CHAPTER 5

Energy, Work, and Power of the
Body

Energy is a basic concept of physics. In the nhysics of the body energy is
of primary importance. All activities of the body, inckidiag thinking,
involve energy changes. The conversion of energy into work such as
lifting a weight or riding a bicycle represents only a small fraction of the
total energy conversions of the body. Under resting (basal) conditions
about 25% of the body’s energy is being used by the skeletal muscles and
the heart, 19% is being used by the brain, 109 is being used by the
kidneys, and 27% is being used by the liver and spleen.

The body’s basic energy (fuel) source is food. The food is generally not
in a form suitable for direct energy conversion. It must be chenically
changed by the body to make molecules that can combine with oxygen in
the body's cells. We do not discuss this compiex chemical process (Krebs
cycle) here. From a physics viewpoint we can consider the body to be an
energy converter that is subject to the law of conservation of energy.

The body uses the food energy to operate its various organs, maintain a
constant body temperature, and do external work, for exampie, lifting. A

small percentage (~5%) of the food energy is excreted in the feces and

urine; any energy thatis teft over is stored as body fat. The energy used to
operate the organs eventually appears as body heat. Some of this heat is
useful in maintaining the body at its normal temperature, but the rest must?
be disposed of. (Other energy sources such as radiant solar energy and
heat energy from our surroundings can help maintain body temperature

_but are of no use in body function.)

In this ci:apter we discuss the conservation of erergy in the body (first
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law of thermodynamics), the conversion of energy in the body, the work
done by and power of the body, and how the body loses heat.

3.1. CONSERVATION OF ENERGY IN THE BODY

Conservation of energy in the body can be written as a simple equation:

change in stored energyj‘

in the body (i.e., food heat lost

energy, hody fat, and = | from the body| ¥ [work done]
body heat) ] :

This equation, which is really the first law of thermodynamics, assumes
-that no food or drink is taken in and no feces or urine is excreted during
the.interval of time considered. In this section we discuss this law.
There are continuous energy changes in the body both when it is doing
work and when it is not. We can write the first law of thermodynamics as

= AQ — AW | (5.1)

where AU is the change in stored energy, AQ is the heat lost or gained,
and AW is the work done by the body in some interval of time.* A body
doing no work (AW = 0) and at a constant temperature continues to lose
heat to its surroundings, and AQ is negative. Therefore, AU is also
negative, indicating a decrease in stored energy. The energy term Al is
discussed in Section 5.2, the work term AW is discussed in Section 5.3,
and the heat term AQ is considered in Section 5.4.

It is useful to consider the change of AU, AQ, and AW in a short interval
of time Ar. Equation 5.1 then becomes

AU _ AQ AW (59
= — ‘ (3.2)
At At Ar :
where AU/At is the rate of change of stored energy, AQ/A? is the rate of
heat loss or gain, and AW/Ar is the rate of doing work, that is, the
mechanical power. ‘ -

Equation 5.2, which is used extensively in this chapter, is merely
another form of the first law of thermodynamics. It tells us that energy is
conserved in all processes, but it does not tell us whether or not a process
can occur. For example, according to the first law if we put heat into the

*Conventionally, the first [aw is written as AQ = AU + AW, that is, il hcat is added 10 a gas it
can increase the internal energy ALV and also do work AW,
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body we could expect the body to produce an equal amount of chemical
energy or work. The physical law governing the direction of the energy
conversion process is given in the second law of thermodynamics. We
refer readers interested in more details on this subject to the book by
Kleiber listed in the bibliography.

5.2. ENERGY CHANGES IM THE RODY

Several energy and power units are used in relation o the body.
Physiologists usually use kilocalories (kcal) for food energy and kilo-
calories per minute for the rate of heat production. The energy value
of food referred to by nutritionists as a Calorie (C) is actually a kilocalorie;
thus a diet of 2500 C/day is 2500 kcal/day.

The most widely accepted physics unit for energy is the newton-meter
or joule (J): power is given in joules per second or watts (W). The energy
unit in the cgs system is the erg, and that in the Enghsh system is the
foot-pound (ft-Ib).

A convenient unit for expressing the rate of energy consumption of the
body is the mez. The met is defined as 50 kcal/m? of body surface area per
hour. For a normal person | met is about equal to the energy consumption
under resting conditions. A typical man has about 1.85 m? of surface area
(a woman has about 1.4 m?), and thus for a typical man | met is about &2
kecal/hr or 107 W,

In this chapter we use kilocalories and joules for energy units and
kilocalories per second, minute, or hour, watts, and horsepower (hp) for
energy rates (power). These units are summarized as follows:

1 kcal = 4184 ]

1 J = 107 ergs = 0.737 ft-1b

I kcal/min = 69.7 W = 0.094 hp

100 W = 1.43 kcal/min

| hp = 642 kecal/hr = 746 W = 550 ft-Ib/sec
I met = 50 kcal/m? hr = 58 W/m?

I kecallir = 1.162 W

g

Lavoisier was the first to suggesi {in 1784) that food is oxidized. He

based his arguments on measurements of an experimentz! animal that
showed that oxygen consumption increased during the process of diges-
tion. He explained this effect as work of digestion. We now know thai this
explanation is incorrect; the correct explanation is that oxidation occurs

in the cells of the body. ol
In oxidation by combustion heat is released. In the oxidation process
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within the body heat is released as energy of metabolism. The rate of
oxidation is called the metabolic rate. .

I_et us consider the oxidation of glucose, a common form of sugar used
for intravenous feeding. The oxidation equation for | mole of glucose
(CeH 2Oy is '

CSP}IQOS + 602 i 6;'.1.7{:‘ + 6(:0, - 686 kc:_“

p

That is, | mole of glucose (180 g) combines with 6 moles of G, (192 g) o
produce 6 moles each of H,0 (108 g) and CO, (264 g), releasing 686 kcal of
heat energy in the reaction. Using this information we can compute a
number of useful guantities for giucose metabolism. (Remember that 1
mole of a gas at normal temperature and pressure has a volume of 22.4

liters.)

Kilocalories of energy released per gram of fuel = % = 3.80
; ; g . _ 686
Kilocalories released per liter of O, used = ARG 3.1
Liters of O, used per gram of fuel = —6%-2—4 = 0.75

bx 24 0.75

Liters of CO, produced per gram of fuel = T30

Ratio of fnoles of CO, produced to moles of O; used-—called the
respiratory quotient (R) = 1.0

Similar calculations can be done for fats, proteins, and other carbohy-
draies. Typical caloric values of these food types and of common fuels are
given in Table 5.1. Table 5.1 also lists for the various types of food the

Table 5.1. Typical Eneigy Feiationships for Some Foods

ang Fueis
Energv Released per Caloric
Liter of O, Used Value
Food or Fuel (kcalditer) {kcal/g)
Carbohydrates 3.3 4.1
Proteins - 43 4.1
Fats - 4.7 9.3
Typical diet . 4.8-5.0 o
Gasoline ' - 11.4
Coal . - 8.0

Yoeod (pine) A
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energy released per liter of oxygen consumed; thus by measuring the

T oxygen consumed by the body, we can get a good estimate of the energy

released.

The caloric values im Table 5.1 for the foods are the maximum that
might be expected. Not 21l of this energy is available to the body because
part is lost im incomplete combustion. The “‘unburned” products are
released im feces, urine, and flatus {intestinal gas). What remains is the
metabolizable energy. The body is usually quite ¢ilicient at extracting
energy from food. For example, the energy remaining in normal feces is
only about 5% of the total energy contained in the consumed food. When
the body is at constant temperature the energy that is extracted from food
plus the body fat make up the available stored energy.

When completely at rest, the typical person consumes energy at a rate
of about 92 kcal/hr, or 107 W, or about 1 met. This lowest rate of energy
consumplion, called the dasa! metabolic rate (BMR), 1s the amount of
energy needed to perform minimal body functions (such as breathing and
pumping the blood through the arteries) under resting conditions. Clini-
cally an individual’s BMR is compared to normal values for a person of
the same sex, age, height, and weight. The BMR depends primarnily upen
thyroid function. A person with an overactive thyroid has a higher BMR
than @ person with normal thyroid function.

Since the energy used for basal metabolism becomes heat which is
primarily dissipated from the skin {see Seciion 3.4). one might guess that
the basal rate is related to the surface area or to the mass of the body.
Figure 3.1 shows a plot of BMR {(kcal/day) for various animals of widely
different weights. The siope of the line indicates that the BMR is pro-
portional to mass®™. Thus as animals get larger their BMR increases faster
than their surface area but not as fast as their volume (mass).

The metabolic rate depends 1o a large exten? on the temperature of the
bedy. Chemical processes are very temperature dependent, and a smail
change in temperature can produce z large change in the rate of chemical
reactions. 1f the body temperaturs changes by 1°C, there is 2 change of
about 10% in the metabolic rate. For exampie, if & patiem has a tempera-
ture of 40°C, or 3°C zbove nonmal, the metabolic rate is about 30% greater
than nommal. Similarly, if the body temperature drops 3°C below normal.,
the metabolic rate {and oxygen consumption) decreases by about 30%.
You can see why hibernating 2t a low body temperature is advantagecus
to ananmez] and why a patient’s temperature is sometimes !ewere:.. during
heart sungery.

) Obv‘rm@h&. in order 1o keep a oconstant weight an individual must
consume jus enough Tood to provide for basal menbolism plus physies?
ac:mrwrs ’haarmfg o tittke resu"'*< i weight 08t continued 100 fong i
resulis @8 s arvaton. However, 8 @l or ex02ss of body neads wili causs



92 Energy, Work, and Fower of the Body

e oo
AR EEEL A IR L R RN E‘”’Xﬁ

Pig o7

;4
!
|
1
RN

VT

103

AR
Lt truul

102

Basal metabolic rate {(kcal/day)
i

]

wii o rrond o prent o tiod o u
107° 108 10 ' 102 109
) ' Body mas {kgi
Figure 5.1. Relaﬂoashnp between the basa! metabolic rate and the body mass for
saveral different animals.

an increase in weight. Welght loss through dieting and physxcai exerc:se is
discussed in Example 5. i ‘

=“°"upf8 5.1 ‘ ' :
Suppose you wish to Iose 4.54kg (IO Ib) ellher 2hrough phys:cal activity or

by dieting.
a. How long would you have to work at an activity of 15 kcal/min to lose
4.54 kg of fat? (Of course, you could not maintain this activity rate very

long.) _
From Table 5.1 you can expect a maximum of 9.3 kcal/g of fat. If you

worked for T minutes, then
’5-%-‘1-) = (4.54 x 10°g) (_9__3_.155_&11_) = 4.2 % 10* kcal

(7 mi: 1"
\

o

1 = 2810 min =47 hr

Note that a great deal of exercise is needed to lose a few pounds.
b. It s usually much easier to lose weight by reducing your food intake. If
you normally use 2500 kcal/day, how long must you diet at 2000 kcal/day

to lose 4.54 kg of fat?

energy of 4.5 kg fat _ 4.2 X 10 kcal _ g4 days
energy deficit per day 5 x 10* kcal/day
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The BMR is sometimes determined from the oxygen consumption when
resting. We can aiso estimate the food energy used in various phv@cai
activities by measuring the oxygen consumption. Table 5.2 gives 30‘#&@
typical values for various activities. %

Oxygen consumption for various organs has been measured, and thes&
values are given in Table 5.3. Note that some of the organs use rather
large amounts of energy and that the kidney uses more energy per kzlo«

gram than the heart.
P .

5.3. WORK AND POWER

Chemical energy stored in the body is converted into external mechanical
work as well as into life-preserving functions. We now discuss external
work AW, defined as a force F moved through a distance Ax.

AW = F Ax

Table 5.2. Oxygen Cost of Everyday Actlvities for a Man with a Suriace Area of 1.75
m?2, Height of 175 cm, and Mass of 76 kg° : : :

* Equivalent

2 . iHFeat Energy
O, Production Consumption

Consumption o (mets—350
Activity (liters/min) kcai’mi?iv' W keal/m® hr)
Sleeping 0.24 1,,2: , 83 0.22
Sitting at rest 0.34 I*;;?i' 120 113
Standing relaxed 0.26 1<8 125 1.25
Riding in automobile 0.40 2:0 - 140 135
Sitting at lecture (awake) 0.6G 3.0 =210 2.05
Walking slow (4.8 km/hr) 0.76 3.8 o o 50D 2.60
Cycling at 13-17.7 km/hr 1.14 St ' 400 3.90
Playing tennis 1.26 6.3 T 440 4.30
Swimming breaststroke &

(1.6 km/hr) 1.36° 6.8 475 4.63
Skating at 14.5 km/hr 1.56 1.8 . . 945 S35
Climbing stairs at ] & —

116 steps/min 1.96 9.8 685 6.70"
Cycling at 21.3 km/hr 2.00 10.0 700 . 6.85
Playing basketball 2.28 11.4 800 7.80
Harvard Step Test? 3.22 16.1 1120 11.05

e Adapted from P. Webb, in J. F. Parker and V. R. West (Eds.), Bioastronautics Data Book,
National Aeronautics and Space Administration, Washington, D.C., 1973, pp. 859-861.
A test in which the subject steps up and down a 40 cm step 30 times/min for 3 min.

L R DS 2 i
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Table 5.3. Oxygen Use and Metlabolic Rate Contritution of the Principai Crgens of 2
Resting, Healkhy Man Welghing €5 kg©

Average Rate Average Rate ¢
of Q. Consumption of Energy Power Percent
Mass by Experiment Consumed, . per kg of
Organ Kg) {md/mnin) {kcal/min) (keal/minikg) BMR
Liver and
spleen —_ &7 0.33 - 27
Brain 1.40 47 ©.23 6.1 15
Skeletal
muscle 28.0 45 0.22 7.7 x 10-3 18
Kidney 06.30 26 0.3 0.42 10
Heart D32 17 0.08 0.26 7
Remainder  — 48 9.23 —_ A8
250 .22 1007

®Adapted from R. Passmore, in R. Passmore and J.S. Robson (Eds.), 4 Companion 10
Medical Studies, Vol. I, Blackwell, Osney Mead, England, 1968, p. 4.5.

The force and the motion Ax must be in the same direction. The rate of ( |
doing work is the power p; thus for a constant force

AW Fix
Az Ar )

where Ax/Ar eguals the velocity v.

QObviously, external work is done whenr a person is climbing a hill or
walking up stairs. 'We can calculate the work done by multiplying the
person’s weight (mg) by the vertical distance (k) moved. When 2 man 15
walking or running at a constant speed on a level surface, most of the
forces act in the direction perpendicular to his motion. Thus, the external
work done by him appears to be zeroc. However, his muscles are doing
internal work which appears as heat in the muscle and causes a rise in s
temperature. This additional heat in the muscle is removed by blood
flowing through the muscle, by conduction to the skin, and by sweating.
These processes are considered in Section 5.4. )

In this section we want to stedy the human body as a machine for doing
external work. This topic lends itself well to experiment. For example, we (|
can measure the external work done amd power supplied by a subject
riding on an engometer, a fixed bicycle that can be adjusted to vary the
amount of resistance to the turning of the pedals (Fig. 5.2). We can also
measure the oxygen consumed during this activity. The total food energy

p:
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Figure 5.2. The ergometer, a stationary bicycle with adidstable friction that permlits

studies of oxygen consumption under varlous work loads. One cf the meters indi-
cates the power produced.

consumed can be calculated since 4.8 t8.5.0 kcal are produced for-each
iiter of oxygen consumed.

The efficiency of the human body as 2 machine can be obtained from
the usual definition ot the efficiency &°

work done
energy consumed

Zificiency is usually lowest at low power but can increase tc 20% for
tratned individuals in activities such as c¢ycling and rowing. Table 3.4
shows the efficiency of man for several activities along with the efficiency
ol several mechanical engines. It is difficult to ‘compare di ﬁ‘eren? activities
{such as swimming and cycling). a

studies "ave shown that cycling is one of our most cfnc:em activities
(see Examnple 5.2). For a trained cyclist the efficiency approaches 209
with an external power production of 370 W (0.5 hp) and a metabolic rate
of 1850 W. If the cyclist is on level ground and moving at a constant speed
there is no change in potential or kinetic energy and the power supplied is
used primarily to overcome wind resistance and friction of tire flexing.

{See Bicycling Science: Ergonomics and Mechanics, listed in the bibliog-

raphy.)
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Table 5.4. Mechanical Efficiency of Man
and Machines

: Efficiency

Task or Machine (%)
Cycling ~20
Swimming {on surface) <2

{underwater) - 4
Shoveling ~3
Steam engine 17
Gasoline engine 38

Example 8.2

Compare the energy required to travel 20 km on a blcycle to that needed

by an auto for the same trip. Gasoline has 11.4 kcal/g and a density of 0.68

kg/liter. Assume that the auto can travel 8.5 km on a liter of gasoline.
The auto requires 2.35 liters to travel the 20 km.

(2.35 liters) (0.68 kg/liter) = 1.6 kg of gasoline
(1.6 x 10° g) (11.4 kcal/g) = 1.8 x 10% kcal for 20 km

The erergy consumption for bicycling at 15 km/hr (~9 mph) (Table 5.2) is
5.7 kcal/min, so (5.7 x 80) or 456 kcal is used in the 80 min needed to
travel the 20 km. It thus takes almost 40 times more energy to move by car
than by bicycle.

The maximum work capacity of the body is variable. For short periods
of time the body can perform at very high power levels, but for long-term
efforts it is more limited. Experimentally it has been found that long-term
power is proportional to the maximum rate of oxygen consumption in the
working muscies. For a healthy man this consumption is typically 30
mi/kg of body weight each minute.

The body supplies instantaneous energy for short-term power needs by
splitting energy-rich phosphates and glycogen, leaving an oxygen cefick
in ine Dody. i:ais process can only last about a minute and is called the
anaerobic (w:.iout oxygen) phase of work; long-term activity requires
oxygen (aerobic work) Figure 5.3 shows these phases of work for &

cyciist,

5.4, HEAT LOSSES FROM THE BODY

Birds and mammals are referred to as homeothermic (warm-blooded},
while other animals are considered poikiloethermic (cold-blooded). The
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Figure 5.3. Typical powsr ouiput on a bicycie versus duration of effort for z2n
average healthy adult. Anaerebic work can only be maintalned about 1 min.

terms warni-blooded and cold-biooded are misieading, for a poikilother-
mic animal such as a frog or 2 snake will have a higher bedy temperature
on a hot day than a mammal. Birds and mammals both have mechanisms
to keep their body temperatures constant despite fluctuations in the e:-
vironmental temperature. Constant bodv temperatures permit metabeiiﬁ
processes to proceed at constant rates and these animals to remain actix
even in cold climates. :

Because the body is at a constant temperature it contains stored he:‘
energy that is essentially constant as long as we are alive. However, wher
metabolic activity ceases at death, the stored heat is given off ai =
predictable rate until the body cools to the surrounding temperature. The
body temperature can thus be used to estimate how long a person has
been dead.

Although the normal bodv (core) temperature is often given as 37°C, o7
98.6°F, only a small percentage of people have exactly that temperature.
If we measured the temperaturas of a large number of healthy reople, we
would find a distribution of ‘mrr*m"-‘:arz:ree:._. with nearlv everyone falling
within £0.5°C (~1°F) ¢f the normal terrnerature. The recis! temperature
is typicaily C. 5°C | i°F} higher than the oral temperature. 1 he tempera-
ture depends upon thn time of the day (lower in the morning); the temper-
ature of the environment; and the amount of recent physical activity, the
amount of clothing, and the health of the individual. The rectai tempera-
ture after hard exercise may be as high as 40°C (104°F).

Figure 5.4 is a schematic diagram of the body’s heating and cooling

system. The figure does not shm ' ﬁ)')d drink, and wastes (ff:""'a, ﬁr‘us
nmmears ag external work. The heat i

and urine) or the energv tha
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Figure 5.4. Schematic of the heat loss gystem of man. The amount of heat in the
blvod is Indicated by the density of the dots. (From R.W. Stacy, D.T. Williams, R.E.
woreen, and R.O. McMorris, Essentlalz of Slelogical and Medical Physics, MeGraw-

Hlll, Mew Yerk, 1955, p. 158.)

Zenerated in the organs and tissues of the hody: most of it is removed by
several processes that take place on the skin’s surface. The main heat loss
mnechanisms are radiation, convection, and evaporation {of perspiration}.
‘n addition, some cooling of the body takes piace in the lungs where the
.nspired air 1s usually heated and vaporized water is added to the expired
air. Eating hot or cold food mav aiso heat or cool the body.

For the bo. * to hiold its temperaiure close (o its normal value it must
have a thermosiat analogous ( a nome thermostat that maintains the
temperature of the rooms neariy constant. The hypothalamus of the brain
contains the body's thermostat. if the core temperature rises, for exam-
ple, due to heavy exertion, the hypothalamus initiates sweating and vas-
odilation, which increases the skin temperature. Both of these reactions
increase the heat loss to the environment. if the skin temperature drops,
the thermoreceptors on the skin inform the hypothalamus and it initiates
shivering, which causes an increase in the ¢ore iemperature.
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The rate of heat production of the body t'or a 2400 kcal/day diet (assum-
ing no change in body weight) is about 1.7 kcal/min or 120 Jsec (120 W). If
the body is to maintain a constant temperature it must lose heat at the
same rate. The actual amount of heat lost by radiation, convection,
evaporation of sweat, and respiration depends on a number of factors: the
temperature of the surroundings; the temperature, humidity, and motion
of the air; the physical activity of the body; the amount of ihe body
exposed; and the amount of insulation on the body *'f‘!n*hes and fat). We
now discuss each of the mecham':ms of keat Inge for thr <ves of o-nude-

body. Sy it
Al osbjccts regardtess of their temperature emit electromagnetic radia-

tion (see Chapter 4, p. 70). In general, the amount of energy emitted by

the body is proportional to the absolute temperature raised to the fourth
power. The body also receives radiant energy from surrounding objects.
The approximate difference between the energy radiated by the body and
the energy absorbed from the surroundings can be calculated from the

equation
H, = K AT, - T.J

where H, is the rate of energy loss (or gam) due to radiation. A, is the
effecnve body surface area emitting the radiation, e is the emissivity of
the surface, T, is the skin temperature (°C), and T is the iemperature of
the surrounding walls (°C). X, is a constant that depends upon various
physical parameters and is about 5.0 kcal/m® hr °C. The emissivity e in
the infrared region is independent of the color of the skin and is very
nearly equal to !, indicating that the skin at this wavelength is aimost a
perfect absorber and emitter of radiation. (If we could see the deep
infrared emitied by the body we would all be “"black.™)

Under normal conditions a large fraction of our energy loss is due to
radiation even if the temperature of the surrounding walls is not much
lower than body temperature. For example, if a nude body has an effec-
tive surface area of [.2 m® and a skin temperature of 34°C, it will lose
about 54 kcal/hr to walls maintained at 25°C (77°F). This amounts to about
54% of the body’s heat loss. Most of the remaining heat loss is due to
convection.

The heat loss due to convection (H) is given approximately by the
eguation

Hc = KcAr(Ta - Tu)

where K, is 2 constant that depends upon the movement of the air, A, is
the effective surface area, T, is the temperature of the skin, and 7, is the
temperature «f the air. When the body is resting 2nd there is 10 agparent
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wind, K. is about 2.3 kcal/m? hr °C. When the air temperature is 25°C, the,
skin temperature is 34°C, and the effective surface area is 1.2 m?, the nude
body loses about 25 kcal/hr by convection. This amounts to about 25%
of the body’s heat loss. When the air is moving, the constant K . increases
according to the equation K. = 10.45 — v + 10 VA", where the wind speed
v is in meters per second (Fig. 5.5). This equation is valid for speeds
between 2.23 m/sec (5 mph) and 20 m/sec (45 mph).

The equivalent temperature due to moving air is called the wind chill
factor and is determined by the actual temperature and wind speed. For
example, at an actual temperature of —20°C and a wind speed of 10 m/sec
(a suff breeze), the cooling effect on the body is the same as —49°C on a
calm day (Table 5.5). See the book by Mather listed in the bibliography for
more details.

The method of heat loss that most of us are familiar with is the evapora-
tion of sweat. Under normal temperature conditions and in the absence of
hard work or exercise, this method of cooling is rather umimportant
compared to radiative and convective cooling. Under extreme conditions
of heat and exercise, a man may sweat more than I liter of liquid per hour.
Since each gram of water that evaporates carries with it the heat of
vaporization of 580 calories, the evaporation of 1 liter carries with it 580
kcal. Of course, the sweat must evaporate from the skin in order to give
this cooling effect; sweat that runs off the body provides essentially no
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Figure 5.5. Dependence of convection coefiicient X, on wind speed for exposad
skin. '
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Tabie 5.5. Wind Chm Factor Chart 5

~

Wind S;}eed LR 8 Actual Temperature (°C)
(misec) 30 20 10 0 ~10 -20 ~30
Eguivalent Temperarure (°C)
s 30 - 20 by o <3 =20 =30
& 29 i7 3 -7 -19 31 ~43
10 29 15 $ =13 -~27 ~40 -54
15 25 14 -1 ~16 -30 —43 —60
20 28 i3 -2 -17 -32 —-43 —-63

cooling. The amount evaporated depends upon the air movement and me
relative humidity.

There is some heat loss due to perspiration even when the body does
not feel sweaty. It amounts to about 7 kcal/hr, or 79 of the body’s heat
loss. A similar loss of heat is due to the evaporation of moisture in the
lungs. When we breathe in air, it becomes saturated with water in the
lungs. The additional water in the expired air carries away the same
amount of heat as if it were evaporated from the skin. Also, when we
inspire cold air, we warm it to body temperature and lose heat. Under
tvpical conditions the total respiratory heat loss is about 14% of the
body's heat loss.

Since the radiation of heat from the body and the transfer of heat to the
air depend upon the skin temperature, any factors that affect the skin
temperature also affect the heat loss. The body has the ability to select the
path for blood returning from the hands and feet. In cold weather blood is
returned to the heart via internal veins that are in contact with the arteries
carrying blood to the extremities. In this way some of the heat from the
blood going to the extremities is used to heat the returning blood. This
counter-current heat exchange lowers the temperature of the extremities
and reduces the heat loss to the environment. In the summertime or in a
warm environment, the returning venous blood flows near the skin, rais-
ing the temperature of the skin and thus mcrcasmg thﬁ- heat loss from the
b@dy ;

Our discussion of heat foss mechanisms has so far been concarned wit
heat loss from the nude body-—an interesting, but somewhat incommon
case. Including the insulation of clothing in the heat loss equations makes
the calculations more difficult. The optimum skin temperature for comfort
is about 33°C (92°F). This temperature can be maintained by suitably
adjusting the clothing to the activity. Studies with clothing have led to the
definition of a unit of clothing, the clo, which corresponds to the insulating
value of clothing needed o' maintain a subject sitting at rest in comfort in'a
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room at 21°C (70°F) with air movement of 0.1 m/sec and air humidity of
less than 50%. One clo of insulation is equal to a lightweight business suit.

Obviously, 2 clos of clothing would 2nable a man to withstand a colder
temperature than I clo L.icwise, 2 man would need a larger clo value to
remain ccrmiurtable when he is inactive than when he is active. It is
pocsible to determine the optimum clothing for comfort under various
environrenrial conditions of temperature and air movement and for dif-
ferent phyoice! nctivities, For example. studies show that an individual in
the arctic needs clothing with insulation equal to about 4 clos. (Fox fur has
an insulating value of about 6 clos.)
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REVIEW QUESTIONS

1. Under resting (basal) conditions, what percent of the body’s energy is
being used by the skeletal muscles and the heart?

. 2. What iz a met?
3. For a hvnnthetical animal that has 2 mass of 700 kg,

(a) Use Fia. 5.1 to estimote the basal metabolism rate.
(b) Assuming S kcalig of food, estimate the minimum amount of food
needed each day.
4, By what percent does your metabolic rate increase if you have a fever
2°C above normal? )
5. {a) What is the energy required to walk 20 km at 5 km/hr?
(b) Assuming S kcal/g of food, calculate the grams of food needed for
the walk. '
4. Which organ uses the greatest power per kilogram?
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7. Suppose that the elevator is broken in the building in which you work

10.
11,

12

13,

14.

13

16.
17.

18.

and you have to climb 9 stories—a height of 45 m above ground level.
How many extra calories will this external work cost you if your mass
is 70 kg and your body works at 15% efficiency?

What is the approximate maximum work efficiency of a trained cy-
clist? How does this compare to the maximum work efficiency of a
steam engine?

. A 70 kg hiker climbed a mountain 1000 m htgh He reached the peak in

3 hr.

(a) Calculate the external work done by the climber.

(b) Assuming the work was done at a steady rate during the 3 hr
period, calculate the power generated during the climb.

(c) Assuming the average O, consumption during the climb was 2
liters/min (corresponding to 2.6 kcal/min), find the efﬁaency of
the hiker’s body.

(d) How much energy appeared as heat in the body?

What is the anaerobic phase of work? How long will it last?

Are humans homeothermic or poikilothermic?

What are the main mechanisms of heat loss from the body?

(a) Calculate the convective heat loss per hour for a nnde <tanding in
a 5 m/sec wind. Assume T, = 33°C, T, = 10°C, and A, = 1.2 m~.

(b) If the wind speed were 2.23 m/sec, find the still air temperature
that would produce the same heat loss (the wind chill equivalent
temperature).

When an individual is in water, the convective heat loss term is

greally increased. For water immersion, K, == 16.5 kcal/m*® hr°C.

Assuming the BMR of a resting man is 72 kcal/hr, find the water

temperature at which the water heat loss is just balanced by the BMR.

Assume A, = 1.75 m? and T, = 34°C.

Consider a nude male on a beach in Florida. It is a sunny day so he is

receiving radiation from the sun at the rate of 30 kcal/hr. He has an

effective body surface area of 0.9 m?, 7, = 32°C, and the temperature
of his surroundings is 30°C. _

(a) Find the net energy gained by radiation per hour.

(b) If there is a breeze at 4 m/sec, find the energy lost by convection
per hour.

(c) If he loses 10 kcal/hr by respiration and his metabolic rate is 80

kcal/hr, how much heat is lost by evaporation?
Under typical conditions, what percent of the body heat loss is due to

respiration?

When is counter-current heat exchange involved in controlling the
heat loss to the environment?

What is a clo?



