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Thermal Protection for Divers
W. W. McCrory*

Naval Coastal Systems Laboratory, Panama City, Fla.

Providing proper heat balance for divers in cold water requires adding distributed heat to an in-
sulated garment. A garment consisting of a heat distribution network, a pump, and an outer dry
suit with helmet was developed and evaluated. A modified Apollo cooling garment was used to dis-
tribute the heat. A problem area concerns the outer suits, which are dry in their original state but
difficult to keep dry and to maintain a practical fit when required modifications are made. Pressure
compensation techniques are not adequate in flexible expanded neoprene foam dry suits.

Introduction

CONDUCTIVE and conductive/convective heat exchange
from the immersed diver are two processes that cause
subnormal body temperatures. Direct conductive heat
transfer from the diver's body to the water constitutes the
bulk of the loss. However, under certain conditions, con-
ductive/con vective heat exchange within the diver's lungs
can account for a significant part of the loss. Difference in
body and water temperatures, body area exposed to the
water, film coefficients, respiration rate, gas density, spe-
cific heats, and material conductance provide classic engi-
neering parameters for solving these problems. One must
understand what the term "thermal protection" is intend-
ed to mean. It should be clear that ideal thermal protec-
tion is an ideal thermal insulator; one that would allow an
acceptable heat exchange between the diver's body and
surrounding water. An acceptable heat exchange is one in
which the diver's body temperatures, skin, and "deep core,
remain in a comfortable range under all conditions, with
no subnormal or abnormal physiological readings.
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Providing adequate thermal insulation to the diver's
body is a difficult task because of the operating environ-
ment. Insulation of clothing worn by man in a gaseous at-
mosphere is provided, to a large extent, by trapped gas.
Once in the water, the trapped gas is lost from clothing or
the stagnant layer of gas is lost from the unclothed diver's
bare skin. Since 32°F water has a thermal conductivity
24.5 times more than air at the same temperature, the
immersed diver will lose body heat 24.5 times faster in
32°F water than in 32°F air. Thus, if he is in water, the
diver's garments must provide him with thermal insula-
tion that is much more effective than the best available
for use in his normal gaseous environment, i.e., in air. A
material that can be practically fashioned into a diver's
garment and provide adequate thermal insulation is not
available. With this stumbling block in the way of provid-
ing adequate thermal protection, techniques other than
insulation must be employed.

A satisfactory alternate solution is to provide a dry at-
mosphere with a uniform insulative gas layer and supple-
mental heat between the diver's body and the surrounding
water. The supplemental heat should be sufficient to off-
set the heat the diver would lose if he had no protection.
No attempt should be made to force extra heat into him
because his physiological processes will maintain proper
body temperature if the supplemental heat balances what
he would lose to the water.

Turning to body heat loss from the lungs, the problem
is not so severe from an engineering standpoint. The
breathing gas must be warmed to slow the conductive/
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Fig. 1 Diver suit-
ed in garment sys-

tem.

convective respiration heat loss. Since respiratory heat
loss is significant under some diving conditions, this part
of thermal protection is as necessary as that for the re-
mainder of the body.

Improved methods of keeping the diver dry have been
provided in the new constant gas volume dry suits. These
suits offer a layer of insulative gas to this dry atmosphere.
One of the better methods of heat distribution is a net-
work of plastic tubes located about the body in patterns
designed for optimal heat exchange. Proper interfacing
and refinement of these techniques can provide the diver
with adequate thermal protection.

The thermal protection garment (Fig. 1) discussed here
is an attempt to provide a completely dry atmosphere
with provisions for distributing heat and a layer of insu-
lating gas for the diver. Heat distribution is provided by a
tubing system similar to the liquid cooling garment used
in the Apollo space program. The tubing system has the
same pattern as the Apollo garment and is held together
by the same type spandex fabric. The major difference is
that it is sewn on the outside of a soft, comfortable nylon
pile fabric and uses larger diameter tubing. Commercially
available dry suits are modified for use as the outer gar-
ment. A thermal head protector was designed and built to

. keep the diver's head warm and dry. The head protector
consists of a light-weight helmet built in two parts; a
lower neck shroud and seal, and an upper dome. Supple-
mental heat is distributed about the head by a tubing
network similar to the garment, and breathing gas is
warmed by a water-to-gas heat exchanger built into the
neck shroud.

Fig. 2 Tube heat distribution
garment with pump and distri-

bution manifold.

Fig. 3 Thermal helmet, Mod 1.

Developmental History

The test model garment was designed and fabricated in
the following order: First, commercially available, con-
stant volume dry suits, with neck and wrist seals and vol-
ume compensation devices, were modified to form-fit the
test divers. A pouch for carrying a pump and manifold
was fashioned into the suits. Waterproof penetrations
were provided in this pouch for water circulation, temper-
ature sensing, and pump power.

Second, a commercially available pump capable of de-
livering up to 2 gallons of water per minute against static
pressure of up to 17 psig was modified to interface with
the tube suit and to be submersible.

Third, since it was known that the pressure drop
through the %-in.-diam tubes of the standard Apollo cool-
ing garment was excessive, two suits having larger diame-
ter tubes, %2-in. and 3/ie-in., were fabricated. Larger tube,
sizes in the suit would reduce the pressure drop, thereby
reducing the size and weight of the pump/battery pack.
The tube pattern in each suit is like that of the standard
Apollo cooling garment. Gloves and hood are separate
from the suit to avoid interference with the dry suit wrist
and neck seals (Fig. 2). A spandex material is used on the
outer side of the tubing and a soft, comfortable nylon pile
material is sewn on the inside. Nylon pile underwear of-
fers an excellent method of reducing the tube suit hot
spots and squeeze problems. The soft, comfortable pile
between the diver's body and the tube network also offers
trapped gas space for added insulation.

Fourth, a thermal head protector was designed and fab-
ricated. Two models of this helmet have been developed.
Mod 1 (Fig. 3) and Mod 2 (Fig. 4) are basically the same
with Mod 2 incorporating design improvements suggested
from tests on Mod 1. It became evident during initial
testing that the tube hood unnecessarily complicated the
system, thus, the heat exchanger in Mod 2. It was also ev-
ident that the Mod 1 helmet was excessively buoyant;
thus, a change from aluminum to CRES for all metallic
parts. The basic design idea is to provide universal fit,
thermal protection of the head, heated breathing gas,
communication, and a means of quick donning and doffing.
Three components, a harness, a neck shroud, and the hel-
met, make up the system. The harness is an arrangement
which fits the diver like a vest with shoulder, chest, waist,
and crotch straps. It contains hip pockets for weights and
three D-ring buckles for cinching the neck shroud down.
The neck shroud houses the neck seal, communication
components, hot water and breathing gas penetrations,
gas dispenser, straps for attachment to the harness D-
rings, catches for connection to the helmet, and for the
Mod 2 system, the breathing gas heat exchanger, and ex-
haust valve. The Mod 1 helmet, which is thermoformed
Lexan, contained the exhaust valve, but this was moved
to the neck shroud in the Mod 2.
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Fig. 4 Thermal helmet, Mod 2: a) right-side view; b) left side
view.

Initial Testing

There have been two series of tests. The first series pro-
vided pump performance, and flow and pressure drop for
the two new tube suits (%2-in. and 3/i6-in.-diam tube).
The second series was man testing.

Series 1: Flow and Pressure Characteristics

These tests consisted of flowing tap water through a
calibrated flow meter and the suits while measuring pres-
sures with a calibrated pressure gage. Pump voltage from
10-16 v was recorded with corresponding amperage, flow,
and pressure.

Series 2: Man Testing

Man testing of the system was performed solely to gain
engineering data. There have been no physiological tests
yet, but a core temperature record was kept for the test
diver's protection. Temperature distribution about the
diver's body and throughout the system was of interest.

Temperature sensors at the head, midchest, midback,
left hand, left thigh, left foot, and a core probe were fixed
on the test divers to show temperature distribution about
his body. After the diver put on the tube suit, and the
pump and distribution manifold were connected, the
outer suit was then partially donned and all undersuit
connections made. Finally, the garment system was com-
pletely donned along with a heat exchanger which simu-
lates a self-contained heat system. At this point, the
closed-loop system was thoroughly purged. Thorough

o 10
3/16-INCH O.D.

TUBES WITH KINKS

f
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

WATER FLOW (GPM)

Fig. 5 Pump/suit flow and pressure characteristics.

purging of the entire system is of major importance be-
cause an air bubble in the tubing or heat exchanger will
cause the pump to lose its prime. However, once proper
purging is accomplished, no pump prime problems will
appear. Once the garment system is properly donned and
primed, the test is started. The bath is a 6-ft-diam by 8-
ft-deep tank filled with fresh water and chilled to from
32°F to 34°F by a conventional chill unit and filtration
system. Warm water to the heat distribution garment and
suit pump is provided via the heat exchanger. Heated
water into the heating side of the heat exchanger is pro-
vided by a conventional domestic hot water heater. Both
water loops (suit and hot water heater) are plumbed
through flow meters and their inlet and outlet tempera-
tures are monitored by thermocouples.

All seven temperature sensors mounted on the diver,
the four thermocouples mounted in the water circuits, and
the suit flow rate are processed continuously by a digital
acquisition system. Medical personnel monitor the diver's
core temperature and all testing is terminated if this tem-
perature drops 0.1 °F below normal.

Results of Initial Testing

Testing was performed to establish a pressure drop vs
flow characteristic pattern for the pump and the tube
suits. Figure 5 is a plot of these pressure and flow charac-
teristics showing various pump capacities (voltages) in
relation to the tube suits.

Human tests were performed to establish heat distribu-
tion characteristics of the tube suits. Figure 6 is a plot of

Temperature Range fo
Various Body Points

Fig. 6 Man testing.
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Fig. 7 Gas distri-
bution about body,

side view.

data collected on one of these tests. The gray area of Fig.
6 represents temperature range of the diver-mounted sen-
sors. All these readings fall within a range of from about
80°F to 100°F. Readings diverting farthest away from the
100°F were those at the hands and feet.

Conclusions

1) The %2-in.-diam tube suit is the most practical to
use. First, the pressure drop through this tube size is sig-
nificantly less (especially at high flow rates) than the
standard Vg-m.-diam size (Fig. 5). The pressure drop is
even less than that through the 3/i6-in.-diam tube suit be-
cause of kinks in the larger diameter tube. The tubing was
kinked during manufacturing. Second, manufacturing
processes are established for the standard Vs-m.-diam tube
size. The capability and limitations of equipment used for
the Vs-in. tube suits can be easily extended to include the
%2-in. suit. Modifications to the manufacturing equip-
ment are required for proper use of the 3/i6-in.-diam tube.

2) The tubing network provides adequate heat distribu-
tion about the body and hot spots from tube contact with
the body have been eliminated. Body squeeze caused by
the tubes is still present but not to a degree that is un-
comfortable. In fact, it is not noticeable until the suit is
removed and the tube marks on the diver's body can be
seen. The suit tubing becomes soft and flexible when the
warm water (110°F ± 5°F) is pumped through it. Pump
suction tends to collapse the tubing and kinking becomes
easier under these conditions.

3) The pump system has a wide range of flow capacities
making it well-suited for many applications in addition to
this program.

4) The mechanisms in the constant volume dry suit for
adding the insulative gas layer perform satisfactorily.
However, there are some inherent difficulties with the
suits. The insulative gas layer inside the suit is not uni-
form about the diver's body because the suit material is
flexible and, while achieving an internal suit over-pres-
sure, the suit expands with all the gas seeking the upper-
most point (Fig. 7).

5) The Mod 1 helmet exhaust valve is not satisfactory
because of its physical size and location. An additional
distributed weight must be added to reduce some of its
positive buoyancy.

6) From the diver-user standpoint, the over-all garment
system that was tested is not practical primarily because
of the complexity in donning the garment. Other reasons
include outer suit leakage, lack of a uniform insulative gas
layer, and the discomfort of the garment. However, dives
of up to 4 hr in 32°F to 34°F water have been made with
the system providing uniform heat distribution with no
abnormal physiological temperature readings. In all cases,
the dives were terminated because the test diver became
unbearably uncomfortable because of garment fit. The
distribution of supplemental heat was always satisfactory.
However, because of leakage, heat input to the garment
was excessive in most cases.

Discussion

The program is being continued in an effort to alleviate
problems encountered in the development and evaluation
of the test garment. As mentioned earlier, a Mod 2 ther-
mal head protector has been fabricated and a new outer
suit is in the fabrication stage. The following discussion
describes these components.

Head Protector

The Mod 2 thermal head protector has the same basic
design as the Mod 1. However, improvements suggested
from evaluations on the Mod 1 are incorporated into the
second version. The exhaust valve has been moved to the
neck shroud and redesigned to reduce its size. A water-
to-gas heat exchanger has been fashioned into the neck
shroud for warming the breathing gas. The neck shroud is
insulated to reduce heat loss and an oral-nasal breathing
circuit has been incorporated to prevent breathing carbon
dioxide dead space within the suit. The neck shroud is
flanged to interface with the suit which eliminates the
need for a neck seal.

Outer Suit

The new outer suit is designed to facilitate donning the
system. Technology on materials, penetrations, sealing,
and fabrication from the space industry is being incorpo-
rated into the suit. Beginning at the neck, the new suit
will have a matching flange to interface with the helmet
neck shroud. Next, a transition piece will hold the helmet
neck shroud in position and provide a uniform contour be-
tween the neck and shoulders. The suit will be tailor-
made to fit the test diver with a Vie-in. thick layer of neo-
prene bonded onto a nylon-reinforced, neoprene, non-
stretch fabric making up the outer material of the suit. A
spacer material for providing a positive gas layer and to
minimize contact with the outer wall is fixed on the inside
of the outer material. Mechanical penetrations for hot
water circulation, physiological monitoring, and suit pres-
surization and exhaust are provided through the suit
front.

Upon completion of the Mod 2 thermal head protector
and the new outer garment, the tube suit will be integrat-
ed into the system. Another engineering evaluation will be
performed on the system to ensure that it is performing
satisfactorily and providing the desired results. Once all
the required engineering parameters are satisfied, the sys-
tem will be handed over to physiologists for their evalua-
tions. Upon satisfactory completion of these evaluations,
field evaluations will be performed. After these evalua-
tions are complete and all modifications are incorporated
into the system, design drawings will be updated and mil-
itary specifications compiled. The system at this point
will be ready for procurement and issue to the Fleet diver.


