resistance to convection heat loss
in the cold constitutes a risk during high levels of activity when the man would be
overinsulated, not only as a result of the suit but also due to his own tissues .
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LIQUID-FILLED SUIT/INTERSUIT CONCEPT
PASSIVE THERMAL PROTECTION FOR DIVERS

M. L. Nuckols*, M . W. Lippitt+, John Dudinsky+

*US Naval Academy +Naval Coastal Systems Ctr
Naval Systems Engineering Code 511 0
Annapolis, MD 21401 Panama City, FL 31407

ABSTRACT
Active thermal protection methods are being considered for Navy divers durin g

prolonged missions in 29°F - 40°F water. Previous estimates for heating requirements
during low activity dives range from 300 - 500 watts per diver. This power level willcreate a significant storage requirement on prolonged missions, where up to 24 Kw-hrscould be required for diver heating alone. One means of reducing or eliminating
active heating requirements is investigated here. This concept, referred to as theLiquid-Filled Suit/Intersuit, consists of a double-walled drysuit with a good passive
thermal undergarment . A low conducting fluid is pumped into the interspace between
the drysuit layers to improve the insulating qualities of the garment durin ; periods of
low diver activi ry. Prior to high activity, where metabolic heat production is high andgood mobilit,y is required, the liquid is drained from the suit giving a garment compar-
able in insulation to the present Passive Diver Thermal Protection System (PDTPS) .
Applications for this concept could be found in the Navy Speciaar community where
minimal surface support is available, and EOD community where long, in-water
decompressions might be required .

INTRODUCTION

The liquid-filled suit/intersuit concept, shown in Figure 1, is intended to give a
passive means for providing thermal protection for long, crJld underwater missions .
Conventional passive approaches use micro-fibrous batts heneath lightweight drysuits
to provide thermal protection during the entire mission . The required ir.sulation thick-
ness to maintain thermal comfort during long, cold missions at low metabolic levels
(typical of SDV missions) would be excessively bulky, and overly buoyant, for subse-
quent swimming scenarios .

In a SDV mission, the liquid-filled suit/intersuit can provide the resting diver with
a liquid layer having a densftry approximately that of water, and having a low thermal
conductivity for protection. In so doing, the diver is provided with added insulation
without the additional buoyancy and bubble migration in the shoulders and neck region
found when inflating drysuits with a gas . When the diver is required to swim from the
SDV, the liquid can be drained from tht inwrlayer to give a low suit bulk with
reduced insulation . With the liquid removed, the diver is essentially swimming in a
conventional drysuit with a Thinsulate undergarment .

This concept can also be beneficial during extended in-water decompressions for
deep salvage missions. As the diver rests on the decompression stage, he can inflate
his suit/intersuit with insulating Puid to better endure the cold water .
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The primary advantage of this concept, as listed in Table 1, is that the diver can
be protected from the cold without an active heating source. A beneficial side effect is
that the insulating liquid is unaffected by suit squeeze, giving the feet and legs further
protection . By properly selecting the insulating liquid to have a specific weight approx-
imately that of water, minimal buoyancy variations will occur as the fluid level in the
suit is varied. Table 2 lists some potential fluids for this concept based on their low
thermal conductivities . Although toxicological and suit material compatibility concerns
are not addressed in this analysis, the importance of these issues is not intended to be
n. .
v rW 1i,h .`iy:~,

,,]
i .

THERMAL INSULATfON POTENTIALS

The liquid-filled suit/'intersuit consists of a Passive Diver Thermal Protection Sys-
tem (PDTPS), having a B400 Thinsulate undergarment and a tri-laminate drysuit,
covered with an elastic outer drysuit, Figure 1 . Previous testing has characterized the
insulation value of the pDTPS as 1 .2 CLO (0 .95 BTU/ft2-hr-°F) . The outer drysuit is
assumed to be a 0 .030-inch thick reinforced elastomer (K = 0.12 BTU/ft-hr-°F) .

The total thermal conductance of the liquid-filled suit/intersuit can be approxi-
mated as

Total Suit Conductance, HTC)TAt =
1 +Xor, + xuQ

HPOIrs Koc KLtQ
wher-- :

X is the layer thickness, ft
K is the thermal conductivity, B'l'U/ft-hi--°F
H is the thermal conductance, BTU/fr2-',ir-°F
subscripts OG outer garment drysuit ; LIQ liquid layer

HTOTAL =

1 . 0

1 + 0 .03/12 + Ki.1Q
1 .073+'11 . Q

0.95 0.12 KUQ KuQ

The effective suit insulation, expressed in units of CLO can then be wri tten

Effective Suit CI..O =
1 .136 = 1 .22 + 1 .136 - x '1 Q

HTOT.ALt. K11Q

Figure 2 shows effective suit insulation values obtainable when using a light oil
(K = 0.077 BTU/ft-hr-°F) in this suit configuration . These insulation values can possi-
bly be improved as other suitable liquids are identified .

Estimates of the mission durations that would bv,* permissible with the liquid-filled
suit can be made by looking at an energy balance for a diver as follows :

+M-(QMP+Cs+Rw W)-S (EQU 1)

•

0

i

•

•
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where

•

•

•

Q = Supplemental heating (active)
M = Metabolic heat production
Q~p = Respiratory heat los s
CS = Suit heat loss
R = Radiation heat loss
W = Diver work rate
S= Rate of energy storage/loss from diver

Assumptions :

Q= 0 since concept depends on passive insulation only
w 0 since the diver is restin g
lt = 0 since radiation heat loss is negligible under wate r

Based on the BUMED thermal criteria for cold water diving, the dive should be
terminT.ted when

S/m=-5.4BTU/lb

i where
m is the mass of the diver's body
s is the lost body heat.

Since S= S/t where t is the mission time, then

S=-5.4m/t

By subs .:tuting the above assump tions and equalities into Equation l, we obtai n

(M - QrtEsp) - Cs=-5.4 m/t

But

Cs = H A(TMS - T.e) = (1 .136/CLO) A (T.s,s - T_)
where

H is the overall convective heat transfer coefficient between the diver and
the water
A is the body surface area
Tms is the mean skin temperatu re of the diver
T. i5 the surrounding water temperature

If we assume the "average diver" is 178 lbs (1) and has a surface area of 19 .4
ft2, with a minimum mean skin temperature given by BUMED (2) as 77°F (this
assumption will give conservatively high estimates of suit heat loss as the diver
becomes chilled), then we can solve Equation 1 for the permissible mission duration a s

t, his =
(

-961

QREsp) - 22.04(77 - T, .)/CLO
(EQU 2)
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For shallow depths, as in most Specwar missions, QREsp is small compared to M
(approximately 5% at the surface) . T"herefore, estimates for M- QMP will be
assumed for this analysis to be the metabolic level for a resting diver in cold water;
450 BTU/hr.

Figurcs 3 through 5 show the estimated mission durations from Equation 2(tabu-
late;Y in Appendix A) that would be permissible when using the liquid-filled suit con-
cept . Acceptable mission durations in excess of 6 hours are indicated .vit.h th ;s passive
protection method with only a 0 .5-inch liquid layer thicic,ness in 28°F water, t1. ►is com-
pares with approximately 2 hours when using the PDTPS . Thic t.:nprovemer : is further
magnified in 35°F water, 17 hour durations are indicated with a 0 .5-in-.h liquid layer,
whereas, only 3 hours are allowable with the PDTPS .

Perhaps even more significant is the absence of suit squeeze in the legs and feet
wi ►h this concept, providing added thermal comfort in difficult regions noted with con-
ventional drysuits. It is possible that localized active heating would still be necessary
when using this concept in long, cold missions, however, the power storage require-
ments would be only a fraction of that needed with current active heating of the whole
diver .
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LIQUID-FILLED SUIT'/INTERSUIT ADVANTAGES

-NO ACTIVE HEATING REQUIRE D

-LIQUID UNAFFECTED By SUIT SQUEEZE. IN LEGS OR FEET

-MINIMAL BUOYANCY VARIATIONS

NO SUIT RALLOONING IN NECK OR SHOULDERS

-SUIT ZNSLP..ATION EASILY VARIED

TABLE 2

POTENTIAL INSULATING LIQUIDS LIQUI D-FILLED SUIT/INTERSUIT CONCEPT

LIQUID THERMAL CONDUCTIVITY DENSITY
BTU/FT-HR-F LB/CUFI'

FLUORINERT FC•-77** 0.037 110.0
LIGHT OIL 0.077 57.0
ANILINE 0.100 63.8
n-BUTYL ALCOHOL 0.089 50.6
ETHYLENE GLYCOL 0.100 69.2
GLYCERINE 0.)13 78.7
ISOBUTYL ALCOHOL 0.082 50.0
KEROSENE 0.086 51 .2
TURPENTINE 0.073 53.9
PROPYLENE GLYCOL 0.116 65.5
ETHYL ALCOHOL 0.097 49.2
HEPTYL ALCOHOL 0.094 51.2
PENTANE 0.078 39.1
*WATER 0.348 62. 3

**FI_ .UOR.INERT IS AN ELECTRONIC LIQU ID TRADENAME
* WATER IS SHOWN FOR CO MPARISON



APPENDIX A

ESTIMATED MISSION DURATION S

t, tus ~ -96 4
(M - Q,C:.p) -- 22.G4(77 -- 7')/CLU

0

•
LIQUID

THICKNESS, in T T
t, hrs

M °Uc ~ = 350

0.0 (1 .22 CLO) 28 1. 8
35 2.4
45 4.2
55 20.3

M -- 0- = 450

0.25 (1 .53 CLO) 28 2.7 3.8
35 3.8 6.2
`15 9.7 24+
55 24+ 24.¢ .

0.50 (1 . 83 CLO) 2~ 4.0 ( ) .9
35 6 . 2 17.2
45 24+ 24+
55 24+ 24-,

0.75 (2 .14 CLO) 28 6.2 17.6
- 35 11 .6 24+

40 24+ 24+

1 .0 (2 .45 CLO) 28 10.6 24 +
35 24+ :}44-

0

0

0

i

O
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FIGURF 1: L1Qi1IQ°FlLL E D SUiT"i1hJ TERS Uli' CONCEPT



FIGURE 2: LIQUID-FILLED SUIT/INTERSUIT
INSULATION POTENTIALS
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UNDERGARMENTS : THERMAL CCJ N iJUC*TC'VTI'Y (WET VS. DRY),
COMPRESSIBILITY AND ABSORBENCY

LCdr John A . Sterba, MC, USNR
Navy Experimental Diving Unit
Panama Oty, FI, 32407-500 1

ABSTRACT
Selectinn q `° undeq,arrnents (U/G) for cold water diving has recently been based

on anecdotal reports rather than scientïfic evidence . Previow stu.c.lies in the !,.tte 70's
revealed hydrophobic microfibrous rnaterial (Thinsulate) to be au.perior in both insulcr-tion when wet and corr p ,Aessibility corrç.nared to open-t•ell fown . The objectives of thisstruty included corrrpcrrin g Thinsulate aga inst the new U/G nia teriads in a controlled,u ►unvnned labo,rcztory . ,l"ollowing a nwrket survey and prelirnin.ary testing of 32 U/G
composites, nine UJG were chosen: four a,-ing ,a.rctic flcece, rrzdi,q n ( barrier and non-T'liinsulute battin from Defense Market~.ng Cortsultarrts (l')MC), four at~sing 7h.insula teM'-400 and M-600 fron t Diving Unlimit ed Inte,•national (DUI) and the Flectalon U/i.r
composite from Arktis OutclUor Prorlucis . All U/G aanrp les were 12" X 12" (30 .5 cm X30.5 crn) . Thermal c• orun''uctivity was measured in a calibrctteci, Rapid "K" ma chine(11olonretrics, ('arr:i?ridhre, MA) . Multiple trials verified accurcrcy and reproducibility
for ctll U/G tested. Sig!rrficant diffiFren;e betweert Ultr srxrnlrles was achieved byANOi''A and Turkey l-ISD te,~ ts with p < ~7 .05 accepted as signifi ccznt. Compressibility
data at 1 .1 psi (2S j~sw equivalentsuft squc°ze) derno nstrared Flecta lon rrurst corrrprrs .sible (-60.7% ), DRIC mo ~ terately canr,pressrb le (48 . 6%) and DUI least compressible
(-34,5%) . Further compression to 2 .2 psi (5 .0 fs•w) was rrrinirruil. Absorbency testing
was analyzed for the water weight gain f,3 r the UIG, per se, and UIG per unit thirk-ness . Overall, DMC CI/C were ver,v absorbent cor ? q,ared to D1.11 and Flcctalon U/l,,
Insulation values were ana lyzed dry and wet (saturated), at 1 .1 psi for both the Uhix,
per se, and UIG per unit thickrres .s . In sujrunary, dry C.IJC,, per unit thickness showed
few diff'erences, range 1 .5! 1 0.02 to 1 .%81 0 .11 f"lo/crr, mean t Si), n= .5. Sattcrated
w ith water, the superior L'f%i, per se, were Flecialon, D111 M--600 and one DMG Ulf,r
using Dupont Dacron ,1l batting. The range was 0.14 10.01 to 0.19 ± 0.07 C'lo . Thesbperior wet ZI/(;, per un it thickness, included the above and M-l1 00 DU1 UfG, therange being 0 .21 ± 0.03 to 032 ± 0.08 C"lo/cm. In conclusion, rating ccrnpressihilitY ,
ab..orbe,ncy and insulcation (wet), the sty?erior UIG included Flectcflon and DU! U/(;,M -400 and M-600 weights . Otirer DMC UIG were ranked next, primarity due to high
absorbency . The DMC radiant barrier, though not studied, would not significantly
contribute to reflected radant energy based upon the .srrutll gradient between skin and
water ternperature according to work done by Stefan and Boltzmann.

The opinions or assertions contained in this article are the private views of the author and are
not to be construPd as reflecting the view of the United States Department of the Navy or the
I7epartrnent of Deiense .
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INTRODUCTION

Selection of undergarment.y for cold water diving has recently been based upon
anecdotal reports of subjective comfort . The presently perferred undergarments are of
single-pie,.ce construction and are thicker than the two-piece, fleet issued undergarment
known to allow cold air to baffle ne xt to the diver's skin with underwater movement .
To assist Special Warfare (SPECWAR), Explosive Ordnance Disposal (EpD) and
Underwater i;onsiruction Team (UCT) divers in the U.S . Navy, a controlled study was
undertaken at NEDU to determine the optimal undergarment for cold water diving.
This study was part of our task from NAVSEA to evaluate diver Passive Thermal Sys-
tems (l'TS), i .e ., dry suits with thick undergannent insulation .

A prelirriinary study of 39 different undergarment samples determined that the
nine chosen for this study were the most prornisin,g for use in extrerne cold water.
These nine sa7nples were evaluated for the degree of thernw ' - ?nslalatron, both dry and
wet, by measuring thermal conductivity . With suit squeeze lirx~iting the tr~tpped dead
air space which is the insulation, compressibility testing was done at various equivalent
suit squeeze ctepths . Being that all dry suits develop leaks due to improper use,
defects in niaterixrls or lack of attention to maintenance, the degree of water absor-
bency was also determined. A flooc;e4l dry suit can not only decrease therrrtal insula-
tion, trapped water within the undergarment material can create a dangerous negative
buoyancy prohlenn . In addition, the weight of the at>scrrl .i water within the urtderl ;ar-
rnent may make it impossible for the (liver to exit the water without topside assistance .

Since underg~,rrrtients vary in thickness, the result of these tests were expressed in
unit thickness as well, to r.r.>rnment on the nlatt-rial, pe~ se . All undergarment samples
were new, 12" X 12" (30 .5 crn X_30.5 cm) swatches received from the companies .
The manufacture key and composition key are listed below. In Table #1, the saxnple
nurrït)er of the nine saurl}x'cs, along with the sample name, manufacturer and cornpo.si-
tion are liste<l . The IlMC,B sample is known as either Urr<letwave or UMf:, 27 F,
which is the currently perferred undergarenent by S1'ECWAR SDV Team One. FIec-
talon is also a production composite undergarment perferred by the Special Boat Squa-
dron, U.K. Sl~;c.'al Forces, Royal Navy . The flannel covering on the 7'hinsulate is a
perrrreal:,le covering,, opposed to the vapor barrier . The M-4M weight Thinsulate is the
undergarment currently issued to U .S . Navy divers using Passive Thermal Systerris
(fyT'S'), M-600 Thirsulate is composed of two layers of Thinsulate, M-400 plus M-200 .

COMPRESSIBILITY

The thickness of each sample in the uncompressed and compressed state wer e
measured repeatibly with a caliber . The degree of suit squeeze for an equivalent depth
:,f 2.5 feet of sea water (fsw) is 1 .1 pounr!s per square inch (psi), and for 5 .0 fsw, it is
2 .2 psi . Using lead weights equally disr.ributing weight over a known surface area of
the dry undergarment material, caliper measurements were made to determine the
degree of compressibility .

Compressibility to 2 .5 f.sw (1 .1 psi) ranged in percent change from -30 .4% for
M-400, flannel Thinsulate to as high as -62.5% for DMC, version C. Further compres-
sion to 5.0 fsw (2 .2 psi) only compressed the garments an additional -3 .2 to -13.1%.
Figure 1 illustrates the changes in compressibility for the garment samples .
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ABSORBENCY

The dry garment samples were weighwd on an electronic scale . Samples were the n
completel ~, saturated in water, and allowed to drip such that only a small amount of
excess water could be expressed when the wet sample was placed in the thermal con-
ductiv:ry machine . Repeated measurements were made of the dry weight, wet weight,
wa~„r weight increase and water weight increase per unit thickness . The multiple trials
a1'owed statistical tests (ANOVA and Turkey HSD) to be run on these results. In
s9am,nary, the DMC and Arctic Fleece undergarments were significantly shown to be
mu{.h more absorbent over the four Thinsulate undergarments and F7cct .alon . This was
tP, e not only for the undergarment but for undergarment per unit thickness . In
otheT words, the materials used by DMC are inherently more absorbent to water than
the hydrophobic microfibrous batting of Thinsulate and for some unknown reason, the
relatively less absorbent polyester batting and filaments found in Flectalon. These
results are Plustrated in Figure 2 .

'I'IIERMAI. C:'ONDLi(:TIMY

The effectiveness of these underg<trrr7ents to insulate the diver was actually deter-
mined by rneasuring their capacity to conduct heat, known as thermal conductivity .
This was repeatedly me,.tskrrec.l in all undergarments using a calibrated thermal conduc-
tivity instrument, (Rapid-k, llolonietrics, Inc ., Cambridge, MA) . The tinit of thermal
insulation, the Clo, was then calculated from the thermal conductivity rrieasurements .
All thermal conductivity r.nc.asurements were made with a simulated 2 .5 fsw suit
squeeze . Being that these values were very accurate and reprcxlucible plus they may
benefit others concerrt-d with predictive modeling for IN S performance, Table 2 lists
the insulation Clo values for the undergarment and undergarment per unit thickness,
dry and wet. In sunrmary, the degree of insulation for the dry undergarments was of
course related to the thickness of the undergarnx;nt and ranged from 0.67 to 1 . 07 Co.
As expected, the differences [etween dry undergarments per unit thickness, was very
small ranging from 1 .56 to t 1 8 Cloicm . The important comparisons were the degree
of insulation if the undergarments were wet, which is also listed on Table 2 . Both of
the M-W) Thinsulate undergarments were not significantly different in insulation from
Flectalon, however, DMC,B which is perferred by SPECWAR had less insulation than
Flectalon . DMC,B was not significantly different from the two M- 600 Thinsulate
underganxients . The undergarment per unit thickness is a measure of the insulation of
the material, per se. In summary, the two M-600 7fiinsulate undergarments, Flectalon
and DMC,B were not --ignificantly different when comparing the undergarments per
unit thickness. The results of insulation, wet vs . dry for each undergarment are shown
in Figure 3 and per unit thickness in Figure 4 .

CONCLUSIONS

The best undergarments for insulation dry and most importantly wet were the M-
600 Thinsulate undergarments and Flectalon . Next, due to less thickness but excellent
insulating capacity when wet would be the M-400 weight Thinsulate undergarments .
What detracts from DMC,B being a superior undergarment is the extremely high
absorbency to water and the subsequent loss of insulation c~lrnpared to Thinsulate or
Flectalon . One can speculate that the Flectalon underge°- :nent could improve it s
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insulation value when wet if its polyester batting was replaced with the hydrophobic
batting, 11xinsulate.

The other DMC underga rments and Arctic Fleece were found to be ve ry substan-
dard for reasons of relatively high compressibili ty and absorbency giving overall poor
insulation values when wet. This method of measuring thermal conductivity cannot
determine if a vapor barrier is important to help prevent evaporative heat loss at the
diver's skin . Also, this method does not measure the effect of the Mylar barrier toreflect back the diver's radiant heat. However, with the temperature difference
between the diver's average skin temperature and coldest water only being about 40T,
and Stefan`s Law zequroring the temperature difference to be raised to the fourth power
to calculate the amount of radiant energy, the effect of Mylar radiant barrier to ref]e.ct
any heat back to the diver is insignificant underwater .

NEDU report Number 10-89, entitled " ;Diver thermal protection: insulation,
compressibility and abs-rtency", includes all data with statistics plus the ranking used
to compare undergarments based upon the results of these tests .

TABLE I
UN1Df ItC/,AI2M ENT SAMPLES

SANP1..I3 # SAMPLE NAME M.ANUFAC'I°1?I2L I

I

4

5

Arctic Fleece DMC

DMC,Î3 DMC

DMC,C I.)MC

DMC,W DMC

Flectalon AOP

6 M-400 Flannel Backing DUI

7 M-400 with Neoprene
Vapor Backing DUI

8 M-600 Flannel Backing DUI

9 M-600 with Neoprene
Vapor Backing DUI

* Sample I is two sheets of Arctic Fleece
** Sample 5 is a production composite .
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COMPOSITION
(oUTSIDETG SKIN SIDE )

E, E*

A , i.7, F, 1), E

A,D,D,I, D ,E

E, D, I-I, D, E

J, K, L, M* *

B, G, N

B, G, C

B,G,H, N

B, H, G, C

0

s

s

s

0



MANUFACTURER KEY

AOP Arktis Outdoor Products (Exeter, England)

DMC Defense Marketing Consultants (Seattle, Washington)

DUI - Diving Unlimited International ( San Diego, California )

0

0

0

COMPOSITION KEY

A Nylon (Taslin), one layer

B ~ Nylon (Taffeta), one layer

C -- Nylon (Taffeta), coated with neoprene (vapor barrier)

I) -- Mylar radiant film, two layers with three alternating layers of
fine nylon setting

E Arctic fleece, 1 6 oz polyeste r

Dacron 11 (DuPont), 4 oz batting covered on both sides with one
layer each of mylar and fine nylon nettin g

Thin-ulate (3-M), M-400 batting

0

0

0

I1 T'hinsulate (3-M), M-2O0 battin g

1 - Thenr7olite (DuPont), 8 oz battin g

- Pertex, lightweight nyïon, one layer (4 oz )

~ - Flectalon filaments, polymer or PVC small filaments, coated with
aluminum (150 grns) covered ~) y a scrim

I. - Slimtex polyester batting (3.3 to 18 .0 d'tex fiber size) covered on
both sides by a thin bonded layer and one one side by 2 oz
nylon

M = Bodypelt, 100% nylon pile, 3mm

N = Flannel, thin, bonded layer
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TABLE #2 ïNSULATiCJN GARMENT AND GARMENT/CM

SAMPLE #
AND NAME

1 Artic Fleece

2 DMC,B

3 DMC, C

4 DMC, w

5 lülectalon

6 M-400 Flannel

7 M-400 VB

li M -W) F1ïi n 6 i e1

M-6(K) VB

CLO DRY* C1,()/CM DRY
IvIEAN t SD MEAN ~ ISD

.749 f .014 1 .559 ± .029

.735 ~ .007 1 .657 ± .017

1 .09bt .070 1 .780

1 .019 ± .011 1 .550± .013

1 .086 ± .101 1 .765 1 .008

.E80 ± .0 .'0 i .696 ± .031

.669 ± .004 1 .632 ± .011

1 .022 ± .005 1 .657 ± .W)

1 .065 I .10t) 1 .710 ± .031

CLO WET*
MEAN ± ISD

.051 ± .024

.1 191 .021

.094 ± .043

.071 ± .016

.192 ± .073

.08 1 + .O11

.099 ± .010

.140 ± .015

.182 ± .017

CLO/CM WET
MEAN ± ISD

.103 ± .044

.276 ± .049

.155 t .070

.109 ± .025

.315 ± .082

.212 f .029

.248 ± .024

.231 ± .028

.308 ± .030

0

o

* Mean onr.i standard deviation of five tests .
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THERMAL INSULATION IN VARIOUS DRY AND FLOODED
DRYSUITlPILE UNDERGARMENT COMBINATIONS

T.T. Romet
Experimental Diving Unit

Defence and Civii Institute of Environmental Medicin e
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ABSTRAGT

Passive thermal protection in the form of drysuit and undergarment is often the
choice during diving operatinwr in the Canadian Forces. Recently, a program h as been
undertaken to evaltcat t~ vadous suits and unriergarments. While manikin or other
laboratory techni, aes may give accurately defined insulative characteristics of the
materials or ~arrnents, it was also felt that human trials would provide a better uncier-
stwrfi; .;~ of the inter-relationship benveen the clothing characteristics and the diver.
Seven various dry suits (5 neoprene and 2 non compressible) and three different syn-
thetic pile urulergarments were evaluated. Seven heat flux transducers, placed xccord-
ing to the. 7-point scale of Burton were used to rnea.sure heat flux from the body from
which suit insulations were calculated. Kesulrs showed that 7»un St . Albins neoprene
compared to Rubatex based neoprene drysw,"ts provided approxim.ately 15-I8% rrtore
insulation during trrzrnersion at the surface, but e :ith the effects of compression, the
difJ'erences disappeared with th-7 Rubatex neoprene providing better ir,,sulation during
all the deeornpression phases . Insulatirjn of the suits following complete floocling
showed a srruall but signil`icant relationship where suits with a lower initial iruulation,
generally because of tighter fats, showing the least decrement . The decrease averaged
58% from the unflooded corulition . Prolonged immersion at depth, under resting con-
ditions with the vttcnus drysuit%urar.Icrgarrnent combintatinns provided between 1 .1 and
1,5 Clo of protcctc : i . However, for the inactive diver, therrnal comfort c .ould not be
maintained at a con., nrtctf>le or cool but comfortable level for pericxl.s exceeding 90
min .

INTRODUCTION

As operational requirements for the military diver involve greater depths, longe r
durations and in colder waters, the need for improved thermal protection is again a
major concern . Passive thermal protection is most often sought as this permits max-
imunn mobility by the diver and eliminates the need for the technical support required
for active heating systems . Dry suits, which can be worn with various undergarment
combinations, a re the usual choice . The outer layer of the dry suit was originally a
non-comp ressible rubber canvas material but in recent years, the closed cell neoprene
dry suit has become the more popular . In theory, the neoprene suit has the advantage
that although it compresses at depth, it regains its thermal insulation as the depth
decreases . This is especially valuable since it is at the longer decompression stops in
shallower depths that maintaining thermal comfort becomes the greatest pmblem .

Thermal insulation of a suit material can be theoretically determined by a thermal
conductivi ty measuring apparatus, such as the Rapid-K . Further, whole suits can be
evaluated by means of thermal manikins. While both of these techniques produce accu-
rate and reproducible results, they do not necessarily provide information on how th e
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suit will behave when wcyrn by a diver and factors such as suit fit and activity become
important considerations . With the introduction of heat flow transducer technology, it
was the intent of thïs study to determine suit insulations directly fr om measurementstaken with the drysuits being worn by divers, both during immersion at surface and at
depth .

METHODS

Seven various drysuits (5 neoprene and 2 :aon-cotnpressible) together with three
synthetic pile undergarments were evaluated . Seven heat flow transducers (Concept
Engineering, Conn .) were placed on seven body sites as described by Hardy and
Dubois (1938) . Both skin temlaera.turc and heat flow were rontinc.ally monitored and
minute averages recorded.

First series of immersions took place in a st.at.c tank (2m x 2m x 3 .2m) with
water controlled at 1 8'C . F,.ach combination, drysuit alone, drysuit with undergarment
and drysuit with undergarment but floodrd were evaluated . Immersion for each condi-
tion was continued until mean heat flow had stabilized (average time 35 min) . Insula-
tion (clo) was calculated from mean values obtained over the last live min of immer-
sion, according to the following formula :

Insulation . (Mean skin ternp - water teczaperature / mean heat flow) / 0.155

A second series of immersions were then carried out at varictus depths and
decompression profiles . Maximum depths achieved were 75 rrisw, with the longest
duration of 110 min . Suit insulations were calculated continually using the atx :wev rnen-
tioneci forax.ula .

RESULTS

A - Dry Suits -I7te dry suits tested were tnanufactured with one of two type s of
closed cell neoprene, Rubatex or St . Albins. As can be noted in Pible 1, St . Alïains
neoprene suits provided greater insulation during surface i ► n,,iersions as ,,ompar;t] to
the Rubatex . This difference, howcvcr, disappearcV-ci at depth and was often r°eversc :ci
(see Figure 1) . The reversal in instilation was noted both during the compression and
decompression phases . Non-compressible suits provided cri average 0.166 clo, and as
expected did not change at depth .

B - Undergarments - The insulative value of the synthetic pile undergarments varied
between 0.464 and 1 .20 clo (see Table 2) . The differences were directly related to the
thickness (or weight) of the mate rial . Figure 2 shows the total insulation provided
divers with the various weight undergarments and a Rubatex neoprtne drysuit meas-
ured during identical dive profiles .

C . Flooded Suits - The percentage decrement in overall insulation ranged from 43 to
67 percent after total flooding of the drysuit/ undergarme n t ensemble . The smallest
decreases were observed from ensembles which were the tightest fitting but also with
the lowest initial insulation . Final flooded clo values ranged from 0.50 to 0 .71 clo
(average 0.56 clo ± 0.08) .
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DISCUSSION

Despite the identical thickness of neoprene, the St . Albinz showed a higher insu-
lation capacity than the Rubatex . Examination of the two materials showed that the St.
Albins was a larger celled, softer neoprene which would have allowed for greater trap-
ping of air . This proved to be a disadvantage at depth a the St. Albins material was
subject to greater compression leading to less insulatïve value . The material also did
not return to its initial insulation as madily.

Unpublished work from DCIEM has shown that all t}uee synthetic pile undergar-
ments have the same thermal conductivity . This is not surpriFing since essentially the
same polyester fibre (kirklon) is the primary material in the undergarments . It was
therefore not unexpected to note that thicker the material more effective the insulation .
The drysuit/undergarment (19 oz) ensembles will provide minimally 1 .2 to 1 .6 clo of
protection at the surface . Since this study used only minimal suit inflation, it could be
expected that some additinal insulation could be obtained . linc.reasing the undergar-
ment thickness will also far:her increase insulation, but at the expense of increased
bulk and reduced mobility .

Completely flooding the suits reduced the insulation on average by 58 % . The
average insulation of 0 .56 clo is somewhat greater than the dry pile undergarment on
its own, but less than the drysuit itself . Since no flushing or flow through of water
occurred, it can be expected that the body would slowly raise the internal temperarurr
of the trapped water and the final floodeti suit insulation would approach that of the
neoprene .

The values of insulation determined from these evaluations compare well with
measures obtained from thermal manikin studies (Nuckols, 1978) . Studies on humans
however also provide additional information on diver thermal comfort, specific
regional insulation and mobility . In conclusion, it has been shown that heat flow trans-
ducer technology provides good comparative information on the effectiveness of suit
insulations while allowing the opportunity to obtain specific information on comfori, fit
and mobiliry, The results also confirm the concept that suits must be evaluated both at
surface and at depth to obtain a complete understanding of its insulative characteristics .
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TABLE 1

COMPARISON OF NEOPRENE INSULATIONS (CLO )

Rubatex 7.1mm (Rapid-K)

Rubatex 6.5mm (Human)

St. Albins 6.5mm (Human)

Non-Compressible

TABLE 2

mean±SD

0.856

0.826t0 .14

1 .129±0 .05

0.16s-!-0 .0ï

RELATIONSHIP BETWEEN UNDERCAR NIENT
WEIGHT AND INSULATIO N

19 oz k .irklon (polyester pile) 0.464 Clo

28 oz kirklon (polyester pile) 0.901 Clo

36 oz kirkl on (polyester pile) 1 .200 Clo
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Fig . 2 Comparison of Different Weigh t
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O SESSION 3

ACTIVE THERMAL PROTECTIO N

Session Chairmen :
LCDR J .A . Sterba, MC, USN R

Thomas C. Schmid t

PREFACE

is

E

Prolonged diving in near-freezing wa.ter requires active thermal protection of the
diver. This session included papers discussing : (1) actively heating divers using a
tube suit, (2) planned dives for active thermal protection of divers at rest and free-
swimming, (1) actively heating closed- circuit underwater breathing apparatuses (t,BA)
to improve carbon dioxide absorption, and (4) using the catalytic combustion of
alcohol for diver active thermal protection .

In paper (1), the thermoelectric heat pump was used to provide warTn water to a
diver wearing a closed circuit tube suit . Power consumption was measured to be 3 1 0
watts for a dive in 2°C water using a dry suit and light weight undergarmcnt . Tet7i-
perature measurements revcalyd body rectal core tetnperature to be 3 6 .75 °C at the
completion of a six hour dive .

Paper (2) revieweci the long range planning of dives at the Navy Experimental
Diving Unit usïng eight U .S . Navy divers for prolonged -lives in 2°C water . The pro-
tocol to test two, tube suit active thermal systems kATS) included a physiological and
human factors evaluation during eight hour dives with divers at rest in a submersible
and free-swirriming in the NEDU cold water flume. Termination criteria, diving equip-
ment, and diving procedures were reviewed, and collaboration with other U .S. Navy
and civilian laboratories were discussed .

Paper (3) discussed the beneficial effects of carbon dioxide scrubber heating in a
UBA including an increase in scrubber efficiency and decrease in condensation in the
UBA and the diver's mask . Data were presented and reviewed .

The opinions or asser tions contained in this article are ►he private views of the authors and are
not to be mnstrved as reflec ting the view of the United States Department of the Navy or the
Department of Defense .



Paper (4), abstract only, discussed the controlled, flameless combustion of alcohol
as a new method to provide supplemental heat to the diver . By heating circulating
fluid using a tube suit concept, this chemical reaction of the catalytic combustion of
alcohol using a small portable burner could provide active thermal protection during
diving .

J. Sterba
Co-Chairman
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THE PHYSIOLOGICAL EFFICACY AND ENERGY EFFICIENCY OF HOT-
WATER Si ;; HEATING USING THERMOELECTRIC HEAT PUMPING

T.C. Schmidt
Lockheed Advanced Marine Systems

3929 Calle Fortunada, San Diego, CA 9212 3
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ABSTRACT

Part A TKE&MQTJ.ECTR/CS. Cold water operations are frequently constrained by a
lack of adrquate diver heating . For autonomous systems and vehicles this is typically
due to the limitations of on-board power . For tethered systents, it is typically due to
hot water umbilical heat loss . Heat pumps are very energy efficient in the heating
mode as the heat produced is equal to the heat pumped plus the heat equivalent of the
power consumed . As thermoelectric (TE) heat pumps are solid state they eliminate the
refrigerant, compressor, condenser and evaporator common to conventional type (i .e .,
vapor compression) heat pumps . Manned dives have been performed using a prototype
TE heat pump which pumps heat from the ambient water to a closed circuit hot-water
loop circulated through a tube-suit worn under Thinsulate and dry suit . Using M200
Thinsutate and 36-39°F (2-4°C) warer as the heat source, the power required to supply
102-10J4°F (39-40°C) water to the diver 's suit was less than 300 watts . Use of M400
Thinlulate (vs M200) reduces the power consumption by about 113, and use of warmer
water as the heat source provides further reductions in the power required . For sur-
face supplied hot-water operations, a similar appr oach may be used to boost the water
rernperature an il/or se rve as an energy efficient emergency backup Also, by reversing
the current a heater b ecomes a cooler for use in hot wnter diving applications .
pur_t~`.P~`f.YS(SZ1~~1~l.iYdl~. The direct effects of dOld are hypothermia and perfor-
mance degradation, including reduction of grip strength and loss of manual dexteriry,
In the case where free flooding submersibles are used, du ring transir the divers may be
inactive for long durations and the ph y sicat resistance of the amount of insulation that
is required further contributes to reduced work capability. Use of active heating (par-
ticularly during transit) would reduce the effects ol cold and the amount of insulation
required. Manned dives have been performed using a protoiype thermoelectric heat
pump . They have been of up to 6 hours duration in 35-40°F (1 .7-4 .4°C) water, with
little or no activity, using a Dover ILC hot-water tube suit worn over a thin polypro
liner and under Thinsulare insulation and TLS dry suit, with AGA mask, hood and d,-y
gloves . The tube suit covers the tops of the feet but terminates at the wrists . The 6-hr
dive used the lightest Thinsulate available (M200) . with 1037 (39S°C) supply to the
rube suit . After 6-hr, T,,,,W was 36.7_5°C, and the temperatures of the forearm, back of
hand, ring finger and big toe were 35, 23 18.3 and 172°C, respectively .

PART A: THERMOELECTRIC S

The vrtmary advantage of heat pumping is that the heat produced is equal to the
heat pumped plus the heat equivalent of the power consumed . That is, watts of heat
produced is always greater than the watts of power consumed, Compared to other
alternative heating approaches (e .g. exothermic reaction and sensible/latent heat
storage) the other potential advantage is that the heat available will also increase in
direct proportion to any future breakthroughs in battery power storage .
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Figure/Slide 1

HEAT PUMPIN G
ADVANTAGE = ENERGY EFFICIENCY
Provides more heat than the heat equivalent of power cons .uned
THERMOELECTRIC S
ADVANTAGE = SIZE, VWEIGHT, AND SIIv1pL1CTTY
Eliminates refrigerant, compressor, condenser, and evaporator

The advantages of thermoelectrics is size, weight and simplicity - being solid
state it eliminates the refrigerant, compressor, condenser and evaporator associated
with the vapor compression cycle approach . Also, whereas a vapor compression heat
pump typically has one particular load capacity regardless of load required, by simply
varying the applied voltage a TE heat pump operating capacity may very easily be
matched to the particular load required .

Figure/Slide 2

A thermoelectric (TE) module consists of semi-conductor (p-n) junctions con-
nected in series . When low voltage DC power is applied, one side gets hot, the other
side gets cold, and heat is pumped from the cold side to the hot side . The h:at rejected
from the hot side is equal to the heat pumped, plus the heat equivalent of the power
consumed .

HEAT ABSORBED
FROM HEAT SOURC E

BISM ;JTH TELLURID E
ELEME NTS WITH N . AN D
P•TYPE PROPERTIES

+

N P N P N P

HEAT REACTED TO
FLUID BEiN,â HEATE D

CIC SOURC E

i'I,

(COLD SIDE )

(HOT SIDE)

ELECTRICAL INSULATOR S

EI.ECTRiC,kL CONDUCTOR S

Figure/Slide 3

This shows the particular modules used, being mounted onto one of the heat
exchangers . Each module measured 1 .2 inches square, with (p-n) elements of a quater-
nary alloy of bismuth, tellurium, selenium and antimony with small amounts of suit-
able dopants .

All variations on the basic concept, consist essentially of passing the fluid to be
heated thiough a heat exchanger that is in intimate contact with the hot side of the
modules, while passing the fluid serving as the heat source through a heat exchanger
that is in intimate contact with the cold side of the modules .

The fluid to be heated may be water for suit and/or secondary gas heating, or the
gas may be heated directly . While the ambient seawater is obviously the most copious
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source of heat, for open circuit SCUBA heat may be pumped from the warm expired
gas directly to the (otherwise cold) inspired gas .

Figure/Slide 4

The theoretical coefficient of performance (watts heat per watts of power)
depends primarily on the temperaturt differential across the module, and to a lesser
extent the module hot side temperature . The figure shows a performance envelope
somewhat representative of that applicable to manned subsea applications. The solid
curve to the left is based on a hot side temperature of 68°F (20°C) and the curve on
the right a hot side temperature of 104°F (40°C) . They are intersected on the right by a
vertical dotted line arbitrarily chosen as a minimum useful differential of about 10°F
(5°C), and on the bottom by a dashed curve for a cold side temperature at the freezing
point of seawater .

Figure/Slide 5

s = Seebeck ooe ff (volt/deg K) = sp + stT + S~T2
r = elec resistivity (ohm-cm) = ro + rtT + r2T
k = thermal cond (watt/cm deg K) = ko + ktT 4 k2T 2

where sfl St s2, rp rt, rZ ka, kr . k2 are specific to the semi-conductor
mate rial used . and T = avg tcrnperaturr between the hot and rold sides
N = # p-n elements
L length/area ratio of the elemer ts
Tc = cold side temperature
dT = temperature difference b etween the hot and cold sides
N and L are specific to the partic,•ul ar module construction

optimum current in amps = k dT(l +(1 + s'-Tlric)°s/s T L)
voltage to obtain lopt for the particular fi= N(I r L + s dT)
heatpumpedin watts (Q)=N(slTc --I2rLI2-kdTtL)

module power consumption = (volt)(amp)

It should be noted that the performance shown in the preceding figure assumes
that the heat puznp design is such that the current draw resulting from the applied vol-
tage is the most optimum one for the amount of heat being pumped, and the particular
hot and cold side temperatures . This is also speci£tc to the number of p-n elements (N)
and the length/area ratio of each element (L) . For the modules available commcrcially,
N (per module) may range from less than 10 more than 250, and L may range from
less than I to more than 50. For a given set of boundary conditions an optimized
design is relatively straight forward (albeit time consuming), while for operation over a
wide range of variables a much more involved design effort is required .

The theoretical performance does not include system heat losses which for the
heat pump per se consist of losses from the hot side heat exchanger . These can be
minimized by keeping unused heat exchanger surface areas to a minimum, and may be
precluded by operating in a vacuum .

Initially, a year of unma.nned simulation testing was performed to obtain empirical
performance data for the various heat pumping modes (water-to-water, water-to-gas
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and gas-to-gas), over the anticipated range of dependent variables. The intent was to
validate the efficacy of the approach, and to obtain empirical performance baseline
data for follow on designs .

Figure/Slide 6

12-ft UM9".LICAL WIT H
d h SUBMERGED IN POOL

0 .5 -g pm WATER 0 .5 -gp m WATER
FROM DIVERS SUIT TO OIVER S SUIT

Following this a prototype heat pump was constructed as shown, and used to ptr>-
vide hot water suit heating during a series of manned dives in 35-55°F (1 .5-12.5 °C)
water -- i .e ., providing hot water heating to an ILC Dover closed circuit tube suit worn
over a thin polypro liner and under Thinsulate and drysuit . For a majority of the dives,
the cold tank water was used as the heat source, and drysuit inflation was lirnited to
only that necessary to prevent suit squeeze .

Figure/Slide 7

Test Heat A P

COP Theo

Condition Source
ppar

Htg
wr

Pwr Act Theo
Min
Ptiv r

(NkD (W) ('w)
40°F Pool, M200 65°F 400 225 1 .75 2.1 190

40°F Pool, M200 Pool 425 320 1 .25 1 .55 275
40°F Pool, M400 65°F 275 140 2.0 2 .2 12 5
40°F Pool, M400 Pool 285 200 1 .4 1 .7 170

The heat pump performance during some early demonstration dives ^erformed in
the NT,7DU cold tank in 40°F (4 .5 °C) water is shown in the table . It is based on the
provisioa of 100°F (37 .75°C) water at the suit inlet, using both M200 and M400 Thin-
sulate, with a heat source consisting of the 40°F pool water, and also using a water
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source of 65°F (18°C).

Subsequent to this, unmanned testing was performed to determine the best means
of most evenly distributing the water flow path through the finned portion of the heat
exchangers . The result was a discernable increase in performance efficiency .
Figure/Slide 8
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250
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2919 AVERAGE

2
270-

9 tube suit worn under M200 Thinsulate
• water supply to suit = 103 F (39 .5 C)
• heat source = c o ld tank wate r

• 35 F (1 .5 C) initially
• 40 F (2 .5 C) @ end dive

s0 2 3
4

TIME ( h )

As shown here, the average power required to maintain a 103°1N (39 .5'C) supply
to the suit throughout a 6-hr dive performed at our cold tank in 35-40`1= (1 .5-4.5,C)
water, using M200 Thinsulate ( the lightest weight available) usin g the cold tank water
as the heat source, was less than 300 W. That is, after initial warmup, 312 W were
required at 35°F, which decreased to 270 V4' as the cold tank water warmed to 40T
during the course of the 6-hours .

Figure/Slide 9

Increasing water temperature and/or use of heavier Thinsulatc appreciably reduces
the power required . During dives in 36-38°F (2-3°C) water using M400 and the cold
tank water as the heat source, the power required to maintain 103°F (39.5°C) suit sup-
ply was 250 W. Similarly, with M200 in 55°F (12 .75°C) water it was 175 W, and
with M400 in 55°F water it was less than 150 W .

Efforts are presently underway on a more optimally designed suit heating system
which will be about one-half the size of the previous prototype, will be fully submersi-
ble, and which will be enclosed inside an evacuated housing . Based on a suit supply
temperature of 104°F (40°C) and using cold ambient seawater as the heat source, over
a range of 29- 6i0°F (- 1 .5 to 15°C) ambient, the heating COPs (wa tts heat/wa tts power
consumed) should range from slightly less than 1 .4 to somewhat greater than 2 .0 .
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PART B : PHY'SIOLOGICAL

Figure/Slide 1 0

i

0

16 dives, I to 6 hours duration
water temperature 1 .5°C to 1 2 .5°C (35°F to 55°F)
6 different diver/subjects
M200 and M400 Tbinsulate under TïS drysult
hot water tube suit - no active heating of hands
drygloves / wetgloves / wetgloves w/gauntlets

The previously described prototype heat pump was used to provide hot water
heating during a series of 16 manned dives . They were of about 1 to 6 hours in dura-
don, in water temperatures of 35-55°F (1.5-12.5°C), with little or no diver activity
(i .e ., resting quietly).

Figure/Slide 11 - 1 5

Hot water at a flow rate of 1R gpm was supplied to a closed circuit 1LC Dover
tube suit worn over a thin polypro liner and wool socks . The tubes cover most of the
body includ,.ng the tops of the feet, but terminate at the wrists . Thus, the hands are
unheated . We+rn over this were M200 or M400 Thinsulate undergarmentF, with M200
booties, and a TLS Rev . D drysuit with an inner dry hood, plus a Thinsulate skull cap
and outer neoprene hood . Insulated four-finger dry gloves were used predominantly,
but some dives used five-finger wet gloves, both with and without thret-finger
neoprene gauntlets . A full-face AGA mask was used exclusively, with air supplied
from SCUBA bottles submerged in the cold tank .

Figure/Slide 16

The water in 1,000 gal cold tank did wa.nn during the course of each dive, how-
ever at a rate of less than 1°I' to 0 .5°C) per hour . Drysuit inflation was only that
sufficient to prevent suit syueer.e . Some dives also included drysuit flooding ranging
from minor to extensive, both intentionally and unintentionally, rectal temperature
(7`,,) was monitored during all dives, and most dives also provided skin temperatures --
measured at the thigh, forearm, back of the hand, big toe, and ring finger . Some
measurcments of grip strength were also obtadned .

With only two exceptions, for all of the exposures, rectal temperature (Tr,) con-
sistently remained above 36.5°C. One of the two exceptions was during the earlier
stage in which we thought that an average suit water temperature about that of normal
mean skin temperature might possibly suffice -- when used with the M200 Thinsulate
in 37.5°F (3°C) water, T, ., decreased to 36.25°C after 4 .5 hours .
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Figurr/Slide 17

With two exceptions, for all 16 dives T,• remained above 36 .5°C
(1) Inadequate suit supply temperature

• .M200 Thirmulatc in 37.5°F (3°C) wate r
• Suit inlet approx 93-9$°F (35-37°C) latter half of dive
• T,. decreas,ed to 36 .25°C after 4 .5 hours
• Same diver, same dress, same cold ter* temperature
« Suit inlet temperature 103°F (39 .5°C) thmughout dive
• Tr, decreased to only 36.75°C after 6-hours

(2) Diver/subject had 36 .5°C T.. normal baseline to stsrt with

By subsequently increasing the supply temperature such that the average suit
water temperature was slightïy greater than normal core temperature (i.e ., 39-40°C
inlet), for the same diver again wearing M200 in the same temperature water (3°C ±
1 .5), near thermal neutrality was maintained throughout an entire 6-hour exposure, i .e.,
T,° was 36.75°C at the end of the 6-hours. The other exception was a subject whose
normal predive baseline Tr, (as measured on three separate occasions) was only 36 .5°C
to begin with .

Figure/S,ides 18 (a) and (b )
18 (a) : This shows data obtained independently by another investigator - Dr . H .

Goforth of NHRC. It was performed in 44°F (12.5 °C) water, using M200, a TLS
drysuit, wetgloves and an AGA mask with hood . From an initially elevated tempera-
ture of 38°C, T,, fell to 35°C in the subsequent 2 hrs and 40 minutes, at which time
the dive was tenn.inated . Note that shivering began at about 37 .5°C, after about 1 hour
both hands became numb, both feet became numb within the next 3() minutes, with
both legs becoming numb just prior to termination .

18 (b) : This shows comparative data on a dive we perforrned in the same tem-
perature water with the same diver wearing the same dress, except that it was supple-
mented with the hot water tube suit, and drygloves instead of wet gloves . From an ini-
tial T,, of 36.5, there was a slight initial rise followed by a thermal stability occurring
at slightly less than his particular pre-dive baseline of 35 .5"C -- i .e . ; the diver/subject
mentioned previously .



FIGURE/SLIDE M 1 8 (a)&(b )
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FiguredSlide 19

• RANGE OF Tt• : 38 .6-3q.d*C (LOWPOINT AT AROUND MIDDIVE )

40
INITIAL AND FINAL FOREARM TEMPERATURES : 3 51 C (LOW OF 33•C AROUND MIDDIVE)•
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Tt* AT END OF DIVE : aE .7' C
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This shows skin temperatures for the 6-hour dive in 3°C water, using M200 Thin-
sulate with active body heating and unheated drygloves. As shown for the big toe, ring
finger and back of the hand, extrr-afity temper:,tures rema-ined above recommended
minimum values for long duration exposures . Tr, (not plotted) remainc;d fairly con-

stant throughout, ranging from an initial value of 36 .8°C to 36 .75°C after 6-hours, with

a minimum of 36.65°C occurring about mid-dive . Similarly, initial and final forearm
temperatures were 35°C, with a low of 33°C occurring about mid-dive .

Although hand and finger temperatures with the five-finger wetgloves were not
measured, after 2-hours and 40 minutes in 44°F (6 .5°C) water the hands and fingers
were still tactile, and had good color imm,-cliately post-dive . Subjectively, the thermal
protection afforded by the insulated drygloves was far superior to that of the wet-
gloves .
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Figure/Slide 20
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This shows grip strength as a percent of initial baseline (i .e ., wearing gloves) . The
data is for the same diver/subject on two different dives in the same temperature water
-- 44°F (6 . 5 °C) . Both were performed with suit heating and M200 Thinsulaie . The
upper curve is for unheated drygloves and remained within 90% of initial baseline .
The lower curve is for unheated wetgloves, and fell to 70 % of baseline after 2 hours
and 40 minutes .

It should also be noted that thmughout all the exposures for which they were
used, both the insulated four-finger drygloves (6-hrs) and the five-finger wetgloves
(2hrs, 40 min .), permitted the diver to write legibly underwater with an ordinary pen-
cil . In terms of diver comfort, the use of three-finger gauntlets in conjunction with the
wet gloves were of no additional benefit .
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PASSIVE AND ACTIVE THERMAL PROTECTION :
EVALUATION AT REST AND FREE-SWIMMING

LCdr John A. Sterba, MC, USNR
Navy Expe rimental Diving Unit
Panama City, FL 32407-300 1

0

ABSTRACT
Passive Thermal Systems (PTS) are dry suit outergarments worn over insulating

undergarments. Active Thermal Systems (ATS) include supplying heat to the divers
using, for example, a tubulated undergarment. Naval Sea Systems Command
(NAVSEA) has tasked the Navy Experimental Diving Unit (NEDU) to test and evaluate
PTS and ATS in divers at rest and free-swimming in water as cold as 29°F. Also,
NEDU is tasked to evaluate rewarming strategies to treat hypothermia in the field .
The questions being asked include : (a) how long can a diver stay warm in a PTS at
rest and can underwater swimming rewarm both the core and e xtremities, and (b) fol-
lowing prolonged cold water exposure using the ATS at rest, can free-swimming with
PTS or ATS maintain adequate core and extremi ty temperatures and what are the
onergy expenditures? For the field treatment of hypothermia, in a cold air environ-
rnent, a passive, insulated bag called a Thermal Recovery Capsule with and without
portable airway rewarming will be evaluated. Nutritional and body fluid requirements
and hand dexterity testing during long-term submersion using PTS and AT.'S in cold
water will be a collaborative effort with Naval Coastal Systems Center (NCSC), Naval
Heatth Research Center (NHRC), and Na,,al Medical Research Institute (NMRI) . Phy-
siological criteria terminating exposure will be finger/toe temperature to ti"C for 30
min .s, or anytime to 6°C, and 35°C cor,., temperature, measured at either esophageal
or rectai sites . In addition to exerero;,y and core temperatures being monitored, skin
temperature oncl heat flux (12 ,- .' in sites), tube-suit calorimetry data, and oxygen con-
sumption by moiitorin~ oxygen bottle pressure on a closed circuit underwater breath-
ing apparatus (MK-15) will be simultaneously monitored in two USN diver-subjects .
Eight diver-subjects are presently trained for these P1S and A?"S dives. Open discus-
sion will be encouraged for revision and criticism of the proposed three experimental
protocols investigating P7S and A7~i`, at rest and free-swimming .

Presently, cold water training missions in excess of four hours for Special War-
fare (SPECWAR) are being hampered primarily by extremity hypothermia, such as
pain and loss of sensation in the hands. The currently used diver Passive Thermal
Systems (PTS) are dry suits with thick undergarment insulation . Loss of hand dexter-
ity and inadequate thermal protection while at rest are the principal limiting factors
which have prompted research in diver Active Thermal Systems (ATS) . Diver ATS
arc dry suits utilizing tubulated undergarments or panels circulating warm fluids near
the diver's skin . By actively heating the diver, less insulation improves hand dexterity,
decreases the required passive insulation and allows regulation of the required heat fo r

The opinions or assertions contained in this article are the private views of the author and are
not to be construed as reflecting the view of the United States Department of the Navy or the
Department of Defense .
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a cliver at rest or free-swimming . The design goal is to thermally protect a diver for
up to eight hours using a heat source. Prr.sent research on the ATS Conox heater is
being done by S-Tron, Redwood, CA Preliminary results of the efficacy and
efficiency of a whole body t:lbe-suit using a second type of heater, a thermo-electric
heat pump, w il l be presented at this workshop by Mr. T . Schmidt of Lockheed .
Current research on selective hand warniing with the ATS tube-suit glove is being
done by Dr. R. Weinberg, Naval Medïcai Resea rch Institute (NMRI) .

Naval Sea Systems Command (NAVSEA) is directing the research and develop-
ment on the ATS,,coordinated by Mr. R . Cummings of SPECWAR (SEA, Code 06Z)
and Mr. J. Dudinsky of Naval Coastal Systems Center (NCSC, Code 5110) . NAVSEA
has also tasked the xavy Experimental Diving Unit (NEDU) to conduct the test and
evaluation of both diver PTS and ATS in sea water to 29°F (-2°C) or fresh water to
33°F (0.0°C). NAVSEA has granted the authori ty for interface between NCSC and
NEDU for the research and development and test and evaluation, respectively . The
Project Manager of these cold water studies at NEDU is LCdr J . Sterba. The
SPECWAR human factors engineer assigned to this project is Mr. R. Roesch, NCSC,
Code 5410.

The questions being asked by NEDU, NCSC and NAVSEA with input from
NMRI and S-Tron include the following : (a) how long can a diver in the trimmed or
swimming configurations stay adequately warm in a PTS, avoiding extremity and ~wae
hypothermia, with the diver wearing currently used PTS and an underwater breathing
apparatus (UBA) such as the MK-15?; (b) can underwater swimming rewarm the
hands and feet of diver that is already very cold?; (c) following prolonged exposure at
rest wearing the ATS, can a free-swimming diver stay adequately warm if the active
heating is disconnected, or is ATS required for thermal protection?; (d) what are the
ATS energy requirermnts and the metabolic energy expenditures for adequate ATS
protection in rest/swirrVrest testing protocols lasting up to eight hours? .

NAVSEA has also tasked NEDU to test current field rewirrtfing devices which
can be convenientiy evaluated following these prolonged cold water dives . The dev-
ices being physiologically evaluated for their efficacy to retard body core temperature
after-drop and accelerate rewarming include the Thermal Recovery Capsule (Lifegu .ud
Systems, Inc ., Hurley, NY), Heat-Treat airway rewarming (Thermo-Genesis Interna-
tional, Inc ., Victoria, B .C., Canada). Heatpac Rescue Bag (A.B . Russell Co .,
Waitsfield, V'I) . These devices will be evaluated in 0°F (, 18°C) air temperature . For
accelerated active rewarming, one-man immersion tanks capable of changing the water
temperature from 85 to 108°F (29 to 42°C) in 15 mins will be used. By starting the
immersion rewarrninng at 85°F and rapidly increasing the temperature to the recom-
mended 104 to 108°F range, the initial scalding sensation can be avoided .

Criteria for termination of a cold water exposure will include core temperature of
95.0°F (35.0°C) measured by rectal or esophageal core thenm istrr or extremity hypoth-
ermia of any monitored finger or toe temperature to 46.4°F (8°C) for 30 mins or at
anytime to 42 .8°F (6°C'). These criteria have been proposed to avoid non-frcezing cold
injury to the hands and feet and will be physiologically evaluated in these trials .

Physiological monitoring will include : 12-site skin temperature and heat flux
measurements; three finger and two toe temperatures, bilaterally ; esophageal (42 cm
from the nose) and rectal ( 15 cm insertion) core temperatures. Tympanic membrane or
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external auditory temperature will not be measured due to the influence of scalp tem-
perature making interpretation of this temperature difficult . ATS tube suit water inlet
and outlet temperatures will allow a determination power delivered. Oxygen consump-
tion will be determined by measuring the change in oxygen bottle pressure in the
MK- 15 UBA, insuring no loss of gas occurs and diluent gas consumption is controlled .

The underwater performance evaluation includes measurements of grip strength,
manual dexterity and the effects of cold water distraction on completing complex
underwater tasks involving the hand-glove-tool interface . Human factors question-
naires have been developed to assess performance of two dry suits, the Viking, Pro
model and Diving Unlimited International (D.U.I.) Tri-Laminate System (T.L.S.)
model . Both Viking and D.U .I . dry suits were custorn measured over custom M-400
weight Thinsulate undergarments, purchased from D.U.I. (San Diego, CA) . Human
Factors evaluation of various PTS and ATS accessories will include : buoyancy com-
pensators with integrated weight systems, automatic dry suit inflator systems, urinary
overboard dump systems (UODS), cold water fins for attachment and swimming
efficiei,cy, dry glove attachment systems plus wrist and neck seal Irc:rformance .

In a separate study, presented at this workshop, we evaluated nine commonly
used undergarments for thermal conductivity (wet vs . dry), compressibility simulating
suit squeeze and degree of absorbency simulating suit leaks . The Thinsulate material
was superior for these characteristic s

Regarding the many dry suits in use today by military divers, a NEDU report was
recently published entitled Market Survey of Commercially Available Dry Suits (Brew-
ster and Sterba NEDU Report 3- 88). This report describes the following information
from ten dry k.%it companies : company address and telephone number, company infor-
mation, us-rs of the dry suit, dry suit material, sizes, nonmagnetic capability, ripper
configuratioi ., valve placement, wrist seal and glove connection, hood and boot
configuration, manufacturing lead time, cost and additional information for the military
diver. For U.S. Navy divers, the selection of a dry suit, like a wet suit, is by personal
preference (NAVSEAINST 10560 . 2).

It has been strongly recommended by authorities in dry suit diving (Viking-
Stavanger and D.U.I.) that a diver needs a minimum of ten supervised dry suit orienta-
tion dives in cold water before becoming competent in dry suit diving . Thereafter, the
diver can reliably evaluate the performance of a dry suit on a demonstration dive . At
NEDU, the eight U.S . Navy divers selected for the Cold Water Dive Team had a rage
of dry suit experience from no dives to over 100. To help standardize the degre.- of
dry suit expetience, a formal one week course was conducted to train these divers in
dry suit design, construction, repair plus dry suit diving . The first dry suit divers were
done in warm water with minimal insulation . This allowed easy adaptation to the
buoyancy changes when too much weight was carried as well as easy identification of
potential leak points with improper use of the seals, undergarments, valv,ss and the
zipper . By adding more undergarment insulation and diving in colder wr.ter to 40°F
(4.4°C), proper weight selection and distribution along with buoyancy control was
easily learned. A minimum of ten cold water dives were then condu, .ted before any
work-up dives began in preparation for the evaluation of both PTS and much later,
ATS.
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In order to physically condition the Cold Water Dive Team for prolonged under-
water swimming, a 6 week, 5 days per week, program of fin swimming, calisthenics,
weight training and running was undertaken . The emphasis was on both surface and
underwater fin swimrning to condition t he legs for these dives . It is very doubtful tna!
the fleet military divers ► -sing the PTS or ATS would be cold acclimatized. At NEDU,
the water temperature for the physical conditioning program was 85°F (29.4°C)
preventing any cold acclimatization. With work-up dives in the 33°F (0.6°C) water
kept to a minimum and of short duration, no cold acclimatization in the diver-subjects
would also have been expected .

At the time of this workshop, work- up dives are underway ï~r the first data col-
lecting dives evaluating PTS at rest and with underwater swimming . The total evalua-
tion of both PTS and ATS plus the field rewarrning procedures is scheduled through
September of 1989. NEDU reports on each protocol evaluating these systems will be
published thereafter .
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SOME RESULTS OF CLOSED-CIRCUIT UBA HEA4 iïJr; ON CO2 ABSORPTIO N

T.C. Schmid t
Lockheed Advanced Marine Svstems

3929 Calle Fortunada, San Diego, CA 9212 3

ABSTRACT
Manned dives were performed in 36-39°F (2-3°C) water using a MK15 Closed

Circuit UBA filled with Sodasorb, both heated and unitPated. Although a relatively
limited number of dives were performed, the following are consistent with the da ta
obtained.
(1) When setting operational time limits, the point in the dive profile where exercise is

performed is just as important as total cumulative activi ty during the dive.
(2) Inspired CO2 levels are qu;te sensitive to the temperature of the gas entering the

CO2 absorbent canisi.'r, with this effect increasing in direct proportion to dive
duration .

(3) UBA heating has a significantly beneficial iffect on CO2 absorption capacity and
alleviates problems associated with condensation within both the mask and UBA .

(4) The duration of this beneficial effect following cessation of heating concurrent with
exercise is useful but time limi+ed.

(5) The effect of initial starting temperature is surprisingly long-lived and becomes the
controlling factor within about 30 minutes after cessation of active heating con-
current with exercise .

Figure/Slide 1

Cold temperatures typically a deleterious effect on the CO2 absorption capa-
city of certain hydroxide absorbents, 4s shown, this is quite markeA for Baralyme and
Sodasorb -- e.g., for the latter the absorption capacity as a percent of theoretical
deci-cases from 80% at 75°F(24°C) to only 20% at 35°F(1 .5° Q. It should be noted
however, that this reflects the temperature of the absorbent chemical per se ., and the
data shown is specific to 1 % CO2 in 1 ATA nitrogen at 90 % relative humidity .

In an attempt to establish the potential merit of underwater breathing apparatus
(UBA) heating on performance in cold water, manned dives were performed in 34-38
F(1-3°C) water, using a MK15 Closed Circuit UBA filled with Sodasorb, with the
UBA in both the unheated and heated conditions .

Figure/Slide 2
This shows the methoàl of UBA hewing used . It co.isisted of a tube/fin type heat

exchanger (HEX) located in the space which normally exists beneath the CO 2 absor-
bent canister. In this manner, the recirculated gas is heated immediately prior to its
entrance into the CO2 absorbent canister . The prototype heat pump (described else-
where) was used by simply supplying an additional 1/4 gpm to the UBA HEX (at the
same tempcrature as the suit supply) -- approximately 10,F(40°C) . Although the
temperature within the canister was not readily attainable, the temperature within the
volume below the canister (i .e,, the canister inlet area) was measured and recorded .
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The exercise performed in the first two dives to be discussed consisted simply of
weighted arrn exercises and simulated swimming against the wall of the tank at a work
rate that was subjectively moderate .

Figure/Slide 3

The exercise performed in all the others was performed using a bicycle type
ergometer. While this was not calibrated in terms of work load per se ., it did have an
RPM readout such that the work loads used (i .e ., approximately 35 RPM which was
deemed subjectively to be equivalent to a non-stressful average swim) were con-
sistently reproducible . By comparison, maximum work capacity was 46-48 rpm -- sus-
tainable for 5-minutes duration.

All three subjects were experienced/active divers -- one was a former SEAL and
another was an active EOD reservist .

Figure/Slide 4 (a)&(b)

As shown for the cases with the UBA unheated throughout the dive profile,
moderate exercise performed after 3-hours produced a CO2 level of 0 .2%, which was
also the resting value after a total exposure of 6-hours . By comparison, moderate exer-
cise performed after 6-hours, beginning at a resting CO2 level of 0 .2%, resulted in a
CO2 level which is considered as "breakthrough" (0.5% ) . More significant however, is
the fact that the measured canister inlet gas temperatuzts and inspired CO2 levels are
almost mirror images of each other .

Figure/Slide S '

When the data points of inspired CO2 vs canister inlet gas temperature for both
dives are plotted (irrespective of cime), there is not a good correlation between the two .
Figure/Slide 6

However, when the combined data was divided into three groups ( : .e ., the first 2-
hrs; 2-hrs to 4-hrs; and 4-hrs to end dive), a linear regression analysis showed a
significant correlation between both dives, and a significa.it difference between each
group in sensitivity to inlet temperature -- the inspired CO2 as a function of canister
gas inlet temperature during the middle 1/3 of the dive was about twice that of the first
1/3, and the iast 1/3 was again about 2 .5 tintes that of the middle 1/3 .

Figure/Slide 7

This shows the results of alternating 5-minutes work/10-minutes rest, with both
unheated and heatcd UBA . The data shown here (and in all subsequent data) are based
on the saine reproducible work rate (35 rpm on the bicycle ergometer) . The data points
are immediately pre- and post-work, and halfway through the rest period ,

slope - percent CO2 per deg F std ermr
(bascd on canister inlet temp) (of slope )

First 2-hours, n 21 0.0042 percenUdeg F 0.001 7

2-hrs to ~-hrs, n 31 0.0081 percent/deg F 0.0007

4-hrs to end, n 46 0.0201 percent/deg F ().0017

0

•
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(1) In the unheated case, exercise at 6-hours resulted in an increase in C02 about the
same as that showr previously (i .e ., 0.3% increase from 0.2% pre-exercise) at the same
point in time .

(2) The magnitude of increase in CO2 upon exercise increases as dive time increases

(3) Both dives (heated vs cnh.:ated) involved the same diver, in the same tempera-
ture water, with the same reproducible level of exercise . With UBr. heating, the CO2
levels (both peak and pre-exercise) and the magnir:ude of increase during exercise,
were approximately one-half the unheated values .

(4) Compared to all the unheated dives where mask microphone flooding became a
significant problem due to condensation, this did aot occur during the heated dive, and
post-dive inspection of the UBA interior showed the surfaces to be significantly dryer .

Figure/Slide 8

As shown, the unheated UBA attained a steady state canister gas inlet temperature
of about 60°F(15 .5°C), while for the heated condition it was about 20°F(11 °C)
warmer, and still increasing at a rate of about 1 .8°F(1°C) per hour.

Figure/Slide 9

Several dives were then performed in 35 .5°F(1 .5°C) water, with UBA heating
during the resting (non-exercise) portion only, i .e . ,

• 30-minutes of exercise (UBA unheated), followed by
• 2-hours resting (UBA heated), followed b y
• 1-hour of exercise (UBA unheated), followed by
• 10-15 minutes resting (UBA heated) .

Although inspired CO2 and canister inlet temperatures were inversely related dur-
ing the course of the 1-hr of unheated exercise, all three dives showed different
inspired CO2 levcls, which did not correlate with the gas inlet temperatures per se .
During unheated exercise, the canister inlet temperature sought the 60°F(15 .5°C)
equilibrium point st-en previously -- i .e ., in all cases it was 60°F ± 5(15 .5°C ± 2 .75)
after about 30-min .ites of unheated exercise . 71is included both the initial exercise
periods, and also 30-minutes into the 1-hour ones which started from pre-exercise inlet
temperatures of 84°F ÿ 3 (2,°C ± 2) and decreased exponentially with a half-time of
about 10-minutes .

Figure/Slide 10

This data appeared to .̀orrelate la>wever, with the initial U13A temperatures at the
start of each dive (as measured by the canister inlet gas), which were about 70°F, 60°F
and 45°F (21, 15.5 and 7 .25°C) res,)ectively -- due to different pre-dive ambient tem-
peratures ( in the unheated lab June t'arough December) .

Although possibly coincidentaL these results appeAr to indicate that the efficiency
of the C02 absorption is dependent on both the temperature of the canister inlet gas,
and the initial starting temperature, that is, that there is a residual mass specific heat
effect which is surprisingly long-lived -- e .g ., possibly manifesting itself throughout the
entire usable dive profile .
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POTENTIAL OF DIVER HEATING THROUGH CATALYTIC
COMBUSTION OF ALCOHOL

P.A. Browne
Atomic Energy of Canada, Ltd .

ABSTRACT

Research at AECL's Chalk River Nuclear Laboratories has resulted in the
development of a number of advanced catalytic alcohol burners . These new dev :ct„ do
not employ radioactive materials, but rathcr rely on a chemical reaction to generai4heat. The new designs, while particularly simple in concept, offer the advantages of
alcohol as a fuel, operation without an ignition device, and a controllable, enclosed,
flameless combustion . Two classes of heaters have been developed, forced and natural
circulation . Investigations are presently underway to determine its potential in provid-
ing supplemental heat to the diver by various means such as,/looding parts of the bodywith a heated liquid, circulating a heat exchange fluid tnrough tubing and placing
heaters with heat conductive pads in conta .t with the body surface.
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SESSION 4

PHYS1(3L()iGICAL CONSIDERATION S

Session Chairman :
R. Weinberg

PREFACE

0

While physical protection for the diver can provide the majority of thermal insu-
lation, an understanding of the physiological responsez . and their contribution to the
overall thermal protection, is necessary to provide a cumpiete picture . Moreover, a
physiological understanding should assist in clothing development as well by better
integrating the effects of physiological responses and the diving ensemble itself .

The first presentation covered specific biochemical and fluid responses to cold
expasure. The session was opened by Dr . A. Vallerand of DCIEM who gave an over-
view of various pharmacological approaches to enhancing cold response . This was
followed by L . Martineau of DCIEM who described her findings relating substrate
availability and the body's tliermoregulatory responses . Dr. K. Mittelman from NMRI
presented two papers on behalf of T . Doubt . The first described results relating car-
bohydrates and caffeine effects on promoting performance in col:i water . The second
described the physiological changes in fluid and electrolyte balances during cold water
exposure. The two presentations were separated by a talk on lipid metabolism in cold
exposed humans presented by Dr . Vallerand.

The last half of the session addressed more general or practical physiological con-
cerns of thertnoregulation . The first pages presented by Dr . E . Wissler of the UMV of
Texas/Austin described the physiological responses to passive and electrically heated
survival suits in a "lost bell" scenario at a depth of 450 msw . Dr. P. Tikuisis of
DCIEM followed by describing his modelling work in attempting to predict thern?ore-
gulatory responses in clothed individuals immersed in cold water . The session con-
cluded with G . Krudsen's presentation, for NU'TFC, of the contribution of respiratory
heat loss in maintaining thermal balance during deep diving .

Tiit Romet
Co-Chairman
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REVIEW OF PHARMACOLOGICAL APPROACH TO IMPROVE
COLD TOLERANC E

A.L. Vallerand and I . Jacobs
Environmental Physiology Sectio n

Defence and Civil Institute of Environmental Medicine
Toronto Ont . M3M 3B9 Canada

•

0

ABSTRACT

A pharmacological approach to the problem of enhancing cold tolerance in
humans is currently the subject of greater attention . Two approaches are possible.
First, drugs that minimize heat loss could delay hypothermia but would also be associ-
ated with lower mean skin temperature, the loss of manual dexterity and a greater
danger of frostbite . Secondly, agents that increase heat production could increase
resistance to cold by producing warmer body temperatures. By using hormones, theo-
phytline, caffeine, amphetamines etc for various periods of time, heat production and
coid tolerance have been improved in animal studies . However, a generalizatior to
humans should be made with caution particularly in view of the small animal's capa-
city for brown fat nonshivering thermogenesis . In humans eaposed to comfortable
ambient temperatures, recent studies have firmly established that f~-adrenergic drugs
such as ephedrine, and methylxanthines such w caffeine increase heat production .
Similarly, a mixture of ephedrine/caffeine is presently considered a very promising
thermogenr .̂ drug in man because it has shown safe thermogenic properties in both
short- and long-term studies . Since its thermal benefit to cold-exposed humans is unk-
nown, the influence of ephedrine (lmg/kg)/caffetne (2 .5mg/kg) on cold tolerance was
investigated in 9 healthy young male subjects during two semi-nude exposures to cold
air (3 h at 10°C) . The drug ingestion reduced the total drop in core, mean skin and
mean body temperatures (p<0.01), thus producing significantly warmer final core,
mean skin and mean body temperatures in comparisra to the placebo ingestion . The
drug ingestion increased the total 3 h energy expenditure by 18.6 % in comparison to
that of the placebo ingestion in the cold (rf~ 0 1 ) . Using the non-protein respiratory
exchange ratio to calculate the rates of substrate oxidar (r', it was found that the drug
ingestion increased carbohydrate oxidation by 41 .7% above that of the placebo
(p<0.05), but did not alter lipid or protein metabolism . The results demonstrate that
the ingestion of an ephedrine/caffeine mixture improves cold tolerance in man by
significantly increccsing body temperatures in the cold. These improvements were
caused by a greater energy expenditure, which appears to be dependent on an
enhanced carbohydrate util:zation .

Pharmacological agents that impair the ability to regulate body temperatures in
the cold or that dxrease resistance to cold, have been well described in numerous stu-
dies. The opposite, enhancing cold tolerance with pharmacological agents, has been
shown to be more difficult to achieve . Considering the greater number of animal stu-
dies related to the influence of drugs on cold tolerance, it appears important to review
this part of the literature before examining the relevant human studies.
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ANIMAL STUDIE S

During the investigation or endocrine responses to the cold, several hormones
that were administered for various neriods of tim .r, were found to markedly impro•-e
cold toleranc. . They include: (1) catt, :holarnines . which mimick the cold adar ;ation
induced enhancement of nonshivering thermogenesis ; ~2) thyroxine. :: ;,ich greatly
a: ~ ects basal metabolic rate and act as a permissive hormone in ttne thermogenic effect
of catecholamines ; (3) thyroxine with cortisol and (4) growth hormone (for a review
see LeBlanc, 1975; Sellers, 1972). Although useful in the understanding of cold ther-
mogenesis, it is apparent that these studies have little direct application to human work
since: (1) the catecholamines-induced improvements are directly related to brown adi-
pose tissue thernnogenesis; (2) long-term use of high doses of thyroxine is not recom-
mended in euthyroid subjects; (3) long-term use of high doses of cortisol increase pro-
tein breakdown and is associated with Cushing's syndrome ; (4) long-term use of high
doses of growth hormone leads to insulin resistance and is associated with acromegaly .
In contrast, a wide variety of potentially useful drugs have been shown to successfully
improve cold tolerance in animals. Dinitwphenol has been shown extremely potent in
enhanc:^g cold resistance since it uncouples oxidative phosphorylation, where a large
amount of heat and little ATP are produced whenever substrates are oxidized (Hall,
1948). However, this uncoupling effect is generalized to virtually all tissues . Com-
bined with thyroxine, the thermogenic effect of dinitrophenol is even greater (From-
mel, 1950), but again it is difficult to see an application to man at least in the presence
of a generalized effect. Other compounds have also been shown to be effective in the
improvement of cold tolerance . They include vitamin C, alpha amino acids, strophan-
tin, chlorpromazine, 1,oramine, cardiozol (Gilman et al, 1970; Grab, 1956; Gunther
1946; Hahn, 1942; Scheurer, 1942 ; Vacirca, 1946) . Of greater interest today, is the
meehylxanthine caffeine . Caffeine is an established thermogenic agent at comfortable
ambient temperatures (Acheson, 1 980) that has been shown to significsntly improve
cold tolerance in animals (Gennari 1940 ; Estler 1978) . Another effective methylx-
anthine is theophylline . During the last decade Dr Wang has decisively shown the
significantly warmer body temperatures associated with the thermogenic effect of theo-
phylline in rats (Wang, 1982, 1985). Other successful drugs in the cold include
amphetamines (Gilman et al 1970) with or without epinephrine (Pick, 1948) which
markedly increased oxygen consumption and produced significantly warmer core tem-
perature in the cold .

Whether these endocrinological pharmacological studies are applicable to humans
is not clear. Some of the above studies used agents on a long-term basis which would
be contraindicated in humans . Other studies improved resistance to cold by enhancing
brown adipose tissue oxidative capacity, a poorly-developed mechanism in humans, or
by uncoupling mitochondrial oxidative phosphorylation . Therefore, sympathomimetics
and methylxanthines appear to be two classes of drugs that stand out from the rest of
the other drugs used in the cold, and they would likely be useful in human studies .

•
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HUMAN STUDIES

As early as 1942, Scheurer had reported in man that caffeine ingestion increased
mean skin temperature at an undisclosed cool ambient temperature (Scheurer, 1942) .
During cold air exposure, Macnaughton & Graham (1988) have reporte<i a small ther-
mogenic effect of caffeine in the cold with no changes in body temperatures . Simi-
larly, LeBlanc et al (unpublished, manuscript) has reported that the ingestion of
caffeine before bedtime increased heat production and mean skin temperature in cold-
exposed subjects, but also producec: a large fall in core temperature, suggesting little or
no change in mean body temperatu.•e, due to increased heat loss. It is interesting to
note the magnitude of changes in mttabolic rate and body temperatures reported in a
few successful human studies, As an example, heat production in the cold was
enhanced 10% by glycine (Beavc.n. 1959), 4% by theophylline with exercise (Wang
1987) and remained unchanged by theophylline at rest (Wang 1986) . The overall fa'l
in T,,, and Tb were reduced by 33% and 10.5% respectively by theophylline with exer-
cise, whereas theophylline at rest reduced the fall in T,, by 50 % but increased the fall
in Tb by 5% (Wang 1986, 1987). Finally the administration of a diet supplement
reduced by 25% the fall in T,, (Kreider, 1957). Although only a limited number of
human studies are available, it is clear that small improvements in maximal cold ther-
mogenesis and small changes in body temperatures are to be expected in humans
acutely exposed to the cold . This would be similar to the relatively small changes in
maximal aerobic capacity brought about by normal exercise training .

0

THERMOGENIC DRUGS IN OBESITY RESEARC H

We have noted that several thermogenic drugs presently used in obesity research,
could be useful in the cold. Of the various classes of drugs available today, sym-
pathomimetics, mainly B-adrenergic agonists such as ephedrine (Ast -+vp, 1985), and
methylxanthines such as caffeine (Acheson, 1980), were effective in increasing heat
production at comfortable ambient temperatures. Interestingly, the combination of
ephedrine%affeine was also found highly thermogenic with little side effects in both
short- and long-term human studies (Dulloo, 1986) . Whether this increase in heat pro-
duction would enhance resistance to cold in humans is not known .

EPHEDRINE/CAFFEINE AND COLD TOLERANCE
The goal of the present study was therefore to determine the influence of an

ephedrine ( lmg/kg)/caffeine (2 .5mg/kg) mixture on cold tolerance was investigated .
Nine healthy young male subjects durinr, two semi-nude exposures to cold air (3 h at
10°C; 1 m/s wind) . The drug ingestion (at time 0) significantly reduced the total drop
in core, mean skin and mean body temperatures (p<0111), thus producing significantly
warmer final core, mean slcin and rr:ean body temperatures in comparison to the pla-
cebo ingestion in the cold . The drug ingestion increased the total 3 h energy expendi-
ture by 18 .6% in cornparison to that of the placebo ingestion in the cold (p<0 .01) .
Using the non-protein respiratory exchange ntio to calculate the rates of subs trate oxi-
dation, it was found that the drug ingestion increased carbohydrate oxidation by 41 .7%
above that of the placebo (p<0.05), but did not alter lipid or protein metabolism . The
results demonstrate that the ingestion of an ephedrine/caffeine mixture improves cold
tolerance in man by signific antly increasi, ig !ody temperatures in the cold . These
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improvements were caused by a greater energy expenditurr, which appears to be
dependent on an enhanced carbohydrate utilization . In conclusion, the substrate mobil-
ization and/or utilization effect of the B-adrenergic agonist and the mvthylxanthine
appear to be an important factor in the improvement of human resistance to cold .
Based on the present review of' the pharmacological approach to improve cold toler-
ance in animals and humans, it is suggested that symphthomimetics and rnethylx-
anthines are two classes of drugs likely to benefit regulation of body temperatures in
cold-exposed hvmans, and that fùture studies should continue in this direction .
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SUBSTRATE AVAILABILITY AND TEMPERATURE REGULATION
DURING COLD WATER IMMERSION IIV HUMANS

Lucie Martineau and Ira Jacobs .
Defence and Civil Institute of Environmental Medicine

Department of Community Health, Exercise Sciences Program
University of Toronto, Toronto ,

ABSTRACT

Increased thermogenesis in humans during cold exposure is caused by shivering .
Although there is much evidence that both -irculating and intramuscular substrates are
used to fuel this enhanced skeletal muscle activity, there are no studies describing the
effects of altering substrate availability on human temperature ►egulation . This
abstract reports the results from two studies . The importance of skeletal muscle
glycogen as a fuel for shivering thermogenesis in humans during cold water immersion
was first clarified. It was then investigated whether a reduced availability of plasma
free fatty acids (FFA) would impair cold tolerance.
Study 1. Eight lean male subjects, wearing only bathing sutts, were immersed to the
chest in 18°C water three times over a three-week period . Each immersion continued
until 90 min had elapsed or rectal temperature (I',,) decreased to 3 5S°C. Each
immersion followed 23 days of a specif~c dietary andJor exercise regimen designed to
elicit low (L), normal (N), or high (H) glycogen concentration in large muscle groups .
Biopsies from the vastur lateralis muscle showed that gl,yc.ogen concentration before
the immersion was significantly (p<0 .01) lower for L than for N or H . The calculated
metabolic heat production during the first 30 min of immersion was significantly lower
(p<0.05) during L as compared to N or H . The rate at which T,. decreased was more
rapid (pr0 .05) during L than either N or H, and the time during the immersion at
which T1e first began to decrease also appeared sooner (p=0 .08) during L than N or
N. The :rnmersion time was significa :ttly shorter (p<0.05) during L than either N or Y .
There were no differences between the thermoregulatory responses of N and N .
Studv 11 .. Seven seminude male subjects were immersed in 18°C water after 2 hours of
intermittent oral ingestion of either a placebo (PLAC) or nicotinic acid (NIC), a potent
antilipolytic agent. Plasma FFA levelc immediately before the immersion were eight
times lower (p<0 .05) in N/C than in PLAC. Although FFA levels increased (p<0 .05) in
N1C after the immersion, they remained five rimes lower (p<zî .OS) than in PLAC
throughout the immersion . Muscle glycoger. concentrations in the vastus lateralis
decreased (p<D .05) following cold water irnmersion in both trials, but the rate of
glycogen utili:ation was similar. The decrease in plasma glucose levels following
immersion was greater (pc0 .05) in N/C than in PLAC . Mean RER immediately before
the immersion was greater (pc0.03) in N/C than in ?LAC . There were no intertrial
dtfferences either in the calculated metabolic heat production during immersion or
between the thermoregulatory responses of PLAC or N/C.
The results demonstrate clearty that low skeletal muscle glycogen levels may be associ-
ated with more rapid body cooling in humans. Higher than normal glycogen levels,
however, do not increase cold tolerance. Furthermore, the data indicate that a reduced
availability of FFA does not alter humar temperature regulation during cold water
intnursion . Apparently, any ►educed heat production transduced from plasma FFA may
be reptaced by energy from other substrates .
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BACKGROUND

Acute exposure to a cold environment rapidly stimulates the metabolic rat e
through shivering to increase hPat production and, thus, prevent central hypothermia .
In both humans and animals, this skeletal muscle activity requires an increased mobili-
zation of both circulating (for a review see 7) and intramuscular (4) substrates to fuel
the increased energy expenditure . Some laboratories have investigated whether altera-
t7ons in either the carbohydrate (3) or lipid (1) metabolism during cold exposure would
affect cold tolerance in animals . In human;, the only data available have demonstrated
that hypoglycer'ua produced severe disturbances of temperature regulation by inhibiting
shivering activity (2) . So far, no study has compared the effects of varying carbohy-
dra'e and fat substrate availability on thermogenesis during shivering in humans . In a
first study, we therefore attempted to clarify whether muscle glycogen availability
would alter temperature regulation during cold water immersion in men . We then
investigated whether a marked reduction in the concentration of plasma free fatty acids
(FEA) would alter cold tolerance in cold-exposed raen .

STUDY I
Eight lean males (9 ± 1% body fat content; mean±SE) were immersed up to the

shoulders in 18°C water, on three different oc .-asions . The first immersion (control)
followed three days of a normal mixed diet . The two experimental immersions fol-
lowed 2.5 days of specific dietary and exercise regimen designed to elicit low or high
glycogen levels in large skeletal muscle groups. On the day of the immersion, subjects
were instrumented and resting metabolic rate was measured for 20 min . Subjects were
then immersed until their rectal temperature (Tn) decreased to 35 .5°C or 90 min
elapsed, whi. hever came first . During the immersion, oxygen consuml,rion (VO2),
respiratory exchange ratio (RER), and Trr we ►-e recorded continuously . Pre- and post-
immersion venous blood samples were obtained and assayed for various metabolites.
Muscle tissue samples were taken from the vastus lateralis before and immediately
after the immersion, and assayed for total glycogen concentration .

As we expected, the combination of exercise and dietary manipulations induced
significant changes in glycogen levels of the vastus lateralis muscle in the low
glycogen condition (L) (247 ± 15 mmol glucose units-kg dry muscle" t), normal
glycogen condition (N) (406 t 23 mmol glucose units-kg dry muscle-1), and high
glycogen condition (H) (548 ± 42 mmol glucose units-kg dry muscle -1) . Overall body
cooling rate during the immersions was significantly greater in L (1 .5 ± 0.1°00 )
than either N (1 .3 ± 0.1 °C•h-t ) or H (1 .1 ± 0.10C -0 ). There were no significant
differences between the thermoregulatory responses of N and H. These results suggest
that ingestion of a CHO-poor or fat and protein-rich diet for a shor, period of time
deteriorates cold tolerance in man. There are a few potential mechanisms that might
explain the observed alterations in temperature regulation during cold water immersion
in L.

Cold exposure increased the VOz similarly in all conditions (from 252 ± 14 to
918 ± 81 ml - min1) . However, the dietary man ipulations preceding the low glycogen
trial induced marked shifts in metabolism towards lipolysis, as suggested not only by
the lower RER during the first 30 min of immersion in L, but also by the higher FFA,
glycero l, and 0-hydroxybutyrate concentrations observed either at rest or during

•
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immersion in L . Such a shift of metabolism towards lipolysis has profound conse-
quences not only on the usual metabolic responses to cold, but also on the mainte-
nance of heat balance . The energy yield per L 02 combusted during fat oxidation is
lower than that for CHO oxidation . Therefore, in spite of similar increases in VO2 dur-
ing the different cold water in-unersions, this resulted in a significantly (p<0.05)
reduced heat production during the first 30 min of immersion in L (15.1 ± 1 .5 kJ
-min-) as compared to N or H (17 .4 ± 0.4 kJ-min"1) . This finding is consistent with
the reduced heat production reported by Wang et al . (9) for cold-exposed rats fed a fat
emulsion as compared with carbohydrate feeding, and may be partly responsible for
the failure to maintain Tn in the low glycogen condition .

Another possible mechanism for the decreased cold tolerance observed in L may
be related to the low levels of glycogen prior to the immersion . However, there was
sill a considerable amount of glycogen remaining in the muscle tissue at the end of
~:,c immersion (218 ± 15 mmol glucose units-kg dry muscle-') . Furthermore, the net
glycogen breakdown in L was minimal, as reported in exercise studies, following inges-
tion of a fat-rich diet. Taken together, this would argue against the hypothesis that
intramuscular glycogen per se would be responsible for the decreased cold tolerance
observed in L. However, it is possible that the lack of glycogen in individual mvscle
fibres preferentially recruited during shivering thermogenesis impaired muscle's capa-
city to produce heat . Indeed, it has been reported that during exercise requiring an
energy expenditure similar to that observed during cold water immersion, glycogen
depletion occurs selectively in ST fibres (8) . If the same ST fibres are recruited during
shivering thetmogenrsis in man, this may be a complica :ing factor.

Our finding of a decreased cold tolerance in L contrasts sharply with results from
earlier studies, which have suggested that consumption of fat-rich diets for a few
weeks could e°ert a favorable effect on cold tolerance in man (5) . One possible reason
might be re:ated to the duration of the fat-rich diet ingestion period . Indeed, some stu-
dies have found that prolonged ingestion of fat-rich diets may induce metabolic and
hormonal adaptations that counteract at least some of the detrimental effects on exer-
cise performance observed after shorter dietary period (6) . It is reasonable to speculate
that more prolonged ingestion of fat-rich diets would induce adaptations to avoid
impairments of cold tolerance .

STUDY Li

In this study, we examined how reducing the delivery of FFA to the shivering
musculature , by oral administration of nicotinic acid, worild alter temperature regula-
tion. Nicotir,ic acid effectively prevents the breakdown of white adipose tissue trigly-
cerides to FFA and glycerol by decreasing cyclic-AMP production in that tissue . Given
the strong transient vasodilating effects of nicotinic acid, we waited 2h after ingestion
of the first dose (3.2 mg-kg-1) before immersing our subjects in cold water. A dose of
1 .6 rng-kg t nicotinic acid was given every 30 min until the subject's withdrawal from
the water. Seven lean subjects (11 ± 1% body fat content) were immersed on two
occasions, a week apart. The order of the drug (NïC) or placebo (PLAC) administra-
tion was counterbalanced among the subjects . We petformed the same measurements
during the cold water immersions as described for the previous study, with the excep-
tion that blood samples were taken every 30 min until the subject's withdrawal .
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Fig . I shows the changes of plasma FFA levels before and during the immer-
sions. Plasma FFA levels were markedly depressed by nicotinic acid, averaging 87
µmol•L'1 at the end of the 2h-res ► period . Although cold water immersion increased
FFA levels by 73% in NIC, these concentrations were only 20% of those measured in
PLAC. Considering that FFA fuel approximately 40% of oxidative metabolism in men
exercising at an intensity requiring an energy expenditure similar to that observed in
this study (approx 27% VO2,,,,x), thus a quantitatively important energy source was
withdrawn. Nevertheless, we did not observe any significant intertrial differences in
either ►he initial rre before the immersions (37 .0 ± 0. ?°C), the total change of Tr . (1 .3
± 0.2°C), the mean rate of decrease of T« (1 .3 ± 0.4°C-h'1) or the immersion times
(71 ± 10 min). VO2 also increased similarly in the two conditions, to 3 .8 ± 0.2 r.imes
resting values. Furthermore, the total metabolic heat production, as calculated from
VO2 and RER values, remained unchanged in our nicotinic acid-treated subje .cts,
presumably because metabolism shifted towards a greater utilization of carbohydrate
substrate to meet the energy requirements (Fig . 2) .

Apparently, any reduction of heat production transduced from plasma FFA was
compensated by increased oxidation of circulating carbohydrates in NIC compared to
PLAC, as suggested by the lower plasma glucose levels in the former condition (Fig .
1, B). Indeed, since both cold exposure and nicotinic acid enhance hepatic glycogeno-
lysis and gluconeogenesis, our results would suggest an insufficient hepatic glucose
release to fully match the increased peripheral glucose utilization . Although muscle
glycogen was utilized to fuel the increased energy expenditure, it was clearly not an
alternate fuel when FFA availability was reduced, as suggested by similar rates of
glycogen utilization (1 .00 ± 0.27 mmol glucose units-kg dry muscle-t•rrairi t) during
the immersions . This finding would be consistent with the observation that muscle
glycogenolysis was not greater in cold-exposed mice in which a 50% reduction in
plasma FFA levels was induced, when compared to a control group (1) .

Although plasma FFA concentration following nicotinic acid administration was
reduced to only 20% of the control values during the immersion (Fig . 1, A), the calcu-
lated total fat oxidation was decreased by less than 40% (11 .0 ± 1.7 g vs. 17.5 ± 3 .4
g) . Plasma FFA may have partly conv :,uted to this lipid oxidation, as suggestr ~,.d by
the significant increase in FFA leveis observed during cold water immersion in NIC
(Fig . 1, A). But it is unlikely that these very low plasma levels could have provided all
the sub:trate for the lipid oxidation. Plasma and liver trïglycerideu could also have p ro-
vided an alternate lipid substrate under such conditions, as has been repor►ed for
nicotinic acid-treated rats . The possibility also remains that FFA may be furnished to
the shivering muscles from intramuscular stores .

CONCLUSIONS

The present results demonstrate that low muscle glycogen stores are associate d
with a reduced cold tolerance in man. An alternative mechanism proposed to explain
this finding is through a reduction in the mte of body heat production related to
dietary-induccAi shifts in metabolism . Higher thai, normal muscle glycogen levels, how-
ever, do not have any prophylactic effect regarding cold tolerance in man . The results
also suggest that plasma FFA are not critical substrates for the fueling of thermo-
genesis in the shivering musculature in man. The energy derived from plasma FF A
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may be replaced by energy from other substrates, so that the thermogenic response is
maintained, and cold tolerance is not impaired .
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Fig. 1 . Oranges in mwbolite levels foilowing ingestion of either placebo
(PLAtû) or nicotinic acid (NiC) in seven seminude subjects, before and during
cold water immersion at 18°C . Number of subjects who have completed a
give .a 30-min period for both conditions is shown in parentheses . Data are
expressed as means ± SE.
* significant inte .trial difference (p<0 .05)
t significantly different from previous 30-min mean value (pc0 .05) .
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Fig. 2 . Total heat production (mean±SE) during immersion for the placebo
(pLAC) and nicotinic acid (NIC) conditions, as calculated from the PER and
VO2 . The calculated percentage contribution of fat power part of the b ar) and
carbohydrate (upper part of the bar) to the total heat production is also shown.
Number of subjects who have completed a given 30-min period for both condi-
tions is indicated in parentheses .
* significant intertrial difference
§ significant within trial differenc e
t significantly different from previous 30-min pe ri od .
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USE OF CARBOHYDRATE OR CAFFEINE TO PROMOTE
PERFORMANCE DURING COLD WA TER EXPOSURES

T.J. Doubt, J .W. Thorp, P.A. Deuster, and S . Hsieh
Diving Medicine Department

Naval Medical Research Institute, Bethesda, MD 20814 US A

ABSTRACT
Ingestion of either carbohydrate or cQft,,'ne is purported to be an ergogenic

intervention that improves work ^apacity . Studies at NMRI have examined the potential
of carbohydrate or caffeine to increase endurance or to provide a thermogenic benefit .
0ucose nq ~m_er_ ~ rin7 cakLwa •:er ir►cme ian; Ten divers were immersed in
25 or 35°C water for 3 hr whiie at rest . serum glucose levels remained stable
throughout the 3-hr period when no fluid was eonsumed. Ingestion of 250 ml of a glu-
cose polymer solution each hour transiently raised blood glucose levels and suppressed
the usual rise in free fatty acids at both 25 and 35°C. Blood lactate levels rose in 25°C
water and were not iffected by glucose ingestion .
Ç~! r ► old waE,er exercis e: Ten divers attempted to perform 8
bouts of 10-min rest/20-min exercise at 80% maximum capacity while immersed in
25°C water . One test was done citer a 3-day normal diet, and one tcst after 3 days of
a high carbohydrate diet. Carbohydrate loading resulted in a small but significant
increase (5%) in the amount of total work done during the 4-hour immersion . Exercise
oxygen consumption was the same with both diets . Core temperature was slightly
higher at the end of immersion with the carbohydrate diet, but there were no
differences In peripheral heat flux .
CQffdx ingestion r ercise : Ten divers performed 60 min of leg exer-
cise at 65% maximum capacity in 18 and 28°C water . One test at each temperature
was done 90 min ¢ter ingesting caffeine (5 mg/kg) and once citer ingesring a placebo .
Cc¢,%ine sign ificantly raised the exercise oxygen consumption, therc.i y resulting in a
slight decrease in exercise efficiency . Greater decreases in efficiency occurred in the
colder water . CQyeine raised blood levels of both free fatty acids and lactate in a
non-temperature dependent manner, and did not alter the decline in blood glucose lev-
els . Skin and rectal temperatures were higher with caffeine at both water temperatures .
1?jjCWion : '1"hese studies indcate that glucose ingestion during resting immersions
will elevate blood glucose and suppress free, fatty acid release. Future studies will be
needed to determine if this effect persists during exercise . Carbohydrate loading will
increase the amount of hard work that can be done during immersion . Caffeine
anpears to enhance thermal status during cold water exercise, but does not provide a
significant ergogenic benefit .

INTRODUCTION

There are a variety of dietary or pharmacological manipulations that are used t o
enhance performance duiing athletic events . Two of the more common manipulations
for endurance type events involve either use of carbohydrate or caffeine. Pleither inter-
vention increases muscle strength per se, but both increase endurance through actions
on metabolic energy pathways .
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Several lines of evidence suggest that supplemental carbohydrate ingestion is animportant determinant of endurance time . Muscle glycogen depletion correlates directlywith the onset of fatigue ( 1, 2) . Paradigms to increase the absolute amount of muscle
glycogen, termed "carbohydrate loading", have been shown to lessen the extent of
muscle glycogen depletion and thereby increa,se endurance time (1, 2) . It is alsorecognized that develop mer.t of hypoglycemia (low blood glucose levels) hastens theonset of exhaustion, irrespective of muscle glycogen or blood free fatty acid concentra -tions . This recognition has led to the separate practice of ingesting glucose solutions
during prolonged exercise, with subsequent delays in the onset of fatigue (3, 4) .

Caffeine ingestion is also considered to be an ergogenic aid that promotesendurance through actions that lessen muscle glycogen use, increase mobilization offree fatty acids, and increace the oxygen pulse (5, 6). It is also widely known that
caffeine increases the basal metabolic rate and the rate of urine production. Theselatter effects may have positive and negative effects, respectively, during cold waterimmersion .

This paper will discuss two studies involving c!irbohydrate ingestion (7, 8) andone study involving caffeine ingestion (9). The intent of the studies was to determine
if such dietary/pharmacological manipulations would benefit perfonr.ance during coldwater immersion .

CARBOHYDRATE LOADING STUDY :
To test whether carbohydrate loading could increase the capacity to do strenuous

intermittent work in 25°C water, 8 males attempted to complete 8 bouts of 10 min rest
and 20 min of exercise at 80% of their maximum aerobic capacity during a 4 hour
immersion . One test was conducted after the subjects had been on a 3 day CONTROL
diet (000 gm carbohydrate/day), and one test was conducted after a 3 day carbohy-
drate loading diet (CHO, -=-(00 gm carbohydrate/day) . If a subject could not complete a
full 20 min exercise bout, the pattern was reduced to 5 min rest/10 min work for the
remainder of the immersion. Total work (watt-min) was measured for the full 4 hour
immersion period .

There was a small, but significant, increase of 5 % in total work performed when
the CHO diet was consumed as compared to the CONTROL diet . Four of 8 divers
completed all 8 exercise bouts with both diets, while the other 4 subjects completed
more full 20 min exercise periods with the CHO diet. Since the study was not
designed to measure endurance per se, the difference in total work achieved between
diets likely underestimated the true extent to which CHO would increase total work .

There were no differences in oxygen consumption between the diets . However,
there was a noticeably higher respiratory exchange ratio (RER) with the CHO ; indicat-
ing a greater fractional aerobic utilization of carbohydrate substrate . Since carbohydrate
has a higher energy yield per liter of oxygen consumed, this may account for the
slightly higher rectal temperature noted with the CHO diet during the course of the
immersed exercise, as shown in Figure 1 .

In summary, this study demonstrRted that carbohydrate loading can increase the
amount of strenuous work accomplished during immersion ; possibly through the same
mechanisms noted with dry land exercise . Furthermore, carbohydrate loading ma y
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result in greater heat production during exercise that could be a potential thermal
be.tefit during cold water irrtmersion .

GLUCOSE POLYMER INGESTION DURING IMMERSION :
As part of a study designed to examine the efficacy of fluid replacement during

immersion, 1 0 divers were at rest for 3 hrs while isr.~~►ersed in 25 or 35'4.~ . During one
immersion at each water temperature the subjects did not drink any fluid, while during
a second immersion they consumed 250 ml of a glucose polymer solution each hour.
Venous blood samples were obtained every 30 min during each immersion .

Stable b1Qod glucose values were mcasured during immersions at 25 and 35°C
when no fluid was ingested . In contrast, there was about a4096 increase in Wood glu-
cose measured 30 min after glucose polymer ingestion in . 35°C water, and about a 50%
increase noted in 25°C water . "ï'hese transient rises in blood glucose after glucose
polymer ingestion resulted in small but significant increases in RER at both water tem-
peraturt-s .

When no fluid was consumed there was a small temporal rise in plasma free fatty
acids (FFA) in 35°C water, and a much greater FFA rise in 25°C water due to the
thermal stress (average heat flux .~105 W/ .,y m) . In contrast, gl.ucosP polymer ingestion
suppressed the rise in FFA at both water temperatures . Blood lactate levels increased
only in the 25°C water, and to a sizxülar extent with either no fluid or glucose polymer
ingestion .

In surtlcnary, this study demonstrated that blood g;ucosc levels will be transiently
increâ,ed at rest with hourly g;ucose polymer ingZstion . The rise in Hood glucose will
suppress the usual rise in FF A noted with cold exposure . The addi ; : mal glucose will
nol, howeve,, affect ti:c cold-induced incl~eases in blood lactate . Funherrnore, although
therc were wic;~ differences in total substrate availability between the no-fluid and glu-
cose polymer conditions there was evidence of greater metabolic heat production per
liter oxygen with the glucose rx)lyrner.

t:AFFEINE INGESTION BEFORE COLD WATER EXERCISE :
To examine the possible ergogenic effects of caffeine during cold water cxercisc,

10 subjects performed 60 min of leg exercise at 1 .5 W/kg during head-out immersiozt
in 28 and 1 8°C water. One test at each water temperature was conducted 90 min after
ingestion of caffeine (5 mg/!tg), and once after ingestion of a placebo capsule . All sub-
jects completed the exen;isz protocol under all conditions .

Steady-state oxygen consumption (V02) was higher in I8°C water than at 28°C
with the placebo conditions. At each water temperature caffeine raised V02 by an
average of 0.2 Lhnin . Thus, aerobic work ef6.ciency (ratio of work energy to total
energy expenditure) was slightly Iower with caffeine use .

Blood glucose levels declined steadily under all conditions, with greater rates of
decline noted with caffeine ingestion . Plasma FFA rose steadily during exercise under
all conditions, with larger increases noted for the caffeine conditions . Lactate values
peaked at 2010 min after the onset of exercise, with sÈgnificantly higher peaks
observed after caffeine ingestion .



The fractional utilizations of glucose and FFA, derived from the RER, are shown
in Figure, 2

. Note that FFA utilization was depressed at 20 min, coincident with the
peak of glucose use. FFA use was slightly higher after caffeine ingestion .

As shown in Figure 3, net thermal balance was little affected by caffeine during
immersion in 18°C water

. Since caffeine raised oxygen consumption, and therefore
metabolic heat production, this finding suggests that a greater rate of heat loss occurred
that balanced the increased heat production . In 28°C water the. use of caffeine
significantly raised net thermal balance when compared to the placebo condition, mdi-
cating that heat production exceeded than heat loss .

In summary, this study demonstrated that caffeine will increase exercise oxygen
consumption during head-out immersion

. Since external work did not change,
efficiency was slightly reduced thereby ruling out caffeine as a benehcial ergogenic
aid

. In cold water there appeared to be no thermal benefit of caffeine ingestion,
whereas in slightly warmer water caffeine produced a larger net gain in body heat .

GENERA L DISCUSSION :

Carbohydrate loading appears to be a useful intervention to increase work capa-
city during iximersion

. The manner in which it improves work performance may be
the same as noted for dry land studies, e .g. increasing muscle glycogen levels . Addi-
tional studies, using different water temperazures and work patterns, will be required
before carbohydrate loading can be recommended unequivocally to working divers . In
the interim, available evidence supports its use for long duration work efforts, espe-
cially since carbohydrate use may have some thermal benefits apart from muscular
work

. Glucose polymer ingestion during immersion will raise blood glucose concen-
tration in a resting diver

. A study is planned to determine if this effect persists in the
working diver, and if it will prolong endurance

. Whether at rest or working, glucose
ingestion will likely lessen the rate of decline in plasma glucose (as noted in the
caffeine study)

. From a practical standpoint, it may be more eonvenient to provide a
working diver with a glucose polymer solution to drink periodically during a dive, than
to attempt 3 days of carbohydrate loading

. However, if sufficient time is avai'labie
before a particularly long and arduous dive, both carbohydrate loading and glucose

polymer ingestion may provide an important advantage to accomplish a mission .
The use of caffeine as an ergogenic aid during diving does not appear to be

justified by the present data . Although endurance per se was not studied, the higher
exercise oxygen consumption after caffeine ingestion resulted in a lower aerobic work
efficiency . The data further suggest that under nearly thermoneucral immersed condi-
tions (28°C, no thermal protection) the combination of hard exercise and caffeine use
may cause an unfavorable accumulation of metabolic heat . On the other hand, caffeine
has no ap,pn-*tnt thermal benefit during exercise in colder water (18°C)

. Additional stu-
dies will bv needed to further refine these conclusions and balance them against the
diuretic effccts of caffein. .
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F igare 1 : Average rectal temperature during the first 6 bouts of rest/exercise in 25 °Cwater. Time at 0 min was the start of the first 10 min rest - -riod, fFallUwed sequen-tially by 20 min exercise . TEST diet was the carbohydrate laading diet .
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FIGURE 2: TOP PANEL: Fraction of oxygen consumption used for carbohydrate
oxidation, where Fcho = (RER - 0.71)/0.29 for the 10 min averages of oxygen con-
sumption and RER .
LOWER PANEL : Fraction of oxygen consumption for FFA oxidation,
based on Fffa M 1- Fcho '
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FIGURE 3 : Net thermal balance derived from mean skin temperatures at 4 sites and
rectal temperature, according to :

Body temp = 0
.87T ectal + 0' 13Trnean skin.' and

Body heat = body temp x W r x surface area x 3 .48
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LIPID METABOLISM IN COLD-EXPOSED HUMANS .

A .L. Vallerand and I . Jacobs
E-nvironmental Physiology Sectio n

Defence and Civil Institute of Environmental Medicine
Toronto Ont . M3M 3B9 Canada

ABSTRACT

The goal of this stwly was to determine the changes in lipid utilization associate d
with cold exposure in hwnans, and whether plasma triglyceride (T( ;) and lipolysis play
an important role in lipid metabolism during cold exposure . This was achieved by:
calculating the rates of substrate oxidation from indirect calorimetry, by performing an
intravenous fat tolerance test (NFTi"; an index of plasma TG utilization) and by
measuring changes in plasma glycerol levels (an index of lipolysis) . Since fat clear-
ance is increased 24 h after exercise, a second cold exposure combined with an JVF7T
were also performed 24 h c¢ter the first cold exposure, to evaluate the possibility of a
delayed increase in fat tolerance. Six healthy males were therefore subjected to an
IVFiT (1 ml/kg 10% Intralipid) on 3 occasions (fasting semi-nude) while resting for
160 min: 1) at thermal neutrality (29°C), 2) in the cold (10°C, I m/s wind) and 3) in
the cold 24 h after the first cold test . One week separated the warm test from the two
cold tests . Cold exposure reduced mean body temperature by 3 .2 ± 0.1"C and
increased energy expenditure 2 .6 times in comparison to warm values (pt0 .01). it
also increased fat oxidation by 7196 (p<0.01) and plasma glycerol levels (p<0 .05), but
did not alter the removal rate of the infused plasma TG. Although the second cold test
entailed essentially the same changes in body temperatures and heat production as the
first one, the second cold test was accompanied by a further increase in fat utilization
(142% above warm values, p<0 .01; or 56% of the energy expenditure), a funher
increase in plasma glycerol levels (p<0 .05) and an unchanged fat tolerance . The
results of the present study demonstrate that cold exposure in humans significantly
increases the oxidation of lipid, and that plasma TG do not appear to be an important
energy substrate in the cold, even when lipid metabolism is further increased by the
second cold test . It is suggested that white adipose tissue and possibly intramuscular
TG, not plasma 71G, are the preferred sources of fatty acids for oxidation in cold-
exposed humans.

INTRODUCTION

The level of heat prcodu-Jon that mammals can achieve and maintain is of vital
importance for surr;uw; during w.vere cold weather . When body heat loss is greatly
increased by cold exposi ►re, additional substrates must be oxidized to provide energy
for a sustained high metabolic rate . Numerous animal studies have shown that both
car~ohydrate and lipid play an essential rote in fuel metabolism during cold exposure
(for a review see VaiDeranc{ et al, 1983, 1987 ; Thompson 1977) . In contrast to these
animal studies, little is b;:nown about fuel metabolism in cold-exposed humans .
Although it has beer, repor.ierl in man that cold alters basal levels of plasma metabol-
ites and hormones, these data do not reveal whether such changes are the results of
alterations in the rate of appearance or disappearance . The goal of this study was to
determine the changes in lipid utilization associated with cold exposure in humans, an d
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whether plasma triglyceride (TG) plays an important role in lipid metabolism dtiring
cold exposure. This was achieved by calculating the rates of substrate oxidation from
indirect calorimetry and the nonprotein respiratory exchange ratio measurements, and
by performing an intravenous fat tolerance test (IVFIT; an index of plasma TG utiliza-
tion; Rossner 1974) . Since fat clearance is increased 24 h after exercise (Annuzi et al
1987), a second cold test with an IVFTT was also performed 24 h after the first cold
test, to evaluate the possibility of a delayed increase in fat tolerance .

METHODS

Six healthy young male volunteers participated in the present study . Subject s
were given the opportunity to familiarize themselves with the protocol and the cold air
test for 1 h on a familiarization visit . Their standard physical characteristics were
(mean ± SEM): 31 .5 ± 1 .3 yr old, 1 .81 ± 0.02 m in height, 75 .5 ± 2.2 kg bcdy mass,
52.9 ± 3.1 ml+kg''•rtsin'' maximal aerobic power (VOx„t„, ; Bruce protocol), and 14 .8 ±
1 .4 % body fat (underwater weighing technique). Subjects were exposed to both the
warm (29°C) and the cold (10°C, 1 m/s wind) for 160 min while wearing a bathing
sui: and resting on a reclining lawn chair . The second cold test occurred 24 h after the
first cold test . One week separated the warm test from the two cold tests . All subjects
were instrumented early in the morning with a rectal probe, 7heat flux transducers (to
measure mean skin temperature and mean body temperature, T b) and an antecubital i .v .
catheter to infuse Intralipid and to collect blood samples . Indirect calorimetry and the
nonprotein respiratory exchange ratio were used to estimate heat production and the
rates of substrate utilization (Lusk, 1928 ; Vallerand et al, in press) . The IVFIT was
administered after a 2 h period in the climatic chamb,.r, to ensure a high level of
shivering activity before the infusion (in the cold) . It conse .•ted of the rapid infusion of
1 ml/kg 109'o Intralipid (Travenol Can .) . Plasma samples were collected before and
after the infusion at min -15, 0, 5, 10, 20, 30 and 40 for the d,.termination of the elim-
ination rate of the infused TG by nephelometry (Rossner, 1974) . Results were
analyzed by one-way anova for repeated measures .

RESULTS

Cold exposure reduced Tb by 3 .2 ± 0.1'C and increased total metabolic rate 2 . 6
tisnes in comparison to warm values (p<0 .01). The increase in thermogenesis was
accompanied by a marked increase in carbohydrate oxidation (p<0.01) which
accounted for 51% of the total energy expenditure . Cold exposure also increased fat
oxidation by 71% (p<0.01), but did not alter the removal rate of the infused plasma
TO. Although the second cold test entailed essentially the same changes in body tem-
peratures and heat production as the first one, the second cold test was accompanied
by a further increase in fat utilization (142% above warm values, p<0.01 ; or 56% of
the total energy expenditure), which again was not dependent on the breakdown of
plasma TG since the fat tolerance remained unchanged .

DISCUSSION

The present results confirm numerous previous studies that have shown that acute
cold exposure in man markedly decreases body temperatures in spite of a greatly
increased heat production . The results also show cold exposure increased carbohydrat e
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utilization to such an extent that it represented the major portion of the total energy
expenditure . Such data would be in line with the recent demonstration that acute cold
exposure in humans greatly improves glucose toleraa;,e, in spite of a reduced insulin
response (Vallerand et al 1988) . The results of the present study also demonstrate that
cold exposure in humans significantly increases the oxidation of lipid, confirming the
cold-induced enhancement in FFA turnover previously described in rats (Paul et al
1973). However, cold did not alter the fractional rate of removal of exogenous TO,
suggesting an unchanged rate of removal of endogenous TO. Since fat clearance is
increased 24 h after exercise (Annuzi et a), 19€7), a second cold test combined with an
IVF1T was administered to the same subjects to evaluate the possibility of a delayed
increase. Although a delayed increase in plasma TG removal was not observed, a
further enhancement of lipid oxidation was found during the second cold test
(representing 56% of the total energy expenditure). In general, exercise studies have
shown that with increased work duration (or increased cold exposure from 3 to 6 h),
the utilization of lipid increases compared to that of carbohydrate, and the utilization
of blood-borne substrate increases relative to that of intramuscular substrates . Thus it
is possible that the present cold-induced increase in energy expenditure was not high
enough to increase the TG removal capacity and it may be related to a relatively small
utilization or absence of depletion of intramuscular glycogen (Martineau and Jacobs,
1988) and possibly intramuscular TG stores . In conclusion, the results demonstrate
that cold exposure in humans increases the oxidation of lipids and that plasma TG do
not appear to be an important energy substrate in the cold . It is suggested that adipose
tissue and intramuscular TO, not plasma TO, are the preferred sources of FFA in
cold-exposed humans .
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ABSTRACT
Loss of body fluid and electrolytes during cold water immersion can limit a

diver's performance and contribute to decrements in thermal balance . This presenta-
tion will discuss three NMRI studies designed to assess hydration status during cold
water immersion ,
Stt,tdv /;. Sixteen U.S. Navy divers were submerged in 5°C water at a depth of 6 .1 msw
for periods of up to 6 hr while wearing passive thermal protection (M600 Thinsulate
beneath a dry suit) . Urine production was greater during AM immersions 1000-1600
hr) than PM immersions (2200-0400 hr) due to circadian changes in pre-immersion
baseline values . However, urina ry losses of Na, K. Ca, Mg, and Zn were the same for
AM and PM dives . Significant decreases in blood concentrations of Na and Zn
occurred post dive, Overall, there was 1 796 decrease in plasma volume, reflecting a
marked dehydration that correlated with declines in exercise performance .
S,tudv 11 : Eight U.S. Navy divers underwent a 7-hour sequential wet-d ry-wet cold e.xpo-
sure (2.5 hr in 5°C water, 2 hr in 5°C air, 2 .S hr in 5°C water) while wearing a dry
suit with M400 Thinsulate passive insulation . Although divers drank 500 ml of water
du.ring the dry phase , net loss of body water averaged 960 ml and was associated
with a reduction in body weight averaging 2 .1 kg. Plasma volume declined by 13% .
Sitting at rest during the dry cold phase resulted in contir , ;ed loss of body heat, and
was associated with decreases in cognitive performance tests associated with vigilance
and reaction time . In contrast, walking at a speed of 3 km/hr during the dry phase
enabled the divers to maintain a relatively normal thermal balance ; but they had a
decrement in the cognitive ability to learn new information .
$aidy 111 : Ten U.S . Navy divers were irnmersed for 3 hr in 25°C water wearing only
bathing trunks (average heat flux similar to wearing a dry suit in 5°C water) . Each
hour the subjects drank 250 ml of water to determine if fluid ingestion would offset
immersion diuresis eJ9reets . Compared to the same immersion profile without water
ingestion, subjects had a significant increase in urine production, but no change in
their hydration status. Reductions in plasma volume averaged 6-11%. In contrast to
water ingestion during 35°C immersion, drinking fluid in the cool water transiently
raised metabolic heat production indicating a thermal benefit of jiuid replacement .
Discussion: These studies demonstrate that significant loss of body fluid and electro-
iytes will occur with long duranon cold e,xposures . Drinking fluid during immersion
will not reverse this effect, but may provide a transient thermal benefit. Decrements in
mental function appear to be more dependent on thermal balance than hydration
status .

INTRODUCTION

Immersion will induce diuresis (increased urine production) that peaks 1-2 hour s
after the onset of immersion (1, 2) . The nature of the diuresis results in both loss of
free water and elecrolytes (3, 4) . In the absence of fluid or electrolyte replacement, the
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diuresis will result in dehydration (net loss of body fluid) .
It is well documented in the exercise literature that dehydration will impair physi-

cal performance (5, 6)
. No doubt the dehydration will decrease exercise capacity andimpair thermoreguladon

. While such impairments are recognized risks for dry land
endeavors such as marathon running, similar problems might be encountered in a cold
working dive (although through somewhat different physiological mechanisms) .

This paper presents the results of 3 NMRI studies (7-9) that examined hydration
status during cold water exposures. The purposes were, in part, to quantify the extent
of fluid loss, changes in performance, and in one study to determine if fluid replace-
ment during immersion would offset the effects of diuresis .

STUDY I: 6 HOUR DIVES IN S°C WATER

In support of extended operations, 16 Navy divers were submerged in 5°C water
at a depth of 6 .1 msw for periods up to 6 hours . Divers wore M-600 Thinsulate pas-
sive thermal protection beneath a tri-laminated dry suit . Each diver performed 2 whole
body immersions during the course of 5 day air saturation dives, one beginning at
1000 (AM) and one beginning at 2200 (PM) to determine circadian effects on fluid
balance. A period of 54 hours elapsed between immersions, After a one week interval
the immersions were repeated with the times of onset reversed. Venous blood samples
were obtained about 15 min before and 15 min after each immersion . A urine collec-tion device was worn to collect all urine voided during immersions .

When compared to similar time periods on a non-immersion control day, immer-
sion resulted in 240-290% increases in urine flow for AM and PM . The actual volumeof urine voided during PM immersions (0 .82 ± 0.07 L) was significantly less than forAM immersions (1 .63 ± 0.20 L) because of normal circadâan differences in urine flow .Plasma vclume was reduced by an average of 17 % following AM and PM immersions,reflecting a marked dehydration .

There was also a significant loss of elecrrolytes during the immersions . Compared
to normal excretion values, there was approxinv-iy a 200% increase in excretions of
sodium, calciuM and magnesium for AM and PM imme ;sions referenced to theirrespective time of day normal values. Zinc losseF were 400 and 3009&, greater than
normal for AM and PM, respectively . There w,-.s a significant circadian variation in
potassium loss, with larger amounts excreted during AM immersions . Sig:iificant
reductions in plasma concentrations of potassium and zinc occurred post-immersion for
AM and PM exposures .

In summary, this study demonstrated that prolonged submersion in very cold
water results in a significant dehydration . The associated loss of electrolytes was in
excess of that occurring normally with water loss . Although excess electrolytes were
excreted, only plasma values of potassium and zinc were significantly reduced ; but notto the point of being abnormal . Loss of body fluid could account for the higher exer-
cise heart rates encountered in this study .

STUDY TI: 7)EIOUR WET-DRY-WET COLD EXPOSUR E
Eight divers, dressed in a dry suit with M-400 Thinsulate passive thermal protec-

tion, underwent a sequential exposure to 2 .5 hr in 5°gC water, 2 hr in 5°C air, and 2 . 5
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hr in 5°C water. During one exposure the divers walked on a treadmill (3 .2 km/hr,
0% grade), while on a second exposure they remained at rest during the dry phase .

Although the subjects drank 500 ml of water during each dry phase, net loss of
body weight after 7 hrs averaged 2 .1 ± 0.4 kg irrespective of whether they were rest-
ing or walking during the dry phase . Net fluid loss (urine volume - water intake) was
950 ± 186 ml . Plasma volume decreased 12-13 % over 7 iirs.

Leg exercise at 50 W for 30 min at the end of the first wet phase and at the
beginning of the second wet phase resulted in peak exercise heart rates that were 17 ±
4 bpm higher during the second immersed exercise . This finding could be explained by
the reductions in plasma volume noted above .

At ►he mid-point of each dry phase the subjects were givpn a cognitive Perfor-
mance Assessment Battery (NMRI-PAB) . Overall, there were decreases in reaction
time and accuracy of response . Of note, when the divers were at rest in the dry phase
they exhibited slight, but significant, reductions in the ability to match visual patterns
and in the reaction tin . .- to sustained attention . Furthermore, after the subjects had been
walking on the treadmill they exhibited a significant impairment in the ability to learn
new information .

In summary, this study revealed that significant dehydration will occur in the
course of a seque:itial wet -dry-wet exposure . Consuming 500 ml of fluid during the
dry phase only partially offset the loss of body fluid (13% reduction in plasma volume
vs 17% noted in study 1) . While the net reduction in rectal temperature averaged
1 .1°C over 7 hrs, greater amounts of body heat were lost in the dry phase while resting
compared to walking on the treadmill . This greater loss of heat may have contributed
to the decrements in mental performance noted with dry rest . However, the declines in
ability to learn new information were apparently not related directly to loss of body
heat since the divers were walking prior to the cognitive testing .

STUDY II.I : FLUID REPLACEMENT DURING 3 HOURS RESTING IMMER-
SION

Ten males performed 3 hour resting head-out immersions in 25 and 35°C water to
determine if fluid replacement during immersion would offset the effects of immersion
diuresis . During one immersion at each water temperature the subjects drank 250 ml of
either water or glucose polymer solution each hour beginning at the start of immersion .
Five of the subjects also completed 3 hr immersions at each temperature where no
fluid was given .

In terms of fluid balance, there were no differences between drinking water or
glucose polymer salution. Averaged over 3 hours the magnitude of the immersion
diuresis was the same at 35°C and ^45 C for the matched fluid conditions, indicating
that immersion per se rather than thermal stress was the major factor in the diuresis .
When no fluid was consumed, urine flow averaged 5 .0 ± 0.8 and 5 .8 ± 0.3 m!/min at
35 and 25°C respectively, compared to a pre-immersion value of 1 .6 ± 0.1 ml/min .

When fluid was ingested during immersion urine flow significantly increased over
the co*responding no fluid conditions . wine flow averaged for all fluid and temperature
conditions was 8 .9 ± 0.4 ml/min. The increase in urine flow paralleled the increased
fluid intake . Consequently, overall fluid ha;ancP (intake - output) was the same
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regardless of whether the subjects did or did not drink fluid .

Changes in plasma volume, reflecting hydration status, were independent of fluid
ingestion. However, changes in plasma volume were dependent on water temperature .
In 35°C water plasma volume initially increased during the first 3 0-60 min, and then
declined such that at the end of 3 hrs it was not significantly different from pre-
immersion values . In contrast, plasma volume declined steadily over 3 hrs in 25°C
water; becoming 6-12% lower than pre-immersion valLes by the 3rd hour .

When subjects consumed fluid (temperature = 10°C ) there was a transient rise in
resting oxygen consumption of about 2 ml/min/kg during 25°C immersions, but not
during 35°C immersions . This transient rise in oxygen consumption lasted 34,40 min,
consequently raising metabolic heat production. However, since the increase was tran-
sient there were no notable differences in net thermal balance between no fluid and
fluid conditions .

In summary, this study indicated that ingesting fluid during immersion will not
offset the loss of body fluid due to immersion per se. Consuming fluids merely
increased the rate of loss, with no net difference on hydration status . Drinking cool
fluid while immersed in cool water will, however, transiently raise metabolic heat pro-
duction .

GENERAL DISCUSSION :

Immersion results in an increase in the central blood volume due to hydrostatic
forces of water moving blood into the thoracic region . As a consequence, normal phy-
siological responses attempt to reduce the perceived volume overload by increasing the
rate of urine flow. When no fluids are ingested the diuresis will continue until
homeostatic mechanisms have lowered the central volume . It is evident that over 6-7
hrs this diuresis can result in a net reduction of body fluid on the order of 17 % , evi-
dence of a marked dehydration. Such a reduction would be expected to markedly
reduced a diver's physical performance in water, with the effect being more pro-
nounced if he were to attempt to work upon exiting the water . Ingesting fluid during
immersion will not offset the effects of diuresis, but mey lessen the extent of dehydra-
tion during long sustained operations .
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EVALUATION OF PASSIVE AND ELECTRICALLY HEATED SURVIVAL SUITS
FOR USE IN A "LOST BELL" AT 450 METERS

E.H. Wissler, Univ . of Texas, Austin
A . Pasche and B. Holand, SINTEF, Trondheim

G. Knudsen, NUTEC, Bergen
P.A. Hayes, National Hyperbaric Centre, Aberdeen .

ABSTRACT
Providi:~ig an emergency life-support system that allows saturation divers to ;ur-

vive for 24 hae ;rs while trapped on the bottom in an isolated bell is required of div :.tg
contractors whc work in British or Norwegian waters . An important ~spect of that
requirement is preventing the divers from becoming excessivrly hypothernu ; as the bell
cools toward the ter ;tperature of the ocean . It has been established that several passive
systems with breathing gas heating based on CO2 absorption provide adequate protec-
tion at 150 meters, but it is questionable whether they offer sufficient protection at 300
and 450 meters . Therefore, two different passive suits were madified by incorporating
115 and 160 watts of electrical heating just below the inner surface of the suit . This
paper describes an evaluation of one of those suits using a rudimentary heated mani-
kin in 31 bar heliox, and a manned trial involving two divers at 46 bar . These results
are compared using a newly developed, two-dimensional, computer model to simulate
human thermal response to hyperbaric cold stress . Although the three sets of experi-
mental data are not totally sef-consistent, a plausible explanation for the differences
can be constructed, and reasonable conclusions can be drawn from the results .

The probability of surviving a "lost bell" accident is determined largely by four
factors: (1) cooling profile, (2) ocean depth, (3) thermal resistance of the survival bag,
and (4) breathing gas temperature . The cooling profile is determined primarily by the
location of the diver at the time of the accident . Divers trapped in a well- insulated
bell should experience a cooling profile similar to those shown in Figs . I and 2, which
were observt.,j for bells immersed in cold water during the British Clansman and
Swedish HMS Belos trials . On the other hand, divers trapped in a :vplding habitat,
which generally has a much larger uninsulated surface than a bell, will exl;-rie;nce
more rapid cooling to a temperature close to the ocean temperature . The worst cas--
scenario is probably represented by a diver who is ni the water at the time the urribili-
cal is cut, and has to swim back to a welding habitat .

The effect of changing the cooling profile is qualitatively well understood --
increasing the cooling rate decreases the probability of survival . However, currently
available data do not answer the question, "How much is the probability of survival
reduced by being trapped in a habitat instead of in an insulated bell? "

The effect of pressure is not as well understood . Although there are reasons for
expecting divers to lose heat more rapidly as depth increases, most previous trials have
takf n place at relatively shallow depths (by today's standards), and it has not been
possible to establish a quantitative relationship between depth and rate of dive : heat
loss. Therefore, results from the Igloo 88 trial are particularly significant because the y
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provide valuable new data at 460 meters which help to establish that relationship. Pre-vious "Lost Bell" trials are summarised in Table 1 .

Table 1 . Sutnmary of "Lost Bell" Trials

Trial Location Date Depth Resul t
Polar Bear II NUI 1980 300 msw Two divers tolerated

6°C for 10 hours
Clansma.n RN Offshore 1981 250 msw Three divers aborted

after 6 hours
Polar Bear III NUTEC 1 982 150 msw Two divers tolerated

Clansmans cooling
profile for 24 hours

1-1MS Belos MDC 1982 150 msw Two divers tolerated
Ciansmans cooling
profile for 16 hours

Igloo 88 N13C 1988 460 msw Divers were exposed
to the Clansman
cooling profile .
Unheated diver: 6 hrs
Heated diver : 12 hrs

Note: All divers were protected by a Kinergetics or similar survival kit .

The principal, pressure-dependent factor in diver cooling is sensible heat loss
through the respiratory tract, which can be estimate for a given metabolic rate by mak-
ing two assumptions. The first assumption is that expired gas temperature is linearly
related to ir.spired temperattxre accordini, to either the Webb (7) or Piantadosi (4) rela-
tionships ; as a practical matter, these two relationships are equivalent . The second
assumption is that the ventilatory minute volume is twenty times the oxygen consump-
tion ratP . Given those two assumptions the rate of respiratory heat loss depends on
inspired temperature and depth as shown in Fig . 3 .

Heat loss from a diver owing to conduction through the survival bag and
conductive/convective transfer t} ;.rough the chamber gas to the cold wall may also be
pressure dependent . Since the thermal conductivity of helium is not strongly pressure
dependent, tt,A -atP of conduction through a stagnant gas layer does not vary greatly
with pressure. However, stationary gas exists only when there is no blower in opera-
tion and the temperature decreases uniformly in the vertical direction . Forced convec-
tion caused by blowers may be a factor in a chamber trial, but not in an actual survival
situation. On the other band, natural convection is easily established by vertical tem-
perature gradients, and will be P. factor in every survival situation . If it were not for
natural convection, the thick gas layer between the divers and the cold inner wall of
the bell would provide excellent insulation . The rate of heat transfer between a surface
and a flu :d in which flow is driven by natural convection is proportional to the square
rocx of density, and, therefore, depends on pressure .
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Fig. 3 . Ratio of Rate of Respiratory Heat Loss to Metabolic Rate
at Various Inspired Gas Temperatures and Pressures .

It is also possible that natural convection may exist within the survival bag itself,
and, if that is an important factor, its thermal resistance could decreasP with increasing
pressure. The first manikin trial conducted by Kinergetics (p) indicated that the thermal
resistance of their survival bag decreased nearly 50 percent as the depth increase from
150 to 300 msw, which, if true, wouïd have very serious consequences . Data from the
Igloo 88 trial provide an independent evaluation of that relationship . Survival data for
the unheated and heated Kinergetics divers in the Igloo 88 trial were related to data
from the earlier trials listed in Table 1 by attempting to formulate a model that
describes reasonably well results from the Polar Bear II and III trials, as well as those
from the 460 msw trial . Measured chambe► ' temperatures were used in all of the simu-
lations, and measured inspired gas ternperature was us,-,d in all except the Polar Bear
III trial, for which it was not available . Respiratory heat loss was simulated using the
relationship represented in Fig . 1 . The thermal resistance of the survival system was
assumed to decrease slightly with increasing pressure, but not nearly as severely as
suggested by the Kinergetics manikin results . For reference, regional thermal resis-
tances of the Kinergetics survival system measured at 300 msw in the Kinergetics
chamber are summarised in Table 2 .

Thermal resistances used in the simulations were significantly larger than those
deduced from the Kinergetics data . Values actually used for the upper and lower trunk
at the three depths are presented in Table 3 .

Measured data for the 150 msw Polar Bear III and HMS Belos trials are shown in
Figs. 5 through 7, and the corresponding computed results are shown in Fig . 8 .
Although only the first 14 hours are shown in Fig . 8, the simulation agreed well with
the observed results over the entire 24-hour period of the trial . These trials clearly
establish that a properly employed, passive Kinergetics survival system provides

•
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Table 2. Thermal Resistances of the Survival Suit

Region Test qs Ts R Clo

w/(sq m) °C °C.sq m/w

Head: 1 77 21 0.246 1 .59
2 157 38 0.229 1 .98
4 80 31 0.362 4.68

Chest: 1 80 21 0.237 1 .53
2 80 25 0.288 1 .86
4 0 16 Indef, Indef.

Back : 1 80 14.5 0.156 1 .01
2 252 29 0.107 1 .04
4 172 25.5 0.137 1 .76

Groin: 1 80 21 0.237 1 .53
2 80 27 0.313 2.02
4 0 14 Indef. Indef.

Thighs (top) : 1 80 11 0.112 0.73
2 80 17 0.213 1 .37
4 0 il Indef. Indef.

Note: The three tests were conducted as follows :
Test 1 . Only the manikir ► was heated .
Test 2 . The manikin and survival bag were both heated .
Test 3 . Only the survival system heater was turned on ,

sufficient protection for 24-hour survival in a well-insulated FTC at a depth of 150
msw. Fu rthe rmore, good agreement between computed results and corresponding
observed values suggests that our understa nding of the basic phenomena involved in

su rv ival are understood .

The computed rectal temperature and metabolic rate for the 300 msw Polar Bear
II trial are shown in Fig . 9. Unfo rtunately, measur-,ments for this early trial are incom-
plete, and one must rely heavily on qualitative comments to assess the condition of the
diver. For example, the rectal probe dâd not function properly during the t rial, and the
only measurement of central temperatu re was made after the trial . Even though a rectal
temperature of 37 °C was measured then, the diver's com ments indicate that he was
very cold and had shivered vigorously during the last seven hours of the exposu re ,
which is consistent with the simulation mesults shown in Fig . 9. This trial, unlike the
others shown in Table 1, employed a steady cold chamber temperature of 7°C, which

is prohebly more reprnsentative of a weld ing habitat than a bell .

The principal, pressure-dependent factor in diver cooling is sensible heat loss
through the re spiratory tract, which can be estimated for a given metabolic rate by
making two assumptions . The first assumption is that expired gas temperature is
linearly related to inspired temperature according to either the Webb (7) or Piantados i
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Table 3. Regional Thermal Resistances (in Clo) Used to Compute Diver Heat
Loss in the Kinergetics Bag at Three Depths

Region Al A2 A3 A4 A5 A6

P = 16 Bar

Upper Trunk 2.87 2.70 2.87 2.39 2.26 2.39
:L.ower Trunk 2.70 2.70 2.70 2.39 2.26 2.39
Head 2.99 2.99 2.99 2 .58 2.45 2.58
Thigh 2.34 2.34 2.86 2 .34 2.01 2.1 7

P=31Rar

Upper Trunk 2.74 2.57 2.74 2.26 2.13 2.26
Z,ower Trunk 2 .57 2.57 2.57 2.26 2.13 2.26
Head 2.86 2.86 2.86 2.45 2.32 2.45
Thigh 2.21 2.21 2,73 2,21 1 .88 2.04

p = 47 Bar

Upper Trunk 2.62 2.45 2.62 2.14 2.01 2.14
Lower Trunk 2.45 2.45 2.45 2.14 2.01 2.14
Head 2.74 2.74 2.74 2.33 2.20 2.33
Thigh 2.09 2.09 2.61 2.09 1 .76 1 .92

Note : Circumferential locations, Al throu;h A6, are shown in Fig . 4 .

2

Fig. 4 . Angular Positions Referred to in Table 3.

(4) relationships; as a practical matter, these two relationships are equivalent . The
second assumption is that the ventilatory minute volume is twenty times the oxygen
consumption rate . Given those two assumptions the rate of respiratory heat loss
depends on inspired temperature and depth as shown in Fig . 3 .
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Fig. 6. Measured Rectal and Thigh Temperatures for One Diver in the
150 msw HMS Belos Trial . Copied from Ref. 3 .

conductive/convective transfer through the chamber gas to the cold wall may also be
Heat loss from a diver owing to conduction through the survival bag and

pressure dependent . Since the thermal conductivity of helium is not strongly pressure
dependent, the rate of conduction through a stagnant gas layer does not vary greatly
with pressure . However, stationary gas exists only when there is no blower in
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Fig. S . Compaari~r4a of Measured (filled) and Computed (open) Rectal Temp-

e .-atures for the first 14 hours of the 150 msw Polar Bear III Trial

operation and the temperature decreases uniformly in the vertical direction . Forced
convection caused by blowers may be a factor in a chamber trial, but not in an actual
survival situation . On the other hand, natural convection is easily established by verti-
cal temperature gradients, and will be a factor in every survival situation. If it were not
for natural convection, the thick gas layer between the divers and the cold inner wall
of the bell would provide excellent insulation . The rate of heat transfer between a sur-
face and a fluid in which flow is driven by natural convection is proportional to the

square root Of density, and, therefore, depends on pressure .
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Fig. 9. C:omputed Rectal Temperature and Metabolic Rate for the
300 msw Polar Bear Il Trial .
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Fig. 10. Measured Inspired Gas Temperatures for Divers 1 and 2
in the Tgloo 88 Survival Trial .

It is also possible that natural convection may exist within the survival bag itself,
and, if that is an important factor, its thermal resistance could decrease with increasing
pressure . The first manikin trial conducted by Kinergetics (1) indicated that the thermal
resistance of their survival bag decreased nearly 50 percent as the depth increased from
150 to 300 msw, which, if true, would have very ser ;ous consequences . Data from the
Igloo 88 trial provide an independent evaluation -~tr that relationship . Measured
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inspired gas temperatures for Divers 1 and 2, who tested the Kinergetics survival sys-
tems in the NHC 460 msw dive, are shown in Fig . 10. These values and the measured
local chamber temperatures shown in Tables 3 wd 4 were used in the simulations .
Computed and measured rectal, chest, and ;jack temperatures arc also compared in
Tables 4 and 5, and computed and measured rectal temperatures for the two divers are
shown in Figs.ll and 12 .

Table 4. Measured and Comp ► :ted Temperatures for Diver 2 in
the Unheated Kinergetics Survival System .

Time Tchamb Tre Tre(c) Tchest Tch(c) Tback Tb7.ck(c)

1 .00 28.1 37.5 37.0 35.1 33.83 35.0 ~ .̂.72
1 .50 25.6 37.6 37.1 34.6 35.11 34.7 34.49
2.00 20.9 37.5 37.0 34.6 35.35 34.5 34.50
2.50 16.7 37.4 37.0 36.5 35.11 34.8 34.06
3.00 18.7 37.2 37.0 36.6 34.82 34.7 33.51
3.33 17.5 37.1 37.0 35.7 34.7 34.1 33.3
4.06 14.3 37.0 37.0 36.4 34.17 34.1 32.59
4.54 13.2 36.7 37.0 36.3 33.46 34.0 31 .28
5 .04 12.6 36.6 36.9 36 .0 32.89 33.7 30.05
5 .60 11.7 36.6 36.8 36.1 32.48 33.9 29.26
6.10 10.7 36.5 36.7 36.2 32.06 33.7 27.66
6.60 9.9 36.6 36.6 36.2 32.25 33.2 26.68
7 .10 9.2 36.6 36.5 35.9 32 .48 33.0 25.99
7 .61 8 . 1 36 .5 36.4 35.8 32.61 32.5 25.46
8 .11 7.6 36.6 36.2 35.9 32 . 66 32. 25.01
8 .29 7.9 36.6 36.1 35.8 3 -1 .69 32.1 24.72

Results presented in this report indicate that the avenues by which a diver isolated
on the bottom loses heat to his surroundings are reasonably well understood . That
respiratory heat loss increases with increasing depth is indisputable, although the exact
magnitude of the loss is stili somewhat uncertain . The greatest uncertaintity involves
the effect of increasing pressure on the rate of conductive/convective heat loss from
the skin. Simulations at depths of 150, 300, and 460 msw assuming only a very
moderate decrease in the thermal resistance of the survival bag with increasing depth
provide reasonable predictions of changing rectal temperature for exposures as long as
24 hours. Since the thermal conductivity of helium is not a strong function of pressure,
one would not expect the thermal resistance of the survival bag to decrease . The large
difference between resistances measured at 150 and 350 msw in the Kinergetics
chamber might have been caused by the rather powerful blower used to circulate gas

in the chamber during that test . A separate measurement of the thermal resistance of a
small segment of a bag, which will presumably be completed soon at the National
Hyperbaric Centre, should help to resolve this issue .
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Table 5. Measured and Computed Temperatures for Diver I
in the Heated Kinergetics Survival System .

Time Tchamb Tre 1 re(c) Tchest ch(c) Tback Tback(c
)

1 .00 28.1 37.4 37.0 33.1 33.83 34.4 34.7 11 .50 25.6 37.5 37.06 34.7 36.52 36.0 36.332.00 20.9 37.3 31 .21 35.9 36.75 36.1 36.552.50 16.7 37.2 3734 35.8 36.71 36. 0 36.483.00 18.7 37.1 37.34 35.8 36.44 37.5 36.013.33 17.5 37.1 37.37 35.7 36.9 37.7 37.24.06 14.3 37.1 37.45 35.9 36.99 37.6 37.304.54 13.2 37.1 37.48 35.9 36.93 37.5 37.295 .04 12.6 37.0 37.44 35.8 36.84 37.3 37.275.60 11.7 36.9 37.39 35.5 36.70 37.2 37.256.10 10.7 36.8 37 .32 34.5 36.49 37.7 37.186.60 9.9 36.8 37.35 35.0 36.22 36.3 37.137.10 9.2 36.8 37.19 35.5 36.10 36.1 37.047 .61 8.1 36.8 37.15 35.5 35.76 35.9 36.978.11 7.6 36.7 37.1 :3 35.4 35.50 35.8 36.878.61 7 .0 36.7 37 .12 35 .6 35.34 35 .7 36.819.12 7.2 36.7 37.11 35.8 34.99 35.7 36.729.62 6.2 36.6 37.08 35.7 34.68 35. 6 36.6010.12 6.0 36.5 37 .03 35.9 34.33 35.3 36.4010.62 5.5 36.5 36.98 35. 0 34.08 35.2 36.2211 .12 5.4 36.4 36.89 34.9 33.80 35 .2 36.0211 .62 4.9 36.5 36.74 34.0 33.71 36.1 35.8511 .99 4.6 36.5 36.56 34.3 33.98 36.2 3 .5 .72

The greatest difficulty encountered in simula:ng the recent 460 msw trial wasobtaining good agreement be :ween computed and ,neasurrd back temperatures . As the
values in Tables 4 and 5 indicate, excellent agreement was obtained for the heated
diver, but there is a large discrepancy for the unheated diver

; at the end of the triai, thecomputed value is only 24 .7 °C, while the measured value is 32 .1 °f`. Agreement
between computed and measured back temperatures is quite good during the first half
of the exposure, and becomes poor only during the last half of the tria] when the
model predicts that strong vaso-constriction will occur . Since Diver 2 has a fairly thicks~.►bcutaneous fat layer for which allowance was made in the simulation, cutaneous
vasoconstriction caused a sharp decrease in computed skin temperature on the lower
back. Another factor contributing to the discrepancy could have been that in the simu-
lation the diver was assumed to remain on his back throughout the aial, but he
reported after the trial that he actually spent about half the timÿ on his side .

The model predicts that 150 Watts of electrical heating should be more beneficial
than it seems to have been . One reason for assigning a low thermal resistance to the
back of the survival bag was to dissipate a significant fraction of the electrically gen-
erated heat to the environment instead of using it to heat the diver . The discrepancy
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Fig. 12. Measured (filled) and Computed (open) Rectal Temperatures
for Diver 1 in the Heated Kinergetics Survival Bag .

between measured and computed back temperatures for the unheated diver could have
been rr.Nced by increasing the thermal resistance of the survival bag on the back, but
that would also have reduced the rate of conduction of electrically generated heat
directly to the environment and increased the computed rectal temperature of the
heated di%er, which was already higher than the measure value . This is a matter that
needs further stu,iy .

M
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While these are interesting questions for an analyst, they are probably not of great
interest to a diving supervisor, who needs to know whether a given survival system
meets the mandated requirement for providing 24 hour protection . The Kinergetics and
Diving Unlimited systems have been experimentally validated for use in a tell at 150
msw, which is completely consistent with the simulation shown in Fig . S. Another
system of considerable interest is a welding habitat in 200 msw . A 14-hour siwul-A*.ion
for that case using the breathing gas temperature measured for the Kinergetics diver in
the Polar Bear III trial and a chamber temperature that decreases to 5 .4 °C in roughly3 hours yields the cooling curve shown in Fig . 13. At the end of 14 hours, the diver is
mildly hypothermic and shivering, but he is in no danger and should be able to survive
easily for another 10 hours .

200 MSW Breathing Warm Ga s

36 . 9

36 . 8
Tari : C

,36 .7--

36.6-,

36 .5--

36 .4

TIME : hours

scrubber/heater was functional in that case, and they had to breathe cold gas . It is not

~.~

~•~ ~
3 6. 3 -+- --é 0-- i - _+__

0.
~.®

0 2 4 6 8 10 12 1 4

Fig. 13. Computed Am-rial 7'ernper-ature for a Well-protected Diver at 2(X)
msw .

It cannot be emphasised too strongly that long-term survival is only possible
when the survival rystem is in good condition and is propcrly used . For example, if
the diver's breathing gas scrubber/heater does work properly, which was the case in
the Inocean accident a year ago, the situation changes markedly . Neither diver's

clear from the brief report, whether they breathed slightly wanned gas from within the
bag, or whether they breathed cold gas and exhaled into the bag . A simulation carried
out for this case assuming that they breathed cold chamber gas produced the results
shown in Fig . 14. It is clear that the diver is in serious difficulty after only 7 hours,
which was the time required for rescue in that accident . Their comments recorded
several months post-dive indicated that the first two or three hours were not too bad,
but then they began to suffer, which is consistent with the results of the simulation . It
is doubtful whether they could have survived another 17 hours .
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200 MSW Breathing Cold Gas
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Fig. 14. Computed Arterial Temperature for a Diver in a Survival Bag
Breathing Cold Gas at 200 msw .

Although no trial has lasted longer than 12 hours at a depth greater than 150
msw, one should not conclude that the survival systems are inadequate at deeper
depths . Unfortunately, it is probably not possible to establish that a marginal system is
adequate, because institutional review comrr.ittees will not permit, and diver/subjects
will not tolerate such exposures . One solution to that probleir, is to require that accept-
able systems provide 24 hour survival in relative comfort, as is true of the Kinergetics
and Diving Unlimited systems at a depth of 150 msw . While that has the advantage of
providing a reasonable margi.i of safety, it is unlikely that any currently available sys-
tem provides that kind of protection at depths greater than 300 meters . An alternative,
less stringent procedure is to measure the properties of a candidate survival system at
shallower depths, and then mathernatically simulate a deeper exposure . If the simula-
tion indicates that 24 hour survival is possible without exposing the diver to unreason-
able stress, the system could be accepted . Unreasonable stress might be defined (some-
what arbitrarily) as a central temperature below 35 °C, or shivering of sufficient inten-
sity to double the total metabolic rate .

When these criteria are applied to the Kinergetics system, it becomes marginally
acceptable at 300 msw . The computed results shown in Fig, 9 indicate that, although
the central temperiture is still above 36 °C, it is maintained at that level by a shivering
rate sufficient to double the metabolic rate . Such intense shivering could possibly be
maintained for another 10 hours, but affecting a successful through-the.-water rescue
could be very difficult after such an exposure . It should be noted that the results
shown in Fig. 9 were computed using a rather low inspired gas temperature and a uni-
form habitat temperature of 7°C . The diver would certainly fare bctter if a higher
inspired temperature and a bell cooling profile were ust~4 .

0

0

0
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When these same criteria are applied to the Igloo 88 trial, it is clear that the
unheated Kinergetics system fails . Tfierefore, the system will have to be perfected, or
some form of electrical heating will be required .

The final point that needs to be stressed is the crucial importance of adequately
heating the breathing gas at great depths. Systems currently in used can certainly be
improved. For example, it may not be necessary to supply the system with gas from
outside of the bag, which would permit one to design a much simpler system without a
regenerative heat exchanger to recover sensible heat from expired gas. It is not neces-
sary in this report to suggest a final design for a new scntf,ber/heater, suffice it to say
that that endeavour should be given immediate attention .

0

0
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PREDICTION C)F ï'I-1FRMCti«<E,GkJI,A:TC)RY RESI'C)NSE
FOR CLOTHED IMMERSION IN COLD WATE R
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ABSTRACT

A multl-cornpartrnewal thermoregulatory rnodel was applied to data of ten resting
clothed males intrnersed for 3 Is in water at 10 and 15"C. Clothing con.s'isted'nf a dry
suit and either a light or heavy undergarment, relrresenting a total in.sulatioit of 0 .15
f tI . 95) or 0 .20 m2°C/W (1 .2$ clo), respectively. Data were grouped according to low
(<14%) and high (14 to 24%) body fat individuals . Mean decreases in rectal trmpera-
tcere rcviKed frorn 0.79 to 1 .3$°C, mean decreases in the mean w e ighted skin terrtpera-
tur,~: ranged from 6 .3 to 10 .2°C, and mean increrz.ses in the metabolic rate ranged frorn
33 . 9 to 80 . 8 W. The model consists of eight segments, each representing a specific
region of the body . Each segment is comproed of compcrrtments rt presenting the core,
muscle, fia, skirt, and clothing . Each compartment is assigned t'aermoplrysiccal values
of heat conduction and ïteai capacitance, and with the exception of clothing, l,hy .siolog-
ic,ul values of blood flow and rnetcümlic heat production . h)uring cold exposure,
responses are clirected towards incre(i,sed heat production in the f srrn of shivering and
heat conservation in the form of vasoconstriction and counter-current heat exchange .
Agreement between the mc;del lrredicticrns and he experirrentral observations was
ca ;natned by adjusting the parameters governing ;hese reshonses. The,ce udj usted
parameters were 1) the dela

'
yed onset of lirnh shivering with an e,q ;uncrntirzl httlf-tiine

of .30 min, 2) the fractional value of U .S' for the heat ezchcange l,etween the core corn-
l,artrnents of the lirnlrs and the blood flowing through these cr .rn~r~faYtr;:c~retâ, .j) the frac-
ta',,7nctl contribution of trunk shive~ir~ to owrall shivering, whit-h rangedfrom 0 .17 to

and 4) the clclctyed ctnset of vcrsoconstriction with half tirnes, wlti,•h ranged from
3 to 25 rnin . Steady state was predicted to ocüur w ithin 4 is and an cznalysis of heat
halanec indicated that the limbs were responsihle for mrjst of the lx,rdy's heat loss
while acquiring most of their own hec .tt from the trunk through conduction with the
central blood .

INTRODUCTION

Mathematical models of human thet7noregula .tion are being use.ti increasingly for
prediction beyond permissible cold exposure limits . Acceptance of such models is
predicated on their predictive performance when compared to the lintited data avail-
able. Previous models that we have used (Tikuisis et al ., (1998a, 1988b)) evolved
from the original concepts of Stolwijk and Hardy (1966, 1970, 197 7 ) . Essentially, the
human body is divided into six distinct segments (see Fig . 1), the head modelled as a
sphere and the trunk, arms, hands, legs, and feet modelled as cylinders . Each segment
contains concentric annular compartments representing the core, muscle, fat, and skin .
Each compartment is assigned thermophysical values of heat conduction and heat capa-
city, and except for the clothing layers, physiological values of metabolic heat produc-

tion and blood flow. Model parameters are adjusted to obtain reasonable agreement
with data of cold water immersion, and predictions can be extrapolated to obtain
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estimates of enaruance (for example, based. on glycogen depletion as proposed by
Wissler (1985)) .

In the prese .nt study, modifications io this model for the inclusion of clothing will
be outlined. In addition to the potential for evaluating clothing protection
effectiveness, more complete information on a person's thermoregulav4'n, such as
metabolic heat prvd,iction, tissue-blood convective hcat exchange, and both transient
and steady-state temperature distributions, can be provided . The present model con-
tains two major modifications (see Fig. 2) .

METtIOD

First, the arrns and legs have been divided into two segments each representin g
upper and lower sections, and all segments contain clothing which are treated as
separate cerrrpartrnents having fixed values of thickness, thermal conduction, and heat
capacity. Second, the w-erial (shown as the hr.avy dashed line) and vc.nous (heavy
solid line) blood liows have been more realistically rr ;laresented . Blood flow originates
from the central pool located in the trunk core and provides the only means by which
heat is transferreAi anxrng the, various segments (tangential heat conduction between
adjacent segments is not considered here) . This mode of heat exchange is especially
important for the extrerrritic:; (hands and feet) during cold exposure since these seg-
nnents gcncr-ate little heat of their own . Atfitirial blcod entering the upper segment of
the lirnbs is separtitterl into two chann4ls, one that provides blood to the muscle, fat,
and skin cornpartments of that segment and the other that #iows thr.x,ugh the, core of the
segment to provi;le blocxf for tl,c cote and a path for bIcxxi continuing downstream into
the next segment . This pattem is repeated untii tlre ext.r-ernity is reached . Venous
bicxxl retizrns to the central pool throug'rt the reverse path except for the skin hko<A
which flows via superficial chanrels of the head and limb segments .

The ntt;chanism of tissue lalcoi (convective) heat exchange used here is sirriï.lar to
that of Miller and Seagrave (1974 ) . For all cotrthartnierrts except the core of the limbs,
complete thermal equilibrïurn ~~ith the bkx~sd is assurtted, 'I`ltrauf;h the core of the
limbs, a partial convective ht~.•ttt exchange is assumec:l .

R F.sUL,'l' s

Data for the present model were obtained from 3 h immersions to the neck level
in 10 and 15°C water . Clothing consisted of a polypropolene undergarment and a
neoprene dry suit. Two thicknesses of the undergarment, designated LIGHT and
REaVY, were used and the total insulative values including the dry suit were 0 .95 and
1 .28 clo, respectively (Toner et al .(1989)). Ten young healthy males were separately
immersed in the cold water during four different test conditions (2 clothing ensembles
x 2 water temperatures) . Data were co!lected on the subject's rectal temperature (Tre),
mean weighted skin temperature (Tsk) and metabolic rate (MR). These data were
grouped according to low (<14%) and high body fat (designated LBF and HBF,
respectively) .

Figure 3 shows the measured (±SE) and model-generated values (solid line) of
Tre plotted, against time for all four experimental test conditions for the LBF group .
Resuits for the HBF group are shown in Fig . 4. The decrease in Tre was generally
smaller in the HBF group compared to the LBF group. Figure 5 shows the measured
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(±SE) and mode, l-generate,.d values (solid lines) of MR and Tsk for the 1 0°C water
LIGHT clothing condition (which represents the most extreme test co,tdition) for bath
groups.

DISCUSSION

To obtain the agreement between the measured and model-generated value s
shown in these figures, four model parameters were adjusted . Two of these were fixed
under all test conditions : 1) 30 min half-time for the onset of limb shivering and 2) 0 .5
for the fraction of heat exchange between the limb core compartments and the blood
flowing through these compartments . The other two parameters were adjusted for each
test condition: 1) the fractional contribution of trunk shivering to ^verali shivering
was adjusted with values in the range from () .77 to 0 .86 and from 0.91 to 0 .95 for the
L13F and FIE3 :"` groaps, respectively, and 2) the half-time for the onset of vas,oconstric-
tion was adjusted with values in the range from 3 to 20 min and from 15 to 25 min for
the respective f;rcups .

A potentially useful prediction of the tJ7crnnuregulatcyry mcxlel are the tennpera-
tures of the cornpaxtments and their arterial bfcol as shown in Fig . 6 for the 1 .I3F
group in the 10"C water f.ICal-tT clothing condition . 'I-here is a general tendency to
lower temperatures in the limbs towards the extx-enrities . Ibis tendency is also
repeated, but to a lesser extent, by the predicted arterial blood te ►nperatures as a conse-
quence of convective Iteat exchar7t,e . For exarrzple, at 180 min the predicted ternpera-
tures of the c.ore compartments and the arterial blçod of the hands and feet are 16 .0
and 30.7°C, and 16.4 and 32 .0°C, respectively . No direct data are availstbte to test
these predictions . 13azett et at . (1948) suf;geste+1 that the temrserature of arterial nlool
entering the hands may be as low as 20°( , . The values predicted in the present study
were based on the assumption that blm)(l ► iowing through the core compstr-trrtcnts of tire
upper and lowf-r segments of the limbs exchanged one-half of the potential convective
heat available with the~.e compartments . Increasing this fraction would further lo%~er
the temperature of arterial blood entering the hands and feet .

The predicted ternperatures of the hands and feet disc;ussed here are considerably
lower than their corresponding upstieam segments . Since very little metalx)iic heat is
produced in the extremities, they rely almost entirely on ar te rial blood for their source
of heat. Convective heat available to the extrenai :ies is dependent on both the tem-
perature and flow rate of the ai-terial blood . While the predicted arterial biooti tern-
peratures are relati•rely high corripared to that of the comp,artrrzents, blood flow is very
low. According to the model prediction, blood flow to the hands and feet at steady
s tate during the cold exposure is reduced to about 1/10 of their pre-immersion values
due to vasoconstriction . Therefore, the hands and feet have little source of heat and
cool considerably more than their corresponding upstream segn~ents .

Figure 7 shows the various components of heat exchange predicted for the LBF
group in the 10°C water LIGHT clothing condition at various times . These values are
shown for the head and trunk segments, and for the sum of the upper limb segments
(upper and lower arms plus hands), indicate d by Arms, and for the sum of the lower
limb segments, indicated by Legs. Mr is the metabolic heat production, He + Er is
the sum of the convective and respiratory heat losses to the environment . BC is the
convective heat exchange with the blood ; positive values indicate that heat i s given to
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thir blood and negative values indicate that heat is removed from the blood . S is the
rate of heat stora~,e defined as MR mir us (hl,c + Er) minus BC . Negative values of S
as shown indicate a net loss of heat and zero values indicate thermal steady state .

Accordingly, thermal steady state is predicted to occur by 24() min . Although
specif;.c values vary with each experimental test condition, this figure is qualitatively
representative of both body fat groups and all test conditionsu The trunk generates
most of the body's heat while the limbs (i'krms and Legs) are responsible for most of
the body's heat loss . The heat loss by the, limbs is largely supplied by the biorxl (-ve
BC values) via the trunk (+ve BC values), The results shown here are consistent with
other observations that the limbs may lose: more heat than the trunk during cold water
immersion .
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Trurl k

Leg

Foot

Arm

Fig. 1 . Schematic of the huntan body (not drawn to scale) used in the previous ther-
moregulatory model . Each body segment is composed of four concentaic annular com-
partments, the head modelled as a sphere and the others as cylinders . Length of the
cylinders is given in centimeters . The central blocd compartment is located within the
trunk segment .
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CONTROL OF DIVERS' TH ERMAL BALANCE I N DEEP
C)PE RA I It7NAL D[%iNG

G . Knudsen, A . Hope, A. Pasche and E.H . Padbury
NUTEC, Norway.

ABSTRACT

The use of hot water suits in deeper (living may result in an abnormal situation
for the divers temperature regulatory system, where the skin surface is within comfort-
able temperature limits, while the core temperature may slowly be reduced by hreathg
ing a cool and dense ,yci .s rnivture (increased respiratory heat loss) . This situation may
not give syrrtptor:r.s of cooling (unctetective hypothermia or symptom free cooling) and
may he dangerous to the divers since even mild degrees of deep, body cooling can pro-
duce impairments of cognitive functions, In eXperiments performed during anshore
chamber dives (simulUted depths 360 and .15 0 msw) we have shcrwn that it is possible
to induce a slow and syrnpt(arn free body cooling (fall in 7're,` f) 6 -15°C) when the sut-
jects breathe a cooled gzas The slcin surface temperature was r ;:aintained at
comfortable lirnits, !fr»vever, during a charnber dive to S(ü) rns°w at NU'TF ' C,', a suchien
loss of the prehecuing of the breathing gas occurred dwing a lock out clive in c-old
water . This fast cold stinzulcation of the respiratory systern induCed a strong and
irnrnediate metabolic resporrse . These observations in,.liccate that the cooling rate of the
breathing ,4'cas is ofirnhorta3tce far whether the cooling through the respiratory systetn
might be synrpton3 ftee or not . Afcvnwbaric experiments were designed in order to inves-
tlgcate if it wczs ,ross ;~rle t<~ st;naulaie central and peripher~.ei thermal rc~ce,rtvrs inctehen-
dently at one cttrruosphere, A nutin objective was to estahlish if stirnrali from the peri-
pheral warm rec4latars would override stimuli from the cold receptc :rs in the core (cts
posnllctte r.as tin e.rplancxn,~a to the syn>fo torrt free cooling llhrnrltneron) . The e :xperiments
showed tiua it was possible to separate stimulation of the centrally and peripherally
lracatcrd receptors and to .averri<te cold stimuli of the b ody cltrre by running wc:rrn s v ater
at about 35°r" over rite skin, the studies indicate that syrrrhtvrn free cooling might be a
potential problem in ape.rutiunttl Eliving. The churacter ia•n'c .s of the thermal receptors
and the centrally located integrating unit may txl~!~tin the phcfnrwnenUn, since stimuli
from the peripheral warm receptvrs can dominate stimuli from the central core rrecep-
tars .
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MEAS U REMENT TECHNIQUE S

Session Chairman :
P. Hayes

PREFAC E

The meeting concluded with a~e~s :on on measurement techniques . Whether we
are determining the effectiveness of a suit ensemble or the physiological respunse, the
rr► ettsureme.nt of response, its accuracy and timeliness becomes important . This session
addressed varions aspects of these questions .

The first paper was presented by Dr. Sterba of N ErJU on the development of an
an-[ine, portable diver monitoring system . The following paper by T . Anthony of
ARE (Alverstoke) described a nricrocontputer- based monitoring system . The impor-
tance of on-line, real-tinte monitoring was reinforced again by the third paper
presente.d by Dr. K. Mittelman of N,%,lltl, who described thermal balance rneascrre-
n7ents its a measure of thermal status. This paper was sc ► itahlv followed by l.t .
Ducharme of 1.)CMINI who described the r:rrors that can be associated ü:rtit using heat
flow transciocers when measuring heat h,tl,.rrace .

The session t.nded with a look to ti- ►e future by Dr. SterhEt who desGritxrci the
developurrent of acc7ici water swinurl3ng !!t ► rrre that has been designed r,ntl is being put
into operation at N VID U .

Tilt Romet
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DIVER MONITORING SYSTEMS, ON-LINE AND PORTABLE
FOR THERMAL AND METABOLIC MEASUREMENTS

James R . Braun and LCdr John A. Sterba
Navy Expe rimental Diving Unit
Panama Ci ty , FL, 32407-500 1
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ABSTRAC;"I'
The Portable Diver Monitoring System (Portable DMS) allows physiological

monitoring of a free-swimming diver with data stored in a waterproQfed, solid-state
data logger (SciencelElectronics, Model 1299, Dayton, Ohio) . Special design charac-
teristics inciude reduction in thickness from 60 mm to 40 mm, circuit boards providing
10 channels for skin and core temperature, ECG channel and a pressure channel for
either depth or oxygen bottle pressure, used to measure oxygen consumption (VO-2)
with a closed circuit underwater breathing apparatus ( UBA) . Data can be stored, on
multiple runs, up to 12 hours . A lap-top computer allows casy data retrieval and
display in the field, and data storage for future statistical analysis . Using thermistors,
accurat,y of body core temperature is 1i) .06 °C and skin temperatures t0.30 °C .
Portable DMS, with thermistors and waterproofing, «ost $6 ,000 without the lap-top
computer .

The On-line DMS provides real-time monitoring of two divers for the follow ing
temperatures : 12 fingers and toes, I rectal and I esophageal body core sites, 12 body
skin temperatures, plus 12 hex flux measurements . Oxygen bottle pressure for v61
using a UBA, tube-suit temperatures and water flow for calorimetry and E Cr:; are also
monitored and recorded. Desktop computer using Lab Tech Noteliook and Lotus pro-
grams allows real-time display of tempetatures in table and graph fornuit . Data
analysis of oxygen consumption, heat flux and insul<ition, plus data storage for laier
statistical analysis is provided . Sample data recordings and engineering wiring
diagrams will be provided and discussed. A complete review of bo :". Portable and
()n-line DMS will follaw in an NEDU report .

1. INT'RODUC": CO N

A need existed for the physiol.ogical monitoring of a free-swimming diver and the
real-time monitoring of two divers in a cold water swimming flume . This provided the
opportunity to investigate the state-of-the-art in portable recording devices and off-the-
shelf computer based data acquisition, test and measuiecnent systems . Although two
different problems, the tneasurement requirements were siinilar, i .e ., temperature for
toes, hands and core, along with ECG for pulse: and pressure for metabolic detennina-
tlons.

The opinions or assertions contained in this articEe are the private views of the authors and are
not to be constnied as reflecting thr, view of the United States Department of the Navy or the
Departiment of Defense .
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2 . PORTABLE DIVER MO NITORING SYSTEM (DMS )

A survey of the market provided very little in the way of off-the-shelf monitoring
systems that satisfied the requirements for a compact, user-friendly data logger that
featured good accuracy, low cost, menu driver, data acquisition . Two systems were
used or under development by various laboratories of the Navy and Air Force . The
systems that came to light were the Solid State Physiological In-Flight Data Recorder
(SSPIDR) under development for the Naval Air Test Center by Systems Research
Laboratories, whose headquarters are located in Dayton, Ohio and the Squirrel
'Nieter/L.ogger manufactured by Grant Instruments of Cambridge, England and sup-
ported in the United States by Science/Electronics, also located in Dayton, Ohio .
Further investigation eliminated the SSPIDR because it was still under deveïopment
and we were unable to purchase one . This caused us to settle or, the Squirrel .

The Squirrel Meter/Lngger has been specia .lly configured for us by the manufac-
turer to be as compact as possible while still maintaining data collection and storage
capability and without sacrificing reliability . The overall measurement is 180 X 124 X
40 n7crt . The weight of the unit is 2 .2 lbs. Ten channels of temperature, one channel
for heart rate (ECG derived) and one channel for pressure complete the data inputted
into the Squirrel . Two of the channels are designed specifically for core temperature
measurements and cover the range of 30 to 45°C . The other eight temperature inputs
are for fingers and toes and cover the range from t) to 75°C . The pressure gauge
input, channel 11, is a 0 to 20 milliampere channel that can be used to measure water
pressure as a ;iepth gauge or oxygen bottle pressure on a closed circuit underwmer
breathing apparatus to measure oxygen consumption . Channel 12, heart rate, has a
range of 0 to 250 beats/miniite .

The:xn.►stcrr inputs, for the Squirrel Meter/Loggers purchased by NEDU are
required to be YSI Model 401 for rectal measurements and we have selcrted the YSl
44()33 for finger and toc rneasurei-rients with extra electrical insulation . The eso-
phageal core temperature is measured by a therrnistor manufactured by Mallinckrodt
Critical Care, Glen Falls, NY (model 90050 , size 9 Fr .) . YSI 400 series thermistors
are require.d to satisfy the logic design of the Squirrel which requires a thertnistor that
measures 2250 ohms at 25°C and has the same mathematical curve for the temperature
to be measured as the YSI 401 and the 44033 . We have not investigated other possible
sources of compatible thermistors, and there may be some . Lockheed plugs are sup-
plied to interface the thermistors with the Squirrel as is a special ECG cable for heart
rate measurement .

A Grant Instruments Analysis Program was purchased from Science/Electronics
for IBM P.C. Compatible Computers . The Zenith Z184 with a 3 .5" floppy and a 20
MB Hard Drive was purchased for interface with the Squirrel . It was oiziered with a
2.5 hour rechargeable battery and a Brother Model M-2109 small portable printer com-
pleted 64 data acquisition and analysis system .

The Analysis Program is menu driven which, makes it very easy to ise . The
physiological data, which has been recorded, is easily transferred into the computer
with the aid of a Science/Electr .mics supplied interface cable . In addition to the phy-
siological data, time and the day and month will also be transferred to the computer
and will appear on printouts of data when it is recovered at a later time . The unit has
a capacity of 12 hours of recording with a start/stop for multiple dives . Multiple dive s
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can later be averaged and the data ireated statistically .

W aterproofing is currently unc'{er investigation, but it is anticipated that it will not
becoyne an overwhelming task. At the present time, NEDU plans to modify a Water
Saf: waterproof bag marketed under the trade name "EWA" by Pioneer & Co ., West-
rront, NJ. Several schemes are bPing considered but none have been attempted at this
date .

3 . ON-LINE DIVER MONITORING SYSTEM (DMS)

To support the cold water studies being conducted in the NEDU Swimming
Flume it was requested that a system be developed to meas :ire and record critical tern-
perature information from two swimming divers sirriu?t .aneously . The following data
are being recorded for each diver

12 Heat Flux Site s
I2 Skin Temperatures
1 ECG

3 Finger temperatures from left hand
3 Finger temperatures from right hand
2 Toe temperaturrs from left foo t
2 Toe temperatures from right foot
l Esophogeal core temperature
I Rectal core temperatur c
I Hot Water temperature into sui t
l Hot Water temperature out of sui t

We decided to record the data in a fashion whereby the analysis could be done
automatically, thereby reducing the many hours of manual measurement and data
reduction. A computer based systesn was selected because of the tremenctous arr ;ount
of data to be recorded and the availability of proven programs to collect, store, display
and present data in whatever format the investigator wishes to present .

The system is built around a Zenith f248 computer that is IBM compatible and
has a 40 MB Hard Disc Drive . Off-the-shelf Labtech Notebook DAS Software was
selected (MetraByte Corporation, Tauton, NIA, telephone (508)880-0179) because it
provides an easy to use menu driven system for production data acquisition . it can
monitor up to 1000 channels with real-tirne display of up to 50 signals in up to 15
separate windows on the screen . Input signals can be plotted against time, against
each other and displayed as line graphs, bar graphs or digital "meters" .

Inputting the temperature to the computer is accomplished by using a DAS 16
Analog to Digital Converter (MetraByte Corp) . The DAS 1 6 board is a full, length
board inswlled in the expansion slot inside the computer and turns the computer into a
high speed, high precision data acquisition and signal analysis system .

Thermistor outputs for the toes, fingers, water and core temperatures are inputted
to the A/D Converter by way of EXP-RES Resistance Measurement Accessory Boards
(MetraByte Corp .) cascaded to provide sufficient channels for two divers . Heat flux
measurements are inputted to the A/D Converter by way of EXPA6 Expansion Sub-
Multiplexers (MetraByte Corp.). These were cascaded to provide the necessary
number of chinnels .
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Suit penetraters, umbilical cables, heat flux discs are being provided by Hamburg
Associates, Inc . (Jupiter, FL). The heat flux discs are a product of Concept Engineer-
ing, Old Saybrook, CT, part no . FR-050-TH44018 .

At the present time the system has been assembled as a laboratory prototype and
is being installed into the Medical Control Room above the Swimming Flume . It is
expected that the entire system will be on-line for diver monitoring by mid-February .
A NEDU report will follow on both the portable and on-line diver monitoring systems .

•
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PORTABLE CJIVER MONITORING SYSTEtd (P-OMS)
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DEVELOPMENT OF A MICROCOMPUTER-BASED
DIVER THERMAL MONITORING SYSTE M

T. G . Anthony
Environmental Science Division, ARE Alverstoke

Fort Road Alverstoke, Gosport Hampshire P012 2D U

!

ABSTRACT

Thermal monitoring of divers has traditionally been ur.dertaken using thermist,)rs
coupled to Wheatstone bridge monitoring circuits . This can result in some significnnt
errors . The use of a microcomputer system instead of a Wheatstone bridge circuit to
exploit the relationship between the temperature and the resistance of a thermistor was
investigated . Several techniques were considered and a microcomputer-based system
developed. The system simplified the process and allowed the relationship between tem-
perature and resistance for YSI 400 thermistors to be expressed to an accuracy of 0 .01
°K. The system can be applied to aty thermistor, and may enable lower cost non-
interchangeable thermistors to be used without long, involved calibrations procedures
or a reduction in accuracy .

INTRODUCTIO N

1 . There is a need to monitor the. thermal staçus of' divers in both an operational
role and during diving research . Therrnistors are readily available in a wide range of
physical configurations and performance characteristics . The ease of use of thermistors
in an underwater and high arnbient pressure environ ►rtent has made them ideal for
diver thermal monitoring and they are probably the most commonly used temperature
sensors for this purpose .

2 . Thetenistors are semiconductors where the resistance of the semiconductor
decreases with increasing temp~eratttre ; this is the converse of metallic conductors
where the resistance increases with increasing temperature . The relationship between
the temperature and resistance of the thermistor varies between thernùstor types and
within the same type of thermistor. However, thermistors are available commercially
with matching temperature-to-resistartce characteristics and a specified tolerance for
interchangeability . Often the smaller the interchangeability tolerance the more expen-
sive the thermistors .

3. The relationship between the temperature of a thermist or and its resistance is
alinear; this is shown in the stated resistance/ttmperature data for the YSI 400 (Yellow
Springs trtstrument) series thetmistors (Reference 1), Table 1, Graph 1 . "SI 4()() series
thermistors are commonly used for thermal monitoring of divers and they will be used
for examples throughout this text.

4 . For practical thermal monitoring the resistance of the thermistor has to be meas-
ured by such means that the temperature can be determined . Many methods have been
devised for this although traditionally Wheatstone bridge and amplifier ci rc uits have
been used. These are relatively easy to construct and they give a voltage output which



is approximately proportional to the temperature .

5 . The bridge Circuit shown in Figure 1, designed for YSI 400 thermistors, was
used in some early thermal monitoring studies at ARE . The output from the circuit
over the temperature range of 0 to 50 O C was unsuitable for accurate monitoring with a
deviation from the stated temperature as shown in Graph 2 . It was considered that the
temperature range of 0 to 50 °C was the most suited to diver monitoring . Alternative
bridge and amplifier circuits may be produced which increase the linearity of the out-
put .

6 . With the increasing use of micmcomputers for data acquisition and processing it
was considered that a more versatile and accurate technique could be developeci using
these systems .

RESISTANCE/TENfPERATLI2E RELATIOtiSI-1I P
7 . A microcomputer system would allow the relationship between the resistance
and tpmperatu.re of a thermistor to be incorporated in software as opposed to the con-
ventional electronic circuits mentioned above. A general algorithm for the
resistance/temperature relationship of thermistors had to be piaduced .
8 . The resistance/temperature relationship for thermistors approximates to :

Ln RaT

R = resistance (ohms )
T = temperature (Kelvin)

This relationship can b e explc7iteci in several ways, as shown beiow .

Linear regression

9 . The relationship can be expressed in the forrn :

Ln R = -T + C (1 )

p and C = constant s
10. A least-squa.res linear regression analysis of the rr.sistance and temperature
values for the YSI 400 thermistors was undertaken (Graph 3) . The slope (Graph 3) is
conside red to be the 'material constant' for the therngistors which defines the sensi-
tivity of the resistance with temperature . This equation was applied to the YSI 400
data, resulting in a deviation from the stated temperature as shown in Graph 4 .
11 . It can be seen from Graph 4 that the linear regression is able to derive the tenm-perature from the resistance to an accuracy of 0.2 °C at the limits of the range, andwith greater accuracy at other points. This may not be sufficiently accurate for some

applications such as monitoring of core temperature .

12. The technique requires also many data points to undertake the regression
analys is. A large number of resistance/temperature points are not always readily avail-
able for all thermistors, and having to employ a large number of data points does not
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simplify the analysis technique .

Beta theory

13. A more practical method of employing equation (1) was to combine it with a
second identical equation at a defined reference temperature and resistance :

Ln Rref = -L .}
. L (2)Tre f

Trç! = mference temperature (typically 25 °C)

R.ref = resistance at Trr f
14. Subtracting equation (2) from equation (1) eliminated the constant C and, after
rearrangement, gave:

R= e [.~ ~ l

J (3 )

15. This is known as the Beta formula which is commonly presented by thermistor
manufacturers and distributors as the equation for the thermistor material and its asso-
ciated resistance to temperature relationship . The equation can be rearranged to express
~i (material constant) in terms of the temperature and resistance values :

c-Tref a R

(Tref `- T) Ln Rref (4)

16. This enables 0 (material constant) to be determined from any 2 known tempera-
ture and resistance values . The Beta formula can also be rearranged to resolve the tem-
perature, T :

T=
(5)

17. Appiying the material constant 0 , together with the known reference temperature
and resistance to equation (5), the temperature at any otr,r.r thermistor resistance can be
interpolated. With a reference temperature of 25 °C and a second known temperature
of 20 °C the rnatet-ial constant for the YSI -VO thermistors was found to have a value
of 3893 . This was then applied to the YSI ;0(i resistance data and the full range of
temperatures cviculated. These calculated tempe :atures deviated from the stated tem-
perature shown in Graph 5 .

18 . The shape of the Beta formula deviation curve (Graph 5) is similar to the curve
obtained by linear regression (Graph 4) . The practical advantage of using the Beta for-
muia is that the algorithm may be determined from only 2 known temperature and
resistance values . Unfortunately, as shown in Graph 5, the algorithm is only accurate
for small temperature ranges of the order of 15 QC. The range at which the algorithm
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is accurate can be determined by the reference temperatures used . Several algorithms
could cover the full range of temperatures required but would be awkward in use and
may nr, give a satisfactory accuracy over the full range .

Steinhart-Hart equation

19. Many algorithms are derived empirically from polynomial regression of a data
curve. Considering the fundan.ental relationship between the resistance and tempera-
ture of a thermistor, a polynomial of the following form could provide an empirical
solution :

1
T- AO + AI(Ln R) + A2(Ln R)2 + A3(Ln R)3 + . . . . . . . . . . . AN(I.n R)N

20. A literature review showed that in 19 6$ Steinhart and Hart ( Reference 2) investi-
gated thermistor calibrations for the oceanographic temperature range -2 to +,0 "C and
suggested the use of the following equation :

+~)~CLnR3 (6 )

T = temperature (Kelvin)
R = resistance (ohms )

A, B and C are constants
21 . This equation is of the form outlined above . They reported that the equation
would represent the relat .ionship between temperature and resistance to an accuracy of
() .01 °C . If the (Ln R)2 term is incïucied tnen grrater accuracy may i, c Obtained .
22. In order to use the equation the constants A, B and C need to be detertrlined .
This requires 3 known values of temperature and resist .tnce, and the solution of the
resulting 3 simultaneous equations . A computer program using the equation in the
f otTTt :

T =- I
-- 2'73.15 (7)

T :- temperature (Celsius)

A+F3(Ln R)+C(Ln R)3

was developed to calculate the constants from the solved equations (Annex) . The con-
stants determined for the YSI 400 thermistors were :

A = 1.46964928 E-3
B = 2 .37 894083 E-4
C = 1 .03871858 E-7

23. The Steinhart-Hart equation was applied to the YSI 400 thetmistor data using the
constants shown above. All the interpolated temper-atures were within 0 ,01 °C of thestated temperature . The deviation of the interpolated temperatures from the stated tem-
perature is shown in Graph 6 .

24. The Steinhart-Hart equation is a comparatively simple algorithm which can b e
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determined from only 3 resistance and temperature values; these values may be sup-
plied by the manufacturer or determined experimentally . Although the algorithm has
only been demonstrated using the YSI 400 thertnistor, Steinhart and Hart (Reference 2)
showed that it can be applied to any thermistor.

25. A comparison of the performance of the techniques described for repr+esenting
the relationship between the resistance and temperature of a YSI 400 thermistor is
shown in Table 2 . The Steinhart-Hart equation was the only method to accurately
describe the relationship over the range of the temperature 0-50 °C. This algorithm
was incorporated in the software for the development of the microcomputer thermal
monitoring system .

O

w

O

O

THE HARDWARE SYSTE M

26. Having identified a suitable algorithm for expressing the relationship between the
temperature and resistance, it had to be incorporated into hardware to produce a practi-
ca.l thermal monitoring system . Most microcomputer systems are able to acquire and
record data using analogue to digital (A/D) converters ; these accept a voltage from a
sensor system and convert it into a digital code for use by the comput .-r .

27 . ; herrnistors respond to temperature changes with a change in resistance ; in order
to determine the temperatt,c° the r+csistartce needs to be monitored . Considering ohms
law (represented as equation (8)) :

V = lek (8)

Y voltage (volts )
I = current (amps )
R = resistance (ohms)

it a!~nO,,:;; constant current (1) is supp lied to a therrz 'listor then the voltage ac ross the
thermistor will be directly proportional to its resistance . The voltage across the
thermistor can thev be monitored by a microcornputer with an associated A/D con-
verter; this is equivalent ro direc!ly monitoring the resistance .

28 . Unfortunately, when a current is applied to a thermistor it may heat up. Each
type of thermistor has a power limit before it will undergo self-heati n g . When the
self-heat power limit is exceeded the thermal dissipation constant indicates the arnount
of self-heating that will occur . For a thermistor to be used at its most acct ksate the
current supplied must be less than the limit for self-heating .

29. For the YSI 400 thetmistors the power before self-heat is 0.1 mW with a dissi-
pation constant ( in still air of 6 mW/°C, i .e ., for each 6 mW supplied the thermistor
will self-heat by t°C. Using the Power Law (represented as equation (9)) the max-
imum current before self-heat can be determined :

P= .129R (9)

P = power (watts)

30. At a resistance of 7356 ohms, equivalent to 0°C with the YSI 400 thermistor
(worst case for self-heating in the range 0-50 °C), the maximum current before self-



heat was calculated to he 0-12 mA. Constant current sources of 0 .1 mA were con-
structed;, the curren: was within the self-heat limit and from ohms law gave a voltage
of 1 .0 mV for each 10 ohms resistance . In a diving situation the thermistor is likely to
be immersed either in water or in gas with a density greater than air at I bar; these
conditions would reduce the dissipation constant, i .e ., increase the heat transfer away
from the thermistor, decreasing a...-t,; potential error from this effect .

31 . ih .-, constant current suppites were conner;te.d ,., the tnerntistors and to a BBC
r:ii,.~rrycomputer via a 0-1 V ifr bit AID converter ; the 1 6 bit A1D converter gave a
resolution equivalent to 0.3 ohm. The software used on the BBC microcomputer was
programmed with the Steinhart-Hart algorithm to convert the acquired voltage
(equivalent to resistance) to temperaturt . The complete monitoring system is shown
diagrammatically in Figure 2 .

32. The main Sources of error with the system are the interchangeability of the YSI
JO() thermistors and the line resistances . YSI 400 therrcustors are only interchangeable
to within 0., 'C (Reference 1). Accordingly, although the system as de .scnbed has the
potential for accuracies in the order of 0 .01 °C, it is only as accurate as the accuracy
with which the resistance-to-temperature relationship is known : this is knoNkn as the
interchangeability tolerance of the thermistors . Additional line resistances also have to
be cunsidered; at 5 3 a line re ;;istance of 3 ohms eyuates to a temperature error of 0. 1
°C. Line resistances are a source of error for all thermistor monitoring systems .

33. T`he system has been demonstrated here using YSI .l(X) thermistors ; with
different constant current supplies and the correct constants for the Steinhart-ltart
eyuation it has been shoun to work w ith a range of :hennistors .

€'t'KTIIF:R C)EVT~'l .t)PtitEtiTS

Increasing accuracy and versatilit y

34. The major source of error in the system described is the interchangeability of the
thermisto•'s . Ttiermistors with small interrhangeaï7ility tolerances can be extremely
expensive ; the system could be configured to use non- interchangeable thermistors .

35. The Steinhart-Han equation will accurately represent the relationship between
resistance and temperature for any thermistor . If the constants for the given thermistor
are known then the therrrzistor could be used to the accur-acy of the Steinhart•Hart
equation (0 .01 °C or gxrater) . With the computer programme at the Anne r , then pro-
viding 3 values of resistance and temperature are accurately known, the constants can
readily be determined. The values could be either provided by the manufacturer or
determined by the monitoring system u sing conventional calibration procedures . If the
microcotnputer monito ring syste:r; is used it would be able to generate the constants
and feed them directly into the monito ring software .. In addition, all line resistance
errors would be overruled by being included as part of the individual thermistor's
response.

36. Using the monitoring system in this way would sllow ;ow-cost therrnis ►ors to be
used to an accuracy of 0 .01 °C or better.
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Dedicated rtkroprocessor

37 . A further development being considered is to replace the microcomputer with a
dedicated microprocessor and preprogrammed ROM (read only memory) . The ROM
would be programmed with the algorithm and Steinhart-Hart constants . The computed
temperature could then be output through a digital to analogue (D/A) converter for
display or recording . This would allow the system to be physically reduced in size and
used with conventional data recording and presentation equipment .

SUMMARY

38. The Steinhart-Hart equation has been shown to be the most suitable algorithm to
represent the relationship between the resistance and temperature of a thermistor .
From 3 known resistance and temperature values the constants for the equation can be
determined and the temperatures interpo lated to an accuracy of 0 .01 °O .

39. Using a constant current supply, with the power less than the self-heat limit of
the thermistor, the voltage across the thermistor, and hence its resistance, may be mon-
itoted by a microcomputer data acquisition system. The temperature may then be rorn-
puteû using the Steinhart-Hart equation, the accuracy of the temperature being depen-
dent only on the accuracy to which the resistance-to•ternperature characteristics of the
thermistor are known .

40. A nnethod by which the monitoring systern could be used to identify the
rc.sista.nc.e•tu-ten-iperature relationship of a given thermistor and associated leads has
been presented . This would allow line ern)rs to be eliininated and the use of low-cost
non-interchangeable thennüstors to an accuracy of' O.01 "C .

Etk;F1! :RF.NC.Ititi

1 . Instruction., for YSC Series 4W terxtpcrtrturc probes, Scientihc Division, Yellow
Springs Instrument Co Inc, Yellow Springs, Ohio 4 53$7 .

2. Stcinh.ut J S and Hart S R . Calibration curves for thermisto-s . Deep Sea
Research, 1968, 15, 497-503 .
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ANNEX

COMPUTER PROGRAM TO DERIVE CONSTANTS FOR
STEIN HART•HART EQUATION.

10 REM C alculates Constants A, 8, & C for a given (hermisanr,
20 REM Program writtcn by Gavin Anthony - Apnl 1988
30 REM
40 INPUT' "THERMiSTOR TYPES" T$
50 INPUT' "TEMPERATURE 1, RESISTANNC.E 1-" T1,Rï
60 fiYF'[J'T' " TEMPEltA'IURE 2, RESISTANCE 2 - "T'2 .ft2
70 INPUT' " TEMPRRATUR.E 3, RESISTANCE 3 - " 11 .R3
80 REM
90 R1-LN(R1)
100 R2=LN(R2)
110 R3-LN(R3)
120 REM
130 T1-T1+273 .15
140 T2=T2+273 .I1
! .50 T3nT3+273.15
10(,) RE M
170 F1-1//(Tl*(R1-R3))
180 F:,- 1/(T3"(R 1-R3))
190 F'3-1/(1'1*(R1•R2))
2(f) F-'d :s 1/(1`2*(R 1 •R2) 1
210 FS -(R1"3-R3"3)/(R1-E{3)
220 r`*f -; ( R 1'3-R2"3)/(14 t •R2)
230 RE M
240 f'-0`1~E~2 1?)+1~'4)~(1/(i'S E=~,))
250 RI :M
2(r1) FI 1a1/("l'!*(R1"1E?3'3))
270 F12,a1/(1 J*(1t l'3-R3"3))
2 8() 1. 1 3- I/("l'I *(R 1'3 •R2' 1))
290 F14m1/(I"1*(R1°3-R2`3))
3U0 FI5=(R1-R :3)/(1Y.1'3-R3`3)
310 FI6=(R.I -R2)/(R 1"3-C?2'3)
320 RE M
330 B - (FI 1-C -'l2-F13° R14)* 1/(F15-r~ 16)
340 REM
350 A1 = l/'i`1-B*RI-C*R1'3
3 60 A.2,+1/1`2-8wR2,•C*Ft2'3
370 A3- 1/F"3-8*R3 -CMR3"3
380 REM
390 A•(A1+A2+A3)/3
400 kE M
410 PRINT' "THF.liMiSTC) R ` ";T$
420 PRINT' "A A
430 PRi1VT~. ' "B •~ " ; R
440 ~~7{.iJ! l ML C
450 END
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Table 1

Resistance-t0-temperature characteristics for YSI 400 thermistor s

Resistancc
_(ohms)

YSI stated tempexature
Celsius

7356.0 0. 0
6991 .0 1 . 0
6646 .0 2 . 0
6320 .0 3 . 0
6012 .0 4 .0
5721 .0 5 .0
5446 .0 6.0
5185 .0 7 . 0
4939 .0 8 . 0
4705,0 9 . 0
4ai34 .0 10 .0
4275 .0 11 .0
4076.0 12 . 0
3888 .0 13 . 0
3710 .0 14 . 0
3540 .0 15 . 0
3380 .0 16 . 0
3227 .0 17 .0
3083 .0 18 .0
2945 .0 19 .0
2515 .0 ry. i . 0
2691 .t) 1 . 0
2573 .0 22 . 0
2461 .0 23 .0
2354 .0 24,0
2253,0 25 . 0
2157 .() 26 . 0
2065 .0 27 . 0
1978,0 28, 0
1894 .0 29 . 0
1$ 1 5 .0 30 .0ti_ .._. . -

Resistance
ohms

YSI stated temperature
~~Çelsiu s )

1740.0 31 . 0
1668 .0 32 . 0
1599 .0 33 . 0
1534 .0 34, 0
1472 .0 35 .0
1412 .0 36 .0
1355 .0 37. 0
1301 .o 38 . 0
1249 .0 39 . 0
1200 .0 40 . 0
1153 .0 41 . 0
1108 .0 42. 0
1005 .0 43. 0
1023 .0 44 . 0
984 .1 45 . 0
94fi .5 46 . 0
910 .4 4'1, 0
876 .0 48 .( 1
&13 .0 49 .0
811 .5 50 .( )
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Table 2
Comparison of techniques for representing the
resistance/temperature of YSI 400 thermistors

Y51400 Whcatslone Gineat Beta Steinhart-Hartstated Bridge regr+cssion formula cquationTemperature
(Celsius) T D T D T D T D

0.00 0.61 0 .61 0.15 0.15 0,23 0 .23 0.00 0.001 .00 1 .44 0.44 1 .13 0 .13 1 .21 0.21 1 .00 0 .002 .00 2 .30 0.30 2 .12 0.12 2 .19 0.19 2 .00 0 003 .00 3 .16 0.16 3 .10 0.10 3 .17 0,17 3 .00
.

0 .004 .00 4.05 0 .05 4 .08 0.08 4 .16 0 .16 4,00 0,00
5 .00 4 .95 -4.05 5 .06 0 .06 5,14 0 .14 5 .00 0 .006.00 5 .87 -0 .13 6 .05 0.05 6 .12 0 .12 6.00 0.007 .00 6 .80 -0 .20 7 .03 0 .03 7.11 0.11 7 .00 0.008 .00 7 .73 -0 .27 8 .02 0,02 8 .09 0.09 8 .00 0 .009 .00 8 .70 -0 .30 9 .01

-
_0.01 9 .08 0 .08 9 .00 0 .00

10 .(X) 9 .c5~5 •0.34 9 .99 -0 .01
_

10 .07 0 .0'ï 10 .00 0 .0011 .00 10 .64 -0 .36 10 .98 -0 .02 11 .06 0 .06 11 .(X) 0 00
12.00 11 .64 -0 .36 11 .97 -0 .03 12 .05 0 .05 12 .00

.
0.(7013 .00 12 .63 -0 .37 12 .96 -0 .04 1104 0.04 13 .00 0 0014 .00 13 .63 -0 . 37 13 . 95 -0 .05 14 .03 0 .03 14 .0 ) 0(>0

15 .00 14 .6 6 -0.34 14 .95 -0 .05 15 .03 0 .03 15 .(0 0 0016 .0U 15 .68 .0 .32 15 .94 0 .06 16 .02 (1 .(72 16 .(X)
.

0 0017 .O0 16.70 -0 .30 16 .93 -0 .07 1702 0.02 17 .00
.

0 00184X) 17 .73 -0 .27 17 .92 -0 .08 18 .01 001 18 .(X)
.

0.0019 . 00 1 8 .77 -{) .2 :1 1 8 .92 -0 .08 1 9 01 0 01 19 (10 0 ('X)
20 .(x) 1 ~7 .80 -0. tO 1~) .92 -O .08

.

20.00
, _

0 .(X)-
.

20»
.

0XX)21 .(x) 20 .83 .0 .17 2() .91 -0 .09 21,00 0 .()0 21 .()0 0 0022 .0() 21 .87 A) .13 21 .91 -0.()9 22 .00 0.()0 22 .00
.

0 0023.0) 22,91 -0 .09 22 .91 -0.09 23 .00 0.00 23 .00
.
00024 .()0 23 .95 _0.05 2 3 .92 -0 .08 24 .00 0,00 2 4 .()1

.
0 .0 1

25 .00 24 .97 -0 .03 24,91 .0 .09 25 .00 0.00 25 .00 0 0026,00 25 .99 -0 .01 25 .91 -0 .09 26 .00 0.00 26.00
.

0.0017.00 27 .01 0.01 26.91 -0.09 27 .00 0.00 27.00 0 .0028 .00 28 .01 0.01 27 .91 -0.09 28 .00 0.00 28 .00 0 0029 .00 29 .02 0.02 28 .93 -0.07 29.02 0 .02 29 .01
,

0 .0 1
30.00 30,02 0 .02 29 .93 -0 .07 30.02 0.02 30.00 0 0031 .00 31 .00 0.00 30.93 -0.07 31 .02 0.02 31 .00

.
0 0032.00 31 .98 -0.02 31 .93 -0.07 3103 0.03 32 .00

.
0 0033 .00 32 .95 -0.05 32 .95 -0 .03 33 .04 0 .04 33 .00

.
0 0034.00 33 .91 -0.09 33 .95 -0.05 34 .04 0.04 34 .00

.
0 .00

T m monitorcd tempereture (Celsïirt )

D s deviation from stated temperature (Celsius)

0

0

0

0

0
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Table 2 (cont'd )

YSI 400
stated

T

Wheatstone
Bridge

Li n ear
regression

Beta
formula

Steinhart-Han
equation

emperature
(Celsius) T D T D T D T D

35 .00 34 .85 -0.15 34 .95 -0 .05 35 .05 0 .05 34.99 -0 .0 1
36 .00 35 .79 -0 .21 35 .97 -0 .03 36.07 0 .07 36.00 0 .0 0
37 .00 36 .71 -0 .29 36 .99 -0 .01 37 .08 0 .08 37 .01 0 .0 1
38 .00 37 .62 -0 .38 37 .99 -0 .01 38 .09 0 .09 38.00 0.0 0
39 .00 38,52 -0 .48 39 .01 0.01 39 .11 0 .11 39 .01 0.0 1

40 .00 39 .39 -0 .61 40.02 0.02 40.11 0 .11 40 .00 0 .0 0
41 .00 40.26 -0 .74 41,03 0.03 41 .12 0.12 41 .00 0 .00
42 .00 41 .11 -0 .89 42.(4 0.04 42 .14 0.14 41 .99 -0 .0 1
43 .00 41 .94 -1 .06 43.05 0.05 43 .15 0.15 42 .99 -0 .0 1
44 .00 42 .78 -1,22 44.09 0 .09 44 .19 0.19 44 .01 0,0 1

45 .00 43 .56 -1 .44 45 .09 0 .09 45 .19 0.19 45 .00 0,0 0
46.00 44 .35 -1 .65 46.11 0 .11 46 .21 0 .21 46 .00 0 .00
47.00 45 .12 -1 .88 47 .13 0 .13 47 .23 0.23 47 .00 0.00
48.00 45,88 -2 .12 48.15 0 .15 48 .25 0.25 49 .00 0 .00
49 .(() 46,62 -2,38 49,17 0 .17 49 .27 0.27 49 .01 0 .3 ,

50 .00 47,35 -2 .65 50.19 0 .19 50 .29 0 .29 50 .00 0 .0 0

0 'l' = monitc,reti t:cmpcrature (Celsius )

0

) = cleviati on from st.atcd temperature (Celsius)

Copyright
Controller HMSO London
1989

0
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ON-LINE THERMAI . BALANCE MEASUREMENTS TO DOCUMENT
THERMAL STATUS DURING COLD WATER EXPOSURE S

Karen D . Mittleman and Thomas J. Doubt
Diving Medicine Deprartmen t

Naval Medical Research Institute, Bethesda, MD 208145055

ABSTRACT
A common method to document thermal stress is to expo , e subjects to a cold

environment until their core temperature has dropped by a fixed amount. Heat flux
measurements are often processed off-line and reveal variable amounts of heat lost by
each subject for the same drop in core temperature or for the same time of exposure .
This presentation discusses a method for on-line measurements of heat production and
heat loss that provides near real-time asse,ssment of thermal balance . Seven calibratedheat flux sensors are placed on the subject's body to obtain weighted regional meas-
ures of heat flux and skin temperature . The regional heat flux voltages are suitably
amplified, input to a computer, and converted to heat fluxes. Total body heat loss isestimated from the sum of the regional fluxes . Oxygen consumption is measured usi ag
an automated metabolic measurement cart, with values entered manually into the com-
puter to calculate metabolic heat production . Net thermal balance is the difference
between heat 1 roduction and heat loss . Heat fluxes, heat production, and thermal bal-
ance are stored in a data file and di.rpl,ryed on the computer monitor . The system ini-tially used a multiplexer to sequentially sample the 7 heat flux sites for 5 sec each inorder to compute a mean value for each Are. Thermal balance was thus assessed innear real-time, with values computed every 2 min .

A study was conduc ted using this system to mecrsure the thermal balance in 17
subjects during immersion in 25°O water. Subjects remained initially a t rest until theyhad lost a net of 200 KJ of heat ( thermal balance _= 200KJ), whic h required 19 .9±2 .Imin . They then performed 15 .2 10 .9 min of leg exercise at 50 W(aver,zRe o.iygen
consumption of 1 .4 - 1 .5 1/min) until net thermal balance returned to zero . The subse-quent rest period lasted 24 .9 131 min until net balance declined to a 100 KJ, with
7.810.5 min of exercise at 50 W required to restore this loss . Overall, there were no
significant changes in rectal temperature in spite of the large changes in thermal bal-
ance. The results of this study using an on-line system to compute thermal balance
indicate that large amounts of heat can be lost, mainly from the periphery, withoutaltering core temperature. The use of near real-time measurements of thermal balance
offers a research tool that permits net heat loss oi gain to be the independent variable.

INTRODUCTION

Cold water immersion imposes a challenge to the body's homeostatic mechan-
isms. In an attempt to maintain thermal balance, vasoconstriction and metabolic heat
production (shivering thermogenesis) will be enhanced . If hcat loss exceeds heat pro-
duction, ultimately core temperature will be reduced to hypothermic levels .

Based on the physiological and performance effects of cold exposure, thermal
limits for protective equipment have been recommended for the diving community
(Webb et al ., 1976) . These include a maximum net body heat loss of 837 kJ (200 kcal)
and a minimum core temperature of 3 6 °C, occurring concurrenLly . A common method
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to document thermal stress is to expose subjects to a cold environment until their core
temperature has dropped by a fixed amount then relate this decrease to heat loss and
heat production measurements during post-experiment analysis . However, studies have
shown that there is a poor correlation between the fall in core temperature and the net
heat lost from the body (Hayes, 1 985) .

In the present study a method for on-line measurements of heat production and
heat loss, to provide near real-time assessment of thermal balance, was used in con-
junction with the measurement of rectal temperature to study thermal stress of divers
during head •out immersion in 25 °C water.

METHODS

Subjects: Seventeen males (age = 31 .3 ± 4.8 yrs ., AD 72 1 .96 ± 0.11 m2, %body fat =
17.7 ± 4.2) volunteered to participate having given their informed consent .
Measutements : Seven calibrated heat flux transducers (Thetmonetics Corp.) were
placed on the subject to obtain weighted regional values of heat flux. Placement of
sensors and weighting factors were those described by Hardy and Dubois (1938) . The
7 sites included fcrehead, abdomen, thigh, calf, foot, forearm and hand . A multiplexer
was used to sequentially sample heat flux, with the average voltage recorded over 5
sec at each site prividing a single input to an amplifier, with a corresponding output to
the oomputer . A ►narker voltage was applied to the 8th channel of the multiplexer in
order to dc;!±mir the 7 heat flux voltages in the computer buffer . This method of multi-
plexing required about 80 sec of mal time . Therr,fore, the onset of heat flux sampling
wa^ begun every 2 min to coincide with onset of oxygen consumption measurements .C,;ygen consumption and respiratory exchange ratio were measured each minute using
in automated metabolic measurement can . The minute value which corresponded to
he period of sampling of heat flux voltages (i .e ., every other minute) was entered
manually into the computer for conversion to heat production . Total body heat loss
was calculated from the sur*t of the 7 weighted heat flux measurements . Net thermal
balance was calculated from the difference between heat production and heat loss .
Regional and total heat flux, heat production, net thermal balance and cumulative ther-
mal balance were stored in a data file and displayed on the computer monitor. Rectal
temperature (Tn) was measured with a YSI 400 thermistor inserted 15 cm beyond the
anal sphincter, and recorded rn;.nually every 5 minutes throughout the immersion .
Protocol: Subjects refrained from alcohol and caffeine consumption for 24 hours prior
to their trial and consumed a light breakfast about 3 hours before immersion . Approxi-mately 60-90 min prior to the immersion subjects consumed a volume of deionized
water equal to 0 .5R, o~ body weight to ensure adequate hydration . After instrumenta-
tion was completed, subjects donned a lightweight running suit (8 096 nylon, 20%
lycra) used to ensure the transducers remained attached to the .vbject during the
immersion. The insuladve value of the garment was minimal as determined from cali-
bration of transducers with and without the material (average difference - 2.5%) using
a Rapid-K thermal conductivity instrument (Dynatech) . Following 10 min of resting
data collection in room air (23 .3 t 2. 5"(,), subjects were assisted into the immersion
tank and sat in a semi-recumbent position on an electrically-braked cycle ergometer
(W.E. Collins, Inc .) modified for underwater exercise . The subject was immersed to
the neck and water was continuously stirred and maintained at 2 . .1 ± 0.1 °C.
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Immersion data collection was initiated one minute after the subject entered the water
to allow time for stable positioning as well as to minimize the transient effects associ-
ated with onset of immersion into cold water . Subjects remained at rc;.t until their
cumulative net heat loss reached -3 200 kJ . Leg exercise at 50 W was then performed
until net thermal balance returned to zero (gained r 200 kI) . The subjects rested a
second period until net ther*nai. balance declined ai 100 k.l, followed by a second 5 0 W
exercise period until this cumulative heat loss was replaced .

9

0

0

•

RESULTS

Resting Phase I-- Duriag the initial resting phase cumulative net thermal balance
reached -206 .12 ± 2.17 kJ (Mean ± S .1; .) in 1 9 . 9 ± 2 .1 minutes . The average rate of
heat production (8 .02 ± 0.55 k.i min-1) was less than the average rate of heat loss
(16 .71 ± 0.84 kJ mn-t) . The change in T„, averaged -0 .1 ± 0.0 °C, with 7 subjects
exhibiting no decrease .

Exercise Phase t-- Exercise at 50 W increased heat production to 30 .77 ± 1 .01 kJ
min-1 while heat loss was minimally altered (15.29 ± 0.78 kJ min-t) . 'nus a net gain
in thermal balance of 214 .29 ± 3 .27 kJ occurred in 15 .2 ± 0.9 min . T,, was reduced
0.1 ± 0.1 °C with 6 subjccts showing no change or a slight increase .
Resting Phase 11 -- The second rest period required 27.4 ± 3.8 min to reach a cumula-
tive net thermal balance of -9607 ± 8 .11 kJ. no rate of heat loss (13.51 ± 2.73 kJ
min-t) was somewhat lower tha„ in previous phases, but still exceeded metabolic heat
production (9 .13 1 0.86 k1 min-t) . Three subjects did not reach the requirement of 1(X)
± 10 kJ net body heat loss after 45 min of rest as they were able maintain a balance
between their heat loss and heat production . A net decrease in Tre of 0 .2 ± 0.1 °C was
observed during this phase, ulthouCh 8 subjects did not show a decline in core tem-
perature .

Exercise Phase Ié -- In the final phase, 50 W exercise resulted in the replacement of
117 .84 ± 4.06 kJ of net heat in 7 .8 ± 0.5 minutes . The rate of heat production (31 .1 8 ±
0.57 kJ min-1) was similar to that observed during the first exercise phase, while the
rate of heat loss (13 .48 ± 0.83 kJ min- 1) was slightly reduced . The change in T,e aver-
aged -0 .1 ± 0.0 °C , with 7 subjects showing no change or a slight -ncrease .
Comparison of Responses -- Variability i ►i th-. responses can be seen in three sub-
jects . Subject 2 (wt - 74.7 kg, body surface area = 1 .8$ m2, %body fat - 11 . 696) and
subject 12 (wt = 85.0 kg, body surface area - 1 .99 m2, %body fat = 15 .0%), with
simi ; : .r percentages of body fat, showed similar responses in cumulative net thermal
balance (Fig . 1). Tre declined throughout the immersion by 0 .7 °C in subject 2 (lower
body surface area), while subject 12 showed no overall change in core temperature
(Fig . 2) . In contrast, subject 3 (wt - 82.5 kg, body surface area -1 .94 m2, %body fat m
22.5%), with a higher percent body fat but similar body surface area to subject 12, had
a similar net reduction in Tm to that seen in subject 12 (Fig . 2). However subject 3
needed a 33 % greater time period to reach the cumulative net heat loss goal during
both resting phases (Fig . I). 7hese results demonstrate variability in the correlation
between thermal balance and changes in Tm . Furthermore, the data indicate that per-
cent body fat and body surface area may not be simple predictors of a reduction in
core temperature .
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DISCUSSION

An on-line system was used to assess thermal balance during rest and exercise i n
25 °C water, thus enabling both core temperature and net body heat loss to be meas-
ured concurrently. Whereas the desired results were achieved, this sy-tem may be
improved by replacing the multiplexer with parallel heat flux inputs, thus removing the
time interval between samples to enable data to be recorded continuously . We. also
observed minimal heat Flows from the hand and foot regions in a number of subjects
which may be indicative of an : nhanccd peripheral vasoconstrictor response . The
present weighting tormula assigne.d 12% of the total heat flux to the hand and fcx ► t . In
subjects with enhanced peripheral vasoconstriction this may bias estimates of total
body heat loss . The use of different measurement sites or weighting coefficients may
alter the thermal balance results and needa further investigation .

Although cumulative., ~jet heat loss tnd heat gain reached -3 2()0 kJ, changes in
rectal temperature were minimal, which agrees with the earlier findings of Hayes
(1985). This indicates a relatively large amount of heat may be lost mainly from the
periphery, without altering rectal temperature, during the first 20 minutes of immersion
in 25 °C water. The initially large contribution of pc,ripheral heat loss was reduced as
the immersion continued which is evidenced by bo :.h the decrca,~,_d rate of heat loss
and the increased time required for the second rest phase, although the eumulctive net
heat loss was one-half of that requirc.d for the first rest phase . It is of interest to note,
that the gain of net body heat was not altered its the initial exerci .e phase (to replace a
2(ï() kJ) was approximately twice as long as the final exercise phase in which :_~- 1(X) kJ
were replaced .

Comparison oi the conrlation between net body heat loss and change in T,,~,
shown in subjects 2, 3, and 12, suggests that monitoring both core temperature and
thermal balance would provide a more definitive picture of the thermal stress divers
are exposed to when imrnersvi in cold water. The Tre responses of subjects 2 and 12,
who are similar in percentages of body fat, indicates the problems with assuming a
simplified relationship between rectal t,Wmperature decrease and body fat . The log time
observed for rectal temperature changes associated with environmental perturbations
(Cranston et al ., 1954; C,'ooper and Kenyon, 1957 ; Mittleman and Mckjavic, 19 8 8) may
limit its usefulness as a real-time rneaswT of thermal stress, especially when transient
conditions (e .g. rest and exercise) are present .

The use of on-line measurements of' thermal balance also offers a research tool
that permits net heat '►oss or gain to be the independent variable studied, which may be
beneficial in assessing protective quality of clothing materials .
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ERRORS ASSOCIATED WITH THE USE OF HEAT FLOW 'TRANSDUCER S

M .B . Ducharme and J . Frim .
Department of Physiology, University of Toronto, Toronto, Canada, and

Defence and Civil Institute of Er,vironmental Medicine, Downsview, Canada ,

ABSTRACT

The direct vssessment of heat flux from the bcxty is a basic measurement in ther-
mal physiology . Neut flux transducers (HFTs) are being used increasingly for that
purpose under d{fferent environmental conditions . However, questions have been
raised regarding the accuracy of the many%acturxr's constant of calibration, and ctl.so
about the effect of the thermal resistance of the device on the true ther mal flux fromthe skin . Two ctjfferent rypes of waterproofed HFTs were checked for rheir calibration
using the Rapid-K heat flow meter conductivity instrument . The mean clÿferencebetween the recaliE ►rativn's and the mrznef{acturer's constants is +20- 7.1% (n15 )
for Thermonetics Corporation's NFTs (San Diego, CA), and -01t4.8% (n-12) forConcept Engineering's HFTs (Old Saybrook, CT) . The significant dfjjerence in the
error of calibration between the two mant~`czcturers ( p<p.(X)!) becomes an importantcriterion for the selection of NfTs. A model capable of simulating a large range ofinsulation values (variable -k model) was used in order iwstucty the effect of the under-
lying tissue insulation on the relative error in thermal flux due to the thermal rrsis-tiuree of the. NFTs . The data show that the clrviatiun from the true value of thermal
flux increase.t with the reciprocal oJ'the► underlying tissue insulation (r-0 .99, pe0 . 0(11) .The undere.sttmacican of the heat flux through the skin mect.sured by a 10T is minimumwhen the device is uar,l on vcxsvconstricted skin in cool suhrects (3 to 13% error), butbec•amts Important when used on warm vcz~sc~clllated subfe,c•r.s (wl~ to 42% r,rrr~rl, andeven more important o n metallic skin mannequins (a60% error) . In order to optimize
the accuracy r,?f the heat flow measurements by heat flux tranrducers, It is Important to
re4.tlihrette the HFTs from Therrncrnerr'cs Corporation and to correct the heat flux
values for the thermal resistance of the HFT when use d on ~crsradilated tissue ,

INTRODUCTION

The direct assessment of heat flux from the body is a basic measurement in ther-
mal physiology. Heat flux tca,tisducers (t-tFI`s) are being used increasingly for that pur-
pose under different environmental conditions . Hcawever, questions have been raised
regarding the accuracy of factory catibration, and also about the effect of the thermal
resistance of the device on the true themutl flux from the skin . When HFTs are used
on the skin, a significant local increase in resistance may occur and consequently a
change in the skin temperature and heat Plux . Therefore, the voltage obtained from the
HFT is only representative of the heat flow from the tissue immediately below the
disc, not that of the adjacent areas of exposed skin . Despite the suggestion by some
authors that the error might be related to the vascular status of the underlying tissue,
no further information is 'availttble in the literature . This study presents the rocalibra-
tie>n of waterproofed HFTs from two companies and examines the importance of
correcting the thermal flux values for the thermal resistance of Wr when used under
certain conditions.
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MATERIAL AND M ETHODS

Calibration of HF'Ts.

The HFTs from two manufacturers (model #EiA 13-18-10-P(3) from Thermonet-
ics Corporation, San Diego, CA, and model 0`11-040-TH 44018 from Concept
Engineering, Old Saybrook, CT) were checked for the±r, calibration by using a cali-
larateci Rapid-k instrument (Dynatech Corp ., Cambridge, MA) .

During the calibration, the transducers were exp3sed to heat flow ranging from 0to 50OW-m-2. Only values obtained during thermal equilibrium were used to calculate
the calibration constant . The calcu ► ation of the calibration constant (in W•m`2•mV`1)
was made by transforming the voltage output of the Rapid-k flow meter into a heat
flow value H(W-m+2), using the calibration curve of the Rapid-k, and by using the
voltage output of the HFI` (V in niV) under investigation as follows :

calibration constant= - Htspid-A
V

Effect of thermal res istance of H1F Ts : variable-R model .
A model capable of simulating a large range of insulation values was used to

determine the relationship between the underlying tissue insulation and the relative
error in thermal flux due to the thermal resistance of 1-11°1"s . The variable-R model
consisted of an insulated water filled copper box (maintained at 37°C) immersed in a
water bath maintained at 3()°C. The thermal insulation of the model was varied by
changing the material type and thickness on one wall to give insulation values ranging
from 2.7-10-4 to 4 .4•l0"1°C'm2•W`1 . For each setting, the thermal flux through the
system was measured with 3 calibrated Hl~Ts (either from Thermonetics or Concept
Engineering) fixed on the external surface of the insulation with a thin surgical tape .
The different surface temperatures were measured with calibrated fine gauge therrnc>-
couples . The thermal insulation of the model (R,,, in °C .m2•W°1) was calcuk±ted at
thermal stability as follows :

Rn
TG-T.
H"M

where H.,,, is the thermal flux (W , m._z) through the wall of the model, corrected for
the insulating effect of HFi, TQ is th4 "core" temperature of the model (37°C) and T.
is the "skin " temperature of the model . k~,rr was calculated by using Wissler and
Ketch equation of correction (4) described as follows :

H=---. ,
.
.-.--

1-Hm.,•RTAT,-To)

where A,,.. is the measured heat flow value (W,m-2), RT is the thermal insulation of
the HFT (°C'm2.Wi), and T. is the ambient temperature surrounding the model
(3UT) .
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Effect of thermal resistance of HFTs: immersion of human forearm in water .
The objective was to validate the data from the variable-R model with expe rimen-

tal data from immersions of human forearms at different water temperatures .

The expe riments involved ten healthy males subjects between 18 and 30 years of age .
Each experiment consisted of immersing the forearm in a water bath for 3 hours at a
constant temperature ranging between 1 5 and 36°C . The water temperature were
cho Ecn to create a large range of tissue insulation. Each subject experience d two
different temperatures chosen randomly and separated over a two week period . During
the experiments, the subjects were in a sitting position and the ambient temperature of
the room was 25±1°C. A total of 20 experiments were performed .

The muscle temperature at the axis of the first proximal third of the forearm (Td
was continuously monitored during the immersion by using a fine calibrated multicou-
pie probe implanted under local anaesthesia (2) . The heat flux through the skin of the
forearm was recorded with a recalibrated HFT from Thermonetics Corp ., and the skin
temperature was recorded with a fine calibrated 40 gauge thermocouple probe . 1.3eath
the fiFT and the thermocouple were fixed beside the site of the muscle temperature
measurements with a thin surgical tape .

The kQ,r values were calculated by using Wissler and Ketch's equation of
correction previously described. All thermal flux and temperature values used were
recorded during the last 15 minutes of each experiment, when thermal stability was
achieved .

RESULTS

Calibration of HE'Cs.

The mean difference between our calibration constants and the manufacturer's
4onsta.nts was 20.2±7.1% (mean±S,D .; 8.3 to 32 .2%) for 15 HFI`s from Thetmonctics
Corp., and -0.7t4.896 (8.6 to 8.8%) for 12 HFTs from Concept Engineering
(4.0±2.5% in absolute value) .

Effect of thermal resistance of HFi": var?Able-R model.
Eight experiments using 3 MIF-Ts from Thermonetics Corp. and 7 .-xperimcnts

using 3 HI, I's from Concept Eng. were perforrned using the variable-R model. Figure
1A presents the semi-log plot between the ratio i i c,,WH„n°,,,, which represents the rela-
tive error, and the ratio RT/Rm for all the range of k studied (r2-0.998; p<0.001) . No
significant difference (p>0.05) exists between the relationship determined for each type
of Iilw Cs . When only the physiological range for the ratio RTCRn, is presente.d
(RT/Rm<0 .6) the relationship between the ratio k n/t" and the ratio RT1k
becomes linear (r==0.999; p<0.001 ; see Fig . 18).

Effect of therno l resistance of HFTs: Immersion of human forearm in wAter.
The values of k. were calculated by using the temperature and heat flux data

for the last 1 5 minutes of a 3 hours immersion of the forearm in water at temperatures
ranging between 1 5 and 36°C (n-20). The mean values of thermal flux corrected for
the thermal resistance of the HFT (H,,,) are 9 .8t1 .696 higher than Hn, ., for Tp,530°C,
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and 23.3t7A% higher than Hm~,,, for T,,,>30°C .

DISCUSSION

Calibration of HFTs.

The results indicate that the difference between the expe rimental calibration con-
stants and the factory constants is 28 times larger for Thermonetics's HFTs (20.2%)
than for Concept's HFTs (-0 .7%) . For each Therrnonetics's 1-1CbT calibrated, the fac••
tory constant was overesûmated, in contrast to the Concept's I-IFl's for which the fac-
tory constants were about equally over and underestimated .

It is recommended that in the case of the 1•iFrs from Concept Engineering, the
devices can be used without recalibration, since the difference between the manufac-
turer and the expe rimental calibration data is small (z5%) . However, potentially large
errors in calculated heat flow may be present when HFI"s from Thermone tics are not
recalibrated .

Effect of thermal resistance of HFTs.

The study involving the variable-R model indicates clearly that a strong relation-
ship exists between the underlying "tissue" insulation and the relative error in thermal
flux ;lue to the thermal resistance of HFI' . The impact of that finding becomes partic-
ularly important when HFTs are used on high conductive materials such as on metallic
skir ► mannequins (copper or aluminum) . In that case., because the underlying material
insulation value is low (RT/Rmal .5), the v<,lues of heat flux read by the HFI's may
undcrestimate the true value of heat flux by more, than 100% depending on the insula-
tion of the mannequin skin .

From a physiological standpoint . the underestimation of heat flux through the skin
measured by an HFI' can be important when the device is used during vasodilation in
%-.arm subjects, as suggested by Gin et al, (3), In this case, the underestimation of the
measured heat flux can range between 29 and 35% from the true value of heat flux
(ratio RT/Tm ranging between 0.45 and 0 .6; ref 1), depending on the type of HFT used
and the vasodilation status of the tissue . However, when HFTs are used on a vasocon-
stricted skin (ratio RT/R,, ranging between 0 .025 and 0 15 ; ref 1), the underestimation
of the measured heat flux is much less serious, ranging between 3 and 13 %. It is
therefore less important to correct the heat flux values for the thermal resistance of the
HFT when the device is used on vasoconstricted skin . In general, it is important to
use Wissler and Ketch's equation (4) to correct the measured heat flux for the therrnal
resistance of the HFT when the dev4ce is used on vasodilated skin .

When the correction equation 's used, the parameter RT in the equation has the
value of 0.0104°C•m`2-W 1 for the Thermonetics's HFTs, and 0 .0064°C-m'1•W"1 for
the Concept Engineering's HFTs. From those values, it becomes evident that the
correction for the thermal resistance of the cIFT is more important in the case of the
Thermonetics's HFTs, since the thermal resistance of the device is 63% high+.r than
the value for Concept's HF"I's .

The data from the forearm immersions gave a practical example of the magnitude
of error due to the thermal resistance of HFI' that is involved when a recalibrated HFT
is used to measure the thermal flux in water at different water temperature . The error

w
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0

0
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due to the thermal resistance of HFT is only 9 .8% when the tissues are in a vasocon-striction status (T,„ < 30°C), but increases to 25.3% at water temperature of 36°C whenthe tissues are partially vasrciilated. These data are in agreement with the results
found with the variable-R model .

•

•

4 0
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COLD WATER SWIMMING FLUME DESIGN AND OPERATIO N

James R. Braun and LCdr John A. Sterba
Navy Expe rimental Diving Uni t

Panama City, Florida, 32407-500 1

ABSTRACT
The Navy Experimental Diving Unit has designed, fabricated, and installed aCold Water Swimming Flume which will provide increased cold water testing capabili-

ties for existing and new diving systems in support of "lAVSEA tasks . In order to meetexisting requirements and to hold down development and construction costs, the Cold
Swimming Flume was designed to use the existing NEDU Test Pool for its water
source and cooling capabilities .

1 . INTRODUCTION

The Navy Experimental Diving Unit was asked to determine if it was feasible to
build a cold water swimming flume at the NEDU to provide increased cold water
swimming capabilities . We surveyed the current technology and determined that an
additional facility would be too costly and could not be designed and constructed soon
enough to satisfy our needs . It was decided to modify the existing test pool and con-
vert it into a cold water swimming flume .

2. DESIGN AND CONSTRUCTIO N

The flume was constructed to be modular so it could be instatied into the test
pool and be easily removed in the, event it required modification or maintenance. The
test pool measures 1 5 ' wide by 30 ' long and is 15' deep throughout. This allowed us
to design the Flume in three sections, two for turning the water and one for supplying
the system to move the water. The swimming area was designed to be 15' long by
7.5' wide with a depth of 15' .

The water is moved by two 6' diameter, three bladed propellers that are driven by
two 15 HP Hydraulic Power Units . They are standard off-the-shelf Hydra-Mixers used
in the waste treatment industry (Air-O-Lator Corporation, Kansas City, Missouri
64131) mounted one above the other and rotating approximately ;O RPM, a wall of
water moves through the swimming area .

Flow measurements have been made at several hydraulic pressure settings
(speeds) and the analysis of the data gathered indicates that there are limitations on the
speed that the water can obtain . The upper propellers must be limited to a speed of 6()
RPM or less to prevent excessive cavitation and "beating" . Most of the flow is gen-
erated by the lower propeller, with the upper propeller used to fine tune the flo w

The opinions or assertions contained in this article are the private views of the authors and are
not to be const,rued as reAxting the view of the United States tkpartment of the Navy or the
Department of Defense.
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pattern. With the propeller speed adjusted to the optimum setting, the flow pattern is
constantly l' away from the walls, bottc.m and surface . Flow is controlled within anaccuracy of 0 .1 Knots up to 1 .5 Knots maximum flow for a large swimming area
accommodating a small submersible and two free-swimming divers .

3 . COLD WATER SYSTEM

Facilities for cooling the test pool existed prior to the decisicn to turn the test
pool into a cold water swimming flume . However, to provide for water down to 28°F,
an additional salt water compatible heat exchanger was added. A brine maker was
installed and steel pipe was replaced with CPVC pipe because of he corrosive effects
of salt water. In addition, the test pool was sandblasted and a special thick coating of
polyurethane protection was applied to protect the test pool from the corrosive water.

Currently, it is planned to maintain a temperature of 33"F fresh water in the test
pool. In the event that it becomes a requirement to lower the water temperature to
below freezing, NEDU has the ability to do so without further modifications to the test
pool .

4. SUMMARY

The utilization of a current 1V)rD(t asset (Test Pool) provided a cost effective
approach to providing a swimming flume for cold water studies. The flutne, which is
removable, allows NEDU to test and evaluate diving equipment, in the free swimming
configuration, with complete physiological monitoring near two diver-subjects .

•
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APPENDIX

DIVER THERMAL PROTECTION WORKSHO P

January 31 - February 2, 1989 .
Defence and Civil 1 .-istitute of Environmental Medicine

PROGRAM

Tuesday, January 31, 1989

0900-0930 Registration and Coffee, DRF Facility

0930-1000 Welcorr.e and Intr oduction to DCIEM, D . K.N.Ackles, Director, Biosciences Div .

Session 1: Diver Protection Today -- Chairman : LCdr Henry Mark, CF

1000-1020 Current thermal protection for the Canadian Forces diver. CPO J . DeJong, DCIEM,
CAN .

1020-1100 Equipment development for ltng endura.ace dives in cold water. R. Porter, DGUW(N),
UK and Maj . R. Cliff'ord, RM, UK .

1100-1120 Medical implications arising from long endurance dives in cold water . Surg .Capt. R .
Pearson, INM, UK .

1120-1130 Demonstration CWO Larry Wilson, USrt ~:0:7, USA .
1130-1230 LUNCH
1240-1300 Thermal problems encounr .- red with 75 rresw,livïng . Lt(N) S . McDougall, CF and LCdr

J .S . Coggins, P.N. LT

1300-1320 Observations on flooded dry suit buoyancy charactenstics. S .M. Barsky and J .N . Heine,
Viking America Inc., US A

1320-1400 Where we are today, what we believe works be,t, and where we think we should be going
and why. R. Long, DUI, USA .

1400-1430 Summary Discussion
1430-1500 COFME

Session 2 : Pasaive Thermal Protection -- Chairman : LCdr John Sterba, USN

1500-1 5 20 Thernwtropic liquid crystals : A variable CIO tru:terial. R .R . Biggers, NCSC, USA.
1520-1540 Alternate dry suit i►eflutton gas for improved thermal insulation . R. Weinberg, NMRI,

USA.

1540-1600 Comparison of heliox and air as suit inflation gases . T.T . Romet, DCrEM, CAN.
1630-1830 Meet and Greet (cash bar)
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Wednesday, February 1, 1989

Session 2 (continued): Passive Thermal Protection

0900-0920 The potential of passive thermal protection in cold water dependent upon body composi-
tion and work level. P.A. Hayes, National Hyperbaric Centre, UK .

0920-0940 Liquid filled suit-inner suit concept : Passive thermal protection for the diver . M .L .
Nuckols, US Naval Academy, US A

0940-1000 Undergarments : thermal conductivity (wet vs dry), compressibility and absorbancy . J .A .
Sterba, NEDU, USA.

1000-1020 Thermal insulation in various dry and flooded drysuit/pile undergarment combinations.
T .T. Romet, DCTEM, CAN .

1020-1040 COFFEE

Session 3: Active Thermal Protection •- Chairman : T.C. Schmidt, Lockheed Corp. and LCdr J .A.
Sterba, US N

1040-1100 The physiological efficacy and energy efficiency of hot- water suit heating using ther-
moelectric heat pumping, Part A : Thermoelectrics. T.C. Schmidt, Lockheed Advanced
Marine Sys., USA.

1100-1120 The physiological efficacy and energy efficiency of hot-water suit heating using ther-
nToelectric heat pumping . Part B : Physiological . T.C. Schmidt, Lockheed Advanced
Marine Sys ., USA.

1120-1140 Current work on electrical heating for the diver . A.J . Thomas, ARE(Alverstoke), UK .
1140-1240 LUNCH

1240-1300 Pass0e and active thermal protection evaluation, at rest and free-swinvning . J .A .Sterba,
I+iEDU, USA .

1300-1320 Saine results of closed-circuit UBA heating on CO2 absorption . T.C. Schmidt, i„ockheed
Advanced Marine Sys ., USA .

1320-1340 Potential of diver heating through catalytic combustion of alcohol . P .A . Browne, AECL,
CAN .

Session 4: Physiological Consideratiotut -• Chairman : Dr . Robert Weinberg, NMR1.

1350-1410 Review of pharmacological approaches to improved cold tolerance . A.L. Vallerand,
DCIEM, CAN .

1410-1430 Substrate availability and temperature regulation during cold water inrmersion in
humans. L . Martineau and 1 . Jacobs, DCiEM, CAN .

1430-1500 COFFEE
1500-1520 Use of carbohydrate or caffeine to prontnte performance during cold water exposures .

T .J . Doubt, J .W. Thorp, P.A. Deuster and S . Hsieh, NMRI, USA .
1520-1540 Lipid tnetabolism in cold exposed humans, A.L. Vallerand, DCIEM, CAN.
1540-1600 Effects of changes in fluid and electrolyte on performance during cold water exposures,

T.J. Doubt. P.A . Deuster and D.J . Smith, NMRI, USA .
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Thursday, FFebruery 2, 1989

0900-1000
Tour Experimental Diving Unit/DCIEM

1000-1030
COFFEE

Session 4 (continued) : Physiological Considerations

1030-1050 Evaluation of passive and electrically heated survival suits for use in "Lost Bell' at 450
meters . B .1{. Wissler, Ur)tTexasJAustin, A . Pasche, B . I{oland, S1NfIF, G . Knudsen,
NUTEC and P .A .Hayes, NNC .

1050-1110 Prediction of thermoregulato ry resFronse for clothed immersion in cold water. P. Tikuisis,
DCIEM, CAN.

1110-1130 Control of divers' thermal balance in deep operational diving . G . Knudsen, A, f{ope,
NU17EC, A . Pasche, SiNTIF, and E.H. Padbury, NUTEC, NOR .

1130-1230 LUNCH

Session S : Measurement Techniques -- Chairman : Dr . Philip Hayes, National Hyperbaric Centre

1230-1250 Diver monitoring systems, on-line and portable : thermal and metabolic measurements,
J .R . Braun and J .A . Sterba, NFDU, USA .

1250-1310 Development of a microcomputer-based thermal monitori.ng system . T.G. Anthony,
ARE(Alverstoke), UK .

1310-1330 On-line thermal balance measurements to document thermal status in near real-time dur-
ing cold water ezposures, K . Mutlemin and 'T .1, Doubt, NMRI, USA .

1330-1350 Errors associated with the use of heat flow transducers . M .B . Ducharme and J . Frim,
DCIEM. CAN.

1350-1410 Cold water swimming jlurne : Design and operation . J .R . Braun and J .A. Sterba, NEDU,
USA .

1415-1445 COFFEE

Session 6 : Meeting Summary

1445-1615 E.D . Thalmann, NMRI, USA .

Discussion
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all aspects of thermal protection . Passive thermal protectio whethelr wet or dry, is seeing the
introduction of new materials and effective clothing ense bles . Active thermal protection is
traditionally just the free flow of hot watt :r into a diving suit but is now being approached by
new and novel methodologies . It was, therefore, as a result of the renewed interest in diver
thermal protection that the concept of this workshop was developed . It was organized under
the auspices of the ABCA-10 (America, Britain, Canada and Australia) Information Exchange
Program on Naval Diving and its purpose was to bring together representatives from an the
components concerned with military diving ; the operators who must dive in the various condi-
tions and will know the shortcomings as well as the strengths of a protective ensemble ; the
manufacturers, who through their own research as well as feedback from the user must produce
th., protective ensembles ; and the researchers, whether basic or applied who through their
creativeness develop the concepts and physiological basis for thermal protection .,,; /
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