2. THE ENERGY HOUSEHOLD OF THE BODY

2.1. ENERGY BALANCE OF THE BODY

Surroundings

(environment)

(envi'mnment)

A thermodynamic system
may exchange energy with its sur-
roundings (environment) by means
of heat and work. (a) When heat is
added ro the system and work is
done by it, Q and W are both posi-
tive. (b) When heat is transferred
out of the system and work is done
on it, Q and W are both negative.
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The energy household of the human body is controlled by the first law
of thermodynamics for a closed system!

AU = AQ - AW

where AlT = change in mternal energy

The stored internal body energy 1J can only change if
heat transfer AQ from or to the body occurs, or if external work AW
i5 done by the body!

by convention: heat loss: AQ negative
heat absorption: AQ positive
work done by body: AW positive

if no work is done by body: AW =0

The human body converts continously the stored internal chemical en-
ergy AU into energy necessary to maintain body functions

= continous decrease of AU is called cataholism
= AU is negative!

The human body has heat loss AQ to the outer cooler environment

i AQ 1s negative!

energy and heat losses have to be compensated by food intake
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It is important to determine the rates for the energy changes

In a small time At:

AU AQ AW
At At At

%: catabolic rate

AQ. :

T heat loss or absorption rate
AW -

— mechanical power

Quantitative knowledge of these parameters is required

e to optimize athletic performance
e to maintain weight control and physical fitness

e to determine the efficiency of the body as energy consuming machine

Units and Unit Conversions for Energy Rates

1 Nm =1J

1 kcal = 4184 J
1 kcal/m =69.7TW
lkcal/h =116W
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The process of catabolism is based on transformation of organic
substances in the food by oxydization into CO2, HyO, and energy. The
catabolic rate AU/At is therefore directly correlated with the consump-
tion of oxygen.

consumption of 1 liter Oy gas generates =~ 4.8 kcal of energy

this relation is called: calorific equivalent of oxygen:

AT (ko] , 5, 80s 1
At |l s |7 7T At

S

dominant food substances are:

e carbohydrate (glucose: CsH1)s)
e fat (tributyrin: C3H503(0OC4H7)s3)
e alcohol (ethanol): CyoH;0H)

these substances are dissociated by oxidization

CsH 1206 + 60, = 6C0y + 6H0 + 686 kcal
180 g 192 g 264 g 108 g
134.41 134.4 1 108 ml

(1 mole of gas at normal temperature and pressure has a volume of
22.41)

the calorific equivalent of oxygen is:
686kcal kcal

= 5.15.

134.41 (0») [ (Oo)
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C3Hs03(0C4Hy);s + 1850, = 15C0s + 13H,0 + 1941 keal
302 g 592 g 660 g 234 g
414.4 1 336 1 234 ml

the calorific equivalent of oxygen is:

1941kcal 47 kcal
414.41 (O3) 1 (09)

CyHsOH + 30, = 2C0y; + 3H,0 4+ 327 kcal
46 g 9% g 88 g 54 g
67.21 448 1 54 ml

the calorific equivalent of oxygen is:
327kcal keal

67.21 (07~ =% T (0y)

The precise value of the oxygen equivalent depends on the relative
proportion of carbohydrates, proteins, fat, etc. in the diet!

Energy Content of Food Substance and Calorific Equivalent of Oxygen

Average Energy/gm Cal. Equivalent of Oxygen
Food (kcal/gm) kcal/liter)
Carbohydrate 4.1 5.05
Protein 4.2 4.46
Ethanol 7.1 4,86
Fats 9.3 4.74



MAXIMAL OXYGEN UPTAKE (liters/min)

Personal fitness is determined by the capacity to consume oxygen.
Physical effort is limited by the maximum oxygen consumption rate.

unit for oxygen consumption rate: ml (O3)/(min-kg)

this rate corresponds to the oxygen consumption per kilogram body
weight.

Physical Fitness Level and Oxygen Consumption Capacity”

Rate of Oxygen Consumption

(maximum)

Fitness Level (ml/min kg)
Very poor 28
Poor 34
Fair 42
Good 52
Superior 70

For example: A person with a poor fitness level cannot consume more
than 34 [ml/min kg] of ozygen, this limits his activities to moderate
exzercises only. The average fitness level depends on age, but can be

substantially improved by training
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Various levels of activities require different rates of oxygen consump-
tion. For light activities the required oxygen consumption is low. E-veu
persons in poor conditions of fitness will be able to perform these light
activities. The ability to perform heavy activities requires higher oxygen
consumption therefore a higher fitness level.

Activity Oxygen Consumption  Catabolic Rate
Level Rate for 65 kg man
1 [% - [
m |4t At
(ml/min kg) (kcal/hr) (watts)

Sleep ~3.5 ~70 ~80
Light Activi ~10 ~200 ~230
at lecture, slow walk-]

ing, domestic work )
Moderate Activity ~20 ~400 ~465
cycling at 10 mph,

trotting on horseback,

shoveling sand, swim

breast stroke at 1 mph)

Heavy Activi . ~25 ~500 ~580
playing soccer, sawing

wood )

Quite Heavy Activity ~30 ~600 ~700
squash, basketball, ]

fast swimming
Extreme Activity ~70 ~1,400 ~1,600

racing cyclist at 27 ]
mph (ref. 15)

OXYGEN CONSUMPTION — (literi/min)

SPEED (km/r)

o
o
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g
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L 1 L 1 | - .

1 1 1
25 1 4 5 & 8 10 12 141618.

SPEED (mon)

For example: A person with a poor fitness level (mazvmum rate of
ozygen consumption ~20 [ml/min kg] cannot do much more sport than
e.g. slow bicycling.
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2. THE ENERGY HOUSEHOLD OF THE BODY

2.2. ENERGY CONSUMPTION OF THE BODY
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The basal metabolic rate reflects the rate at which each organ and part
of the body does internal work! For example work done by

heart (pumping blood through the blood vessels)

lung (breathing)

liver (chemical processes)

kidney (separating waste products)

brain (thinking)

AU = AQheart Athg AQ!iver_*_AQkfdney_'_AQbrain+AQetc

o R T At At At At At

BMR =

The following table lists the contributions of the various body
organs to the BMR and the necessary rate of oxygen consumption

Rate of Energy

Rate of Energy Percent of Basal Consumption
Organ Consumption (Expt.) Metabolic Rate (Theoretical)
2]
dt
(ml/min) (kcal/day) (kcal/day)
Heart 17 117 ~7% 140
Lung 35
Kidney 26 180 ~10% (.74/e) = 180
Liver & Spleen 67 470 ~27%
Brain 47 325 ~19%
Skeletal
Muscle 45 310 ~18%
(Remainder by
difference) 48 328 ~19%
Total ~250 1730 100%

The brain constitutes only 2.5% of body weight, but is
responsible for ~ 20% of the BMR (dreams). It requires a fair amount of
0Xygen consumption.



All activities, from slow walking to race bicycling require the body to
do external work:

AW

—>0
At>

It also requires a higher rate of oxygen consumption and an increase
in the metabolic (catabolic) rate AU/At. The released internal energy
AU is partly used to do the external work but converts partly into heat
which is irridiated into the outer environment.

8
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240
TIME (min)
example: lecturing originates heat flow of 100 - 300 W /person

figure shows an average heat production M by change of internal energy
of 390 kcal/hr = 453 W and an average heat loss H of 260 kcal/hr =
300 W (assuming constant walking)
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To compensate losses of internal energy associated with basal
metabolism and daily activities daily food intake is necessary. People
with limited body activities require (faculty members):

~150kcal /hr-12hr+T70kcal /hr-12hr=2640kcal /day

A construction worker with a heavy work load requires:

~450kcal / hr-12hr+T0kcal /hr-12hr=6240kcal /day

The losses of internal energy are also directly correlated with age!
Figure shows losses normalized to body surface area A in units m?
A~0.202-HO425.M0725
with H= height of body in [m]; M=mass of body in [kg]

(Umsatz) (W - m=2)

(kd-m=2-h)
2254 |
1 60
200
175] %07 g
150; J
1 40 Q “-\H\hh‘h____
10 20 30 40 50 80 70
Alter (Jahre)
1W/m?* =0.86 kcal/(hr-m?)
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EXAMPLE AVERAGE DAILY INTERNAL ENERGY
CONSUMPTION OF A MIDDLE AGED FACULTY MEMBER

Activity time period [hr]Catabolic Rate [kcal/min] energy consumption

Sleep 10 1.2 720
Thinking 2 3.0 360
Bicycling 1 5.7 342
Walking 2 3.8 456
Lecturing etc 6 4.0 1440
Domestic work 3 2.0 360

These activities and non-activities require a consumption of internal
energy of AUx3678 kcal

To compensate these losses by food intake requires a daily ration of
~T40 g (based on an average energy content of 5 kcal/g food)

However, choosing a Double Huddle
Cheese Burger with fries takes nearly
care of the daily energy needs
(=2200 kcal)

after subtraction of breakfast!
Dinner goes into fat storage!
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Food intake in excess of the internal energy loss increases the
weight of the body!

reduced food intake (diet) and/or hard work decreases the
weight of the body!

EXAMPLE FOOD CONSUMPTION

The basal metabolic rate determines the energy consumption AU of
the body (m~ 75 kg) during a 10 hour night sleep!

MBR = 80 keal/hr AU = 800 keal

To recover the losses on internal energy, you have the choice of cereal

(2300 kcal/bowl) plus milk (~90 kcal/bowl), or the "healthy’ version

with two eggs (=80 kcal/egg), three slices of bacon (=~ 300 kcal/slice)
and hashbrowns (&~ 500 kcal).
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With the first choice you replace the consumed energy from the fat
reservoir of the body. Fat contains ~ 9.3 kcal/g, to replace 410 kcal
you need to convert = 44 g of your fat storage. Your loss in body mass
is Am=~ 44 g.

With the second choice you overcompensate your losses by 760 kcal
and add to the fat storage reservoir of your body. Your gain in body
mass is Am~ 82 g.

NOTE: Because of the high energy content of fat, 9.3 kcal/g (the
average energy content of food is & 5 kcal/g), the increase in fat is a
very efficient way of storing energy.
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DIET

means reduced food intake to convert body fat into internal energy U.

Taking the previous estimate of a daily consumption AUx3700 kcal,
how long does a middle aged person have to be on a diet of 2000
kcal/day to reduce his body mass by 10 kg?

This translates into a daily conversion of 1700 kcal; fat contains 9.3
kcal/g

= 10 kg=93,000 kecal
= 93000/1700~54 days

Two months of fasting are required

Alternative way of loosing weight is an increase in external body
activity, work AW

Most efficient way of ”"working” is cycling (see next section)

How many hours of cycling are required to reduce the body mass by 10
kg?

Catabolic rate for cycling is AW /Ata600 kcal/hr

= 10 kg=93,000 kcal
= 93000/600~155 hours

With 10 hrs of cycling per day a two week bike vacation is
required.

Good fitness and reasonably reduced food intake are necessary!
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WEIGHT CHANGE (Kg)

Vil. Die Gefdjidjte bom FSuppen-Gajpar.

Der Kafpar, der war Ferngefund,
ein dicfer Bub und Pugelrund.

&r batte Bacfen rot unbd frifdh;
bie Suppe aff exr Hibjd) bei Tifch.
Dodh einmal fing er an ju fchrein:
23t effe Leine Suppe! Nein!

Fch effe meine Suppe nidht!
Nein, meine Suppe ef ich nicht!¥

Am niditen Tag — ja fich nur ber!
ba war er fdhon viel magerer.

Da fing er wieber an ju fchrein:
#3ch effe Beine Suppe! Nein!

Jcb effe meine Suppe nicht!

Nein, meine Euppe ef ich niche !

Am britten Tag, o weh und adh,
wic ift ber Rafpar diinn und fchwach!
Doch ald die Suppe PFam berein,
aleich fing er wieber an ju fchrein:

pach efte Beine Suppe! Nein!
Jch effe meine Suppe nidt!
Nemn, meine Suppe ef ich nicht!¥

Am vierten Tage endlich gar
ber Aafpar wie ein Fabdhen war.
Gr weg viclleicht ein balbes Lot —
und war am finften Tage tot.

5' ~

Typical time course of weight

-0.21 loss during a period of constant difference
L between metabolic expenditure and caloric
-Q.a= intake.
| Weight ( 388 kcal/day deficit )
-a.6k- change early is
L obscured by retention 388/9.3 = 42g of fat per day
-aa+ of H,O ( due to fat ~1/10 1b loss per day after
metabolism ) ' equilibrium is reached
-5 T 2 3
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Energy consumption by work

AW
At

= work rate done by external body activity
AW = F - Az ; work = force F over distance Az

EXAMPLE Mountain climber

|
‘ lifting body against
‘ gravitational forces F=m-g

F average climber mass m=70 kg
height Ah=150 m

AW = m-g:Ah = 70 kg 9.81 m/s? 150 m = 1.03-10° J
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Person walking along a horizontal street for a distance Az = 150 m
requires less external work;

average force supplied by foot to the street F,, ~0.15 W.

AW = F,, - Az = 0.15 70 kg 9.81 m/s® 150 m = 1.55-10* J
However a lot of internal force F is necessary to lift the legs against
gravitational forces (internal work)

AW, = F, - Az, ~m/7 kg 9.81 m/s? 0.1 m
for a m=80 kg person:

AWy =112 J

net energy is not increased because dropping the leg releases potential
energy

However, internal work appears as muscle heat AQ (not
as external work AW) and the internal work W, reduces the internal

energy U.

The internal muscle work the body performs creates heat in-
side the body.
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The body can be considered as a machine doing external work. This
requires a conversion of AU— AW. However, like in any other machine,
no conversion is possible without any heat loss.

see = Second law of Thermodynamics

The efficiency of the machine is determined by the amount of heat loss,
or by the efficiency € of the conversion.

AW work done
€= =
AU energy consumed

The heat loss increases internal body heat or internal energy!

The efficiency for the various kind of external work depends on the
detail of the muscle and body movement.

The efficiency for external work varies between 2 % and 20 %!

Mechanical Efficiency of Man and Machines

Task or Machine Efficiency (%)
Cycling ~20
Swimming (on surface) <2
Swimming (underwater) ~4
Shoveling ~3
Steam engine 17
Gasoline engine 38
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most efficient external activity is cycling: € ~20%

H O OH Yo, W W W

keallmin wally tersrmin walls kg mimin 11 I /min
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The maximum power deliverance depends on its time period. For short
periods of time the maximum power deliverance can be very large, e.g.
bicycling and rowing AW= 1500 W for =~ 6 s.

Power Time
}l'l?_'. watts
~2 ~1500 6 sec
=7 ~750 1 min
~0.35 ~260 35 min
“0.2 ~150 5 hr
i 1 9 =75 laborer's daily work

For short periods the delivered power exceeds the persons maximum
rate of oxygen consumption: anaerobic phase,

for long periods the delivered power is proportional to the rate of
oxygen consumption: aerobic phase.

I I TIIII'II 1 T'illll‘] 1 LR
1000 — -
= Anaerobic
=
= phase
750 -
E 0
=
8
o 500 -
:
a Aerobic phase
250 — -
0 o1l Lol [ NN
0.1 1.0 10

Duration of effort (min)



2. THE ENERGY HOUSEHOLD OF THE BODY

2.3. HEAT LOSSES OF THE BODY

37°
36°\\

32°

31°
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The human body core temperature is constant around 37.1£1.0 °C
( degree Fahrenheit = degree Celsius - 1.8 +32)

Constant body temperature guarantees nearly constant activity level
Extrem values of 28°C and 45° can be survived

To maintain constant temperature conditions within the body requires
an internal temperature control system. The rate of temperature
change is directly correlated to the rate of heat change within the body:

AQot AT
AE 5 At

C is the heat capacity of the human body, which derives from the
specific heat ¢ = 0.83 kcal /°C kg. For a typical body mass of m=70 kg,

= C = ¢:m = 58 kcal/°C

The heat change depends on the heat originated in the body (basal

metabolic heat AQ,s and the heat production while doing external
work AQezt)-
AQmet/At —_ AQbaszt = AQE:!/At;

assuming that this is the only change in heat for the body:

AQtot _ AQmet N AQbas AQe:t

At At At a5 At
AQrot . [kcal] AT
At oC | At
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The basal metabolic rate is:

AQbas =70 [M}

Py
At hr

For heavy activities metabolic rate can increase up to a factor of
1< 6 <20 (see tables)

AQmet _ AQezt _
At "Dt =0k

if no heat losses occur and the operation of the temperature control
system fails than the body temperature changes in accordance with:

AT
C-S-=6F,
AT .. Theal 1 T o
E—_é-m{ hr ] .ﬁ[kcal} _1'26[5]

without heat losses and body temperature control the body
temperature will increase between 1.2 and 24 °C per hour depending
on the activity level. Therefore heat loss and temperature control
mechanisms are necessary!

AQtot = AQmet + AQcont _ AQJ‘OSs
At At At At
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Heat loss takes place by three (four) different mechanisms:

radiation Ai%'tﬁd
convection é%”;ﬂ

1 AQcont
evaporation =%

conduction é%ﬂfﬂd

passive heat loss sources are radiation and convection from the exposed
surface area of the body;
conduction is heat loss through covered surface parts of the body;
sweating is controlled by the internal temperature control system.

Heat loss due to radiation is described by:

AQr'ad
2ol — e Ao(Thin — T)

T, is the temperature of the outer environment, T;;, is the temperature
of the human skin, € is the emissivity of the skin, A, is the exposed
(uncovered) body area, and o is the Stefan-Boltzmann constant.
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Tohin = T2 = (Topin — To) - (T + T2 To + Torin T2 + T2)

skin skin skin

Approximation yields (within 23%):

T4 —_ T: =%108 . (Tskin - Ta)

skin

Ade
At

— Ar'.:uf : (Tskin — Ta)

Arad 210%€A0 ~ 12 fet
AQrad kcal
= 12 * T pin. T
At hreC (Tt a)

Radiative heat loss can be approximated by linear temperature
relation!

This approximation is however only valid for:
0°C < T, <£40°C

30°C £ Tuin < 40°C

( good to 20% over this range of T, and T, )
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Heat loss due to convection is described by:

AQCOHU

At = I{conv : Au : (Tskiﬂ - Ta)

A, is the uncovered body area and K ,,, is a factor which depends
from the wind speed v in [m/s] .

Keony 210.45 - v +10/v kcal /hr°C' (valid between 2 m/s and

20 m/s)
18
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2 e
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| e
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for a nude body A, = A

r s keal
A{:(.'nw = I(conv A= 13 E.cf_c

for a slight breeze of ~ 0.1 m/s neglecting clothing of the body

AQconv _ keal .
At 13111'”0 (Tetin — Ta)




Total passive heat losses for a nude body in a light breeze due to
radiative and convective processes are:

AQ;OSS ~ 95 kcal

At~ ThreC

Cooling effect increases with wind speed, therefore the effective
temperature seems to be lower at high speeds of wind:

= wind chill factor

' (Tskin - Ta)

AQconv i
:Iconv'Au' Ts in_'Ta
At : (Tt )

as higher the speed of the wind as larger heat loss. Therefore the body
experiences a heat loss which is equivalent to the one in a much colder
outer environment.




Wind Chill Terms and Definitions

What is Wind Chill Temperature?

Can wind Chill Impact my car's radiator or exposed water pipe?
What iz Frosthite’?

What is Hypothermia®

e S

1. What is wind chill temperature?

A. The wind chill temperature is how cold people and animals feel when outside.
Wind chill is based on the rate of heat loss from exposed skin caused by wind and
cold. As the wind increases, it draws heat from the body, driving down skin
temperature and eventually the internal body temperature. Therefore, the wind
makes it FEEL much colder. If the temperature is 0 degrees Fahrenheit and the
wind is blowing at 15 mph, the wind chill is -19 degrees Fahrenheit. At this wind chill
temperature, exposed skin can freeze in 30 minutes.

2. Can wind chill impact my car's radiator or exposed water pipe?

A. The only effect wind chill has on inanimate objects, such as car radiators and
water pipes, is to shorten the amount of time for the object to cool. The inanimate
object will not cool below the actual air temperature. For example, if the
temperature outside is -5 degrees Fahrenheit and the wind chill temperature is -31
degrees Fahrenheit, then your car's radiator will not drop lower than -5 degrees
Fahrenheit.

3. What is FROSTBITE?

A. You have frostbite when your body tissue freezes. The most susceptible parts of
the body are fingers, toes, ear lobes, or the tip of the nose. Symptoms include a
loss of feeling in the extremity and a white or pale appearance. Get Medical
attention immediately for frostbite. The area should be SLOWLY re-warmed.

4. What is HYPOTHERMIA?

A. Hypothermia occurs when body temperature falls below 95 degrees Fahrenheit.
Determine this by taking your temperature. Warning signs include uncontrollable
shivering, memory loss, disorientation, incoherence, slurred speech, drowsiness,
and exhaustion. Get medical attention immediately. If you can't get help quickly,
begin warming the body SLOWLY. Warm the body core first, NOT the extremities.
Warming extremities first drives the cold blood to the heart and can cause the body
temperature to drop further--which may lead to heart failure. Get the person into dry
clothing and wrap in a warm blanket covering the head and neck. Do not give the
person alcohol, drugs, coffee, or any HOT beverage or food. WARM broth and food
is better. About 20% of cold related deaths occur in the home. Young children under
the age of two and the elderly, those more than 60 years of age, are most
susceptible to hypothermia. Hypothermia can set in over a period of time. Keep the
thermostat above 69 degrees Fahrenheit, wear warm clothing, eat food for warmth,
and drink plenty of water (or fluids other than alcohol) to keep hydrated. NOTE:
Alcohol will lower your body temperature.



National Weather Service (NWS) Implements a New
Wind Chill Temperature Index

&) Wind Chill Chart {&;
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On November 1, The NWS implemented a replacement
Wind Chill Temperature (WCT) index for the 2001/2002
winter season. The change improves upon the current WCT
Index used by the NWS and the Meteorological Services of
Canada, currently based on the 1945 Siple and Passel
Index.

For more than a year, NWS and MSC have discussed
updating the WCT. During the fall of 2000, the Office of the
Federal Coordinator for Meteorological Services and
Supporting Research (OFCM) formed a group consisting of
several Federal agencies, MSC, the academic community
(Indiana  University-Purdue University in Indianapolis
(IUPUI), University of Delaware and University of Missouri),
and the International Society of Biometeorology to evaluate
and improve the wind chill formula. The group, chaired by
the NWS, is called the Joint Action Group for temperature
Indices (JAG/TI). JAG/Tl's goal is to upgrade and
standardize the index for temperature extremes
internationally (e.g. Wind Chill Index).



After the October 2000 and February 2001 meetings, the JAG/TI reached agreement on a
new wind chill formula, discussed a process for scientific verifications of the new formula,
and developed plans for implementation of the new formula. The new WCT index was
presented at the JAG/ Tl meeting in Toronto, Canada on August 2, 2001.

The new formula uses advances in science, technology, and computer modeling to provide
a more accurate, understandable, and useful formula for calculating the dangers from
winter winds and freezing temperatures.

Clinical trials were conducted at —
the Defense and Civil Institute Ky Wind Chill Temperature Comparison @
of Environmental Medicine in A (Old vs. New)

Toronto, Canada, and the trial
results were used to improve
the accuracy of the new formula
and determine frostbite
threshold values.

Air Temperature of 5°F

Standardization of the WCT
Index among the meteorological
community provides an
accurate and consistent 5 26 3B 48 a5
measure to ensure public Wind Speed (mph)
safety. The new wind chill
formula is now being used in
Canada and the United States.

-=0-- Old Wind Chill Farmula —8— NewWind Chill Formula

Specifically, the new WCT index will:
+ Use calculated wind speed at an average height of five feet (typical height of
an adult human face) based on readings from the national standard height of
33 feet (typical height of an anemometer)
» Be based on a human face model

* Incorporates modern heat transfer theory (heat loss from the body to its
surroundings, during cold and breezy/windy days)

* Lowers the calm wind threshold to 3 mph
» Use a consistent standard for skin tissue resistance

* Assume no impact from the sun (i.e., clear night sky).

In 2002, NWS may adjust the WCT for solar radiation for variety of conditions ( sunny,
partly sunny, cloudy ).

Note: Wind Chill Temperature is only defined for temperatures at or below 50 degrees F
and wind speeds above 3 mph.



Heat loss due to conduction

Clothing has an insulating effect and reduces the energy loss by
radiation and/or convection to the colder outer environment. However
heat losses via conduction AQ..nqs through the layers of cloth with
thickness L can occur:

Ac?cond' _ I{cond : Ac
At L

J (Tskin — Ta)

AQCOI‘Id _ Keond * (-‘4 - Au)
At L

' (Tskin - Ta)

’ i
ol T'[ i -
ot ¥
e 2 )
— L &

A, is the covered body area, A is the total body area, and K,,,q is a
factor which describes the thermal conductivity through the clothing
material:

Keona ~0.04 - 0.2 kecal /(mhr°C)
I=L/K ona4 is the insulation value of clothes in units:
1 [clo] = 0.18 [°Cm?hr [kcal)

Thick layer of clothing L or low thermal conductivity K ond
increases the insulation value I
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Recommended clothing to maintain suitable temperature conditions:

I ~ 0.44 Clo in comfortable environment

I ~ 0.1 Clo in hot environment

I ~ 1.0 Clo in cold environment

I ~ 10.0 Clo in arctic environment
AQcana’ s

A,
At = T'(Tskin _Ta)

This yields in a total heat loss due to radiative, convective, and
conductive processes:

AQioss _ o kcal A, | A, :
—ap SO A T e =T

AQloss _ 1o kcal A—-A. A

~ (2 : —) * (Tsin — T
B o g Ty e T
effective approximation for heat loss parameter K:
; . Ac
K= (Krad+ I‘CO’?U) ’ (A - A") + T

large covered areas A. and large insulation values I reduce the effective
heat losses!
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Consider human body with heat input from metabolism and
heat loss only by radiative and convective processes

AT — AQmet

& At At

- A (Tskin - Ta)

The differential equation for the temperature is thus

AT _ 18Qma _ X
At ©O At C

Solving the differential equation shows that temperature changes occur
Exponentially and are determined by the time constant ¢, = C/A

Tskin(f) = Ta‘kirl(t == 0) . e—fﬂo + Tskin(t ~ 5t0)(1 — e_tﬁo)

‘ _ Exponential change with slow
time constant 7,

T (t=0)

v
r'—

for the human body with C=58 kcal/°C and A ~ 25 kcal/hr
= t, = 2.3 br

Without additional heat control system it takes the body more than
2.3 hours to adjust to temperature changes!
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How must A adjust to maintain body temperature during physical
activities (additional heat generation)?

approximation: Tskin = Thoay =37 °C

Acht = AQ{oss
At At

§-Py=\T -T,)

for a person to maintain a comfortable temperature requires for the
metabolic activity factor é:

A
6= = (T -T.)

o

with A = 25 kecal/hr°C and P,=70 kcal/hr

(T = Ta)

b=
2.8°C

To feel comfortable without clothes at the beach at an air temperature
of 21°C (70°F, the metabolic activity factor must be §=6, the person
must show at least 'moderate’ activity (Catabolic rate AU/At~400).

Without an internal temperature control system 6 and A must be
always adjusted according to:

£%%

(T-To) = \

This requirement must be met by either adjusting the activity rate 6 P,
or the heat loss rate A through the proper choice of clothes!



heat control system regulates heat sources and sinks and the
timescale for temperature adjustments!

ore
| Sensors —_37'1 oC Lj

. core
T, mefabalic act, | 2”73’??/
set mofar- dcf:w@ =z NViRoN-

fasormolor myscle [\ mevr
sydmoTi &

1
skinV =
T 33-38°C | |

sensors | <
Bobpy’

ELEMENTS IN THE HUMAN TEMPERATURE CONTROL SYSTEM

Using a simple approximation the body is characterized by core tem-
perature 7' and skin temperature T;,. Neurons transmit information
about 7" to the control center in the hypothalamus. Core temperature
is kept constant to 7' = 37.1°C!

Skin temperature is measured by nerves which are sensitive to either
hot or cold temperatures. The temperature plus the rate of change is
transmitted to the hypothalamus. Skin temperature is allowed to vary
over wide range between = 33°C and 38°C.
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mechanism to increase body temperature

increase of internal metabolic activity by shivering
increase of blood transport, better heat conduction between different
body parts

mechanism to decrease body temperature
Sweating, heat loss through evaporation (up to one 1/hr)
latent heat of sweat ~ 580 kcal/l

= maximal 580 kcal/hr can be removed at dry air conditions!

If air is humid the evaporation losses are limited by the ability of the
Ambient air to remove sweat from skin

—1dQ
d L-).sn'eaf- TJ/ZH'I "
n A emperallr
i (a_*e_a) - k(T-3685 c) bfmzn g
o 33°C and 38°C.
K= 750 kwl
hr °C

No Sweating Threshold Temperature

3 ; ¢ —
364 366 368 370 C 7;re.

RATE OF HEAT LOSS DUE TO SWEATING
AS A FUNCTION OF CORE TEMPERATURE.

Below a core temperature 7' 2236.85°C' there is no sweating.
For T >36.85°C heat can be removed by sweating at a rate
independent of the skin temperature:
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AQconi
At

x (T — 36.85°C)

This yields for the heat balance system of the body:

AT AQcont
C-ay =8t =K

~MT ~To)

AQcont _ - o
eont — K (T - 36.85°C)
where K = Ly[kcal/l] - ey[l/hr°C] = 580¢y [kcal / hr°C]

This is based on a latent heat for sweat of 580 kcal/l and an
evaporation rate of ey = AV yea /At

The solution of this modified differential equation results in a reduced
time constant

teont = to/(14+K /A= t,/31 = 4.5 min

The body response time to temperature changes is much faster due to
the heat control system
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Maintaining the body temperature during physical activities,
AT /At =0 is now described by:

AQmet HEEE AQloss AQCOR!

At T Af At

§-P,=XT-T,)+K - (T - 36.85°C)

This changes now the activity factor 6 to maintain a
comfortable body temperature

A K

6=p (T =To)+ 5 (T - 36.85°C)

with A = 25 kcal /hr°C, P,=70 kcal/hr, and K=580-eykcal/hr°C

(T -1T,) 1 ev - (T — 36.85°C)
2.8°C 0.12°C
This yields for a body temperature of T" ~37° K

6=

3 ~T.)

_ | ,
b=mm +1.25 ey

The normal daily evaporation rate is €y &~ 12 ml/hr, therefore to avoid
heavy sweating an activity factor of 6 <13.2 - 0.36 7, has to be
maintained!
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For any outside temperature T, a metabolic rate of § - P, can be
reached without heat regulation via evaporation

Ta 6ma.7: b - Po
[°C] [kcal / hr]
9 10 700

23 5 350

31 2 140

34 1 70

At temperatures above 32°C' sweating takes always place

For a every activity factor & and outside temperature 7, the
evaporation rate ey be calculated.

oyt T-T
V158 " 3500

This yields ey ~0.86 - 11 +0.3T, [l/hr]

The evaporation rate is calculated for certain activity factors 6 at
different abient temperatures 7T},

Ta=26°C Ta:2800 Ta=3000 S - Pﬂ

[1/hr] [1/hr] [1/hr] [kcal / hr]
0 0.6 1.2 280
1.6 2.2 2.8 420
3.2 13 - 560

For high activity levels at high temperatures extreme values are
required for the evaporation rate to maintain a constant body
temperature.
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EXAMPLE BICYCLE TOUR

Suppose you ride your bicycle at a warm summerday with7,=28°C along
a country road with a velocity of v=30 km/hr. Because of the warm
weather you wear thin biker cloth with an insulation value of only I ~0.1
clo, the clothes cover only A ~0.3m? of the body surface. Calculate your
heat losses necessary to maintain a constant body temperature T'=37°C
on the basis of a metabolic rate of AQet/Ar = 6 - P, = 600 kcal/hr!

RADIATIVE LOSSES

AQrad _ . keal . Jkeal
ag &gl = Ta) = 1085

CONVECTIVE LOSSES

kcal kcal .. keal
hroc]—(T—Ta) = 31[hroC]-(T—Tﬂ) = 2(9—}1—1_—

AQconv
At

~ (10.45—v+10/v|

CONDUCTIVE LOSSES

AQconv _ Acp keal o kcal _ -keal
At I{hroc]'(T"T“)_3[hroc] (F=T) =27 hr
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TOTAL HEAT LOSSES

AQ!oss = = keal
o 108 + 315+ 27 _450_hr_

To compensate the heat production duw to the metabolic rate
additional cooling by evaporation is necessary

AQmet _ keal kool = Al
At = hr il hr = At
- E .
600 _ 4505 | e Ly - (T - 36.85)
hr hr

with Ly =580kcal/l:

l
0.32— = ey - (T — 36.85)

hr

0.5cm

This yields an evaporation rate of:

ev ~ 2.13 [I/hr]

Reasonable experience of efficient sweat rate with good cooling as the

wind helps evaporating the moisture at the surface of the skin.
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The biker approaches a steep hill, because of his larger work efforts the
metabolic rate increases up to 800 kcal/hr but the speed drops to a
mere v=10 km/h. Only the convective loss rate is affected.

NEW CONVECTIVE LOSSES

AQcom} keal keal keal
s (1045 {T=T.) =24. (T-T,) = 219——
s (10.45 U+10ﬁ[hr"c] (T-T,) = 24 4[hr°C] (T-T,) 9 .
reduced speed = less cooling!
kcal kcal . .
800]— = 446]— +eyLy - (T — 36.85) higher metabolic rate!
r r

This yields a considerably higher evaporation rate of:
ey = 4.1 [I/hr]

The sweat rate nearly doubled, cooling will be less effective as the
reduced wind is less effective in drying the moist skin. (Well known
experience!)

If the biker stops altogether to get a rest, convective cooling
dissappears altogether, for a short time while the metabolic rate is still
high (relaxation time of temperature regulation system) the only
available heat loss is radiation (~constant) and evaporation. This leads
to a short term increase in evaporation:

ey ~ 7.6 [I/hr]

This is in agreement with everybodys observation when stopping after
a hard bike ride.
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Medical Implications of high Temperature Conditions

Fever results from infections (bacterial tozins = pyrogens) which alter
the set point against which the core temperature of the body is measured
in hypothalamus

Onset of fever: Tset rises but core temperature T, is below Ty
= patient feels cold

Regulatory reactions of hypothalamus and patient

e restriction of blood flow to outer skin layers to reduce heat loss (skin
looks pale and is cold)

e patient puts on blankets and additional clothing

e patient starts shivering (heat production by increase of metabolic
heat production rate by internal muscle work)

Te &

T,wr'—/—l
= =

set, )

[ f !
Onset oz gever

§s
{1'

85



After T, rises to new set point temperature Ty, "coldness” symptons
disappear but skin temperature has also risen in response to increase of
core temperature.

After infection subsides, T drops to normal = patient feels to warm

Regulatory reactions of hypothalamus and patient

e increase of blood flow to outer skin layers to enhance heat loss (skin
looks flushed and is hot)

e patient throws off blankets and additional clothing

e patient starts sweating (additional heat loss)

Antipyretic drugs like Aspirin block pyrogens and keep set-point
temperature at "normal”
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Dangers of extreme outer Temperature Conditions

High summer temperatures or temperatures in a hot bath (sauna)
causes an increase,in body temperature due to heat absorption!

~

No heat loss except by sweating!!!
= Danger of Heat Stroke!!!
positive term

Statistics

e Summer heat kills on average > 1000 people/yr in the USA

e Heat stroke is second common cause of death among athletes in
USA (Marathon running events) (high metabolic rate 6 - P,)

e Death in a Hot Tub: A.A. Bartlett & T. Braun, Amer.J.of Physics
51, 127 (1983)
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Development of Heat Stroke

OF Oc

Upper Limit
LALE R of Survival?
< Temperature
| 10-'-“ Heat Stroke Regulation
3 Brain Lesions Seriously
442 Impaired
1064 ] Fever Therapy
+40 } qum: Disease Yericaratuie
1024 Regulation
s Hard Exercise Etficient in
7 Febrile Disease
98 Usual Range Health and Work
L 36 of Normal
L
944
-34
L Temperature
Regulation
904 32 Impaired
BE+430
8228 Temperature
" o Regulation
3 Laost
784 28
1 Low Limit
"’--2‘ of Survival?

. body temperature rises — blood vessels dilate to transport heat to
surface (in the vain attempt of cooling, further heating occurs!)

. (watch for alcohol in the sauna: causes further dilation of blood
vessels)

. Blood pressure drops — blood flow through brain and heart is re-

duced

. insufficient blood flow through brain (dizziness), intestines (nau-
sea, vomiting), muscles (weakness), and heart (increase of pumping
speed — heart rate)

. complete breakdown of heat regulatory mechanism f

solution: keep your feet in cold water!
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