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ABSTRACT

Biomimicry, the science of emulating nature’s strategies, has remarkably contributed to solving many of human
problems in different fields. This paper studied the potential of interpreting some of the nature mechanisms to reduce or
eliminate energy consumed for cooling purposes. It highlights three of most effective cooling and thermo-regulating
strategies in extreme environments which are accomplished through morphological features. For the first two strategies, a
comparative analysis of a mutual thermoregulatory mechanism was conducted for four different organisms. The third
strategy listed four of the related hypotheses interpreted termite mound’s mechanism of thermoregulation. The study
concluded to draw the working principles of each strategy that can contribute to design eco-friendly and passive cooling
systems for bionic engineering and architecture. It is assumed that applying thermoregulation strategies will lead to

creative designs with significant energy saving.

Keywords: passive cooling, biomimicry, thermal comfort, sustainable architecture.

INTRODUCTION

In the building sector, a high percentage of the
electrical energy is consumed to meet human thermal
comfort requirements using Heating Ventilation and Air
Conditioning systems (HVAC). For example, in Kuwait
and the Gulf States, the HVAC systems “consume more
than 70% of the installed capacity of power generating
units” [1]. Similarly, in Australia, the non-residential
buildings consume 70% of the total energy for air
conditioning units [2]. Consequently, buildings are
responsible for most of the total consumed energy over
than the other sectors such as transportation and industry.
Burning fossil fuels to generate electrical energy has
contributed largely in destroying the ecological life and the
climatic system in the earth causing natural disasters like
global warming and ozone layer depletion. Furthermore,
global warming has critical consequences such as ice
melting in arctic which causes increase in the ocean level
height [3] and widespread amphibian extinctions [4]. The
emissions of the poisonous gases, such as SO2, NOX and
CO2, resulted from burning fossil fuels are causing
environmental pollution problems, acid rain and as a result
death of vegetation [5]. Acidic rain and ozone layer
depletion are the main causes for volcanoes rampage and
heating of volatile-rich rocks [6]. Consequently, there is a
serious change happen in the earth system and finding
alternative air cooling mechanisms to the HVAC that can
passively or energy-efficiently run will contribute to solve
this challenge.

Biomimicry, the science of emulating nature
techniques, has contributed to solve many of human
challenges [7], [8], [9] including indoor air conditioning
issues. A study by Abdullah et al. [10] showed that
mimicking the thermoregulatory mechanisms in nature to
novel air conditioning designs can contribute to a

considerable energy saving. Therefore, this study
highlighted some of the thermoregulation mechanisms in
nature achieved by sort of form to be consciously
emulated to passive cooling designs. Nevertheless, before
dealing with the thermo-regulation mechanisms, heat
transfer methods have to be discussed for a better
understanding of energy exchange basics in each
mechanism.

HEAT TRANSFER MECHANISMS

Heat is an energy which transfers by three means
that are conduction, convection and radiation. Heat
transfer by conduction occurs through the molecules
movements from the more energetic part to the less
energetic of a substance. Heat transfer by conduction can
be calculated by Fourier’s Law that is

Qona = k =% (M)

Where, qconq 1s heat transfer rate, k is thermal conductivity
of the material, T, andT, the temperature of the two
material surfaces, L is the thickness of the depth between
these two surfaces.

Convection happens when a fluid or gas flow
adjacent to a solid body with a higher temperature
whereby the nearby molecules of the fluid become hotter
and less dense making them float and be replaced by other
molecules of the fluid. Therefore, buoyancy is the main
motion vector in heat transfer by convection. There are
two types of heat transfer by convection that are natural
and induced or forced convection. Natural convection
happens when wind passes nearby a wall, but the forced
convection is caused by external forces like mechanical
devices; e.g., fans, pumps, etc. This technique is used to
run the cooling systems and the ventilation elements such
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as the chilling ceiling panels and wind tower in Middle
East architecture. Simple heat transfer by convection can
be calculated via Newton’s law

Qconv =hA (TI - T2 ) (2)

Where, Q. is heat transferred per unit time, % is the
convective heat transfer coefficient, A area of the material,
T, and T, are the temperature of both material surface and
fluid, respectively.

Radiation is the heat emission from hot material to the
surrounding through electromagnetic waves. The radiative
heat loss can be described by Stefan Boltzmann law that is

Qrad=£UA(T14_T24) 3)

Where Q4 is heat emission, € is material emissivity,
6=5.67 (13)x10°* W-m >K*, A is material area, T, and
T, are the temperature of both the radiative material and
the surroundings.

THERMOREGULATION IN NATURE

Regulation body temperature is an essential issue
for the survival of biological systems and the integrity of
their functions. Thermoregulation is the challenge of
keeping the temperature of an organism and its brain
within the acceptable ranges especially for the animals
living in the extreme environment such as savannas and
deserts. The two sources of heat gain for organisms in a
hot region are the heat from the environment like sun
radiation and the heat from metabolism [11]. Organism are
exposed to the high temperatures and to stalking chase and
predation by hunter of hungry animals producing high rate
of metabolism heat [12]. Cheetahs run at speeds more than
100km hr' to pursue its prey, producing heat over 60
times than that at rest time [13]. This high temperature is
fatal for the sensitive brain which operates within highly
restricted temperature contexts [14]. To deal with the
overheating challenge, organisms have a diversity of
behavioral, physiological, and morphological
thermoregulation mechanisms [11].

The adaptive behavioral mechanisms to reduce
excess body heat varies from animal to another. Some
animals seek shade on a microclimate area such as living
in the underground burrows, others tend to do activities at
night and some are resorting dormancy underground [15].
Small mammals have high body surface area to volume
ratio resort to stay in burrows to avoid heat gain. Burrow
is saturated microhabitats characterized by small range of
temperature difference not like hot surface of the desert
which fluctuates from 20°C at night to 70 °C at midday
[16]. Moreover, mammals evaporatively cool their body
by panting, licking [17], peeing, bathing and spreading
saliva [14]. Furthermore, bees use evaporation mechanism
to cool their nest by collecting water droplets and spread
them in the hive [18]. To moderate body temperature,
birds exhibit mobility behavior such as gular fluttering,
wing fanning, in addition to orientate or posture their

bodies in a perpendicular manner to the sun to minimize
the exposed area to solar radiation [19]. A review of the
behavioral strategies used by mammals to cope thermal
challenges was conducted by Terrien et al. [20].

The physiological thermoregulatory mechanisms,
homeothermy, are the physical or the chemical functions
carry out by organism body to keep core body temperature
constant as an adaptation to the temperature fluctuation in
their environment. To cope their environment, organisms
have varied reactions such as evaporation or controlling
metabolism rate. This depends on the biochemical reaction
rates [21], “enzyme activities, hormone expression, and
cardiovascular functions” [22].

However, the morphological thermoregulation
adaptation is the one achieved by some kind of form or
structure to maintain body temperature within viable
ranges of survival. Figure-1 listed some of the
thermoregulation strategies in nature achieved through
morphological features where three of them are
extensively discussed in the next section.

The first thermoregulation strategy is through air
circulation where excess heat is continually expelled by
force convection through air movement and stack effect.
This is achieved by the special structure of birds’ nest that
is full of ventilating holes [23] and the forced convection
through panting in many of animals and birds to dissipate
heat. However, the second thermoregulation strategy that
is counter-current heat exchange is achieved through
conduction to conserve heat in organisms living in an
extreme environment especially the cold one. It is a
crossover between the hot blood arteries coming from the
body and the cold blood veins coming from the exposed
organs to the coldness of the surrounding. When the hot
blood of the arteries run in a close juxtaposition with the
cold blood of the veins in opposite directions to each other,
the heat is transferred from the arteries to the veins
conserving a considerable amount of the body heat. This
mechanism is found in the respiratory passages of the
animals living in extreme environment [24], the tongue of
the gray whale [25] and legs of arctic eider ducks [26].
This mechanism has been emulated to engineering and
industry to recover heat energy such as indirect
evaporative cooling systems [27].

As for reducing heat transfer, either heat loss
from organism body or heat gain from the surrounding,
insulation is the thermoregulation strategy used by many
organisms to survive in extreme climates such as desert
and arctic. It is achieved by some means such as fur,
though using blubber and air layer are the most common.
Blubber as an insulation strategy in marine mammals is
characterized by low thermal conductivity preventing heat
loss [28]. However, in the desert, snail protects its body
from the hot surface of the desert which reaches up to
70°C [29] by placing its body in the upper part of snail
shell which contact with the ground in a few points
reducing heat transfer through conduction. As a result, a
layer of still air occurs between snail and the hot ground
creating “an insulating air cushion” without which animal
will reach the lethal temperature [29; p. 389]. Moreover, to
avoid the direct sun
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Figure-1. Some of the morphological thermoregulation strategies in nature.

which can generate the same heat as a single bar radiator
over each square meter of a surface” [30], shading is the
effectual strategy for reducing heat gain. Desert plants like
cactus has ribs and spines which contributed to offering
shading areas enabling them to survive in the harsh desert
environment [31], [32].

Evaporative cooling through cutaneous surfaces
such as perspiration and secretion is an effective way to
avoid overheating in organisms which do not have
insulation like fur. Sweat is secreted by many glands in the
dermis layer and controlled by sensors. This cooling
technique was the inspiring notion for the Bio Skin facade
system of the Sony Research and Development Office in
Tokyo which is consists of a network of porous ceramic
that collect rainwater for cooling air in summer [33].
Furthermore, bypass system for blood vessels is a
technique of controlling blood flow to the superficial layer
of the skin. This system is mostly found in aquatic
mammals which “permit a precise regulation of the
amount of heat that reaches the skin surface and thus is
lost to the environment” [34; p. 251]. So, when there is a

need to dissipate excess heat of the body, the blood flows
through this system to the superficial skin whereby heat is
dissipated through convection. However, when the
environment is cold, and an animal needs to conserve
body heat, the blood is restricted by this system to flow
through the internal blood vessels. Either as regards of the
three thermoregulating strategies that are respiration
through the nasal cavity, air circulation in the termite
mound and thermal windows in some biological systems, a
comparative study was conducted in the following section.

Comparative study of cooling mechanisms in some of
the biological systems and termite mound

This study highlights three of the most common
and effective cooling, thermo-regulating strategies in the
extreme environments that are accomplished through the
morphological features. Two comparative studies were
conducted for four organisms under two cooling
mechanisms that are cooling through (1) respiratory
passages and (2) organisms' appendages. The third study
reviewed four of the well-known hypotheses on
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interpreting the thermoregulation and ventilation
mechanism in the termite mound. After that, the study
extracted the key working principles of each mechanism
from the perspective of (1) morphological features and (2)
heat transfer methods.

Nasal heat exchange: Cooling through respiratory
passages:

Evaporative cooling is the most cooling
mechanism used by flora and fauna. It is more effective
mechanism where air is hot and dry or unsaturated. This
kind of environment creates an adequate difference in
water vapor’s concentration between ambient temperatures
and wet surface. It takes different forms but all of them
aim to dissipate overheating or hyperthermia in organisms’
body through vapor cooling. It occurs through diffusion in
the available surface for evaporation [35]. When water
evaporates, the surface become cold. Accordingly, it cools
the existing vascular net under skin which cools the rest of
the body and brain due to blood circulation.

The main element of evaporative heat loss is
water which has exceptional physical properties. It has
high specific heat capacity means that it needs large
amounts of heat energy, 4200 J/(kg °C), before changing
the temperature of 1 kg of water by 1°C [36]. Therefore,
when this strategy occurs in organism, water either in a
form of sweat, mucus, or saliva absorbs great deal of
ambient temperature heat to evaporate water causing
cooling for the wetted area. Additionally, water has the
property of conductivity transfer heat more easily than
other liquid apart from mercury. To find out the specific
heat capacity, this equation can be used

E=mxcx0 “4)

Where E is the energy transferred in joules, m is the mass
of the substances in kg, c is the specific heat capacity in J /
kg °C, and 0 is the difference in temperatures in °C.

There are two types of evaporative cooling, (1)
the active means which are the behavioral cooling like
dipping and (2) the passive means that are physiological
cooling such as sweating and the physio-morphological
cooling e.g. the evaporative cooling by nasal turbinates.
The case studies of cooling through respiratory passages
are camel, reindeer, muskoxen, and giraffe. What connect
them is the ability of regulating their brain temperature
within a fluctuating environment. These mammals
(artiodactyl) live in extreme environment and face big
ranges of temperature changes either during the day or
throughout the year [37], [38], [39]. However, in these
environments, the temperature fluctuation is lethal for
animals’ brain which is only working within specific
ranges 37°C-38°C [40]. Selective brain cooling is the
mechanism used by these animals to cope with heat stress
and keep brain’s temperature within the safe range [41],
[42].

The cooling process takes place in nasal cavity
which contains turbinate covered by mucous membrane
where there is a mesh of nasal veins [43]. As seen in
Table-1, the four mammals have a common spiral-like

nasal turbinate structure for thermoregulation. The spiral
structure is simple in the animals living in a more
moderate environment like a giraffe and it is more
complicated for animals living in the extreme environment
like reindeer and muskoxen. Hillenius [44], [45] suggested
that complex structure of nasal turbinal is an attribute of
mammalian respiratory functioning to decrease metabolic
water and heat loss accompanying with the high
ventilation rate. The spiral form compresses a structure of
a large surface area within a small volume [46]. The large
surface area of nasal mucosa and concha are responsible
for directing, humidifying, thermo-regulating and filtering
inhaled air [47], [48]. Nasal turbinates are elongated
narrow bony structure and projected downwards. They
have convoluted structures of thin cartilage and covered
with a ciliated mucous membrane. The cartilage turbinates
are padded by thin, highly vascularized mucosal lining
[49] stretching along nasal cavity [50]. The turbinates take
a streamlined form which has a lower resistance to air and
makes it move smoothly without creating turbulent
currents. The drag coefficient of streamlined body is 0.04
which is the lowest value among all forms. This form is
like the body form of an aircraft, Shinkansen bullet train,
which inspired from streamlined form in nature.

Selective brain cooling begins when an organism
inhales air which passes through the wet surface of the
turbinates making mucus evaporates. This cools turbinates
surface which in turn cool the nasal veins in the mucosal
lining. The effective heat and water exchange in nasal
depends on the small transverse like the gap between
turbinates and the large axial dimensions of the airways
[51], [52]. It is found that the difference in temperature
between blood in vessels and the mucosal lining is
negligible and this indicates a high heat transfer between
them through conduction [46]. Then, the cold blood moves
through nasal and angular veins to the cavernous sinus
located under the brain. The cavernous sinus works as a
pond of a cool venous blood where it meets the warm
arterial blood destined to the brain. The arteries split into a
tiny network to reach “up to hundreds of small arteries,
composing the rete mirabilia, which maximizes the heat
exchange” through conduction [14; p.692]. By this
mechanism, the arterial blood is pre-cooled before
entering a brain. In hot seasons or when an animal is doing
exercises, there is an active adaptation that increases
cooling blood and its circulation rate. It is through the
increment of the respiratory frequency rate that is the rate
of breaths per minute [38], [53], [54], [55].

In extreme cold environment, this mechanism is
used to recover heat and water lost through respiratory
process by utilizing counter-current heat exchange in the
nasal turbinates [56], [46]. So, when an animal inhales the
cold dry air, the air become more humidified and warm by
evaporation of turbinates mucous on nasal leaving them
cold. However, when an animal exhales, the hot saturated
air passes through these cold mucosal surfaces of
turbinates recovering both heat and water before it is
exhaled at a low temperature [57]. This strategy works in a
better way when there is a need for heat conservation due
to counter-current heat exchange for retia blood which
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guarantee a better chance of heat and water exchange in
exhalation [50], [58], [59]. This strategy is similar to that
one used in cooling towers where the vapor water is
recovered by the special morphology of the drift
eliminator in addition to being cooler than the water vapor.

Working principles of evaporative and conductive
cooling in selective brain cooling strategy

The comparative study in Table-1 shows some
mutual features used to regulate the brain temperature for
the four selected organisms. These principles are
responsible for thermoregulating the respiratory air and
cooling brain temperature in extreme and during exercises.
The working principles for the evaporative and conductive
cooling strategy through respiratory passages are as
follows:

= The respiratory passages constantly covered by mucus
layers as wet surface.

= The respiratory passages are continuously exposed to
the (exhale and inhale) air flow which enhances the
process of evaporative cooling

= The more the contact surface area between the air and
mucus layer, the more the heat and water exchange
and recovery.

= The scroll-form of turbinate compresses a big surface
area within smart, small frame and this structure is
only found in these animals living in extreme
environment either very cold or very hot for heat and
water recovering.

= The complicated form of scroll-type turbinate
structure slightly reduces air velocity.

= The peak efficiency of heat and water recovery by
turbinates occur in the extreme weather, either cold or
hot.

= The increase in air flow means increase in evaporation
rate and as a result a better chance of both cooling and
thermoregulation.

= Active adaptation such as panting is an assistant way
to enhance force convection for cooling purposes.

= The thermal characteristics of the turbinate structural
layers are featured by high conductivity.

= Heat transfers through evaporation, conduction, and
convection.

= Vasodilation of vessels in mucosal lining is for heat
loss and vasoconstriction and counter-current is for
heat conservation.

= Splitting arteries into tiny networks significantly
increases the contact surface area for heat exchange
through conduction.

The derived principles from the cooling strategy
in nasal might be helpful for developing designs which
stands on evaporative (1) air cooling and (2) circulating
fluid in power stations and factories. Examples of that,
evaporative air conditioning system [60], [61]; gas
turbinate pre-cooling [62]; poultry and livestock cooling or
farm buildings [63]; preserving plant products [64];
greenhouse cooling [65], [66] and precooling of inlet air
for dry coolers [67].
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Table. Comparative study for the thermo-regulatory strategies by the respiratory passages in four organisms

Nasal cross-section

ﬁetrievéd from
Badawy and
Elmadawy [52]

Rétrieved from
Casado Barroso [49]

Retrieved from Blix
[68]

Retrieved from
Langman [69]

Thermal regulators

Camel nasal

Reindeer nasal

Muskoxen nasal

Giraffe

Environment Desert Arctic Semi-arid savannah
heat loss in extreme 45% of the heat Not studied yet (NS)
through respiration 60 cal. h-1. Kg-1[53] production [38] NS
Heat recovery in extreme Only 6 cal. b-1. Kg-lis 75% of exhaled air [73] | Assumed by [74], [75] 8% of the metabolic

dissipated [53]

heat production [69]

Water recovery

70% [71] [70]

80% [73]

NS

58% [69]

Influential structural fa

ctors in nasal turbinates (passive adaptation)

surface area

1000cm? [70]

772 cm? [49]

5363 cm’ [49]

7500 cm? [77]

Midst air gap 1-2 mm [70] 1-3 mm [49] Varies ba[zegd] on depth 4mm [69]
Shape scroll scroll scroll scroll
Well vascularized mucus yes yes yes yes
watery lining (mucus) yes yes yes yes

(active adaptation)

respiratory frequency
breaths per minute

From 3 to 60 [53]

Up to 270 [42] [38]

reported [55]

From 6.5 to 13.4 [69]

Effecting environmental factor

Air temperature

yes yes yes yes
Air humidity H yes yes yes yes
Temperature (T)
Ambient temperature below freezing to 55 °C annual changes up to 80°C [38] 8.9-32.2°C [78]

[43]

Organism range T

35°C-41°C[72]

38.4-40.4 °C [76]

37.7-41.3°C[74]

37.3°C [69] 35.7-39.1
[77]

Vasodilation/ heat loss

33 <Ta<45°C[43]

During exercises [50]

NS

NS

Active adaptation

38°C < Ta [40]

35°C <Ta [56]

Reported in [55]

36 <Tb [77]

Radiative cooling: Thermal radiators

In nature, the different heat transfer modes,
radiation, convection, conduction, and evaporation take
mostly place at surface. This explains the large additional
areas in some animals' appendages which are important for
the balance of their bodies’ temperature. In biology, these
vasomotor appendages called thermal radiators, heat sink
or thermal windows. Thermal radiator is a hot body which
emits electromagnetic radiations to the cooler surrounding.
In some areas in organism's body which are bare and has

no cover fur, they work as thermal window. By using
infrared camera, researchers discovered that animal emit
heat when it is hotter than environment [79]. It is a way of
heat exchange to regulate body temperature through
balancing metabolic heat production. It is also an
adjustment to control blood flow to the appendage by
either vasodilation or vasoconstriction. Examples of the
thermal radiators in nature are jackrabbit ears [80],
elephant pinna [81], toucan bill [82], hornbill’s bill [83],
rat tail [84], goats horn [85], fiddler crabs claw, hot spots
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and radiators in animals like bat’s wings [86] and seal’s
skin. This study covered four of the biggest radiators in
nature that are jackrabbit ears, elephant pinna, toucan bill,
and the average size radiator of hornbill’s bill which called
in this study appendages. The selection criteria of these
cases is based on their efficiency of thermoregulating body
temperature by either radiating excess heat or conserving
body heat.

Jackrabbits live in a desert and elephants live in
savanna where the temperature is greatly varied between
summer and winter, daytime and night. It ranges from
50°C to below freezing [87], [88]. Additionally, in such
hot arid climates, water is scarce and heat loss is achieved
through none-evaporative mechanisms [83].To cope with
these harsh environmental circumstances, these organisms
lose excess heat gained either from metabolic energy
through their big appendages like ears in jackrabbits and
pinna in elephants [89],[81]. These appendages represent
big part of the body surface area to reach up to 25% in
jackrabbit [80] and up to 20% in elephant [87]. The large
surface area to volume ratio of the jackrabbit ear and
elephant pinna are loaded with an intensive network of
vessels [90] which has tree-like morphological structure.
Tree structure is the “principle of global maximization of
performance in volume-to-point (or point-to- volume)
flow” where it solves “the problem of minimizing the
thermal resistance between an entire heat generation
volume and one point” [91; p.4]. The fractal form of the
branches growth maximizes the heat loss from one point to
a large surface area which takes the full advantage of heat
exchange. These appendages have thin, uninsulated skin
like a membrane working as a thermal window. During
doing activities, body temperature becomes hotter than air
temperature, therefore, blood vessels expand and blood
flows to fill veins, arteries, and small capillaries in the
ear/pinna. This increases the contact surface of vessels
with the air and guarantees a better chance of heat
exchange and blood cooling through heat dissipation.

However, in birds, the differences in peak size is
an adjustment to the environment temperature and
humidity which is considered as a key adaptive appendage
for body thermoregulation [92], [93], [94], [95]. It is also
proposed that the variety in birds’ beak size is an
adjustment to water vapour pressure or humidity gradients
[92]. Since toucans and hornbills live in a habitat where
temperature and humidity are remarkably high and
evaporative heat loss seems ineffective, the non-
evaporative cooling mechanism is essential for surviving

[83]. The uninsulated peaks of toucans and hornbills are
responsible for balancing the high metabolic heat
produced when feeding and flying. The well-vascularized,
superficial vessels [96], [82], [83], [97] which intensively
spread within the dermis of the peak is responsible for
controlling body temperature achieved through modifying
blood flow either through vasodilation to dissipate heat or
by vasoconstriction to conserve it.

The mentioned appendages lose heat through
radiation by exposing the vessels’ surfaces to the
surrounding air and through convection by increasing air
flow through flapping [87], [81].These appendages not
only dissipate heat but also conserve body heat at low
ambient temperature and keep core body temperature
constant by means of vasoconstriction and counter-current
blood flow for heat exchange [98], [99], [87], [82].

Working principles of radiative cooling through
organisms’ appendages

The comparative study in Table 1 inferred some
common features used to regulate the temperature of the
four organisms and keep it constant despite the
considerable difference in the temperature of their
environment between cold and hot times:

= The more the exposed surface area of the organ, the
more the heat loss where H;, X A.

=  Peak heat loss occurs when organ temperature is
around 10°C more than the ambient temperature.

=  Uninsulated, superficial and well-supplied parts are
crucial factors to maximize heat loss.

= The morphological features of vessels aretree-like and
branching which increase the exposed surface area for
heat exchange.

= Wind is helpful to enhance convective heat loss;
however, temperature gradient is the indispensable
factor for achieving heat transfer.

= Active adaptation such as flapping and panting is an
assistant way to enhance force convection for cooling
purposes.

= Heat transfers through organisms’ thermal radiators
by radiation and convection.

= Organisms use vasodilation for heat loss and
vasoconstriction for heat retention.

=  Appendages are used both to dissipate heat and gain
heat by exposing their surfaces as well as vessels to
the direct sun radiation.
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Table-1. A Comparative study of the thermal window in four organisms.

o

"I‘herm‘al Jackrabbit ears Elephant pinna Toucan bill Hornbill beak
radiators in the Notes
- (M ) 3 “
ganisms
16 - 66 % and up Up to 100% of 30 - 60% and up to Heat loss varies
Efficiency of to 161% of P y 400% of resting Up to 19.9% of heat | depending on time,

excess heat loss

metabolic heat

metabolic heat

heat production

loss [83]

region,

production [80] [87] [82] temperature...etc.
Peak heat loss - o
when T;, higher 7°C -11.5°C ~16°C Not stated Tg ‘{2&“}‘ N[lg(;]c ib bofly i"ﬁp'
than Ta by c b a ambient L€TNP.
EfflClency of heat 47-57% [80] Not stated Not stated Not stated When heat is
gain needed
Effecting physical factors of appendage (passive adaptation)
Large surface to 19- 25 % of body 20% of the body 30 to 50% of body | 4.7%of body surface More exposed
) surface, more heat
volume ratio surface [80] surface [87] surface [82] [83]
exchange
. . . . Enhance
Shape flat surface [100] flat surface [102] Big beak-like [105] Big beak-like [83] .
convection

Superficial and

More vessels mean

well vascularized Yes Yes Yes Yes
‘ more heat loss
(thin wall)
Vessels . . . . Such morphologies
morphology Branching Branching Branching Branching & sensory enhance heat loss
Weight Yes Yes Not stated Not stated Weight affe?ts heat
production
Uninsulated Yes Yes Yes Yes Enhan(':e
appendage convection
(active adaptation)
. . Flapping and . . . . Enhance forced
Active adaptation panting pinna flapping Panting panting convection
Effecting environmental factor
Air temperature Yes Yes Yes Yes Enhance heat
exchange
Wind speed Yes Yes Yes Yes Enhan(':e
convection
Temperature (T)
Ambient 3°C to 50°C [101] | 8°C-40°C[103] | 10°Ct035°C [82] | 15°C to 45°C [83] Highly varied
temperature
Organism average 37 °C-40.5°C 36.2+£0.49 °C o o a0 o
T [89] [103] 38° to 39°C [82] 37° to 39°C Almost constant
Period of 24<Ta<40°C | 15°Ct020<Ta 16 < Ta < 25°C 30.7 <Ta < 41.4°C N
Vasodilation for [80] 81] 82] [83] Heat dissipation
heat loss
Period of 1.4°C<Ta <24 °C 15 °C>Ta<30°C .
.. <9° < °© -
vasoconstriction 40 °C< Ta [80] Ta<9°CI31] Ta<16°C[82] [83] Heat retention
. . Ta ~38.7°C - o Ta=374+2.1°C .
Active adaptation 45.5°C [80] 21 <Ta[104] 18°C < Ta [82] [83] Forced convection
As the purpose of this study is to emulate nature natural ventilation such as solar chimney, thermal

solutions, therefore, for dispelling heat from buildings,
large additional areas specialized for this aim are required
to achieve this goal such as chimney. These extra surface
areas could be useful in cold times of the year to warm
indoor air. These principles are helpful in developing the
existed design of passive cooling architectural elements
which is based on dissipating the excess heat through

chimney, and solar updraft tower. The similarity between
solar or thermal chimney (Buoyancy driven natural
ventilation; stack ventilation) and thermal radiators in
nature is that their main function is dissipating heat. Their
performance strategies depend mainly on the temperature

differences between the inside and outside.
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Air cooling in termite mound by convection: Buoyancy

Termite  mound  architecture has  been
recommended by scientists to be a good bio-model for
inspiring passive cooling mechanism for building [106],
[107], [108], [109]. Architects can emulate the structural
and technical system of the mound to sustainably control
the thermal conditions in building within the thermal
comfort range for human. What attracts scientists to study
mound architecture is the constant temperature of 31°C,
high humidity and the low CO2 concentrations in the nest;
although, the environment temperature fluctuated largely
up to 39°C between day and night [9], [110], [111]. To
meet these requirements and keep the cultivated fungus
and central nursery in a specific living condition, termites
built uninhabited massive structure with a special design.
Termite mounds consist of central shaft and many of
peripheral air passages and porous surface. It can reach up
to eight meters in height and they vary in shape which
determined by the environment, the species and their
function [112]. Termite mound in nature can range in form
from plate-like elongated mounds, flat hillocks, cathedral
mounds and dome-shaped mounds. Most of studies
concentrated on the ventilation mechanisms in the
cathedral-shaped termite mound [113], [114], [112]. The
architecture of each kind differs from the others in the
degree of walls’ porosity, thickness, surface design and
mound internal structure; some with open mound, others
with closed mound. Site location and orientation are
important factors considered by termites when building
their mound.

Some of the well-known hypotheses on the
thermoregulation and ventilation mechanism used in
termite mound are the ones proposed by Liischer [111],
Korb & Linsenmair [114], Turner and Soar [109] and King
et al. [106].

Martin Liischer [111] is the first scientist to
highlight the thermoregulatory functional role of the
termite mound where the nest temperature is 30 °C and
fluctuating throughout the day less than 3°C and annually
only 1°C. He proposed an assumption on the
thermoregulatory mechanism used on the mound that is
the thermosiphon theory. According to Liischer, there are
two million termite inhabiting mound weighted 20 kg
which need a significant amount of air to exchange gases.
In closed mound, which has no clear outlets but porous
surface, he suggested that due to the high metabolic rate
produced by colony, which is approximately 100 watts,
warm airrises through central shift driven by buoyant
forces then it directed down to air channels inside the
ridges where the respiratory gases, heat, and water vapor
exchange. Due to the thermosiphon effect, the cooler air
with high density is absorbed and forced downward to the
mound providing nest with a fresh air. However, a better
ventilation system is taking place in open-chimney mound
which is generally characterized by growing vertically up
creating an efficient structure for air flow circulation. The
chance of a well ventilation is in the upper, large vent in
the mound (chimney) where the exposure to wind velocity
is higher than those openings in lower level. Due to this,
air moves rapidly in the upper chimney outlet withdrawing

the nest air to outside the mound through a Venturi effect,
consequently, fresh air is drawn into the mound through
the lower vents.

This mechanism was the core notion for the
design of Harare’s Eastgate Centre in Zimbabwe which
save a considerable percent of the energy required for air
conditioning. Turner and Soar [109] refer the success of
the building design to the smart integration of some
thermo-control mechanisms in different kinds of mounds
within one effective functional building.

However, Korb and Linsenmair [114] contradict
Liischer hypothesis by measuring the temperature, CO2
concentrations, and air currents in and around two kinds of
Macrotermes bellicosus mounds. They assumed that when
the sun heats the thin walls of the ridges in the cathedral-
shaped located in the savanna, the air in channels heat up
causing a temperature gradient which increases the
opportunity of gases exchanges with air by diffusion
through the thin wall of ridges. Due to the stack effect,
convective flows rise from peripheral air channels to the
top of the mound passing through the central shaft and
down to the nest. This mechanism is dubbed externally
driven ventilation because temperature gradient is caused
by ambient temperature. In agreement with Lurcher’s
thermosiphon hypothesis, internally driven ventilation in
forest mound is induced by temperature gradients
produced by the fungus and termite metabolism. However,
the hypothesis of metabolic driven ventilation was
invalidated by King ef al. [106] who proven that there are
same temperature gradients and flow pattern in both dead
and alive one in daytime.

The authors refer the superiority of externally
driven ventilation over internal one to three factors: (1) the
higher temperature gradient caused higher diffusion rate,
(2) the more exposed surface area, the more the gas
exchange, (3) the more the air currents circulate, the
higher efficiency is the ventilation. Many thin-walled
ridges of cathedral-shaped mounds in savanna give a
considerable surface for gases and heat exchange.
Contrary to thick-walled, capped-shaped mounds in
forests, the small surface limits the dissipation of heat
from mound to the cold environment.

Wind induced ventilation is a new theory
suggested by Turner & Soar [109] on how the termite
mound thermoregulates the internal air. They proposed
that the structure of termite mound resembles lungs of
human where mound resembles bronchi and nest
resembles alveoli. These structural similarities indicate
functional similarities where the air in alveolar and
bronchi are poorly mixed like the air in the mound and the
nest. The air exchange in bronchi branches and trachea is
through forced air convection and in alveolar is through
diffusion. However, the connection area between them,
bronchi and bronchioles, works as a general regulator lung
function. Similarly, through the structure of termite
mound, the nest is relatively insulated from the mound,
accordingly nest air is isolated from that in the mound.
They suggested that the air movement in the mound is
driven by wind. The air exchange between mound and nest
occur in-between area through two ways. When the mound
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is cooler than nest, it occurs through “the frequent stable
thermal stratification” and in the rest cases, air exchange
happens through very small channels [109; p. 240].
Nevertheless, this theory was invalidated by King et al.
[106] who applied pulsing wind from a fan to the termite
mound and he proven that the flow speeds inside the
mound is not induced.

The theory of ambient heat induced ventilation in
termite mound suggested by Korb & Linsenmair [109]
was agreed by King et al. [106]. However, they proposed
that CO, is accumulating down in the mound and flushed
out when the difference between temperature in flutes and
the center is high (11 p.m. -12 a.m.). They stated that
through a simple geometry, inhomogeneous thermal mass,
and porosity, termite mound in forest uses the fluctuating
day temperature for ventilation. The mound geometry
consists of flutes and buttress like structures which
distribute radially from a large central chimney. The
chimney from the base, the subterranean nest, is
peripherally connected to many of air channels inside
flutes oriented upward which is gathered in the top to open
again in the chimney. Such connective circulation lets the
convective air flow from flutes to chimney at day and vice
versa at night in a closed-loop convection circuit. The
walls made of clay soil with high porosity 37-47% and the
clay is a composition of small pore diameter granules. This
make it resistant “to pressure-driven bulk flow across its
thickness™; however, the high porosity of the walls helps
highly in gases exchange through diffusion [106; p.
11589].

Working principles of convective cooling in the termite
mound
= The mound architecture consists of central chimney

and sided-channels which are linked to each other
enhancing air circulation.

= The thinner the exterior walls, the higher the
temperature gradient between air in chimney and
channels. This results to higher diffusion rate and
better air flow by stack effect meaning that
temperature ingredient is the main driving force for
air circulation in the mound

=  When the difference between temperature in flutes
and the center is high, flushes of CO, occurs.

= The larger the surface area, the more exchange for
gases.

= The inhomogeneous thermal mass, wall porosity,
orientation and location are key properties to keep
mound in a constant temperature.

= The cathedral-shaped mound and its surface design
can control the internal environment e.g., the shape
and thin design of ridges can be easily heated up by

sun making air less dense and this improves air
circulation.

CONCLUSIONS

In this study, three of the most effective thermo
regulating strategies in nature namely in extreme
environments were analyzed from the perspective of heat
transfer modes. The comparison studies resulted in
abstracting the working principles for each cooling
strategy which are based on the morphological features of
the structure achieving the cooling function. The
abstracted principles were summarized and interpreted
through a simplified technical analysis to pave the way for
engineers and architects to emulate them to practical
designs. They can be used as a simple guide to design eco-
friendly passive cooling design either for energy-efficient
buildings or for technical cooling for bionic engineering
and industrial machines. These cooling mechanisms can
also be emulated to cool the circulating fluid in thermal
power stations, oil refineries, petrochemical and other
chemical plants. Emulating nature cooling techniques may
contribute to decreasing the energy consumption of
cooling systems which recently become a critical issue
because of the high cost of fossil fuels and their
catastrophic impacts on the environment.

REFERENCES

[1] El-Dessouky H., Ettouney H. & Al-Zeefari A. 2004.
Performance
coolers. Chemical Engineering Journal. 102(3): 255-
266, 256,

analysis of two-stage evaporative

[2] Vakiloroaya V., Samali B., Fakhar A. & Pishghadam
K. 2014. A review of different strategies for HVAC
energy saving. Energy
management. 77, 738-754.

conversion and

[3] Meehl G. A., Washington W. M., Collins W. D.,
Arblaster J. M., Hu A., Buja L. E. ... & Teng H. 2005.
How much more global warming and sea level
rise? Science. 307(5716): 1769-1772.

[4] Pounds J. A., Bustamante M. R., Coloma L. A.,
Consuegra J. A., Fogden M. P., Foster P. N. ... & Ron
S. R. 2006. Widespread amphibian extinctions from
epidemic disease driven by global
warming. Nature. 439(7073): 161.

[5] Bose B. K. 2010. Global warming: Energy,
environmental pollution, and the impact of power
electronics. IEEE
Magazine. 4(1): 6-17.

Industrial Electronics

[6] Black B. A., Lamarque J. F., Shields C. A., Elkins-
Tanton L. T. & Kiehl J. T. 2014. Acid rain and ozone

8136



VOL. 13, NO. 19, OCTOBER 2018

ISSN 1819-6608

©2006-2018 Asian Research Publishing Network (ARPN). All rights reserved.

ARPN Journal of Engineering and Applied Sciences i ;a\.

www.arpnjournals.com

depletion from pulsed Siberian Traps
magmatism. Geology. 42(1): 67-70.

[7] Gruber P. 2011. Biomimetics in architecture
[Architekturbionik]. In Biomimetics--Materials,

Structures and Processes (pp. 127-148). Springer
Berlin Heidelberg.

[8] Poppinga S., Lienhard J., Masselter T., Schleicher S.,
Knippers J. & Speck T. 2010. Biomimetic deployable
systems in architecture. In 6th World Congress of
Biomechanics (WCB 2010). August 1-6, 2010
Singapore (pp. 40-43). Springer, Berlin, Heidelberg.

[9] Pawlyn M. 2011. Biomimicry in architecture. London:
Riba Publishing.

[10]Abdullah A., Said I. B. and Ossen D. R. 2017
Applications ~ of  Thermoregulation = Adaptive
Technique of Form in Nature into Architecture: A
Review. in ASIA International Multidisciplinary
Conference 2017. Johor, Malaysia: UTM, University
of Technology Malaysia.

[11]Cain J. W., Krausman P. R., Rosenstock S. S. &
Turner J. C. 2006. Mechanisms of thermoregulation
and water balance in desert ungulates. Wildlife
Society Bulletin. 34(3): 570-581.

[12]Ward D. 2009. The biology of desert. Oxford
University Press Inc., New York.

[13]Taylor C. R. & Rowntree V. J. 1973. Temperature
regulation and heat balance in running cheetahs: a
strategy  for  sprinters? American Journal of
Physiology-Legacy Content. 224(4): 848-851.

[14]Caputa M. 2004. Selective brain cooling: a multiple
regulatory mechanism. Journal of Thermal
Biology. 29(7-8): 691-702.

[15]Rewald B., Eppel A., Shelef O., Hill A., Degu A.,
Friedjung A., Rachmilevitch S. 2012. Hot desert
environments. In: Bell EM ed. Life at extremes -
Environments, organisms and strategies for survival
(pp. 196-228). New York, USA, CABI Publishing.

[16]Larmuth J. 1984. Microclimates, In J.L. Cloudsley-
Thompson, J.L. (ed.) Sahara Desert. Pergamon Press,
Oxford, United Kingdom. pp. 57-66.

[17]Laburn H. P. & Mitchell D. 1975. Evaporative cooling
as a thermoregulatory mechanism in the fruit bat,
Rousettus aegyptiacus. Physiological Zoology. 48(2):
195-202.

[18]Heinrich B. 2013. The hot-blooded insects: strategies
and mechanisms of thermoregulation. Springer
Science & Business Media.

[19] Williams Joseph B. and B. Irene Tieleman. 2001.
Physiological ecology and behavior of desert
birds. Current ornithology. Springer, Boston, MA,
2001. 299-353.

[20] Terrien J., Perret M. & Aujard F. 2011. Behavioral
thermoregulation in mammals: a review. Front
Biosci. 16, 1428-1444.

[21]Seebacher F. & Franklin C. E. 2005. Physiological
mechanisms of thermoregulation in reptiles: a
review. Journal of Comparative Physiology B. 175(8):
533-541.

[22] Seebacher F. 2005. A review of thermoregulation and
physiological performance in reptiles: what is the role
of phenotypic flexibility? Journal of Comparative
Physiology B. 175(7): 453-461.

[23]Jones J. C. & Oldroyd B. P. 2006. Nest
thermoregulation in social insects. Advances in Insect
Physiology. 33, 153-191.

[24] Schmidt-Nielsen K., Hainsworth F. R. & Murrish D.
E. 1970. Counter-current heat exchange in the
respiratory passages: effect on water and heat
balance. Respiration physiology. 9(2): 263-276.

[25]Heyning J. E. & Mead J. G. 1997. Thermoregulation
in the mouths of feeding gray
whales. Science. 278(5340): 1138-1140.

[26]Midtgard U. 1981. The Rete tibiotarsale and
Arteriovenous Association in the Hind Limb of Birds:
A Compartive Morphological
Counter-current Heat  Exchange
Zoologica. 62(2): 67-87.

Study on
Systems. Acta

[27]1Guo X. C. & Zhao T. S. 1998. A parametric study of
an indirect evaporative air cooler. International
communications in heat and mass transfer. 25(2): 217-
226.

[28] Strandberg U., Kékeld A., Lydersen C., Kovacs K. M.,
Grahl-Nielsen O., Hyvirinen H. & Kikeld R. 2008.
Stratification, composition, and function of marine
mammal blubber: the ecology of fatty acids in marine
mammals. Physiological and Biochemical
Zoology. 81(4): 473-485.

8137



VOL. 13, NO. 19, OCTOBER 2018

ISSN 1819-6608

©2006-2018 Asian Research Publishing Network (ARPN). All rights reserved.

ARPN Journal of Engineering and Applied Sciences i ;a\.

www.arpnjournals.com

[29] Schmidt-Nielsen K. N. U. T., Taylor C. R. &
Shkolnik A. 1971. Desert snails: problems of heat,
water and  food. Journal of  Experimental
Biology. 55(2): 385-398.

[30]McGee C. 2013. Passive design: Shading. Retrieved
from http://www.yourhome.gov.au/passive-
design/shading.

[31]Drezner T. D. 2011. Cactus surface temperatures are
impacted by seasonality, spines and height on
plant. Environmental and experimental botany. 74,
17-21.

[32] Tributsch H. 1982. How life learned to live:
Adaptation in nature. MIT PRESS, CAMBRIDGE,
MA(USA).

[33]Loonen R. C. G. M. 2015. Bio-inspired adaptive
building skins. In Biotechnologies and Biomimetics

for Civil Engineering (pp. 115-134). Springer
International Publishing.
[34] Schmidt-Nielsen K. 1979. Animal physiology:

adaptation and environment. Cambridge University
Press.

[35]Gates D. M. 2012. Biophysical ecology. Courier
Corporation.

[36]Pitman V. & MacKenzie K. 2002. Reflexology: a
practical approach. Nelson Thornes.

[37]Woodward S. L. 2003. Biomes of Earth: terrestrial,
aquatic, and human-dominated. Greenwood Press.

[38]Blix A. S., Wallge L. & Folkow L. P. 2011.
Regulation of brain temperature in
acclimatized reindeer under heat stress. Journal of
Experimental Biology. 214(22): 3850-3856.

winter-

[39]Heard D. C. 1992. The effect of wolf predation and
snow cover on musk-ox group size. The American
Naturalist. 139(1): 190-204.

[40] Schroter R. C., Robertshaw D. & Filali R. Z. 1989.
Brain cooling and respiratory heat exchange in camels
during rest and exercise. Respiration
physiology. 78(1): 95-105.

[41]Baker M. A. 1982. Brain cooling in endotherms in
heat and exercise. Annual Review of
Physiology. 44(1): 85-85.

[42]Johnsen H. K., Blix A. S., Mercer J. B. & Bolz K. D.
1987.  Selective cooling of the brain in
reindeer. American Journal of Physiology-Regulatory,
Integrative and Comparative Physiology. 253(6):
R848-R853.

[43]Elkhawad A. O. 1992. Selective brain cooling in
desert animals: the camel (Camelus
dromedarius). Comparative biochemistry and
physiology. Comparative physiology. 101(2): 195-
201.

[44]1Hillenius W. J. 1992. Nasal turbinates and the
evolution of mammalian endothermy. Oregon State
University.

[45]Hillenius W. J. 1992. The evolution of nasal
turbinates and
endothermy. Paleobiology. 18(01): 17-29.

mammalian

[46] Magnanelli E., Wilhelmsen ., Acquarone M.,
Folkow L. P. & Kjelstrup S. 2017. The Nasal
Geometry of the Reindeer Gives Energy-Efficient
Respiration. Journal of Non-Equilibrium
Thermodynamics. 42(1): 59-78.

[47]Martinez S. A., Nissen A. J., Stock C. R. & Tesmer T.
1983. Nasal turbinate resection for relief of nasal
obstruction. The Laryngoscope. 93(7): 871-875.

[48]Quinn F. B. & Reyan M. W. 2003. Turbinate
dysfunction: focus on the role of inferior turbinates in
nasal airway obstruction. J Otolaryngol. 12, 274-286.

[49]Casado Barroso I. L. 2014. The ontogeny of nasal
heat exchange structures in Arctic artiodactyls (master
thesis, The Arctic University of Norway, Tromsg,
Norway). Retrieved from
http://munin.uit.no/handle/10037/6542.

[50]Johnsen H. K., Blix A. S., Jorgensen L. E. I. F. &
Mercer J. B. 1985. Vascular basis for regulation of
nasal heat exchange in reindeer. American Journal of
Physiology-Regulatory, Integrative and Comparative
Physiology. 249(5): R617-R623.

[51]Collins J. C., Pilkington T. C. & Schmidt-Nielsen K.
1971. A model of respiratory heat transfer in a small
mammal. Biophysical journal. 11(11): 886-914.

[52]Badawy A. M. & Elmadawy R. S. 2015. Computed
Tomographic Features of the Camel Nasal
Myiasis. Journal of Advanced Veterinary
Research. 5(2): 47-52.

8138


http://www.yourhome.gov.au/passive-design/shading
http://www.yourhome.gov.au/passive-design/shading
http://munin.uit.no/handle/10037/6542

VOL. 13, NO. 19, OCTOBER 2018

ISSN 1819-6608

©2006-2018 Asian Research Publishing Network (ARPN). All rights reserved.

ARPN Journal of Engineering and Applied Sciences i ;a\.

www.arpnjournals.com

[53]Schroter R. C., Robertshaw D., Baker M. A.,
Shoemaker V. H., Holmes R., & Schmidt-Nielsen K.
1987. Respiration in heat stressed camels. Respiration
physiology. 70(1): 97-112.

[54]Johnsen H. K., Blix A. S., Jorgensen L. E. I. F &
Mercer J. B. 1985. Vascular basis for regulation of
nasal heat exchange in reindeer. American Journal of
Physiology-Regulatory, Integrative and Comparative
Physiology. 249(5): R617-R623.

[55] White R. J., Cribb P. H., Glover G. & Rowell J. 1985.
Halothane (Ovibos
moschatus). The Journal of Zoo  Animal
Medicine. 16(2): 58-61.

anesthesia in a muskox

[56]Blix A. S. & Johnsen H. K. 1983. Aspects of nasal
heat exchange in resting reindeer. The Journal of
physiology. 340, 445.

[57]Willmer P., Stone G. &
2009. Environmental physiology of animals. John
Wiley & Sons.

Johnston 1.

[58]Feldhamer G. A. 2007. Mammalogy: adaptation,
diversity, ecology. JHU Press.

[59]Monteith J. L., Edward L. & Mount L. E. 1974. Heat
loss from animals and man: assessment and control:
proceedings of the twentieth Easter School in
Agricultural Science, University of Nottingham,
1973 (No. QP 135. E27 1973). Easter School in
Agricultural Science (20th: 1973: London).

[60] Woods J. & Kozubal E. 2013. A desiccant-enhanced
evaporative air conditioner: numerical model and
experiments. Energy Conversion and
Management. 65, 208-220.

[61] Uckan I., Yilmaz T., Hiirdogan E. & Biiyiikalaca O.
2013. Experimental investigation of a novel
configuration of desiccant based evaporative air
conditioning  system. Energy =~ Conversion and
Management. 65, 606-615.

[62]Hosseini R., Beshkani A. & Soltani M. 2007.
Performance improvement of gas turbines of Fars
(Iran) combined cycle power plant by intake air
cooling using a media evaporative cooler. Energy
Conversion and Management. 48(4): 1055-1064.

[63]Baoming M. C. H. Z. L. & Yinan C. 1995. The
Development of Evaporative Cooling Technology for

Farm Buildings [J]. Transactions of the Chinese
Society of Agricultural Engineering. 3, 017.

[64] Anyanwu E. E. 2004. Design and measured
performance of a porous evaporative cooler for
preservation of fruits and vegetables. Energy
conversion and management. 45(13): 2187-2195.

[65]Jain D. & Tiwari G. N. 2002. Modeling and optimal
design of evaporative cooling system in controlled
environment greenhouse. Energy Conversion and
Management. 43(16): 2235-2250.

[66] Franco A., Valera D. L., Madueno A. & Peiia A. 2010.
Influence of water and air flow on the performance of
cellulose evaporative cooling pads wused in
Mediterranean greenhouses. Trans. ASABE. 53(2):
565-576.

[671He S., Gurgenci H., Guan Z., Huang X. & Lucas M.
2015. A review of wetted media with potential
application in the pre-cooling of natural draft dry
cooling towers. Renewable and Sustainable Energy
Reviews. 44, 407-422.

[68]Blix A. S. 2016. Adaptations to polar life in mammals
and birds. Journal of Experimental Biology. 219(8):
1093-1105.

[69]Langman V. A., Maloiy G. M. O., Schmidt-Nielsen
K. & Schroter R. C. 1979. Nasal heat exchange in the
giraffe and other large mammals. Respiration
physiology. 37(3): 325-333.

[70] Schmidt-Nielsen K., Schroter R. C. & Shkolnik A.
1981. Desaturation of  exhaled air  in
camels. Proceedings of the Royal Society of London
B: Biological Sciences. 211(1184): 305-319.

[71]Langman V. A., Maloiy G. M. O., Schmidt-Nielsen
K. & Schroter R. C. 1978. Respiratory water and heat
loss in camels subjected to dehydration. Journal of

physiology.

[72] Schmidt-Nielsen K., Crawford E. C., Newsome A. E.,
Rawson K. S. & Hammel H. T. 1967. Metabolic rate
of camels: effect of body temperature and
dehydration. American Journal of Physiology-Legacy
Content. 212(2): 341-346.

[73]Langman V. A. 1985. Nasal heat exchange in a
northern  ungulate, the reindeer (Rangifer
tarandus). Respiration physiology. 59(3): 279-287.

8139



VOL. 13, NO. 19, OCTOBER 2018

ISSN 1819-6608

©2006-2018 Asian Research Publishing Network (ARPN). All rights reserved.

ARPN Journal of Engineering and Applied Sciences i ;a\.

www.arpnjournals.com

[74]Blix A. S., Grav H. J., Markussen K. A. & White R.
G. 1984. Modes of thermal protection in newborn
muskoxen (Ovibos moschatus). Acta
Physiologica. 122(4): 443-453.

[75] Vogel S. 2006. Living in a physical world IX. Making
and  maintaining  liquid  water. Journal  of
biosciences. 31(5): 525-536.

[76] Ahman B., Nilsson A., Eloranta E. & Olsson K. 2002.
Wet belly in reindeer (Rangifer tarandus tarandus) in
relation to body condition, body temperature and
blood constituents. Acta
Scandinavica. 43(2): 85.

Veterinaria

[77]Mitchell G. & Skinner J. D. 2004. Giraffe
thermoregulation: a review. Transactions of the Royal
Society of South Africa. 59(2): 109-118.

[78] Dewsbury D. A. 1985. The Sociobiology of Infant
and Adult Male Baboons. Psyccritiques. 30(2): 159-
160.

[79]Porter W. P. & Gates D. M. 1969. Thermodynamic
equilibria of animals with environment. Ecological
monographs. 39(3): 227-244.

[SOJHill R. W. & Veghte J. H. 1976. Jackrabbit ears:
surface temperatures and
responses. Science. 194(4263): 436-438.

vascular

[81] Weissenbock N. M., Weiss C. M., Schwammer H. M.
& Kratochvil H. 2010. Thermal windows on the body
surface of African elephants (Loxodonta africana)
studied by infrared thermography. Journal of Thermal
Biology. 35(4): 182-188.

[82] Tattersall G. J., Andrade D. V. & Abe A. S. 2009.
Heat exchange from the toucan bill reveals a
controllable  vascular
325(5939): 468-470.

thermal radiator. Science.

[83]Van De Ven T. M. F. N., Martin R. O., Vink T. J. F.,
McKechnie A. E. & Cunningham S. J. 2016.
Regulation of heat exchange across the hornbill beak:
Functional similarities with toucans?. PloS one. 11(5):
e0154768.

[84]Harri M. N. 1979. Physical training under the
influence of beta-blockade in rats. II: Effects on
vascular reactivity. European journal of applied
physiology and occupational physiology. 42(3): 151-
157.

[85]Taylor C. R. 1966. The vascularity and possible
thermoregulatory  function of the horns in
goats. Physiological Zoology. 39(2): 127-139.

[86]Reichard J. D., Prajapati S. 1., Austad S. N., Keller C.
& Kunz T. H. 2010. Thermal windows on Brazilian
free-tailed bats facilitate thermoregulation during
prolonged flight. Integrative and comparative biology,
icq033.

[87]Phillips P. K. & Heath J. E. 1992. Heat exchange by
the pinna of the African elephant (Loxodonta
africana). Comparative biochemistry and physiology.
Comparative physiology. 101(4): 693-699.

[88] Schmidt-Nielsen K., Crawford E. C., Newsome A. E.,

Rawson K. S. & Hammel H. T. 1967. Metabolic rate
effect of body temperature and
dehydration. American Journal of Physiology--
Legacy Content. 212(2): 341-346.

of camels:

[89] Wathen P., Mitchell J. W. & Porter W. P. 1971.
Theoretical and experimental studies of energy
exchange from jackrabbit ears and cylindrically
shaped  appendages. Biophysical Journal. 11(12):
1030-1047.

[90] Suedmeyer W. K. 2006. Special senses. In Biology,
Medicine and Surgery of Elephants. Eds M. Fowler,
S. K. Mikota. Blackwell Publishing. pp. 399-404.

[91]Bejan A. 2000. Shape and structure, from engineering
to nature. Cambridge university press.

[92] Symonds M. R. & Tattersall G. J. 2010. Geographical
variation in bill size across bird species provides
evidence  for  Allen’s rule. The
Naturalist. 176(2): 188-197.

American

[93] Burness G., Huard J. R., Malcolm E. & Tattersall G. J.
2013. Post-hatch heat warms adult beaks: irreversible
physiological plasticity in Japanese quail. Proceedings
of the Royal Society of London B: Biological
Sciences. 280(1767): 20131436.

[94] Allen J. A. 1877. The influence of physical conditions
in the genesis of species. Radical review. 1, 108-140.

[95]Campbell-Tennant D. J., Gardner J. L., Kearney M. R.
& Symonds M. R. 2015. Climate-related spatial and
temporal variation in bill morphology over the past
century in  Australian  parrots. Journal  of
Biogeography. 42(6): 1163-1175.

8140



VOL. 13, NO. 19, OCTOBER 2018

ISSN 1819-6608

©2006-2018 Asian Research Publishing Network (ARPN). All rights reserved.

ARPN Journal of Engineering and Applied Sciences i ;a\.

www.arpnjournals.com

[96] Midtgard U. 1984. Blood vessels and the occurrence
of arteriovenous anastomoses in cephalic heat loss
areas of mallards, Anas platyrhynchos
(Aves). Zoomorphology. 104(5): 323-335.

[97]Scott G. R., Cadena V., Tattersall G. J. & Milsom W.
K. 2008. Body temperature depression and peripheral
heat loss accompany the metabolic and ventilatory
responses to hypoxia in low and high altitude
birds. Journal of Experimental Biology. 211(8): 1326-
1335.

[98] Ninomiya H. 2000. The vascular bed in the rabbit ear:
microangiography and scanning electron microscopy
of vascular corrosion casts. Anatomia, histologia,
embryologia. 29(5): 301-305.

[99]McNab B. K. 2001. Energetics of toucans, a barbet,
and a hornbill: implications for avian frugivory. The
Auk. 118(4): 916-933.

[100] Flynn B. (n.d.). Desert jack rabbit.
https://www.gettyimages.com/detail/photo/desert-
jack-rabbit-royalty-free-image/122558147.

[101] Hinds D. S. 1977.
Thermoregulation in Desert-Inhabiting Jackrabbits

Acclimatization of

(Lepus Alleni and Lepus Californicus. Ecology. 58(2):
246-264.

[102] Rowe M. F  2012. Seasonal Biophysical
Variations in Resting and Exercising Elephants:
Energetic,  Thermoregulatory, and  Behavioral
Adaptations (Doctoral  dissertation).Indiana  State
University. Terre Haute, Indiana. U.S.

[103] Kinahan A. A., Inge-Moller R., Bateman P. W.,
Kotze A. & Scantlebury M. 2007. Body temperature
daily rhythm adaptations in African savanna elephants
(Loxodonta africana). Physiology & Behavior. 92(4):
560-565.

[104] Rowe M. E 1999. Physiological responses of
African elephants to a cold environment: how does
the elephant keep its heat? (Doctoral dissertation,
Louisiana State University Medical Center in
Shreveport).

[105] Wired 2009, Jul 22. Toucan Bill Regulates Body
Temperature. [Video file]. Retrieved from
https://www.youtube.com/watch?v=zCH_ 1IxxfNU.

[106] King H., Ocko S. & Mahadevan L. 2015. Termite
mounds harness diurnal temperature oscillations for

ventilation. Proceedings of the National Academy of
Sciences. 112(37): 11589-11593.

[107] Nguyen S. Nov-Dec 2015. Termites’ Cathedral
Mounds. Harvard Magazine. Retrieved
inhttp://harvardmagazine.com/2015/11/termites-
cathedral-mounds

[108] Alter L 2010. Architects Could Learn A Lot
From Termites. Retrieved from
http://www.treehugger.com/author/lloyd-alter/

[109]  Turner J. S. & Soar R. C. 2008 May. Beyond
biomimicry: What termites can tell us about realizing
the living building? In First International Conference
on Industrialized, Intelligent
Loughborough University.

Construction  at

[110] Sands W. A. 1969. The association of termites
and fungi. Biology of termites. 1, 495-524.

[111] Lischer M. 1961. Air-conditioned
nests. Scientific American. 205, 138-145.

termite

[112] Korb J. 2010. Termite mound architecture, from
function to construction. In Biology of Termites: A
Modern 349-373).
Netherlands.

Synthesis (pp. Springer

[113] Korb J. 2003. Thermoregulation and ventilation
of termite mounds. Naturwissenschaften. 90(5): 212-
219.

[114]  Korb J. & Linsenmair K. E. 2000. Ventilation of
termite mounds: new results require a new
model. Behavioural Ecology. 11(5): 486-494.

8141


https://www.gettyimages.com/detail/photo/desert-jack-rabbit-royalty-free-image/122558147
https://www.gettyimages.com/detail/photo/desert-jack-rabbit-royalty-free-image/122558147
https://www.youtube.com/watch?v=zCH_1IxxfNU
http://harvardmagazine.com/2015/11/termites-cathedral-mounds
http://harvardmagazine.com/2015/11/termites-cathedral-mounds
http://www.treehugger.com/author/lloyd-alter/

