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is also high, around 80 % .

We report the effects of varying physiological and other properties on the heat and water exchange in the
maxilloturbinate structure (MT) of the bearded seal (Erignathus barbatus or Eb) in realistic environments, using
a computational fluid dynamics (CFD) model. We find that the water retention in percent is very high (about
90 %) and relatively unaffected by either cold (-30 °C) or warm (10 °C) conditions. The retention of heat
Based on a consideration of entropy production by the maxilloturbinate system,
we show that anatomical and physiological properties of the seal provide good conditions for heat and water
exchange at the mucus lining in the seal’s nasal cavity. At normal values of tidal volume and maxilloturbinate
(MT) length, the air temperature in the MT reaches the body temperature before the air has left the MT
channels. This confers a safety factor which is expected to be helpful in exercise, when ventilation increases.

1. Introduction

The bearded seal (Erignathus barbatus, Eb) is a pinniped living in the
Arctic and subarctic regions. Experiments on Eb have been carried out
from various perspectives. Diving, haul-out, immigration, vocalization
and breeding behavior have all been studied in connection with sea ice
extent e.g. (MacIntyre et al., 2013; Escobar-Amado et al., 2022; Llobet
et al.,, 2021; Olnes et al., 2020; Cameron et al., 2018). Food intake,
metabolism and composition of body fat have been investigated with
regard to moulting and lactation (Lydersen et al., 1996; Thometz et al.,
2021; Foster et al., 2018).

The anatomy and physiology of Eb have also been explored e.g. (Ma-
son et al., 2020; Marshall et al., 2006; Reynolds and Seaman, 1976).
The tree-like, branched structure of maxilloturbinate (MT) bones that
fills the nasal cavity is a striking feature of the seal nose (Negus,
1958; Moore, 1981; Hillenius, 1992). Eb has a MT structure that is
more complex than that of lower-latitude species, as characterized by
computed tomography (Mason et al., 2020). It was suggested that the
nasal structure of Eb may have evolutionary advantages in a cold
climate compared to the equivalent in seals from the subtropical region.

* Corresponding author.
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Further support for this idea was obtained by Cheon et al. (2023).
Arctic animals that live in very cold marine environments are in need of
energy-efficient heat and water exchange. It is known from experiments
that the complex nasal structure not only plays an important role in
humidifying dry, and warming cold, ambient air before it enters the
lungs, but also serves to retain heat and water on exhalation. This
is the case not only in seals, (Huntley et al., 1984; Folkow and Blix,
1987), but also in reindeer (Blix and Johnsen, 1983; Langman, 1985),
birds (Johansen and Bech, 1983; Blix, 2016; Westvik, 2022) and hu-
mans (Marks et al., 2019). Even the comparatively simple human nose
is capable of warming and humidifying air at quite low temperatures.
But the complex MT structures of the seal nasal cavity appear to be
linked to a better ability to save heat and water (Negus, 1958; Cheon
et al., 2023). This work aims to gain more insight on this issue. How
can we characterize the ability to retain heat and water in the MT?
Does the respiratory system of the seal operate with low energy loss,
water loss or perhaps both? We have seen that Eb has some abilities
that are superior to other seals when it comes to nasal heat and water
exchange in the Arctic climate. These abilities were found to be related
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Fig. 1. Subsystems of the model. Air enters with ambient temperature and a specified relative humidity. The maxilloturbinate cross-section is shown in the inset to the left. The
right-hand side of the figure illustrates the air channels, the liquid mucus layer and the interstitial tissue. Red and blue arrows indicate the heat and water fluxes, respectively,
while black arrows indicate the flow of air. Fluxes are perpendicular to the air flow through the nose.

to the perimeter of the cross-sectional area for air flow (Cheon et al.,
2023).

In this paper, we compute the entropy production associated with
both heat and water transfer within the maxilloturbinates, over the
course of a breathing cycle. In principle, if the exchange at any local
position along the MT occurs without losses in water and heat, the
exhaled gas would be of exactly the same temperature and relative
humidity as the ambient air that was breathed in. In this situation, the
overall entropy production relating to heat and mass transfer would
be zero. In reality, the exhaled gas is likely to be warmer and wetter
than the ambient air, and we calculate a positive value for this entropy
production. It can be shown for the case of heat transport only, that a
minimum in the entropy production associated with breathing means
maximum overall efficiency of the heat-exchange system (Kjelstrup
et al., 2017). Therefore, in this paper we consider how changing various
parameters, including tidal volume and maxilloturbinate length, would
affect the MT entropy production, with a view to assessing the extent
to which the system is optimal. The entropy production was used to
characterize the resting state of respiration. The aim was to see how
this property was changing by varying physiological and environmental
conditions.

Computer simulations can be used to overcome the difficulties of
experiments in animals. The heat and water exchange in the nasal
cavity of Arctic animals, including reindeer (Magnanelli et al., 2017;
Solberg et al., 2020) and seals (Flekkgy et al., 2023; Cheon et al.,
2023) have, for instance, been modeled and compared with that in
mammals such as dogs (Craven et al., 2007, 2010), human (Naftali
et al., 2005; Elad et al., 2008; Kim et al., 2017; Garcia et al., 2007),
rats and monkeys (Ito et al., 2017). Various software, visualization
techniques and numerical methods are available from these works.

The numerical model used here (Cheon et al., 2023; Magnanelli
et al.,, 2017; Solberg et al., 2020) is a quasi 1D-model designed to
investigate heat and water exchange. Diverse thermodynamic and hy-
drodynamic properties of the respiratory turbinate system are calcu-
lated, including the local temperature of five subsystems: air, mucus
lining, interstitial tissue, artery and vein, as well as fluid flow in
the mentioned five subsystems. The model utilizes water vapor-liquid
interface resistivities. The phase transition of water is described as
mass transport across the liquid-vapor interface, in the same manner
as, e.g. in membrane distillation and desalination (Kjelstrup and de
Koeijer, 2003; Rauter et al., 2021a,b; Wilhelmsen et al., 2016). The
model of Cheon et al. has an advantage of flexibility over similar
models of nasal heat exchange because it does not use commercial
CFD (computational fluid dynamics) software, which is accompanied
with large computational costs. It is made available for exploring new
variables by new users.

In this study, we aim to investigate variables which affect the func-
tion of the MT in bearded seals (Eb), using this model. The variables
considered include (i) how much air is inspired and expired per breath
and (ii) how many breaths take place per minute. The first is the tidal

volume. The second is the ventilation frequency. These vary depending
on species, sex, age and behavior of seals (diving, foraging, hauling-out,
floating on surface and sleeping) (Reed et al., 1994; Castellini et al.,
1994). Although the composition of the respiratory gases will change
on inspiration and expiration, the respiratory exchange ratio is taken
to be 1.0. So the pressure is not affected by the breathing process. We
aim to examine how energy costs associated with the heat and water
exchange in the MT change, with reference to a variety of mentioned
states and abilities. Relative humidity (RH) of the environment will also
affect the respiratory dissipation of energy and this was not included
in previous works (Magnanelli et al.,, 2017; Solberg et al., 2020;
Cheon et al., 2023). We focus on how relative humidity conditions
alter entropy production and energy dissipation. We shall see how
the functioning of the MT depends on its structure and boundary
conditions.

The paper is structured as follows. We first give the anatomical
and functional properties needed to model the MT of the bearded
seal (Section 2). In the Methods section (Section 3), we present the
theoretical model. The numerical results are interpreted and analyzed
in Section 4, Results and Discussion. Additional information related to
calculations is included in Appendix.

2. System
2.1. Maxilloturbinate structure and function

The seal has a dendritic MT morphology. The ambient air, of given
temperature and humidity, passes the nasal passage where it is humid-
ified and warmed to body temperature. The saturated and warmed air
is next exhaled and heat is transferred from the air to the cool mucus
lining. This thin mucus layer is overlying the epithelial cell tissue on
the MT bone. During this ventilation process, heat and water in the
air are exchanged with the heat and water in the mucus lining of the
MT in a temporal counter-current fashion as described by Jackson and
Scmidt-Nielsen (1964). The process is indicated in Fig. 1 by arrows.
Supplementary heat- and mass transfer processes between subsystems
are also depicted. We have earlier shown (Cheon et al., 2023) that it is
sufficient to consider three subsystems, the air flow channel, the mucus
lining (water properties assumed) and the interstitial tissue (blood
properties assumed). The simplified system will thus be used here.

2.2. Anatomy and physiology

Mason et al. (2020) observed associations between nasal structure
complexity and the latitude of seal habitat. They proposed that the
climatic environment induced adaptations in MT morphology. That of
Erignathus barbatus, Eb, was reported. The Eb model has now been used
in several studies (Flekkgy et al., 2023; Cheon et al., 2023), and is
therefore chosen for in-depth studies here.
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(a) CT scan image (tomogram) in the trans-
verse plane through the middle of the maxillo-
turbinate mass, encircled by a red line. The blue
line shows the boundary of the nasal cavity.
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Fig. 2. Reconstructed CT scan image of the MT of Erignathus barbatus (a) and anatomical data (b and c) replotted from Cheon et al. (2023).

Fig. 2 shows the morphology of the MT structure from various per-
spectives. Fig. 2a shows a computed tomogram cross-section through
the skull, in the densest MT region. The MT geometry can be character-
ized by the cross-sectional area of the airways (the air contained within
the mass) and the MT perimeter, denoted A, and y,, respectively. It
does not include the air surrounding the MT mass or between left and
right masses. Their variations among the MT, shown in Fig. 2b, were
calculated from CT-scans of prepared skulls, in which the interstitial
tissue lining of the MT bones was either substantially shrunk or missing.
This means that the values are essentially based on the bony MT
structure.

The cross-sectional area for airflow and the perimeter are used to
compute the hydraulic diameter D, = A,/y, (Mason et al., 2020) in
Fig. 2c. The D,, is a measure of the narrowness of the passageways.

The air pathway in the MT has the length L in the direction of
airflow. We see from 2b that the MT structure is particularly elaborate
in the center of the MT, where 0.2 < z* < 0.8 and z* = z/ L is the
dimensionless coordinate axis along the nasal duct.

Other variables of the present model are estimates for Eb based on
physiological data from other phocid seal species in the literature, for
a hypothetical 180 kg animal. All these variables are listed in Table 1,
but further explained elsewhere (Cheon et al., 2023).

The MT porosity of Eb, ¢, was estimated from the volume of the
MT excluding bony parts, V4, Over the total volume, V,,;. The volume
was calculated using the length and the average cross-sectional area of
MT excluding bony parts, 20.3 cm? (Flekkgy et al., 2023). This gives
¢ = 0.55, an average value which we can use for the whole of the MT
mass.

3. Methods

Before the solution procedure was started, transport coefficients
were calculated according to physiological, physical and chemical con-
ditions. Coefficients were compatible with the form dictated by the
theory of non-equilibrium thermodynamics, ie., Eqs. (11) and (12).
The driving forces were expressed, after composition and temperature
profiles were obtained, allowing the determination of the entropy
production according to Eq. (13).

The quasi 1-dimensional CFD model, used to simulate the MT
function, was originally formulated by Magnanelli et al. for applications
to reindeer (Magnanelli et al., 2017). It was adapted the model to
seals by Cheon et al. (2023). Cheon et al. showed that the temperature
profiles of the arteries and veins were similar to those of the interstitial
tissue, giving us reasons to simplify the model and omit the veins
and arteries result here. The revised system consists now of three
subsystems as shown on the right-hand side in Fig. 1. The equations
to be solved are those of the three subsystems; air, mucus lining and
interstitial tissue.

The model used in this investigation was first developed for rein-
deer (Cheon et al., 2023). It was recently adapted to seals by Cheon
et al. (2023), and the Supplementary Material of that paper fives details
of the solution procedure. Here we only note that the problem is time
dependent (videos of the breathing cycles were presented earlier). The
balance equations for each subsystem and their numerical solution can
be found in the works of Cheon et al. (2023), Magnanelli et al. (2017).
We repeat the central equations for convenience. They show how the
cross-sectional area of the airway passage, A,, and its perimeter, y,,
enters the calculations.
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Anatomical and physiological data for a hypothetical 180 kg bearded seal (Eb). Physiological data that were not available for Eb were measured in
gray seals (Haliochoerus grypus) (Reed et al., 1994; Folkow and Blix, 1987; Folkow et al., 1988) or northern elephant seals (Mirounga angustirostris)
(Huntley et al., 1984) of equal size. The A, and y, vary with scaled position, z*, so we present maximum values, A, . and 7, may-

Variable Description Value Literature
v, Tidal volume 6.3 dm’ Reed et al. (1994)
fa Breathing frequency 19.4 min~! Reed et al. (1994)
1y, Duration of one ventilatory cycle 3.09 s Reed et al. (1994)
L Maxilloturbinate length 6.10 x 1072 m Mason et al. (2020)
along the z-axis
Agmax” Max. cross-sectional area 3.55 x 10™3 m? Cheon et al. (2023), Flekkpy et al. (2023)
Ya,max Max. perimeter 11.1 m Cheon et al. (2023), Flekkpy et al. (2023)
Tiody Body temperature 36 °C Folkow and Blix (1987)
Tomb Ambient temperature —30/10 °C Folkow and Blix (1987), Huntley et al. (1984)
RHyoqy Relative humidity of deep body 1.00 Folkow and Blix (1987), Huntley et al. (1984)
RH,p Relative humidity of ambient air 0.20/0.50/0.90 Folkow and Blix (1987), Naftali et al. (2005)
o Specific heat capacity of blood 4500 J kg~! K! Magnanelli et al. (2017)
P Density of blood 1000 kg m=3 Magnanelli et al. (2017)
ky Thermal conductivity of blood 0.50 J m™! s71 K! Magnanelli et al. (2017)
Cpm Specific heat capacity of mucus 4200 J kg~! K Magnanelli et al. (2017)
Pm Density of mucus 1000 kg m=3 Magnanelli et al. (2017)
km Thermal conductivity of mucus 0.60 J m~! 71 K! Magnanelli et al. (2017)
dy Mucus thickness 1.0 x 10> m Bush et al. (1998), Kaulbach et al. (1993)
dy Interstitial tissue thickness 2.0 x10* m Folkow et al. (1988)
F, Mass flow of blood 2.2 x 10~* kg min~! Magnanelli et al. (2017)

2 The value was taken from Fig. 2 in Cheon et al. (2023), correcting their incorrect Table 1 value (2.03 x 10~ m? as shown in Fig. 2C).

3.1. Energy and mass-balances

The energy balance for a volume element in the air subsystem, the
energy balance is written as

oT, oT, , ow;
Aa/’a%,a? = _Facp,ag - yan,a-m - ya']w(hw,a —hy)+ Ayp,y Z h; or
i
Wy &)
a iy

i

where A, and y, were defined above, p, is the density of the air, T,
is the temperature of the air, 7 is the time and ¢, , is the specific heat
capacity of air. The flow F, is the total mass flow in the z-direction
across the MT, where h; is the specific enthalpy of the ith component,
hya is the specific enthalpy of water vapor and h, is the specific
enthalpy of air. The mass fraction of component i, w;, is the ratio of
the ith component mass and the total mass of the air, including the
ith component. The expression dw;/dz is the change in mass fraction
in the z-direction. The left-hand side of the equation describes the
temperature change in the volume element, while the right-hand side
describes fluxes in and out of the element of conducted and latent heat.
The measurable heat flux, J‘;’a_m, is positive when directed from the air
to the mucus lining subsystem.

The water mass flux from the air to the mucus lining is J,,, positive
for condensation and negative for evaporation.

The energy balance of the mucus lining (superscript m) is described
similarly. We obtain:

dT,
Am/’mcp,md_;-n = Ym(J(;,a_m + Jw(hw,a - hw,m)) - mec,l,m-it’ 2

where Ty, is the temperature of the mucus lining and A, is the cross-
sectional area which the mucus occupies, p, is the density of mucus
and ¢, , is the specific heat capacity of the mucus. We have assumed
that all physical properties of the mucus are the same as those of
water. Other mucus variables (subscript m) are defined in the same
way as the corresponding variables in the air subsystem. The hy, , is
the specific enthalpy of liquid water in the mucus lining and J (; it is
the measurable heat flux from mucus lining to the interstitial tissue.

From mass conservation, the mucus water mass flux is constant
across the lining; J,, = —J, where J, is the mass flux of water into
the underlying epithelial tissue.

The energy balance of the interstitial tissue (subscript it) is finally,

Aypicc i _ J = Yard) ~ Yvend! 3)
itPitCp,b or Ym q,m-it Yart qit-art Yven qit-ven’

where T}, is the temperature of the interstitial tissue, p;; is the density
of the blood, ¢y, is the specific heat capacity of blood. J, é itart is the
measurable heat flux from the interstitial tissue to the artery in the
r-direction, J C,l itven 18 the measurable heat flux from the interstitial
tissue to the vein in the r-direction. Here we assume that all physical
properties of the interstitial tissue are the same as those of blood.

All variables defined above are averaged over the cross-sectional
area, given for a point on the z-axis along the length of the nose cavity.
This way of modeling follows the standard procedure for chemical
reactors (Johannessen and Kjelstrup, 2004; Magnanelli et al., 2017;
Solberg et al., 2020; Cheon et al., 2023). For more details, see Cheon
et al. (2023), supporting materials and the GitHub link provided.

The net amount of heat and water retained in the turbinate system
was estimated from these results following (Blix and Johnsen, 1983).
The net amount of water vapor, M,, ,q4, Was calculated by subtracting
the amount of water vapor entering the nose in the ambient air during
inhalation from the amount of water vapor entering the nose from the
lungs during exhalation:

Mw,add =/(_Fw,a)zzLdt_/(Fw,a)zzodta 4
ex in

where F, , is the mass flow of water vapor in nasal air. The absolute
amount of water recovered, My, .., was obtained by subtracting the
amount of air flowing out through the nostrils during exhalation from
the amount of water vapor entering the nose from the lungs during

exhalation as,

Mw,rec = / (_Fw,a)zzLdt_/(_Fw,a)zzodt- G))
ex ex

The fractional recovery of water is M, ;o./ M, 544- The heat recovery is
captured in a similar way as for water. The heat added to the turbinate
system (Q,qq) is the sum of the heat that is necessary to warm up the
inhaled air to the body temperature and the heat that is necessary to
evaporate the water added during inhalation:

Qadd = / Facp,a(Tbody - amb)dt + Mw,addhw,lat’ (6)
in

Here F, is the air mass flow, ¢, , is specific heat capacity of air and A, 15
is the latent heat of evaporation of water. The amount of recovered heat
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during exhalation (Q,,.) is obtained as the sum of sensible heat that is
subtracted from the air during exhalation, and the latent heat that is
released by condensing of water, giving

Orec = / Facp,a(Tbody —Tedt + ]Vlw,rechw,lat7 @)
ex

where T, is the exhaled air temperature and the fractional recovery of
heat is Q,¢./Qaq4- These flows at the nose boundaries do not contribute
to the entropy production inside. They can be used to estimate heat and
water retention in the organ as a whole, with the assumption that other
losses of heat and water at the system boundaries are small.

3.2. The entropy balance

The entropy production in a system is a measure of the generalized
friction in a process. It can therefore be used to measure the efficiency
of a particular process (Kjelstrup et al., 2017). The entropy production
is zero when the process is fully reversible.

Because the entropy production, o, is characteristic of the way the
process takes place, it quantifies and measures where energy losses
take place. It can be used to compare organ performance under various
conditions. Fluxes, J, giving rise to entropy production, were shown
as arrows in Fig. 1. The product sum fluxes and corresponding driving
forces, X, is equal to the entropy production. By multiplication with
the temperature of the surroundings, we obtain the energy dissipation,
Wiest (Kjelstrup et al., 2017) of the adsorption/desorption processes at
the convoluted surfaces in the nose cavity. We have:

o= yJiX; 20 for i€ {quw) ®
i
Here g, w stands for local heat and water transport, respectively. Details

for the construction of ¢ can be found in the cited literature. Here we
are sketching the set of relevant forces for the discrete description:

X, =4(3). ©
Xy= = du+hyad (3 (10)

where p is the chemical potential and h,,, is the specific enthalpy of
water vapor. A linear relationship follows for forces and fluxes,

Rygdy+ Ryl = X, an
Rygdy + Ryl = Xy 12)

where R, R, Ry, and R, are resistivity coefficients. The coupling
coefficients are the same, R,, = R,,, (Onsager’s reciprocal relations).
The measurable heat flux is J' and J,, is the water flux.

The total entropy production of the breathing process in the nose

cavity, %, is the integral of o over the length coordinate.

Z:/adt+/ odt >0, (13)
in ex

where in and ex stand for the durations of inhalation and exhalation
respectively. The entropy production is always positive. In the present
case, the total entropy production is obtained by integrating over the
adsorption/desorption processes perpendicular to the z-axis. Contribu-
tions from viscous dissipation in shear flow in the nose are neglected.
The entropy production in a system is computed directly from Eq. (13)
with an explicit expression for o. The dissipated energy is according
to the Guy-Stodola theorem the production of the integral, ¥, and the
temperature of the ambient.

At steady state, the energy dissipation in the nose, T,;,~, is also
delivered to the environment. The heat lost by advection through the
nose must come from the metabolism in the whole animal.

In a system in steady state and with perfectly isolated walls, the
entropy production inside (X) is equal to the net entropy flow out of the
system. In the present case, the system (the MT) is quasi-stationary and
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not isolated, as heat is transported into the surroundings perpendicular
to the air flow direction (into the veins and arteries).

An earlier model (Flekkgy et al., 2023) did not separate between
contributions of water and heat transport. To some extent this has been
done now, because the present model does not assume thermodynamic
equilibrium at the MT wall.

3.3. The breathing cycle

Although breathing in seals is typically intermittent (e.g. Reed et al.,
1994), our model for simplicity assumes that the mass flow rate of the
air, F,, is a sinusoidal function of time, ¢, during eupnea. We further
assume that the overall interval between inspiration events, 3 s, is
the period of the sinusoid, ignoring the pauses in breathing that were
actually observed in the Reed et al. study. This can be written as,

F, = F, pay sin2z <L> , a4
Tor
where F, 1. = paVp/tp, is the maximum airflow in a breathing cycle

of duration 1. This flow is proportional to the tidal volume, Vr.
The breathing frequency is a more important variable for regulating
ventilation than the V; in diving animals, since they maintain relatively
high Vi compared to non-diving mammals. The V; is, as a default,
less variable than in, for example, humans. The range covered in this
investigation will therefore include all possible variations.

3.4. Boundary conditions

We shall study the effects on heat and water exchange of the
modeled changes of tidal volume, V;, breathing frequency, f,, and
length, L, of the MT along the z-axis. The properties affect the balance
equations, Eq. (1) and Eq. (2), via Eq. (14). The set of equations was
solved as described by Magnanelli et al. (2017), Solberg et al. (2020),
Cheon et al. (2023) for new boundary conditions, ambient temperature,
Tamb> and relative humidity, RH, as listed in Table 1. The boundary
conditions are:

During inhalation, During exhalation,

» RH(z* = 0): 0.20, 0.50,0.90  « RH(z* =1): 1.00

s T,(z" = 0) = Ty cT(zr=1)= Tbody'

* Tn(z* = 1) = Tiogy- ¢ T(z" = 1) = Tyoqy-

* Ti(z" = 1) = Tyody- * Ti(z" = 1) = Tyoqy-

¢ Tan(z* = 1) = Thyogy- * Ton(z" = 1) = Tygqy-

* Tyen(z* = 0) = T (z* = 0). * Tyen(z* = 0) = T (2" = 0).

Here z* is the scaled position where z* = 1 stands for the position
of a MT at the proximal end and z* = 0 implies the distal end such as
nostrils. The temperatures T, of the vein subsystem and T, of the
arteries were computed, but are not shown.

The energy balances of each subsystem provide a set of five partial
differential equations, see Magnanelli et al. (2017), for a more detailed
description. Together with the mass and entropy balance, there are
seven partial differential equations to solve. We transform the system
of partial differential equations into a set of ordinary differential equa-
tions by discretizing in the spatial dimension. Here 24 discretization
points were chosen for the z-dimension, and in each of these grid
points we approximated the first-order spatial derivatives using a finite
difference method (MatLab routines “dss020”), see Cheon et al. (2023).
Thus, every partial differential equation was transformed into a set
of 24 ordinary differential equations in time. In order to account
for boundary conditions, we replaced the corresponding differential
equations with the algebraic equations as given by the boundary con-
ditions below. Thus, we obtained a final set of ordinary differential
and algebraic equations that were solved using the solver “odel5s”,
in combination with a mass matrix.
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Table 2
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Overview of results, Cases 0-7. The total entropy production X of the MT in Eb is given in each case.
Values are shown for half and double the values of the reference value of Vy, f, and L. RH means relative

humidity.

Case Environmental conditions; Variables Entropy production of MT/JK lcyc™!
0 Cold-wet; T,,,= —30 °C, RH = 0.90 0.047

1 Cold-dry; T,,,= —30 °C, RH = 0.20 0.101

2 Warm-wet; T,,= 10 °C, RH = 0.90 0.004

3 Warm-dry; T,,,= 10 °C, RH = 0.20 0.022

4 Cold-medium, 7,;,= —30 °C; RH = 0.50 0.074

5 Vi variation; 0.5V;/Case 0/2V; 0.048/0.047/0.055

6 [, variation; 0.5f,/Case 0/2f, 0.092/0.047/0.024

7 L variation; 0.5L/Case 0/2L 0.059/0.047/0.040

The inherently dynamic problem, elapses after a sufficient time in a
pseudo-steady state, where the thermodynamic variables have the same
values at corresponding times of consecutive breathing cycles. A video
of the breathing cycle can be found in Cheon et al. (2023). In a stable
state, the results should not depend on the set of initial conditions. In
practice, we stopped the calculations when the difference between tem-
peratures at corresponding times of two consecutive breathing cycles
was smaller than 0.01 K. This condition was reached after about eleven
days, making the choice of discretization a practical one.

3.5. Case studies

The results of all variations will be compared to a reference, Case
0, which is the bearded seal (Eb) living under Arctic cold and humid
conditions. The temperature is T,;,= —30 °C and the relative humidity
is RH = 0.90. This condition was also used in our comparative studies,
see Cheon et al. (2023). The new cases include two types of variations;
(i) variations in the environment (Cases 1-4) and (ii) variations in phys-
iological parameters (Cases 5-7), see Table 2. The cases are designed
to offer more insight into the energy efficiency of the heat and water
exchange processes in the MT of Eb.

4. Results and discussion

The results for heat and water losses as well as for the entropy
production of water- and heat exchange in the MT of Eb are presented
in Tables 2, 3, 4 and 5, and in Figs. 3-6. We distinguish between five
cases called cold-wet, cold-medium, cold-dry, warm-wet and warm-dry
where we have considered 10 °C to be ‘warm’ for an Arctic animal.
The cases are characterized by the environmental conditions applied,
even if the seal is a marine animal living under wet conditions. An
overview of the results for the entropy production is given already in
Table 2, but numbers are discussed in Section 4.3. We discuss first the
approximations made in the model (Section 4.1), before we present and
discuss results for the breathing cycle (Sections 4.2-3); implications for
the energy budget (Section 4.4) and the performance away from the
common conditions (Sections 4.5-6).

4.1. Model properties

The properties of the breathing cycle were computed under some as-
sumptions which need be considered in the interpretation of results. We
first note that the temperature variations in the arteries and veins were,
in good approximation, the same as in the interstitial tissue, which
means numbers are the same within the accuracy of the calculation
within 1 % (Cheon et al., 2023). Neglecting the difference leads to
a small, systematic underestimation of the entropy production at the
mucus lining.

It is known that the nose tip/nostrils in reality are supplied with
blood vessels that are anatomically separate from those supplying the
MT (Folkow et al., 1988). The effect was modeled by Flekkgy et al.
(2023). Such a heat source may also add a systematic contribution to
the entropy production. We did not include any extra heat source in

Table 3
Heat loss and heat recovery for T, = —30 (cold), T,,,= 10 °C (warm), and RH =
0.90 (wet), RH = 0.20 (dry) conditions for Cases 0-3.

Seal condition

Cold-wet ~ Cold-dry = Warm-wet  Warm-dry
Heat loss/J cyc™! 954 1075 571 402
Heat loss/W 316 355 190 134
Heat recovery/% 72 68 70 81
Heat loss/water loss kJ mg™! 22 17 5 6

Table 4
Water loss and water recovery for T, = —30 °C (cold), T,,,= 10 °C (warm) and RH
= 0.90 (wet), RH = 0.20 (dry) conditions for Case 0-3.

Seal condition

Cold-wet Cold-dry Warm-wet Warm-dry
Water loss/mg cyc™! 0.044 0.062 0.120 0.064
Water recovery/% 95 93 79 91

the model for reasons of simplicity. It can in principle be included,
for example by introducing an extra heat source on the right-hand
side of Eq. (2). Introduction of a heat source will produce temperature
profiles at the inlet which are closer to experimental results.

Earlier studies have been divided over the issue of turbulence of
laminar airflow in the turbinate. Flekkgy et al. (2023) considered
laminar airflow. Others Folkow and Blix (1987), Solberg et al. (2020),
Cheon et al. (2023) assumed turbulent flow. Turbulent flow conditions
in the nose will possibly lower the thermal conductivity and raise the
outlet temperature. The choice has an impact on the heat transfer
coefficient and therefore the temperature profiles inside. Better heat
transfer (turbulent conditions) means a lower entropy production in the
mucus lining. Such conditions were used by Magnanelli et al. (2017) in
the modeling of the reindeer nose. As the local conditions are unknown
at present, we choose here for laminar conditions which gives better
separation of profiles. We found that turbulent flow conditions did not
produce temperature profiles that differed much from those reported
before. They were found to give a temperature difference not larger
than 2 °C above that of laminar flow when measured at the distal end.

In view of the uncertainties introduced by these simplifications, we
are reporting numbers to two significant figures. Emphasis is put on
trends in results rather than on absolute values.

4.2. Heat and water exchange along the MT

Consider the heat- and water exchange in the MT, the primary
function of the MT. The amounts of water and heat recovered in a
breathing cycle were computed as described in the Method section.
Changes are given per breathing cycle as well as per second in Tables 3—
4. The duration of one cycle was initially set to 3 s. The cycle duration
is further discussed in Section 4.4.

The heat as well as water retention are both amazingly high, as
shown by Tables 3 and 4, when measured in percentage of the total
amounts. The percentage recovery varies between 68 and 81% for
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Table 5

Total entropy production (X) and dissipated energy (W,,,) in the MT system when
Tymp = —30 °C (cold), T,,;,= 10 °C (warm) and RH = 0.90 (wet), RH = 0.20 (dry)
conditions for Cases 0-3.

Seal condition

Cold-wet Cold-dry Warm-wet Warm-dry

Entropy production (X)/JK lcyc™!  0.047 0.101 0.004 0.022
Energy dissipation (W)/J cyc™! 11 24 1.0 6.0
Energy dissipation (W,,)/W 4.6 8.0 0.33 2.0

heat, and 79 and 95% for water. The percentage of water retention
is always higher, by approximately 10%. Also, the percentage water
recovery is highest in cold conditions, cf. Table 4. This is not surprising
if we consider the exponential increase of saturated vapor pressure with
temperature. It may be easier to capture a small amount of water than
a large. The amazingly high retention percentage for water in the MT,
for warm and cold conditions alike, was also observed before (Cheon
et al., 2023). Seals are in reality not much exposed to dry conditions.
Such conditions were applied here to investigate its consequences.

Given that the percentage values for water retention under cold
conditions are not that much different than under warm conditions,
it is interesting to compute the heat loss per milligram of water loss in
a cycle. These results are given in the bottom row of Table 3. A clear
message appears; the number of joules lost per mg water lost is about
four times higher in cold conditions than in warm (compare numbers
22 and 17 with numbers 5 and 6). The heat loss may, not surprisingly,
be a critical factor at low temperatures.

4.3. The entropy production

Table 5 (see also the overview in Table 2) presents the entropy
production of the mucus lining during breathing, for chosen values
of ambient temperature and relative humidity (RH). This allows us to
discuss the performance of the MT system at the mucus lining, e.g in the
adsorption/desorption process. The entropy production is a measure of
energy costs which are frictional costs in a generalized sense. The ideal
case has zero entropy production. In this case there is equilibrium at
the mucus lining everywhere. The exhaled gas has then exactly the
same temperature and relative humidity as the air breathed in. Any
deviations in the temperature and composition of the exhaled gas leads
to (positive) entropy production, and is a measure of how far we are
from ideality.

We see from Table 5 that the dissipation from heat and water
transport in the cold (11 and 24 J cyc™!), is much larger than the

dissipation in warm conditions (1.0 and 6.0 J cyc™1), on the aver-
age five times larger. The results for cold-medium conditions position
themselves between cold-wet and cold-dry (cf. Table 2). We explain
the difference between cold and warm conditions by different driving
forces in Egs. 9 and 10. The driving forces become larger when the
environmental temperature and relative humidity sinks. The dissipation
from heat and water transport at cold conditions is therefore, relatively
speaking, more important for the energy budget. The results are in line
with the heat losses in Table 3.

From the dependence of the entropy production on the perimeter
of the cross-sectional area in the MT, we previously concluded (Cheon
et al., 2023) that the MT-structure seems to be tailored for an efficient
breathing process under cold conditions. This was concluded by com-
paring the entropy production of the monk seal MT to that of bearded
seal MT, both under Arctic conditions. The entropy production in the
MT of Eb under cold conditions is an indicator of the total performance
of the whole system.

4.4. Resting state energy considerations

The numbers for the respiratory heat loss (from 134 to 355 W) in
Table 3 are large. How can we understand them in terms of metabolic
rates? A ‘back-of-the-envelope’ calculation may set the numbers into
perspective.

Consider therefore a 180 kg seal, as used here. It has a metabolic
rate in the order of 160 W in the resting state (Folkow and Blix, 1987),
which increases to about 400 W when the seal becomes active. The
energy cost of ventilation, i.e. the cycle costs, must be related to the
fact that seals are intermittent breathers. A seal may only take some 20
breaths over a period around 5 min (made up of 3.8 min of diving and
0.8 min at the surface Reed et al., 1994). With cycle costs of say 500
J/cycle, the overall ventilation cost would be 33 W. Such a value has
support from experimental data on total heat loss rates in gray seals,
see Table 1 in Folkow and Blix (1987). From these data, the ventilation
cost in a gray seal, scaled to 180 kg, becomes 20 W in the resting state.

The experimental values reported were found to be surprisingly
independent of the air temperature (Folkow and Blix, 1987), indicating
that there is an active thermoregulatory component to the nasal heat
exchange mechanism. The real cycle duration is more like 2 s for the
inhalation — and exhalation, with a 1 s pause before the next breath
(not sinusoidal) (Reed et al., 1994). The 20 W is within an order of
magnitude of the dissipation computed from the entropy production in
Table 5.

An evolutionary pressure to expand the perimeter of the airflow
cross-sectional area will act to improve conditions for heat and water
transfer. The heat retention is percentage-wise lower than the water
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Fig. 4. Temperature profiles of air (solid line) and mucus (dashed line) subsystems regarding L variation when (a) t* = 0.25 and (b) ¢* = 0.75; airflow is at maximum.

retention, and is also relatively costly in terms of entropy production,
as explained above. We estimated earlier (Flekkgy et al., 2023) that the
viscous dissipation (energy dissipated by flow in a pressure gradient)
was less than 1 W. According to Kings et al. (2023) the porosity of MT
is 0.8 for monk seals, 0.71 for gray seals and 0.75 for harp seals (Kings
et al., 2023). Bearded seals, with porosity 0.55, have the most elaborate
MT structure among the mentioned seal species. A (further) reduction
in the Eb value below 0.55 may benefit both heat and water exchange
at the wall. It may not be possible to continue reducing this value,
however, because the further narrowing of channels would lead to
increased viscous dissipation, i.e. resistance to airflow. This points to
a trade-off between thermal and viscous dissipation.

4.5. Temperature gradients in the MT

The results may be used to argue that the parameters used in the
default model of the MT structure in Eb, here called Case 0, reflect a
robust solution to the problem of nasal heat and water retention.

We recapitulate how we may understand the breathing process of
Eb under Case 0 conditions. These are the cold and humid Arctic winter
conditions. Fig. 3 shows a snapshot of the temperature profiles in the
airways of this seal during inhalation and exhalation. The black line
represents Case 0. Fig. 3A shows inhalation profiles at time r* = 0.25,
while Fig. 3B shows exhalation at * = 0.75. Recall that the dimen-
sionless time ¢* measures the fraction of the breathing cycle, and that
the snapshots are taken at times when the sinusoidal airflow is at its
maximum. The black dashed lines show the corresponding temperature
profiles in the mucus lining. We see that the mucus temperature is
higher than the air temperature upon inhalation, while it is lower
than the air temperature upon exhalation. Such behavior was already
observed (Cheon et al., 2023) and was used to argue that the model is
realistic: The incoming cold, dry air is warmed and humidified upon
inhalation (Fig. 3A), but cooled and dehumidified upon exhalation
(Fig. 3B).

We now observe that the rise in the mucus temperature profile in
Fig. 3A takes place before we are halfway into the MT. The decline upon
exhalation in Fig. 3B also takes place within this part of the MT. This
confinement of the gradient to within the MT is beneficial for the seal.
It is good for the inhalation function, that the core body temperature is
reached with a good safety margin, i.e. well before the air reaches the
end of the MT and merges into the nasopharynx. Such a situation has
also been found in humans (Hanna and Scherer, 1986). This protects
the lungs from cold air.

4.6. Breathing frequency and amplitude of flow

In the present model, the tidal volume, V; used in this investigation
to compute the amplitude of the breathing velocity, was measured at

body temperature and pressure at saturated vapor conditions (Reed
et al.,, 1994). The property has a direct impact on the airflow, F,,
in Eq. (14). We see from Fig. 3 that changes in V7 lead to significant
changes in the different temperature profiles, for all cases chosen, when
we compare to the reference case. Temperatures change, both in the
air and in the mucus lining. A reduction in V; by a factor two or four
(cf. the orange and green solid lines), shifts the transition from cold to
warm, to a position much closer to the anterior entrance of the MT.
When, on the other hand, V; is doubled or quadrupled (cf. the red and
purple solid lines), we see in Fig. 3A that the air is no longer fully
heated to the core body temperature measured at z* = 1, the inner
end of the MT. This means that an airflow that is too rapid is clearly
not as effective for the exchange of heat and water between the air and
mucus subsystems. However, the expired air temperature in Fig. 3B, as
obtained by extrapolation of the curves to the axis (at z* = 0) gives a
value close to 15 °C regardless of V; in Fig. 3B. The particular choice of
boundary conditions (see the Method section) must be remembered to
understand this. At high V; -conditions the innermost MT temperature
does not reach body temperature on inhalation. The temperature here
is set to body temperature on exhalation, however (set boundary condi-
tions). The model therefore breaks down. The situation for the animal
can become dangerous since there is a constant cooling of the interior
of the body.

The ability of the seal to heat the incoming air to the proper
temperature may be expressed by the position of the inflection point
of the air temperature profile. The inflection point is the point where
the second derivative to the curve is zero. Recall that Vi affects the
derivative of the temperature through the air mass flow, F,, in Egs. (1)
and (14). We see that an increase in the value of V; to 2V; and
4V; shifts the inflection point in Fig. 3A from z* = 0.35 to 0.44.
Already a doubling of V; does not allow the air to reach the core body
temperature. We have taken a value for V; as measured for swimming
seals breathing at the surface between dives (Reed et al., 1994). This
Case 0 is robust as a reference, as the curve close to the reference value
is rather flat.

4.7. Length of maxilloturbinates

The effect of a changing MT length relative to the real MT length
of the Eb seal is shown in Fig. 4. The length of the reference case was
multiplied by factors of 0.25, 0.5, 2 and 4, respectively. The artificial
MT systems become then rather short or rather long. The corresponding
temperature profiles for inhalation and exhalation are plotted in Fig. 4.
When the length of a MT system is too short, as is the case with
L x 0.25, we found an unstable temperature profile, the reason being
that the inhaled air fails to reach the core body temperature (results
not shown). When the absolute length of L is longer than the reference
value, we observe that the inflection point moves towards the anterior
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Fig. 5. Total entropy production per ventilatory cycle, given T,

part of the MT, when measured vs the dimensionless value of z* = z/L.
For the chosen values of L, we obtained inflection point positions for
inhalation z* = 0.36,0.27,0.19,0.07 from Fig. 4A. A curve with an
inflection point around z* = 0.27 will emerge with a plateau at the
core body temperature. This happens for the reference case at z* > 0.7.
The variations in the reference case, the black lines in Fig. 3A and
Fig. 4A, suggest that the normal length of the MT is able to keep the
nose sufficiently warm.

The total entropy production is a quantitative measure of the effi-
ciency of the MT as an adsorption/desorption system. The total entropy
production per cycle (in JK~'cyc™!) was computed as a function of L
and is shown in Fig. 5 as a function of the physiological variables. The
variation with tidal volume, V7, is also shown. The reference case is
represented by an orange circle in these figures. Results are also listed
in the overview, Table 2.

The profile that illustrates the effects of changes in L in Fig. 5A is
a monotonic function. The entropy production, or energy dissipation,
shrinks as the MT length increases. Such a dependence on size is well-
known; the energy dissipation becomes lower, when there are larger
areas available for transfer (Kjelstrup et al., 2017). An MT system that is
too long would have implications for skull morphology, which might in
turn impact swimming drag or bite mechanics. Also, it would increase
resistance to breathing. Such issues are not captured by our model.

Fig. 5B is interesting from an evolutionary perspective. The X in
this figure is not a monotonic function of V;. A minimum appears in ¥
approximately when V7 is in the vicinity of the assumed reference value
of Eb, 6.3 dm? in Table 1. A V;-optimal volume may differ between
species, depending on their particular nasal morphology, but V; is
primarily dictated by the need to exchange carbon dioxide for oxygen.
In other words, the MT length and structure may have evolved in a
direction that involves the least entropy production for heat and water
exchange. The flow rate (or V) and geometrical characteristics like
length L, porosity, or perimeter, y,, may interact and together foster
a direction for evolution along these lines.

4.8. The breathing frequency

Results from a variation in breathing frequency (at fixed tidal
volume) are reported in Fig. 6. We first note that there is no impact
of the frequency choice on the temperature profile at maximum flow
velocities in Figs. 6B and D. The variation in frequency has an impact
on the start (snapshot time r* = 0.041) or on the turning time (snapshot
time 1* = 0.5) of the cycle. These variations leads to a variation in X of
more than a factor of three, see Fig. 6E.

The decrease in entropy production which follows from an increas-
ing frequency may be beneficial to the animal under certain circum-
stances. It may save energy to take frequent, smaller breaths, rather
than infrequent deep breaths for inhalation/exhalation. Such a type of

wmb= —30 °C when (a)
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process is known to reduce the entropy production in general (Kjelstrup
et al., 2017). As seals are maturing, their resting breathing frequency
and heart rate typically decrease (Lapierre et al., 2004). The breathing
frequency and depth of breathing may decline to half the original value
when the weaned pup of gray seals grow into a juvenile stage (Reed
et al.,, 1994). Here we see that smaller breaths can be associated
with savings in MT entropy production. However, if increasing the
breathing frequency is associated with a reduction in V7 this will result
in over-ventilation of anatomical dead-space, which would reduce the
efficiency of gas exchange.

We have seen above that a considerable variation takes place in
the total entropy production in the MT of Erignathus barbatus related
to changes in morphology and the manner of breathing. On one hand
there could be long-term, growth-dependent changes, like in MT poros-
ity and length. On the other hand, there may be a need for flexibility, to
accommodate transient changes in tidal volume, which can occur from
one breath to the next. Within the range of values computed in Fig. 6E,
there seems to be capacity for both types of changes.

5. Conclusion

We have seen that the maxilloturbinate (MT) structure of the
bearded seal can be associated with a high and rather constant re-
tention of water and heat during breathing. The heat retention is
systematically smaller, and also more costly to maintain as measured
by the entropy production. The analysis was done for the bearded seal
in the resting state living under cold ambient (-10 °C) and humid
(RH = 0.90) conditions (Case 0). The effect of changes in RH and
ambient temperature as well as physiological parameters were studied.
Dissipated energy is on the average 5 times higher under cold (-30 °C)
than under warm (10 °C) ambient conditions, in a model which does
not account for thermo regulation.

Not surprising, we find that actual physiological properties, like
the MT length, L the tidal volume, V; and the breathing frequency,
fa have values that normally ensure efficient function. By efficient
function we mean that the MT is long enough to avoid cooling and
dehydration of the lungs. A minimum is observed in the entropy
production vs V4 when V; is near its base case value. The minimum
suggests that the breathing under these conditions is cost-effective in
terms of heat and water retention.

We speculate that a reduction in MT porosity in Eb will improve
conditions for heat (and maybe also water) exchange further. We have
seen before (Cheon et al., 2023) that the entropy production in the MT
of Eb is lower than in monk seals when both are placed under Arctic
conditions. We related this finding to the presence of a larger perimeter
of the cross sectional area for air flow in Eb, associated with a smaller
MT porosity. The variations in entropy production align with the losses
in heat and water, and support the idea that the MT provides a heat and
water exchange system which is tailored for the purpose.
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Fig. 6. Temperature profiles of air (solid line) and mucus (dashed line) subsystems regarding f, variation when (a) t* = 0.042, (b) * = 0.25, (¢) * = 0.5 and (d) * = 0.75. (e)
Total entropy production per ventilatory cycle, given T, = —30 °C when f, varied. The orange markers represent the reference case.
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Appendix. Hydrodynamic variables

Two dimensionless hydrodynamic numbers, the Reynolds and Wom-
ersley numbers, Re and Wo, are central for the fluid dynamic perfor-
mance of the nasal turbinate. The numbers determine the solution of
the Navier-Stokes equation. Reynolds number is a measure of the ratio
of inertia to viscous forces, and indicates the likelihood for turbulence.
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A flow with Re > 4000 is considered to be in the turbulence regime.
When Re < 2300, the flow is considered to be in the laminar regime.
The Womersley number refers to the unsteadiness of the flow in response
to an unsteady pressure gradient. When Wo < 1, a flow is considered to
be quasi-steady. The flow becomes transient flow when Wo grows from
1 (Loudon and Tordesillas, 1998). When the Reynolds number exceeds
a critical value 2100-4000 depending on the fluid (Wang, 2005), a
turbulent flow could be developed. It is known from estimations on
different animals, that laminar or transitional laminar-to-turbulent flow
can be observed in nasal ducts cf. Craven et al. (2007), Magnanelli et al.
(2017), Solberg et al. (2020).

The Reynolds number (Re) and the Womersley number (Wo) are
defined as,

D
Re= -a—h (15)
Vv
D 2
Wo = _h,/”_fa’ 16)
2 v

Here v, is the velocity of air flow, v is the kinematic viscosity and f, is
the air respiration frequency in Hz. The hydraulic diameter, Dy, is the
characteristic airway diameter (width) which enter the expressions for
both Re and Wo. It is given by,

Dy =—2, a7
h Ya

where A, is the cross-sectional area and y, is the perimeter of the air
pathway.

Fig. 7A show snapshots of Re vs. f, when r* = 0.25, and the velocity
of airflow has its maximum. Fig. 7B shows Re varies with V. There
is a plateau at 0.2 < z* < 0.7. Re is below 2000 for all z* range in
Fig. 7A and B which indicates all airflow is probably laminar rather
than turbulent.
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The change in Wo with f, is shown in Fig. 8A. The Wo is greatest
when f, is x4. A variation in V7 has no impact, see Fig. 8B. The largest
numbers are obtained at the end of a nose, for example, z* ~ 0,1. We
conclude that the flow is stable in the oscillating pressure field.
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