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We apply Constructal theory to the study of the flow structure of the human
respiratory tree. We show that the flow architecture that would perform oxy-
genation of the blood and removal of carbon dioxide best, i. e. with lowest re-
sistance, would be composed of a channel system with 23 bifurcation with a
diffusive zone (alveolus) at the end. As this tree matches the human respira-
tory tree we conclude that nature has optimized it in time. Two constructal
relationships also emerge: (1) the length 4, defined by the ratio of the square
of the airway diameter to its length, is constant for all individuals of the
same species, and (2) the length A is related to the volume of the space allo-
cated to the respiratory process, to the length of the respiratory tree and to
the area of the alveoli, and determines univocally the branching level of the
respiratory tree.
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Introduction

The Constructal law, first formulated by Adrian Bejan [1], states that if a system
has freedom to morph it develops in time the flow architecture that provides easier access
to the currents that flow trough it. In all classes of flow systems (animate, inanimate, en-
gineered) the generation of flow architecture emerges as a universal phenomenon. Ac-
cording to Constructal theory the optimal structure is constructed by optimizing volume
shape at every length scale, in a hierarchical sequence that begins with the smallest build-
ing block and proceeds towards larger building blocks (which are called “constructs”). A
basic outcome of Constructal theory is that system shape and internal flow architecture
do not develop by chance, but result from the permanent struggle for better performance
and therefore must evolve in time [2].

Bejan used Constructal theory to successfully explain some allometric laws of
living structures namely the rhythm of respiration in animals in relation with body size
[1], the relation between metabolic rate and total body volume [1, 3], and the heartbeat
frequency in relation to metabolic rate [1, 4]. Reis et al. [ 5] focused on the structure of the
pulmonary airflow tree, which starts at the trachea and bifurcates 23 times before reach-
ing the alveolar sacs. Until now, the reason for the existence of just 23 bifurcations in the
respiratory tree has remained unexplained in the literature. Has this special flow architec-
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ture been developed by chance or does it represent the optimum structure for the lung’s
purpose, which is the oxygenation of the blood?

Purpose and trade-off between competing trends

Even though every living fluid tree works with a specific purpose, all share some
general features. For example, every living fluid tree works either for the delivery of sub-
stances to a volume or a surface where a process occurs, e. g. a chemical reaction, or for
the removal of other substances including the products of chemical reactions. At the
smallest scale diffusion dominates while channeling of the flow and development of flow
architectures occur at higher scales. Figure 1 illustrates how a first channel of width D,
and conductivity Ko, collects the fluid that permeates the rectangular area and delivers it
to a wider channel (D, K;). Channels organize hierarchically in a flow architecture in
which channels of lower conductivity are tributaries of a channel of higher conductivity.

As illustrated in fig. 1, increase in the number of the elementary areas through
which fluid diffuses implies increasing number of channels, and therefore increasing resis-
tance to fluid flow. On the other hand, if the number of channels is reduced, the resistance
to fluid flow is also reduced accordingly but in this case, the elemental rectangle has to have
a larger area, therefore increasing the resistance to fluid diffusion. The optimal flow archi-
tecture is the one that results from the trade-off between these two competing trends.
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Figure 1. Area-to-point flow. The fluid seeps through the pores of the elemental volume of
conductivity K and surface area (H, x L)) before reaching the first channel of width D, and
conductivity K, that delivers it to the next higher conductivity (K,) channel of width D,. The
flow rate at the end of the K, channel is #1}. The width of this construct is H, =2 x L, + D, while
its length is given by n, x H, where n, is the number of the elemental volumes. Complex flow
architecture may be constructed by repeating this process at higher scales
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In line with Bejan’s Constructal law, we believe that every living system has de-
veloped in time the flow architecture that provides easier access to the currents that flow
trough it. As a leading example of a living flow structure, we focus on the human respira-
tory tree. By using Constructal theory, Reis et al. [5] addressed the study of the respira-
tory tree as a flow system with duct flow resistances (trachea and bronchial system) and
diffusive resistances. In their study, to evaluate and compare the flow resistances, was
considered that oxygen and carbon dioxide flow within the respiratory tree (bronchial
tree plus alveolar sacs) as driven by the chemical potential. This is a rather convenient po-
tential because pressure differences that drive the isothermal airflow in the bronchial sys-
tem may be expressed in terms of chemical potential differences trough the generalized
Gibbs-Duhem equation, Ait=p ' AP +Ag, where ¢ stands for kinetic energy per unit
mass (see [5] for details). The bronchial tree was assumed to be composed of cylindrical
channels with Hagen-Poiseuille flow. Even though the bronchial channels are not per-
fectly round, Bejan has shown that nearly round channels perform almost as well as the
exactly round channels [2].

For laminar flow, Constructal theory indicates that the minimum flow resistance
at a bifurcation is achieved if the ratio between consecutive duct diameters is:
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while the ratio of the respective lengths, is;
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These relations theoretically predicted by Constructal theory, were discovered
empirically long ago and correspond to the so-called Murray’s laws.

After having considered every detail of the flow between the entrance of the tra-
chea and the alveolar surface where oxygen meets the blood and carbon dioxide is re-
moved from the blood, including the resistances due to bifurcations, Reis et al. [5]
showed that the global resistance [Jskg™2 | to oxygen transportation within the respiratory
tree is of the form:
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In eq. (3), N matches the number of bifurcations of the bronchial tree, v is the ki-
nematic viscosity of the air, Ly and D, represent trachea length and diameter, respec-
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tively, T is temperature, ¢, and (@) represent the relative concentration of oxygen in
the alveoli and in the outside air, respectively, D, is the diffusivity of the oxygen in the
air, R, is the air constant, and p stands for the density of the air.

The first term in the right hand side of eq. (3) represents the global channel flow re-
sistance (bronchiolar tree) while the second term matches to the global diffusive resistance
to oxygen transport in the alveoli. Equation (3) with the corresponding variables holds also
for the resistance to carbon dioxide flow in the respiratory tree. These resistances can be
evaluated by assuming a body temperature of 36 °C and taking all pertinent values at this
temperature. The average value of oxygen relative concentration within the respiratory tree,
$ox, May be evaluated from the alveolar air equation in the form: [(¢oyx)o— ¢ox)]Q — S = 0,
where (Pox)o ~1/2(@aiT dox) and @ are the oxygen relative concentration at the entrance of
the trachea, and in the external air, respectively, Q is the tidal airflow, and S is the rate of ox-
ygen consumption. With (¢oy)ir = 0.2095, O ~ 6 -1073 m3/min., and S~ 0.3-1073 m3/min. we
obtain ¢, ~0.1095. The value of the average relative concentration of carbon dioxide in the
respiratory tree, ¢.q= 0.04. In this case we used S = 0.24-10~3 m>/min. since the respiratory
coefficient is close to 0.8 and (Peq)air ~ 0.315-1073. Anatomic treatises indicate that Ly is typi-
cally 15 cm, while the trachea diameter, D, is approximately 1.5 cm. The global resistances
to oxygen and carbon dioxide transportation in the respiratory tree are plotted against num-
ber of bifurcations in fig. 2.
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Figure 2. Total resistances to oxygen and carbon dioxide transport between the entrance of
the trachea and the alveolar surface plotted as function of the level of bifurcation (V). The
minimum resistance both to oxygen access and carbon dioxide removal matches V=23
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The minimum of each resistance occurs close to N =23. This same result can be
obtained by finding the number of bifurcations N, analytically that matches to the mini-
mum of the global resistance — see eq. (3). This minimum is given by:

N g = 216410
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With the same values used for the respective curves in fig. 2 we found Ny, =
= 23.4, and N, = 23.2 for the oxygen and the carbon dioxide transport, respectively. As
the number of bifurcations must be an integer we conclude that it must be 23.

A first result is that the human respiratory tree that bifurcates 23 times between
the trachea and the alveoli is optimized both for oxygen access and for carbon dioxide re-
moval. The trade-off between resistance to flow in the bronchial tree and the resistance
oxygen and carbon dioxide diffusion in the alveoli is achieved by the human respiratory
tree, which has been optimized by nature in time. A second outcome is that the actual
flow architecture of the respiratory tree can be anticipated theoretically based on
Constructal theory.

Constructal relationships of the respiratory tree

We see from eq. (4) that the number of bifurcations that matches minimal global
resistance to oxygen access an carbon dioxide removal is function of several environ-
mental variables such as normal body temperature, oxygen and carbon dioxide
diffusivities and concentrations in the air, air kinematic viscosity and only one morpho-
logical parameter, which is the length A = Dg / L. As every individual lives with the same
the average environmental parameters, we conclude that if the respiratory tree with 23 bi-
furcations is a characteristic of humankind therefore the number A is also a characteristic
of humankind. In other words, the ratio of the square of trachea diameter to its length is
the same for every human being. This theoretical result is anticipated by Constructal the-
ory and now awaits confirmation by the anatomists.

Another constructal relationship involving the length A, the area allocated for
the respiratory process (the total area of the alveoli) 4, the volume of the lungs ¥, and the
length of the respiratory tree (between the entrance of the trachea and the surface of the
alveolus) L, was also derived by Reis et al. [5] and is the following:

D2 D 1/2
2= 2o =863AL{ DoxPox } (5)
_(box)]

L, V(R ox Tl(ox Do

From eq. (5) we conclude that the non-dimensional number AL/V, determines
the characteristic length A = D¢ / L, which in turn determines the number of bifurcations
of the respiratory tree by eq. (4). This constructal relationship may be summarized as fol-
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lows: “The alveolar area required for gas exchange A4, the volume allocated to the respira-
tory system ¥, and the length of the respiratory tree L, which are constraints posed to the
respiratory process determine univocally the structure of the lungs, namely the bifurca-
tion level of the bronchial tree.” Here we may observe the realm of Constructal theory,
which is minimization of global resistances to fluid access under geometric constraints
imposed to the process.

Conclusions

The flow architecture of the human respiratory tree can be anticipated based on
the Constructal law. If, as engineers we had to design the flow architecture that would
provide minimal resistance to oxygen access from the external air to a surface where a
chemical reaction takes place and to carbon dioxide removal from this same surface, we
would find out a flow tree with 23 bifurcations with alveoli at the end. The human respi-
ratory tree is such a tree, therefore indicating that nature has optimized in time the human
respiratory flow architecture.

Additional constructal relationships of the respiratory tree were anticipated the-
oretically: (1) the length A (defined as the ratio of the square of the first air way diameter
to its length) is constant for every individual of the same species and related to the charac-
teristics of the space allocated for the respiratory process; (2) the length A is univocally
determined by a non-dimensional number, AL/V, which involves the characteristics of
the space allocated to the respiratory system, namely the total alveolar area, A, the total
volume V, and the total length of the airways, L.

Finally, we remark that the Constructal theory that was successfully employed
in engineering (see [1]), promises to serve as fundamental tool to the study of living flow
structures.

Nomenclature

A — total alveolar area, [m?]

D - diffusion coefficient, [m’s™")

D, — diameter of the trachea; channel diameter in fig. 1, [m]
L —length from the entrance of the trachea to alveolus, [m]
L, —length of the trachea; channel length in fig. 1, [m]

N — total number of bifurcations, [—]

P —pressure, [N/m?]

Q - tidal airflow, [m’]

R —total resistance, [J kg s ']

R, — specific gas constant, [Tkg 'K

S - rate of oxygen consumption, [kgs ']

T —temperature, [K]

V' —volume, [m’]
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Greec letters

— mechanical energy per unit mass, [Jkg ']
characteristic length (eq. 5), [m]

— chemical potential, [Jkg ']

kinematic viscosity, [m’s]

— density, [kgm™]

— relative gas concentration, [—]

SV < k' >0
|

Subscripts

air — relative to air

cd — relative to carbon dioxide

n — order of bifurcation (0 for trachea)
opt— relative to the optimal value

ox — relative to oxygen

References

[1] Bejan, A., Shape and Structure, from Engineering to Nature, Cambridge University Press,
Cambridge, UK, 2000

[2] Bejan, A., Lorente, S., Ch. 4, in: Bejan’s Constructal Theory of Shape and Structure (Eds. R.
N. Rosa, A. H. Reis, A. F. Miguel), Evora Geophysics Center, Evora, Portugal, 2003

[3] Bejan, A., Advanced Engineering Thermodynamics, 2" ed., John Wiley and Sons, New
York, USA, 1997

[4] Bejan, A., The Tree of Convective Heat Streams: Its Thermal Insulation Function and the
Predicted 3/4-Power Relation between Body Heat Loss and Body Size, Int. J. Heat Mass
Transfer, 44 (2001), 4, pp. 699-704

[5] Reis, A. H., Miguel, A. F., Aydin, M., Constructal Theory of Flow Architectures of the
Lungs, Medical Physics, 31 (2004), 5, pp. 1135-1140

[6] Brad, H., et al., Bronchial Anatomy, Virtual Hospital, http://www.vh.org/, University of
Iwoa, USA, 2003

[71 Roberts, F., Update in Anaesthesia, Respiratory Physiology, 12 (2003), article 11,
http://www.nda.ox.ac.uk/wfsa/html/ul2/ul211_01.htm#anat, pp. 1-3

63



THERMAL SCIENCE: Vol. 10 (2006), No. 1, pp. 57-64

Author's address:

A. H. Reis, A. F. Miguel .
Physics Department and Evora Geophysics Center University of Evora
59, R. Romao Ramalho

7000-671 Evora, Portugal

Corresponding author (A. H. Reis):
E-mail: ahr@uevora.pt

Paper submited: December 2, 2004
Paper revised: January 23, 2005
Paper accepted: February 13, 2006

64



