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This work presents a new mathematical model of the heat and water exchanges in the
human lungs (newborn to adult). This model is based on a local description of the water
and energy transports in both the lumen and the surrounding tissues, and is presented
in a comprehensive, dimensionless framework with explicitly stated assumptions and a
strong physiological background. The model is first used to analyze and quantify the key
phenomena and dimensionless numbers governing these heat and water exchanges
and then it is applied to an adult in various situations (varying atmospheric conditions,
exercising...). The results highlight several interesting physiological elements. They show
that the bronchial region of the lungs is able to condition the air in all the considered
situations even if, sometimes, for instance when exercising, distal generations have to
be involved. The model also shows that these distal generations are super-conditioners.
Moreover, the results quantify the key role of the submucosal glands in mucus hydration.
They also show that, during expiration, a significant cooling of the air and condensation
of water occur along the respiratory tract as the vascularization of the tissues surrounding
the airways is not able to maintain these tissues at body temperature during inspiration.
Due to the interaction between several phenomena, it appears that the ratio of the
amount of water returned to the mucosa during expiration to the amount extracted
during inspiration is almost independent of the breathing conditions (around 33%). The
results also show that, in acute situations, such as suffering from a pathology with airway
dysfunction, when being intubated or when exercising above an intensity threshold, the
heat and water exchanges in the lungs may be critical regarding mucus hydration. In
proximal generations, the evaporation may overwhelm the ability of the submucosal
glands to replenish the airway surface liquid with water. In some situations, the cooling of
the mucosa may be very important; it can even become colder than the inspired air, due
to evaporative cooling. Finally, the results show that breathing cold air can significantly
increase the exchanges between the lungs and the environment, which can be critical
regarding disease transmission.
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FIGURE 7 | (A) Dimensionless water concentration profiles in the lumen, during inspiration (full circles) and expiration (triangles), for different Reiwnsp/ﬂ and for

¢ /v = 1. Empty circles: values of CW. (B) 1, n1, and n;,,, as functions of Re‘w”Sp/ﬂ, for ¢ /¢ = 1. (C) idem but with ¢ /¥ progressively decreasing with an increase of
Re!™ /B, to simulate an increasing effort. (D) W;/W as a function of i, for different Re!™ /8 and for ¢/v = 1. (E) Index of the generation in which the maximal amount
of water is extracted as a function of Re‘{‘Sp/ﬁ and for ¢ /vy = 1 (full line curve), and the scaling law (dashed curve). (F) £ as a function of M, at rest (black curve) and
during an effort (gray curve, calculated with ¥ = 6 and ¢ = 2).
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Indeed, this efficiency is logically strongly linked to the processes
taking place in the generation in which the maximum amount
of water is extracted and, more precisely, to the value of A’
in this generation. It is especially highlighted in Figures 7B,C,
where we see that 7, the overall efficiency of water extraction,
and n;_, the efficiency of water extraction in the generation in
which the maximal amount of water is extracted, are quite close to
each other. Interestingly, if we look combinedly at Figures 7B,D
(both generated with ¢/ = 1), we see that the value of A}

for i = imay is almost independent of ReilnSp /B: it is equal to
0.264 for Re;" ¥ /B = 40 (imax = 1), to 0.265 for Re| ¥ /B =

insp

260 (imax = 5) and to 0.263 for Re; * /B = 1,000 (imax
8). In other words, even if A} can vary strongly depending on

the values of Rellrmp /B and i (see Figure 6B), its value in the
generation in which the maximal amount of water is extracted is
almost constant, due to the progression of this generation down
the bronchial tree. It explains why »; . is almost independent
of RellnSp/ B in Figure 7B (also generated for ¢/¢ = 1). To
complete this analysis, it is worth to mention that the sudden
changes observed in the plot of n; . in Figures 7B,C are due to
the successive increases of the index of the generation in which
the maximal amount of water is extracted. It is clearly observed
when comparing Figure 7B and Figure 7E (both generated for
¢ /¥ = 1): the sudden changes of 1;, and imax are observed for
the same values of RellnSp /B.

In Figure 7E, the index of the generation in which the
maximal amount of water is extracted from the mucosa, ipay,
is plotted as a function of RellnSp /B (for ¢/ = 1). Coherently
with the results presented in Figure 7D, we see that i,y = 1 for
RellnSp /B below a certain threshold (around 60) and that iy, is an
increasing function of Re, ¥ /8 when the latter is larger than this
threshold. If we consider that the mucosa is at body temperature
(i.e., that Cu,i = 1) and that Sh (Re/ﬁ)l/z, the equations of the
model can be solved analytically yielding:

Re; >

log( 73

log(2h)

insp

imax = max | 1,a + (33)

with a a constant and max(x, y) the maximum of the values of
x and y. This relation appears to generalize the one derived in
Sobac et al. (2020), only relating imax to the mass of the body, at
rest. This scaling law is plotted in Figure 7E, with a chosen such

that imax = 2 for ReilnSp /B = 50. We see that it allows a good
insp/'B

estimation of the increase of ipax with Re;

Finally, the time average of the evaporation rate in the trachea,
Ej, is plotted as a function the body mass in Figure 7F. Two
situations are considered: a rest situation (¢ = ¥ = 1) and an
effort (¢ = 2 and ¥ = 6). Tp = 33°C and RHy = 0.9 are used, as
these are reference values for a human adult breathing through
the nose in mild environmental conditions (Mcfadden et al.,
1985; Elad et al., 2008). These values vary during an effort or
between a child and an adult, but keeping them constant allows
analyzing the sole influence of the lungs on the water exchanges

TABLE 2 | Morphometric data, scaled to yield a functional residual capacity of 3 |
(Karamaoun et al., 2016).

i Li em) Ri (cm) Bi () Re["™ (-)
1 11.19 0.71 16 1,315
2 4.44 0.48 9 971
3 177 0.33 5 77
4 0.71 0.22 3 524
5 1.17 0.18 7 333

6 0.99 0.14 7 210

7 0.84 0.11 8 132

8 0.71 0.09 8 82

9 0.60 0.07 8 50
10 0.50 0.06 8 30

i 0.43 0.05 8 18
12 0.35 0.04 8 10
13 0.30 0.04 8 6

14 0.24 0.03 7 3

15 0.19 0.03 6 2

16 0.19 0.03 7 1

17 0.15 0.02 6 1

The values of He;”Sp are calculated using Equation (13), with v = 1.7 x 107° m? s’! and
QP = 15Imin~".

within them. We report here E; since, for all the considered
situations, it is in the trachea that the highest evaporation rate is
calculated. We see that E; logically increases when an effort is
realized and that it decreases if M increases. This decrease with
the mass is a consequence of the increase of RellnSp /B with M.

Consequently, W;™F, characterizing the ability of the transport
phenomena within the lumen to condition the air, decreases with
an increase of M, and so does E;.

3.2. Adult in Various Situations

In this section, we analyze the heat and water exchanges in
the lungs of a human adult in various situations (varying
environmental conditions, varying rate of exercising...), using the
complete model (see section 2.2.1), with y 1. Two sets of
results, presenting key quantities related to these exchanges, are
reported in Tables 3, 4 and Figure 8. These results are generated
using values of L;, R;, and n derived from morphometric data,
scaled to yield a functional residual capacity of 3 I (Karamaoun
etal., 2016). These values are given in Table 2.

The results presented in Table 3 are computed for a person at
rest, breathing with QP = 15 Imin~!, for various conditions
at the top of the trachea during inspiration (i.e., various values
of Ty, RHy and of the atmospheric pressure). t, = 2,000 s
is used. There is a significant uncertainty on the value of this
parameter. However, we have observed that the model is not
very sensitive to its value (it is the square root of t,, that appears
in the dimensionless number A, see Equation 8). Case I (o)
is an adult, with Ty = 33°C and RHj 0.9. These values
were measured experimentally for a human adult during a rest
inspiration by the nose in a room with an ambient temperature
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FIGURE 8 | (A) Temperature profiles in the lumen of the lungs, during inspiration (full circles) and expiration (triangles), for cases | (s) (at rest and breathing by the nose
in mild environmental conditions), Il (e) (intubated in mild environmental conditions or breathing at rest very cold air by the nose) and VIl (s) (intense exercise and
breathing by the mouth in mild environmental conditions). The empty circles indicate the calculated values of T,,. (B) Evaporation rate in an airway in generation /, £;,
as a function of /, when breathing by the mouth during an exercise in mild environmental conditions, for different inspiration flow rates: 15 I/min (e), 30 I/min (e), 60
I/min (¢), and 120 I/min (). Case IX (o) is also for an inspiration flow rate of 120 I/min, but when breathing a cold and dry air. (C) Temperature profiles in the lumen of
the lungs, during inspiration (full circles) and expiration (triangles), for cases Il (e) (normal pressure), lll (o) (decreased pressure) and IV (s) (increased pressure). The
empty circles indicate the calculated values of T,,. (D) Total amount of water evaporated per unit of time in generation /, W;, as a function of /, when breathing by the
mouth during an exercise and for different inspiration flow rates. Same color codes than for (B).

of 27°C and a relative humidity of 40% (Mcfadden et al., 1985).  situation. Case III (o) is for an ambient air pressure of 0.3 bar
These environmental conditions are hereafter referred toas “mild ~ (for instance at the top of a very high mountain) and case IV
environmental conditions”. Case II (e) is an adult, still breathing  (e) is for an ambient air pressure of 10 bar (for instance when
at rest in a room with an air at 27°C and at a relative humidity ~ diving at a depth of 100 m). In order to take into account the
of 40%, but being intubated (for example during anesthesia) or  influence of the pressure, the kinetic theory of gases is used to
having had a tracheostomy. In this case, we can consider that Ty express the pressure dependence of physicochemical parameters
=27°Cand RHy = 0.4, as the upper tract is bypassed. According  involved in the model. Accordingly, the Reynolds numbers of
to the results of Mcfadden et al. (1985), these values of Tp and  the flow in an airway (during inspiration and expiration) appear
RH) are also representative of those that one would have at the  to be proportional to the pressure. Consequently, the Sherwood
top of the trachea while inspiring at rest and by the nose an air ~ and Nusselt numbers are also increasing function of the pressure.
with a temperature below 0°C. Finally, cases III (o) and IV (¢) = However, as Sh and Nu increase slower than Re (see Figure 3),
use the same values of Ty and RHy as case II (o) (i.e., breathingin  the dimensionless numbers W and U (see Equations 3 and 6)
very cold and dry air), but correspond to a hypo or a hyperbaric  decrease if the pressure increases. Moreover, since the diffusion
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TABLE 3 | Calculation results, breathing by the nose or intubated, in mild or very
cold air, at normal, low or high ambient pressure.

Case To RHy P w 7 n Emax
(°C) () W/s) (/day) () () (pm/min)
| (o) Mild air 33 09 22 0.07 053 056 2.4
Il (e) Intubated / 27 04 63 021 055 0.58 8.1
Cold - normal
Patm
ll(e) Cold-lowpam 27 04 51 018 045 0.50 9.4
IV (¢)  Cold - high 27 04 75 024 065 068 5.9
Patm

All the results are generated with Q™P = 15 Imin~" and t,, = 2000 s. Enax is the highest
value of the time averaged evaporation rate, which is calculated in the fourth generation
for all the calculations, except for the one at decreased pressure, where it is in the first
generation that the maximal evaporation rate is calculated.

TABLE 4 | Calculation results, breathing by the mouth during an exercise.

Case Qs tw P w i n Emax
(I/min)  (s) J/s) (/day) (-) (-) (xm/min)
V(e) Atrest 15 2,000 6.6 0.22 058 0.61 6.3
VI (e) Exercise 30 1,000 129 043 0.56 0.60 1.7
VIl (+) Exercise 60 900 23.1 0.79  0.50 0.55 17.9
VIl (¢) Exercise 120 800 41.2 1.44 0.45 0.50 24.6
IX (s) Exercise - 120 800 66.0 1.67 0.46 0.44 20.7
cold

All the results are obtained using an ambient air at 27°C and at a relative humidity of 40%,
except for case o, where an ambient air at 5°C and at a relative humidity of 1% is used.
Emax is the highest value of the time averaged evaporation rate, which is calculated in the
fourth generation for all the calculations.

coeflicient of water in air is inversely proportional to the pressure,
we see that A and @ increase with the pressure. In conclusion,
an increase of the pressure leads to a decreased ability of the
transport phenomena in the lumen to condition the air (decrease
of ¥ and W), to an increased part of the energy extracted to heat
the air (increase of ®) and helps to maintain the mucosa at the
body temperature (increase of A).

The results presented in Table 4 are generated for various
values of the inspiration flow rate, to analyze the impact of
exercising on the heat and water exchanges in the lungs.
Breathing by the mouth is considered. To take into account the
conditioning of the air by the pharynx and the larynx, we add two
single airways to the geometrical model of the lungs presented
in Table 2 (one airway in generation —1, corresponding to the
pharynx, with a length of 2 cm and a radius of 1 ¢cm, and one
airway in generation 0, corresponding to the larynx, with a length
of 3 cm and a radius of 1 cm, see Daviskas et al., 1990). We
consider that, during inspiration, the atmospheric conditions can
be applied at the top of the pharynx. Except for case e, the
temperature and the relative humidity of the ambient are taken
equal to 27°C and 40%, respectively. Case V (e) is a reference
case, with an inspiration flow rate of 15 Imin~!, corresponding
to a rest situation. Accordingly, t,, is set to 2,000 s. Then, three
situations of exercise with an increasing inspiration flow rate are
considered: cases VI (o) (inspiration flow rate of 30 Imin~!), VII

() (inspiration flow rate of 60 Imin~') and VIII (s) (inspiration
flow rate of 120 1min~'). To take into account the increase of
the cardiac flow rate with the effort intensity, t,, is progressively
decreased. To give an idea, if we assume that ¢, = 2,000 s
corresponds to a heart rate of 60 bpm, #, = 1,000 s would
correspond to a heart rate of 120 bpm, t,, = 900 s to a heart
rate of 133 bpm, and ¢, 800 s to a heart rate of 150 bpm.
Finally, case IX (e) corresponds to case VIII (), except that an
ambient air with a temperature of 5°C and a relative humidity of
1% is considered, everything else being constant. This represents
a situation where the sportsman is outside and breathes a cold
and dry air.

The analysis of the results presented in Tables 3, 4 and
Figure 8 allows highlighting several interesting points. First,
globally and coherently with the results presented in section 3.1,
we observe in Figures 8A,C that the air is at body temperature
before reaching the end of the bronchial region at inspiration and
that a significant cooling of the air occurs along the tract during
expiration, in all the conditions represented on these figures.

Case I (o) considers the reference situation of an adult
breathing at rest and by the nose in mild environmental
conditions. First, it is worth mentioning that the results presented
in Figure 8A and in Table 3 for this case are in good agreement
with the experimental data of Mcfadden et al. (1985), as well as
with the numerical simulations of Warren et al. (2010) and Wu
et al. (2014). Notably, our model predicts a cooling of the air
during expiration yielding a temperature difference at the top of
the trachea, between inspiration and expiration, of approximately
1.5°C, very close to the one measured by Mcfadden et al.
(1985) and the one calculated by Wu et al. (2014), in the same
conditions. The latter performed CFD simulations considering
turbulence and a full description of the bifurcations for several
subjects whose lung geometries were obtained by CT-Scans. This
good comparison supports our approach. A significant cooling of
the air along the respiratory tract during expiration is calculated,
due to the low values of A; compared to one. The ability of
the submucosal glands to replenish the ASL with water has
been the subject of many research works and a maximal rate of
replenishment close to 20-25 um min~! is often put forward (see
the review of Widdicombe, 2002). We see in Table 3 that, at rest
and breathing by the nose in mild environmental conditions, the
highest value of the evaporation rate (2.4 um min~!, calculated in
the fourth generation) is one order of magnitude smaller than this
replenishment rate. Consequently, the evaporation is unlikely to
generate a dehydration of the ASL in the considered conditions.
But, in the case of a disease associated with airway dysfunction,
such as cystic fibrosis, where the operation of the submucosal
glands is impaired (Joo et al., 2006), it is worth noting that
ventilation could dehydrate the ASL quickly (in a few minutes,
as the ASL is approximately 10 pm thick). At rest, around 10
generations (i.e., over a distance of approximately 23 cm from
the top of the trachea, according to Table 2) are significantly
involved in the air conditioning (see Figure 8A). It is interesting
to note that it corresponds approximately to the generations with
submucosal glands, as they are mainly present in airways with a
diameter larger than 2 mm (Fahy and Burton, 2010). The values
of P and W calculated for this reference case I (o) are 2.2 Js~!
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and 70 mlday ', respectively (see Table 3). These values are
much smaller than the ones mentioned in the introduction for
the maximal amounts of heat and water that could be extracted,
per unit of time, from the body by the respiration (13 Js~! and
360 mlday ). Such a difference can easily be understood by the
fact that we consider here (i) milder environmental conditions,
(ii) the sole lungs rather than the entire respiratory tract, and (iii)
an advanced description of the heat and water exchanges with a
significant cooling occurring during expiration.

For case II (o) (intubated in mild environmental conditions
or breathing at rest very cold air by the nose) and case VIII
(o) (intense exercising in mild environmental conditions), we
observe a large increase of the evaporation rate, when compared
to case I (o) (see Tables 3, 4 and Figure 8B for the exercise
case). It is due to the enhanced temperature and concentration
gradients developing in the lungs in these situations. Also, more
generations than for case I (o) (i.e., over a larger distance from
the top of the trachea) are involved in the conditioning for these
two cases (see Figure 8A). In generation 10, an evaporation rate
close to 2 um min~! is calculated for case II (o) (not shown in
the tables/figures) and up to 10 gm min~! for case VIII (o) (see
Figure 8B). Moreover, when exercising, the evaporation rate in
the fourth generation becomes of the same order of magnitude
than the maximal replenishment rate of the submucosal glands
(see Figure 8B). In Figure 8A, we observe a cooling of the
mucosa below 30°C in the five first generations for case II
(e) (i.e, over a distance of approximately 19 cm from the
top of the trachea) and in the 9 first generations for case
VIII (e) (ie., over a distance of approximately 22 centimeters
from the top of the trachea). For the latter, an evaporative
cooling of the mucosa below the air temperature in the 5 first
generations is even calculated, as well as an almost constant
air temperature in the 7 first generations (i.e., over a distance
of approximately 21 centimeters from the top of the trachea):
the energy extracted from the mucosa to evaporate water is so
high, due to the high value of the Sherwood numbers, that the
mucosa becomes even colder than the lumen and, consequently,
the air in the lumen is not heated. These results show why
it is very important to condition the air during an intubation
or to be very careful when exercising or breathing cold and
dry air while suffering from a pathology associated with an
airway dysfunction.

Coherently with what is mentioned above, we see in Table 3
and Figure 8C that increasing the pressure from 0.3 to 10 bar
leads to (i) an increase of 77 and 7 (due to the increasing values of
Aj, that becomes larger than one in the proximal generations for
an ambient pressure of 10 bar), (ii) a decrease of the evaporation
rate and hence to the mobilization of an increasing number of
generations for the air conditioning (due to the decrease of ;"
and the increase of ®;), (iii) an increase of the total amount of
water/energy extracted by the ventilation, as a consequence of the
increase of the efficiencies.

Exercising leads obviously to an increase of the total amount
of heat/water extracted from the lungs by the ventilation. Table 4
shows that, when exercising and breathing by the mouth, P and
W increase by approximately a factor 6 when Q™P is increased
from 15 Imin~! to 120 Imin~!, in the same atmospheric

conditions. The values of P calculated for Q™P = 120 I min~!
remain limited when compared to the amount of heat that has
to be dissipated by the body during an effort (which can reach
1,000 Js~1). On the other hand, regarding W, we see in Table 4
that it can reach quite high values when exercising, showing
that the evaporation of water in the lungs may contribute
significantly to dehydration during a long and intense effort.
Whatever the ventilation rate, it is in generation 4 that the
maximal evaporation rate, Enay, is calculated (see Figure 8B). It
is due to the small aspect ratio of the airways in this generation
(see Table 2). Consequently, the flow in these airways is largely
undeveloped, leading to high concentration gradients at the ASL-
lumen interface. An increase of the ventilation rate logically
implies an increase of En,y, as well as of the number of
generations mobilized to condition the air (due to the decrease
of W and W). At high ventilation rates, the calculated values
of E; indicate a possible problem in the proximal generations
regarding the hydration of the ASL, as they are of the same
order of magnitude than the maximal rate of replenishment
mentioned above (see Figure 8B). Moreover, beyond generation
10, where there are no submucosal glands, the evaporation
rates calculated at high ventilation rates becomes significant
(as high as the ones calculated in the proximal generations at
rest). It could disrupt the mucus balance in these generations.
Opverall, the results show that there is likely an intensity threshold
in the exercise above which evaporation in the lungs leads
to dehydration of the ASL, given that it can no longer be
compensated by the submucosal glands. This threshold depends
of course on the atmospheric conditions. It is interesting to note
that similar results were previously obtained by Combes et al.
(2019) and Karamaoun et al. (2019). These authors highlighted
a deterioration of the epithelium of the bronchial region of the
lungs above a ventilation rate of about 80 | min ! when exercising
continuously, due to the dehydration of the mucus.

We observe two maxima in the plot of W; as a function of
i (see Figure 8D). The first one is in the trachea (due to its
large exchange surface and the high concentration gradients met
there), the other one in a more distal generation, further and
further in the lungs when the ventilation rate is increased. This
is coherent with the results presented in Figure 7D.

The comparison of cases IX (o) (exercising at high ventilation
rate in cold air) and VIII (e) (exercising at high ventilation rate
in mild air) shows that, when an athlete breathes cold and dry
air, the amounts of heat and water extracted from his lungs
by ventilation increase, compared to a mild environment (see
Table 4). It is logical, the lower the temperature of the inspired
air, the higher the amounts of heat and water needed to bring
it to body temperature and to water saturation. Nevertheless,
it can be seen that the amount of heat extracted in case IX
(e) is significantly larger (60%) than the one extracted in case
VIII (o), while the amount of water extracted in case IX (o) is
only 15% larger than the one extracted in case VIII (o). This
is because the saturation concentration of water in air depends
on the temperature in a non-linear way. We can calculate that
the sensible heat needed to condition the air in case IX (o) is
more than 300% larger than the one needed to condition the
air in case VIII (o), but that the amount of water needed (and
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the corresponding latent heat) is only 30% larger. In addition,
we can see in Figures 8B,D that, in the first generations, the
evaporation rates encountered are almost identical for both cases.
This is because two opposite effects offset each other. Inhaling
cold air tends to increase the difference in water concentration
between the mucosa (if it remains at the same temperature) and
the core of the airway lumen, which is in favor of an increase
in the evaporation rate. However, the inspiration of this cold
air results in a significant cooling of the mucosa, because the
vascularization cannot maintain it at body temperature. This
results in a decrease in the difference in water concentration
between the mucosa and the core of the lumen, which tends
to decrease the evaporation rate. We see in Figure 8D that it is
actually in distal generations that the difference between the two
cases is marked, with more water removed from the lungs in the
case where cold air is inhaled.

Finally, regarding the overall efficiencies of heat and water
extraction from the lungs (7 and 7), we see that, as in the
simplified framework, they do not vary a lot with the breathing
conditions, except when the pressure is varied (see Tables 3,
4). At atmospheric pressure, whatever the situation, there is
a significant cooling and condensation at expiration: around
45% of the heat and water used to condition the air during
inspiration are transferred back to the mucosa during expiration.
Nonetheless, we may note that these efficiencies decrease slightly
with the ventilation rate (see Table 4); this is coherent with
the results in Figure 7C. The efficiencies calculated in this
section are slightly smaller than within the simplified framework;
this is due to the change of geometrical model. Generally
speaking, the results show that the exchanges of heat and water
between the lungs and the environment involve evaporation
and condensation phenomena, both of significant importance.
These exchanges increase in amplitude when exercising or when
breathing a cold and dry air.

4. CONCLUSION

In this paper, a new theoretical model allowing a comprehensive
analysis of the heat and water exchanges in the human lungs
(from a newborn to an adult) is developed. It is based on
their local description in the lumen of the airways and in the
surrounding tissues. It is easy to tune to any geometry. The
model is presented in a general and dimensionless framework
with explicitly stated assumptions and a strong physiological
background. The main originality of this model is its description
of the local phenomena in a hierarchical structure based on
well-defined and well-established dimensionless numbers. This
provides a certain rigor and generality to the model and
its results, which can hardly be reached by more classical
approaches based on directly solving the conservation laws in a
complex domain.

As summarized in section 2.2.3 (see notably Figure5 and
Table 1), the key dimensionless numbers controlling the heat
and water exchanges in the lungs are: W and W, characterizing
the ability of the transport phenomena within the lumen to
condition the air, and A, characterizing the competition between
vascularization and heat withdrawal at the level of the tissues
surrounding an airway. These dimensionless numbers were

thoroughly analyzed and scaling laws were derived. A simplified
version of the model, independent of the atmospheric conditions
in its dimensionless form, has been developed. In this simplified
framework, the ratio of the Reynolds number of the flow in the
trachea to its aspect ratio (Re/S) has been found to be the key
variable parameter.

4.1. Summary of the Main Physiological
Findings

The model allows giving new insights into the heat and water
exchanges in the lungs. Several interesting elements have been
highlighted.

The bronchial region of the lungs is able to condition the air in
all the situations considered in this work even if, sometimes, for
instance when exercising or at high pressure, distal generations
have to be involved (beyond generation 10). Based on the values
of the dimensionless parameter W, it has been shown that these
distal generations are super-conditioners. In these generations,
the regime of water and heat transfer between the ASL and the
lumen is the transition one (Sherwood and Nusselt numbers
almost constant), with W increasing faster than exponentially
with the generation index, while, in the proximal generations,
the regime of water and heat transfer between the ASL and the
lumen is the boundary layer one (Sherwood and Nusselt numbers
proportional to the square root of the Reynolds number).
Additionally, the model predicts that newborn airways are better
conditioners than adult ones. It also shows that the heat used to
evaporate water accounts for more than 80% of the heat extracted
from the lungs, except in particular situations (breathing a very
cold air or being at high pressure). In parallel, the results quantify
the key role of the submucosal glands. Their presence in the first
10 generations of the lungs of an adult is an important feature of
the human evolution to allow, by keeping the mucus wet despite
of the evaporation of water, the first generations of the lungs to
exercise their function of mucociliary clearance.

Due to the small value of A compared to 1, the vascularization
of the tissues surrounding the airways is not able to maintain
these tissues at body temperature during inspiration.
Consequently, during expiration, a significant cooling of
the air and condensation of water occur. Due to a subtle
interaction between different phenomena, it appears that, at a
given pressure and for a fixed geometrical representation of the
lungs, the overall efficiencies of heat and water removal from the
lungs are almost independent of the breathing conditions (effort
or rest, size of the person, atmospheric conditions) (see section
3.1). For instance, when the simplified framework is used, we
calculate that approximately 33% of the heat and water used to
condition the air during inspiration are transferred back to the
mucosa during expiration (45% when using the morphometric
data given in Table 2).

Except for the trachea (when the morphometric data given
in Table 2 are used), the index of the generation in which the
maximal amount of water is extracted (and also the maximal
amount of heat) is an increasing function of the Reynolds number
in the trachea, divided by its aspect ratio. Accordingly, it is
also an increasing function of the body mass. Consequently, the
generation in which the maximal amount of water is extracted is
further and further down in the bronchial tree during the life of a
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human (trachea excepted). It also progresses down the tree with
the intensity of an effort; for an adult, it can be beyond generation
10 during an intense exercice.

In acute situations, such as suffering from a pathology with
airway dysfunction, when being intubated, when exercising above
a critical threshold, the heat and water exchanges in the lungs
may be critical regarding mucus hydration and exposure to cold
of the mucosa. In proximal generations, the evaporation may
overwhelm the ability of the submucosal glands to replenish
the ASL with water, and it can even be significant in distal
generations, where there are no submucosal glands. During an
intense and long exercise, the evaporation in the lungs can
contribute to dehydration of the body. In some situations, the
cooling of the mucosa, mainly induced by the evaporation, may
also be very important; the mucosa can even reach temperature
colder than the inspired air. Finally, the results show that
breathing cold air can significantly increase the exchanges
between the lungs and the environment, which can be critical
regarding disease transmission.

4.2. Model Limitations and Future Work

Despite being quite general, the model has several limitations.
First, it is well-known that the flow in the trachea and in
the few generations downstream can be turbulent, especially at
high inspiration and expiration flow rates. This feature is not
included in the model as only steady states are considered, but
it has limited impact on the Sherwood and Nusselt numbers.
Indeed, in the proximal generations of the lungs, the flow-
establishment length is usually significantly larger than the length
of the airways, and the undeveloped character of the flow
in these proximal airways has more impact on the transfers
than the potentially turbulent nature of the flow (Pedley
et al,, 1970a,b). As mentioned previously, the CFD simulations
of the momentum heat and mass transport equations in a
single airway, used to construct the correlations of Sh and
Nu, account for this undeveloped character of the flow by
imposing a constant axial velocity at the inlet of an airway
(Supplementary Equation 9 in the Supplementary Material).
Another limitation is the simplified way to treat the bifurcations
(by imposing constant velocity, concentration and temperature
at the inlet of an airway, see Supplementary Equations 8, 9
in the Supplementary Material). The model is also based on
a representation of the lungs in which all airways are right
circular cylinders. It is an approximation in the first few
generations (except for the trachea), in which the airways have a
bended shape.

Two additional limitations of the model are related to the
collection of data needed to use it and to validate it. Applying the
model to a specific person could be quite relevant in some critical
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Heat and Water Exchanges in the Human Lungs

5. NOMENCLATURE

Roman symbols

3§§§l‘

Nu

Pr

Re
RH
Sc
Sh

Greek symbols

> ™

= 3

Molar concentration of water in air, molm—3

Heat capacity at constant pressure, Jkg~' K~
Diffusion coefficient of water in air, m? s~
Evaporation flux of the water contained in the ASL,
ms~'

Correlation to express the Sherwood number as a
function of Re and 8, -

Correlation to express the Nusselt number as a
function of Re and 8, -

Ratio of the radii of airways in two successive
generations, -

Mass transfer coefficient between the mucosa and
the airway, ms™'

Length of the airway, m

Molar latent heat of vaporization, J mol ™"

Mass of the body, kg

Molar mass of water, kg mol™"

Number of generations in the bronchial region of the
lungs, -

Nusselt number of the heat transfer between the
mucosa and the lumen, -

Power extracted from a tissue, Js~'

Prandtl number of the air, -

Volumetric flow rate of air, m3s~'

Radius of the airway, m

Reynolds number of the flow in the airway, -
Relative humidity of the air, -

Schmidt number of the air, -

Sherwood number of the mass transfer between
the mucosa and the lumen, -

Time, s
Temperature, K

Heat transfer coefficient between the mucosa and
the airway, Wm=2K~"

Velocity of the air, ms™'
Rate of water removal from the ASL, m3s~!

Thermal diffusivity, m? s~!

Aspect ratio of the airway, -

Thickness, m

Efficiency of the water extraction from the mucosa, -

Efficiency of the heat extraction from the bronchial
wall, -

Ratio of the expiration duration to the inspiration
duration, -

Thermal conductivity, Wm=1 K~
Dimensionless number, see Equation (8)
Dimensionless number, see Equation (23)

Kinematic viscosity, m? s~

LSS

S O &

Abbreviations, subscripts,
and superscripts

o <t

ASL

in
insp
max
sat
SM
tot
out
w

I

Other symbols
I

Factor accounting for the increase of the cardiac
flow rate during an effort, -

Dimensionless number, see Equation (9)
Dimensionless number, see Equation (3)
Dimensionless number, see Equation (6)
Density, kgm~2

Dimensionless constant, -

Factor accounting for the increase of the
ventilation rate during an effort, -

No subscript in a physicochemical property refers
to the air

Dimensionless version of y

At the top of the trachea during inspiration
Airway Surface Liquid

Averaged on a flow cross-section

Body

Related to the expiration

Liquid phase

In generation i

At the inlet of the airway

Related to the inspiration

Maximal

Saturated with water

Supplementary Material

Total respiratory cycle

At the outlet of the airway

Tissues composing the wall of the airway
At the ASL-lumen interface

Velocity average on the entire lumen of the airway
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