Heat loss and hypothermia in free diving: Estimation of survival
time under water
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The heat exchange between a diver and the colder surrounding water is analyzed on the basis of the
fundamental equations of thermal transport. To estimate the decrease in the diver’'s body
temperature as a function of time, we discuss the complex interplay of several factors including the
body heat production rate, the role of the diver’'s wet suit, and the way different heat exchange
mechanisms(conduction, convection, and radiatjorcontribute to thermal transport. This
knowledge could be useful to prevent physiological disorders that occur when the human body
temperature drops below 35°C. @03 American Association of Physics Teachers.

[DOI: 10.1119/1.1531581

|. INTRODUCTION temperature drops below 35 °C (95 °F). The human body is
better designed to face high-temperature environments rather

Starting a physics lecture with an example related to evihan low-temperature ones, because skin nerves provide the
eryday life (for example, sports, hobbies, and recreationalkconnection of high temperature to the feeling of pain. The
activitieg is a well-known pedagogical resource for increas-corresponding reflex behavior is to increase blood circulation
ing the attention of students. Furthermore, it constitutes arvasodilatation and favor thermal transfer via the evapora-
excellent way to promote active learning through discussioriion of sweat. These mechanisms are effective and non-
with peers and/or teachetdn particular, sport-related ex- damaging, while body protection against a cold environment
amples are common in elementary physics textbdaksd  is usually ineffective(shivering and getting goosebumps
several interesting monographs devoted to the physics irgan involve irreversible damag€gdecrease of blood
volved in golf, baseball, and basketball are availabfe. circulation.’

We discuss one particular aspect of diving: the thermal In this paper we use the basic equations of thermal trans-
interaction between the diver and the surrounding water. Thport to describe the cooling of the diver’s body when im-
underwater world has a deep fascination for many peoplemersed in water. This simple approach gives an estimate of
So, it is not surprising that diving has become increasinglthe critical time period in which it is safe to practice diving,
popular, including scuba and apnea diving. Recent reportand also provides a physical picture beyond some of the data
estimate about 1.7—2 million divers in the U.S. and cumula+eported in the literature. This aspect of the energy exchange
tive worldwide certifications are between 8 and 8.5 million. between the diver and the water is seldom discussed when
A better knowledge of human physiology and the response dfalking about the physics of scuba diving, because immer-
the human body to extreme environmental conditions hasions usually last less thal h because of the limited capac-
made it possible for free divers to stay longer and go deepeity of the air tanks. However, it is relevant in breath-hold
For instance, the depth limit of 150 m for a free diver wasdiving where divers often remain in water more than 3 h.
surpassed last yeAOn the other hand, technology has also The motivation to predict human endurance in aquatic en-
helped to make diving more enjoyable by the development ofironments also is related to the development of clothing that
incredibly warm and comfortable titanium “water gliding” provides suitable insulation. The kind of suit that has made
neoprene suits. diving sports so popular is the wet suit made of neoprene.

The safe and comfortable practice of diving, either freeGas bubblegusually nitrogen are permanently trapped in-
diving or scuba diving, requires the use of suitable materiakide the cells of the neoprene foam of the suit forming an
including masks, isothermal suit, fins, and gloves. Part of thisnsulating barrier between the body and the surrounding wa-
equipment aims to keep the body temperature nearly corter. A thin layer of water fills the space between the skin and
stant. Because seawater is usually at a lower temperatutbe wet suit and is quickly warmed to body temperature. The
than the human body and water conducts body heat up to 2€uit must fit snugly to the body if it is to be an effective
times faster than air at the same temperature, heat loss cannesulator. There are also dry suits that provide a small insu-
be avoided, and becomes more important the longer the ddating air layer just at the skin surface. However, these suits
ration of the dive. Here lies the importance of isothermalbecome too easily depressed in water and lose their insulat-
suits to minimize this heat transfén addition to providing ing properties. Among polar animals we can find outstanding
protection of the skin against any diving hazards examples of natural wet and dry suits. For instance, the fur of

The heat loss of a diver submerged in the water dependarctic seals and bears is an effective wet suit. It adds exterior
not only on the water conditior(@s temperature and thermal insulation to their thick fat layer by trapping a 2- to 10-mm
conductivity), but also on the diver, including the thickness water layer near their skin. The feather pelt of penguins, on
of the isothermal suit, the temperature of the skin, the surfacthe other hand, works like a dry suit, maintaining an insulat-
area to mass ratio, and exercise intensity. Under certain coing layer of aif 10
ditions, this thermal transfer leads to a severe decrease in It is important to discuss the complexity of the problem
body temperature, known as hypothermia, when the internainder study. An accurate description of the system should
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retical estimations of heat loss by convection are critically
dependent on assumptions about body shape and type of wa-
ter motion. Thus, the description of convection will be ex-
pressed in terms of empirical equations that offer only rough
estimations?

It is also important not to forget the possible contribution
of radiation. Radiation is the most important heat transfer
mechanism at ordinary room temperatures for an unclothed
person at rest, but becomes comparable to convection for a
clothed person in motioh.

Fourier’s law for solids describes conductive heat transfer,
and states that the heat flapis proportional to the gradient
of temperature
Fig. 1. Simplified model of heat transfer between the diver’s body and the AT
water. The interna[ temperature of the human body remains approximately q=kA—, (1)
constant at approximately 37 °C. The temperature gradient spans the central AX
three layers. The thickness of these three layers is not shown on the same
scale for the sake of clarity. wherek is the thermal conductivity of the medium andk
the thickness of a slab of cross-sectional atealhe tem-

erature difference iIAT. Convective transfer can be de-

consider not only_the b'OPhyS'CS Qf human heat eXChangEEs)cribed in a simple way starting from E€L), which is not

but also the physiological adaptative responses to heat.e)é'enerally valid in a fluid, but is valid near a solid surfdtiee

change common to all homeotherms. However, the physiolgyi o the diving sujtwhere the fluid is stagnant. Then, we

ogy of the human body d?‘P.e”dS on many not ee}sny quantlPbtain the so-called Newton’s law of cooling:

fiable factors and hence it is usually described in terms o

phenomenological equations. That is, the current understand- q=hAAT, 2

ing of the relevant physicochemical phenomena is incom-

plete and a detailed physical model is not yet possible. Ouwhereh is the heat transport coefficient or convective heat

approach is simple and consistent with present knowledgtransfer coefficient. Equatior(4¢) and(2) can be treated us-

about human physiology and is useful in illuminating theing the formal analogy with Ohm’s law for the electric cur-

main physical features of free diving. rent. In each case, the constant term that relates the heat flow
to the difference of temperature is called the thermal resis-

[Il. THERMAL EXCHANGE tance of the medium:

core of human dermis wet suit sea water
body

The body loses heat by respiration, evaporation, conduc- AT AT (3a)

Rcond

tion, radiation, and convection. Both respiration and evapo- A=KARY ™

ration are effective biophysical mechanisms that oppose hy-

perthermia(high temperatung but can be neglected for a where

diver immersed in a cooler mediuft® We first investigate

which mechanisms are responsible for the heat transfer at

each step of the entire process: from the diver’s body to the

water, across the skin layédermig and through the diving

suit (see Fig. L and
The major mechanism of thermal transfer inside the body AT

is the blood flow that “picks up” the heat excess of high q=hAAT=

AX
Reond™ H (3b)

, 4
temperature organs like the heart and the liver and loses it Reonv (4a
when passing near the skin, which is usually col@dyout
34°C) 1 This mechanism can be regarded as convective,
because it is accomplished by a moving medium; its magni- 1
tude depends on such complex factors as metabolic effort, Reonv=j - (4b)

heart rate, and oxygen uptake rate.

On the other hand, energy is transferred across the skin The next step is to estimate the radiative transfer. The net
and the diving suit by conduction, which is determined byrate at which an object at temperatdfg emits thermal ra-
peripheral factors like the average fat content of the skinjjation to an environment at temperatuFg, can be esti-
tissues, the thickness of the water layer between the skin andated by using the Stefan—Boltzmann law:
the wet suit, and the properties of the neoprene itself.

At the outer surface of the diver exposed to the water, we  q=Asa(Ti— Tow, ()
need to consider convection again, which is now related to . . .
the motion of the water surrounding the diver. Heat loss bywhereo is the Stefan—Boltzmann constant ants the emis-
this mechanism is many times higher than in air because dgivity of the surface with areA. The usual range of water
the higher thermal capacity of water. Although this qualita-temperatures allows for a Taylor expansion of Stefan—
tive trend is clear, little or no quantitative data exist in theBoltzmann law. By keeping only the first-order term in
literature. The problem is how to separate this contributioPAT/T, we obtain
from sweat and evaporation, because all of them take place 3
simultaneously in the boundary layer. In addition, all theo- ~ d=4Aea Ty (Tin—Tow). (6)
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Rrad the data provided by manufacturers. The gas volume percent-

MWW age is obtained from the density values of neoprene rubber,
Ry Rs nitrogen, and the suit itself.
i —"WWWW——AWWWA— A — T\ The contribution of radiatiorR,,4 to the total resistance
o can be calculated using E) if we consider that the human
MWWWWA body is an almost ideal radiator in the infrared region, and

Fig. 2. Simplified model of heat transfer between the diver body and thethalt human skin emissivity is 0.97 regardless of its color. The

water. The model is based on an electrical analogy in which heat flux id€Sistance due to the convection of wagg,, is calculated
associated with electric current, temperature difference with potential differby means of Eq(2), giving Reon=0.08 W/m K* We stress
ence, and electrical resistance with thermal resistance. Except for very loghat there is no general agreement on the suitable values of
water temperatures, the contribution o_f body radiation is very small COMihe convective heat transfer coefficient In fact, many au-
pared to heat loss by external convection. thors point out that the major obstacle to an adequate de-
scription of thermal exchange in water immersion is the de-
termination of the convective heat l10¥s->°We have used

This linear relationship betweeq and AT enables us to the valueh=10 W/nt't reported in Ref. 12. Nevertheless,

define the thermal resistance associated with the radiatio¥glues of one or even two orders of magnitude higher are
used in other studies, both theoretical and experimental.

process: In theoretical models, the assumptions about the shape of the
body and the relative motion between the diver and the water

Riag= 1 - ) are crucial, changing completely the_ e_stima_tiomoExperi-
4Aea Ty, mental measurements show how diving stimulates evapora-

tion and transpiration, so that all contributions are mixed

The advantage of using thermal resistances is clear for ®ithin the boundary layer flow, thus making an accurate de-
diver immersed in water where we are dealing with a nontermination ofh difficult.
homogeneous medium formed by layers of different materi- Finally, the equivalent resistané®, of the whole process
als and heat transfer is driven by different mechanisms. Thes obtained as:
total resistance is then calculated as the equivalent resistance R.R
of each one of the homogeneous layers composing the sys- R.=R,+ R+ _rad conw (8)
tem: human tissue, diver’s suit, and water. To calculate the Rradt Reonv

equivalent resistance we need to know how all these layers,q consequently, the total heat transferred from the diver’s

contribute to the overall resistance. We propose the physicgj,qy (at internal temperatur®) to the water(at temperature
picture shown in Fig. 2.

Note that heat transfer inside the body and across the div-l-W) 1S
ing suit is controlled only by one mechanism in each case Ti—Tw
(convection and conduction, respectieliffhese contribu- qtrans:Te- 9

tions are described by means of two resistors placed in se- ) )
ries, Ry, (body) and Ry (diving suit. On the other hand, the This approach based on the use of equivalent thermal resis-
thermal transport from the outer surface of the body to thdances might appear rather simplistic but presents at least
water can take place by two independent mechanisms, radiflree advantagea) it is consistent with the use of empirical

tion and convection, which can be depicted as two resistoréelations that are common in human physiology studiek;
placed in parallelR, 4 and Reopy. it avoids the use of many unknown parameters in the estima-

The thermal resistance of the human balyis not easy tion of intermediate temperatures nonaccessible experimen-

to estimate because of several complex factors. The firsﬁ!%l dagg \(/(v:;rlr:e::is tr'gtu'ﬂ\r']ﬁ:é legtzptlriec;itH%\gg\t/?;nzttut?}eenftlf)w
problem is the quantification of the blood flow on the skin ' Y,

tissues which depends on the activity level, which in '[urnOf particles that is impeded by resistance, but the flow of

depends on the heart rate, oxygen uptake rate, etc. The s&hergy that is conducted by the material. The electrical anal-

ond factor is the physiological reaction to a cold environ-°%Y refers to the formal structure of equations.

ment, for example, the superficial muscular contraction and

vascular changée$.It is possible to find in the literature com- |j|. THE DIVER’'S COOLING AND HYPOTHERMIA

pletely different approaches that lead to very similar results.

Thus, an indirect estimation based on the average metabolic On the basis of the ideas we have introduced, we can

rate power produced by the human bad®0 W) leads to  study the evolution of the diver's temperature and estimate

R,=0.03 K/W,'? and an alternative calculation that consid- how long the diver can remain safely under water.

ers the conductivity of human tissues and blood, as well as The energy balance between the heat production of the

their proportion in the body gives a similar valtie. human bodyq and the heat transferred to the watsee Eq.
The thermal resistance of the diving suit can be calculated9)) dictates the cooling rate of the diver:

by taking into account that most of them are made of fluffy T.()—T dT.

neoprene with injected gas bubbles. Thus, we obfin -4 Y-cM—,

=x/kA, whereA is the surface of the suit andits thick- Re dt

ness. The thermal conductivity is calculated as a weightedvhereC, is the heat coefficient of the human body avidts

average of the values for the neoprene rubbdr ( mass. The metabolic energy tempis related to the free

=0.190 W/mK) and gas bubblgsisually nitrogen giving  energy produced by the transformation of chemical energy

for the neoprene foark=0.044 W/mK, in agreement with during aerobic and anaerobic metabolic activities within the

(10
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Fig. 3. Time needed for the diver's body temperature to reach hypothermi ig. 4. Time needed to reach an internal temperature of 27 °C for several

(35°C), as a function of water temperature and thickness of the diver’s suitt. _;:knessesi of th? diving _smt. Sofl;_d _IlﬂesTﬁorresponhd tohadnud(_e diver for
The solid line corresponds to a nude diver. The cross-hatched region reprg1 erent vajues of convective coefficient The cross-hatched region rep-
sents the wide range of reported data for an average diver without speci&fSents the wide range of reported data for an average diver without thermal
thermal protection, taken from a survey in Ref. 17. See the main text for th%OteCt'on'(Ref' 17 See the main text for the parameter values used in Eq.

parameter values used in H42).

body. Its value increases with metabolic effort from
=70W at rest up to 10 times higher at high intensity
exerciset® We takeq=120 W, C,=3469.4 J/kg K, andM
=75 kg as typical values. EquatidiO) is a first-order dif-

Figure 4 shows the time necessary to reach a body tem-
perature of 27°C as a function of the water temperature.
Sometimes, authors refer to this time as the survival time. As

) . L in Fig. 3, several plots are shown corresponding to neoprene
ferential equation, so we need to know the initial temperaturg o+ suits of several thicknesses. The cross-hatched region
of the human bodyTi, =37°C. Then, we find the following represents survival time data in the literature for divers with-

solution: out special thermal protectidfi The calculated values of the
t survival time at low water temperatures are higher than the
Ti()=0Re+ Tw= (ARe+ Tw—Tio)eXP — =g |- reported values, showing the limitations of the present

e e HH )

(11) model. Under such cond.|t|onsT\(,<4_ C),. we can argue
_ _ that the Taylor expansion that linearizes the Stefan—
According to Eq.(11), the diver’s body temperature decays Boltzmann law is no longer valid, and the radiative contri-
exponentially when immersed in cooler water. The time necpution is underestimated. Although this argument is correct,

essary to reach the temperatdreis given by it can be easily shown by numerical calculations that the
AT T discrepancy for the survival time cannot by explained only
t(T,)=C.MR |n(M) (12) by the failure of the Taylor approximation. For instance,
1 e e . . .
QR+ Ty~ T; when the water temperature is 0 °C, the difference between

éhe full Stefan—Boltzmann equation and the linearized one is
only about 4%, which is far from the values required to fit

period that is safe to remain under water. It is widely admit- . Ld Theref lude that th
ted that hypothermia appears when body temperature drop@€ experimental data. Therefore, we conclude that the con-
ective contribution is not properly estimated and the value

below 35°C. Hypothermia is extremely dangerous becaus¥ . .
the diver may be unaware of it. Some physiological mechatSed for the coefficiertt at low temperatures is not appro-
nisms start to undergo minor disorders that can turn into losBMate. , o
of consciousness, collapse, and even death when body tem-I" Fig. 4 we have also shown the estimated survival time
perature reaches 27 °C. under water for a value oh=50 W/n?t, similar to that
Figure 3 shows the time necessary to reach a body ten‘found in Ref. 15 for cold water. It Seemsl that a hlgher value
perature of 35 °C as a function of the water temperature. Thef h could explain the observed behavior at low tempera-
same curve is presented for neoprene wet suits of severtidres. The physical picture behind this changehofs not
thicknesses. The cross-hatched region represents existigfear to us. One could say that the increasing valuéa of
data in the literature for divers without special thermalincludes in some way the physiological response under such
protectiont’ (Note that these values are reported in the lit-severe environment, and that the response is far more com-
erature with wide rangesThe curves show the relevance of plex than the simple picture assumed here of constant meta-
the insulation provided by the diving suit. For a reasonablebolic heat production rate. But it is also true that such colder
value of water temperaturd,,=15°C, the time to reach temperatures could be beyond the scope of our simple
hypothermia increases frol h when no suit is used to about model, which describes free diving as a sport rather than a
4 h for a 3-mm-thick suit. survival activity.

As noted above, we are interested in the maximum tim
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IV. CONCLUSIONS

The thermal exchange between a diver and the surround-
ing water has been analyzed in terms of a simple model for
the biophysics of human heat exchange in a cooler medium.
Key factors are the thermal resistance of the diving suit, the
metabolic heat production of the human body, and the tem-
perature of the water. Although the lack of data for physi-
ological responses does not justify a more detailed descrip-
tion, the model provides reasonable values that agree with
the qualitative and quantitative estimates of those who prac-
tice this sport.

Time to reach hypothermia (hours)
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