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Athlete health

In cold environments, athletes are frequently susceptible to injuries from inhaling cold and dry air, posing sig-
nificant health risks. Despite abundant prior research focusing on risk analysis and prevention, the existing body
of literature has predominantly focused on heat transfer within lung airways while mainly overlooking the
broader respiratory tract. This pioneering study introduces a comprehensive assessment of the entire respiratory
system, spanning from the nasal and oral cavities to the larynx, then the trachea, and extending to the 13th
generation of lung airways. Employing cutting-edge Computational Fluid Dynamics (CFD) techniques, the
investigation operates Large Eddy Simulation (LES) integrated with an algebraic wall-modeled LES subgrid-scale
model to simulate heat transfer within the human lung. This approach provides a detailed insight into the
complex dynamics of respiratory thermoregulation in cold environments. By offering a comprehensive analysis
of the temperature, heat flux, Nusselt number and static pressure profiles throughout the respiratory system, this
study fundamentally advances our understanding of the physiological responses of the respiratory system to cold
air exposure. These findings have paramount implications for athlete health and performance, shedding light on
the complexities of cold-induced respiratory challenges. Moreover, this research lays a solid foundation for
developing more effective preventive measures and strategies for optimizing athletic performance in cold

weather conditions.

1. Introduction

Participating in athletic activities in cold environments presents
athletes with substantial health risks, primarily due to the rapid inha-
lation of cold and dry air, which can inflict damage on lung tissue. When
air is inhaled, it is warmed to the body’s core temperature, while
exhaled air is cooled, contributing to body heat regulation [1]. This
thermoregulatory mechanism of the respiratory system diminishes the
temperature disparity between the internal body and the external
environment, thus playing a critical role in maintaining bodily homeo-
stasis [2].

Despite the complexity of the human respiratory system and the
inherent risks of in vivo interventions, there is an urgent demand for
comprehensive research in the domain, particularly concerning the
inhalation of cold air [3,4]. Over the past twenty years, the application
of CFD has witnessed a remarkable expansion [5], fundamentally
altering our comprehension of physiological phenomena across both
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healthy and pathological conditions [6]. Notably, Shamohammadi et al.
[7] undertook a numerical investigation into the thermal dynamics and
moisture transport within the upper respiratory tract, analyzing the
potential for thermal damage due to heated airflow. Although several
studies have examined heat and moisture exchange [8], focusing on the
air conditioning functions of the nasal cavity [9,10], evaluating pressure
drops within the nasal cavity [11,12], there remains a paucity of in-
formation on thermal and inhalational injuries within the pulmonary
system [13].

Inhalation injuries, which are clinically complex and rapidly pro-
gressing, are commonly categorized into upper and lower airway dam-
ages, posing significant challenges within the medical field [14,15].
Such injuries, primarily thermal in nature, are often a result of inhaling
steam or hot gases [16] and are a leading cause of burn-related fatalities
due to the extensive damage they inflict on lung tissues and the respi-
ratory system [17]. Moreover, many clinical studies have established the
connections between inhalation of cold air and core temperature
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changes, cerebral blood flow alteration [18], cardiovascular responses
[19], and respiratory symptoms [20]. While the thermodynamic impact
on the lower airway post-injury is substantial [21], most preceding
studies have predominantly focused on simulating airflow velocities in
the upper airways under various respiratory conditions [22,23], leaving
a gap in comprehensive lower airway analysis.

The relationship between athlete performance and ambient tem-
perature has been extensively studied, revealing significant impacts
across various conditions. Research has established the thermal neutral
zone—a temperature range where the body maintains its temperature
without additional heat production—as below 28.5 °C, considering
lower temperatures as physiologically "cold" [24,25]. Performance
variations have been observed with changes in ambient temperatures.
For instance, maximal wrist flexion force contraction was more signifi-
cantly reduced at an air temperature of 5 °C [26]. In sedentary in-
dividuals, performance deficits such as impaired drop jump outcomes
were noticeable even at mild cooling temperatures like 20 °C, worsening
with further cooling [27]. Similar performance decrements were
observed in elderly women, where leg extensor power significantly
decreased after 45 min of exposure to 15 °C compared to more
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temperate conditions of 25 °C [28]. However, in climbing-specific tasks
performed at 10 °C, maximum voluntary contraction strength of the
finger flexor muscles was not adversely affected, and time to task failure
actually improved, suggesting varied responses based on the nature of
the activity and muscle groups involved [29]. Therefore, an examination
of ambient temperatures of 5 and 25 °C on the human respiratory tract is
of great importance as they are representative of conditions known to
influence athletic performance.

Acquiring a deeper understanding of thermal physiology is essential
for enhancing our comprehension of the thermoregulatory mechanisms
that strengthen safer and more efficient engagement in outdoor sports
[21]. Therefore, this study endeavors to fill this gap by computing the
complex dynamics of heat transfer and airflow patterns within a real-
istically modeled (computed tomography-based) respiratory tract,
extending from the nasal cavities to the distal lung. It also explores the
complexities of LES turbulence modeling to ensure precise simulation of
an athlete’s outdoor running conditions, with ambient air temperature
maintained at 5 °C and 25 °C and breathing rates set at 60 breaths per
minute. By doing so, this research pioneers an in-depth exploration of
the multifaceted interaction between heat transfer and airflow within
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Fig. 1. (a) Three-dimensional visualization of the refined respiratory tract model, featuring the significant lobes (Right superior, middle, and inferior, Left superior
and inferior), and (b) Schematic representation of the segmented anatomical components within the respiratory tract from the Nasal cavity to airways of Generation

(G) 13, for meshing and simulation convenience.
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the respiratory system, clarifying the problems induced by cold expo-
sure. The findings not only enhance our understanding of the
cold-induced respiratory challenges faced by athletes but also lay a solid
foundation for developing preventive strategies and interventions aimed
at optimizing athletic performance in cold conditions.

2. Methodology
2.1. Computational model of the respiratory tract

This investigation entails the development of a computational model
for the respiratory tract. The segmentation of highly detailed 3D surface
models from CT images is carried out using Mimics Medical 21. Subse-
quent surface sectioning and enhancement are executed using Geomagic
Wrap 2021, followed by post-processing in Siemens NX 12 to ensure the
precision of the model. The refined model was then transferred to Ansys
for meshing and simulation, resulting in a comprehensive and sophis-
ticated representation of the respiratory tract. For a more detailed
exposition of the intricacies of the geometry processing methodology,
refer to our prior work [30-32]. The resulting respiratory tract model, as
shown in Fig. 1(a), encompasses significant anatomical details. To
optimize the convenience of meshing and simulation, the representation
of various anatomical components within the respiratory tract was
thoughtfully simplified into distinct categories: Nasal cavity, naso-
pharynx, oral cavity, oropharynx, larynx, laryngopharynx, and airways
ranging from Generation (G) O to 13, as depicted in Fig. 1(b). Further-
more, ethical approval for this study has been granted by the Human
Research Ethics Committees at the University of Technology Sydney,
thus authorizing the utilization of human CT scans (ETH23-8670, dated
7 September 2023).

2.2. Governing equations

In this study, the LES [33] technique was employed, with particular
emphasis placed on the algebraic wall-modeled LES (WMLES) [34]
subgrid-scale (SGS) [35] model. LES represents an advanced computa-
tional method distinguished by its unique capability to resolve
large-scale turbulent structures while simultaneously parameterizing
the more minor unresolved scales, striking a balance between the
computational intensity of Direct Numerical Simulation and the effi-
ciency of Reynolds-averaged Navier-Stokes simulations. The incorpo-
ration of WMLES within the LES framework epitomizes a more
sophisticated and refined strategy for modeling subgrid-scale turbu-
lence, with a primary aim of achieving an unprecedented level of pre-
cision in simulating large-scale turbulent structures within complex
flows. Crucially, WMLES incorporates a wall function to compute fluid
flow characteristics within the near-wall region, a critical zone where
boundary layer dynamics significantly impact overall flow patterns. The
significance of this innovative methodology becomes particularly pro-
nounced within the context of the study, given the complex internal
geometries inherent in the respiratory tract model. By incorporating
WMLES, a substantial reduction in the computational workload associ-
ated with the exhaustive resolution of near-wall airflow is realized. This
strategic integration not only ensures the necessary precision for simu-
lating large-scale turbulent structures but also significantly optimizes
the allocation of computational resources. Thus, WMLES plays an
important role in enabling comprehensive and exceptionally accurate
simulations, particularly in the complex and challenging domain of the
respiratory tract.

The principles of continuity, momentum, and energy, derived from
the Navier-Stokes equations, are foundational to the understanding of
fluid flow dynamics. The continuity equation (Eq. 1) [36], a foundation
of mass conservation, ensures that the total mass within a fluid domain
remains constant over time, explaining the net rate of mass flow into or
out of a control volume. The momentum equation (Eq. 2) [37] models
the relations between pressure, viscous forces, and inertial effects,
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serving as a fundamental framework for understanding the motion of
fluid particles. Simultaneously, the energy equation (Eq. 3) [38] cap-
tures thermal aspects, including convection, conduction, and heat gen-
eration, making it vital for the characterization of temperature
variations within turbulent flows.

Continuity equation:
dp
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Momentum equation:

3
DLV o (pun) = ~Vp+ Vo (5) + g @)

Energy equation:
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The eddy viscosity used for the LES is calculated from the optimized
algebraic WMLES equations [34], in which the turbulence viscosity is
calculated as follows:
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2.3. Discretization scheme

In this investigation, a polyhedral hybrid mesh configuration was
employed, illustrated in Fig. 2. The boundary layer within this poly-
hedral hybrid mesh primarily consists of hexagonal prisms, amounting
to 0.21 million cells, while the remaining spatial volume is characterized
by irregular polyhedral cells, totaling 7.61 million cells. Consequently,
the overall cell count for the entire model reaches 7.83 million cells.
Additionally, an optimized non-uniform density mesh design has been
integrated to enhance computational efficiency. This design strategi-
cally allocates denser node distributions to regions with heightened
turbulent intensity [39] and small geometric features. Notably, the
mean nodal spacing is tailored to 0.4 mm for the upper airway, 0.35 mm
for the trachea and primary bronchi, and further refined to 0.2 mm for
the smaller branches of the bronchial tree, extending from G3 to G13.
Furthermore, the first boundary layer cell height is set at 0.1 times the
local nodal distance, resulting in a dynamically adaptive boundary layer
cell thickness throughout the model.

2.4. Model configuration: boundaries and material properties

A comprehensive exposition in Table 1 details the boundary

Fig. 2. Mesh configuration illustrating (a) The right nostril inlet with hexago-
nal prism-based boundary layer mesh and (b) One of the bronchial outlets
characterized by irregular polyhedral cells, showcasing the comprehensive
spatial meshing strategy for the entire model.
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Table 1
Model boundary conditions and material attributes.

Boundary Conditions Value (Unit) Ref.
Inlet Velocity Realistic velocity profile [40]
Inner wall initial temperature 310.15 (K) [30]
Outer wall temperature 310.15 (K) [30]
Outlet pressure 0 (Pa) [30]
Wall conduction 1 layer shell conduction [30]
Wall thickness 5 (mm) [41]
Simulation time step size 1 x 1073(s) -

Simulation time 0.43 (s) [40]
Material Property Value Ref.
Wall conductivity 0.2 (Wm™ k1) [42]
Wall density 250 (kgm %) [43]
Wall specific heat 3886 (Jkg’lk’l) [42]
Air Property 25 Celsius 5 Celsius Ref.
Air in the airway initial 310.15 310.15 (K) [30]

temperature

Cool air temperature 298.15 278.15 (K) [30]
Cool air density 1.184 1.270 (kgm ™) [30]
Cool air thermal conductivity 0.025 0.024 (Wm 'K 1) [30]

1.849 x 107°
1007.5

1.748 x 107° (Pas)  [30]
1005.7 (Jkg 'K [30]

Cool air dynamic viscosity
Cool air specific heat

conditions and material properties that constitute the basis of this
research. The inlet velocity is defined by a velocity profile, an outcome
of empirical measurements [40]. This profile faithfully captures the
dynamics of incoming air, thus assuring the fidelity of the simulations. In
this model, the inner wall temperature is initialized at 310.15 K to match
physiological conditions. Similarly, the outer wall remains unwavering
at a constant temperature of 310.15 K, fostering a thermally stable
environment within the computational domain. The outlet pressure is
calibrated to O Pa relative to the surrounding atmosphere, mirroring an
open boundary condition. To accommodate the dynamics of wall con-
duction, the model incorporates a one-layer shell conduction method-
ology, adjusting to a wall thickness of 5 mm. The one-layer shell
conduction model, a practical and effective approach for simulating heat
transfer through solid structures, simplifies the computational frame-
work. This model conceives the solid structure as a monolithic layer
characterized by uniform thermal properties, encompassing thermal
conductivity, specific heat, and density. It operates under the assump-
tion that temperature variations predominantly occur in a single direc-
tion, perpendicular to the surface. This simplification is optimally suited
for scenarios where heat transfer within the solid materializes in a
relatively uniform fashion, affording a reduction in computational
complexity. The finesse of this model alleviates the imperative for
fine-grained meshing and complex calculations. The simulation spans
0.43 s, aligning precisely with the physiological inhalation period, as
depicted in Fig. 3.

2.5. Validation

The methodology forming the basis of this study has previously un-
dergone rigorous numerical validation, as documented in our prior
research [30]. For further verification, we conducted a mesh indepen-
dence analysis to confirm the robustness and reliability of our compu-
tational simulations. This process entailed systematic mesh refinement
with two sequential stages, each using a refinement factor of 1.5,
resulting in meshes with 3.8, 5.1, and 7.8 million cells, respectively,
representing coarse, medium, and fine levels of resolution.

Fig. 4 (a, b) serves as a graphical representation of the simulation
results, illustrating the convergence behavior of the volume-averaged
static temperature and area-weighted average surface heat flux within
the respiratory tract. It is evident that the static temperature and heat
flux exhibited minimal fluctuations in their profiles once the total cell
count exceeded 5 million cells. This observation strongly supports the
adequacy of the 7.8 million cell mesh employed in our investigation.

Results in Engineering 23 (2024) 102475

100

50

Inhalation

Exhalation

Volume Flowrate (L/min)
o

R —
L 4 0.6 0.8 1
Time (s)

Fig. 3. Variation in volume flow rate over one complete breathing cycle,
sourced from Wedel et al. [40].

The investigation extended to analyzing several time-averaged area-
weighted average (TAAWA) parameters of the trachea derived from
simulations at different mesh resolutions. Table 2 presents the compu-
tational outcomes, where the residuals among the coarse, medium, and
fine mesh results are also computed. The findings reveal that variations
across the meshes fall within an acceptable tolerance range, with the
majority of the values’ residual falling within 5 %, indicating mesh
convergence for the values.

Finally, the study quantified the total flow percentage across various
lung lobes, using the fine mesh for detailed flow dynamics. The results
were then compared with existing CFD studies to benchmark our find-
ings against established data, as presented in Table 3. As can be seen
from the comparison, the present CFD results fall within the range of
previous data.

2.6. Verification

The current investigation incorporates additional experimental
validation to fortify the robustness of the simulation results. Specifically,
the temperature profile of the trachea, as measured in vivo [44] served
as the benchmark for the verification of the simulated temperature field,
depicted in Fig. 4(c). We compared the point temperature profile, ob-
tained from experimental measurements during a patient’s breathing
cycle, against the area-averaged wall temperature from our current
study’s simulation set at 298.15 K ambient temperature. As shown in
Fig. 4(d), upon normalization, the temperature profiles demonstrated a
similar trend, affirming the simulation’s accuracy and realism. More-
over, an assessment involving the calculation of the total flow percent-
age in lung lobes is undertaken, which is subsequently compared to
previously documented experimental data, as presented in Table 3.

The comparative analysis above reveals a consistency between the
outcomes generated by the current simulation and the established range
derived from experimental data. This alignment ensures the credibility
of the present simulation methodology and accentuates the real-world
applicability and reliability of the simulation outcomes.
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Fig. 4. Validation and verification graphs showing a) convergence behavior of volume-averaged static temperature within the respiratory tract, b) convergence
behavior of area-weighted average surface heat flux of the trachea, c) illustration of the location where the in vivo measurement [44] and the present numerical
results were obtained, and d) normalized tracheal temperature changes during inhalation between previous in vivo measurement [44] and present numeri-
cal simulation.

Table 2 Table 3
Validation of simulation results through mesh independence study on several Validation of simulation results through comparative analysis with previous
TAAWA parameters of the trachea. experimental and CFD data.
Parameter Name Coarse Medium  Residual Fine Residual Total Flow Previous Experiments Previous Present CFD
(cM) (M-F) (%) CFD
Surface heat flux 215.640  208.367 3.43% 213.057 2.23% Regions Cohen etal.  Horsfieldetal.  Islam et al. value at time
Surface static 307.416 307.508 0.03 % 307.474 0.01 % [45] [46] [47] step 0.31s
temperature left superi 15.9 205 23.38 21.22
Air temperature 305.185  305.251  0.02 % 305.087  0.05% eloi';l’e“or ‘ - : :
1l-ai 2.231 2.2 1.16 % 2. .60 %
Wall-air 3 57 6% 387 >-60% left inferior 239 24.9 21.82 25.12
temperature
difference lobe
Heat transfer 96.656 92331  4.58% 89.257  3.39% ”ﬁh]t)super“’r 18.2 27 21.03 17.6
coefficient i Ete iddle 9.6 9.6 9.953 11.16
Nusselt number 34796 33239  4.58% 32133 3.38% r‘%ob;“‘ ¢ : : : :
right inferior 32.4 23.2 23.95 24.9
lobe
Left Lung 39.8 45.4 45.2 46.34
Right Lung 60.2 54.6 54.93 53.66
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3. Results and discussion
3.1. Airway volume temperature

The airway volume temperature, denoting the volume-weighted
averaged static temperature, provides a comprehensive perspective on
the spatially averaged temperature dynamics across the entire respira-
tory tract. In theory, the air within the airway initiates at a temperature
of 310.15 K. However, as the airway inhales the cooler ambient air at
298.15 and 278.15 K, an anticipated decline in the average temperature
ensues. The graphical depiction in Fig. 5 presents the alterations in
volume-weighted average temperature throughout the respiratory tract
during the inhalation phase. Upon closer examination of the graph, a
discernible pattern emerges. Initially, the average temperature experi-
ences a consistent decline within the first 0.1 s, characterized by a rate of
approximately 50 K/s and 140K/s for inhaling cool air at 298.15 and
278.15 K, respectively. Subsequently, the average temperature un-
dergoes a gradual transition from this descent, reaching its minimum at
303.8 K and 292.9 K between 0.1 and 0.4 s. The subsequent increase in
average temperature beyond 0.4 s culminates in a final reading of 305.9
K and 298.3 K at the conclusion of the inhalation phase. These obser-
vations provide invaluable insights into the temporal evolution of
average temperature within the respiratory tract during the inhalation
process.

In support of the insights presented in Fig. 5, a series of visualizations
of 298.15K-air-inhalation simulation offers a detailed perspective on the
dynamic thermal transformations occurring within the upper airway. In
Fig. 6, a visual representation captures the temperature contours within
the central cross-sectional plane of the upper airway, extending from the
nasal region to the trachea. This portrayal focuses on the critical time
interval from 0.02 to 0.07 s (Fig. 6 a to f). Complementing this, Fig. 7
offers an in-depth depiction of velocity streamlines color-coded ac-
cording to the volume temperature. This visual representation encom-
passes a broader temporal spectrum, ranging from 0.03 to 0.43 s.

Evidently, the surge of cold air initiates a phase of swift thermal
adaptation within the upper airway. However, what unfolds is an
intriguing transformation as the cold air continues its journey through
the upper airway. The temperature gradually converges to a state of
equilibrium, notably discernible at various anatomical locations, such as
the nostril inlet registering at 298 K and the nasopharynx at 302 K, as

310 Inhaling 278.15K air

Inhaling 298.15K air

305

300

Volume-averaged Temperature (K)

205 -
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Fig. 5. Temporal evolution of volume-weighted average temperature in the
respiratory tract when inhaling air at 298.15 and 278.15 K.
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observed from 0.13 s to 0.38 s in Fig. 7 (c to e). This convergence of
temperature levels reflects the dynamic interaction of heat exchange
within the respiratory tract, where the most conspicuous temperature
gradient occurs at the interface between the cold ambient air and the
warmer lung air, while the remaining regions exhibit diminished tem-
perature gradients. As the cold air reaches the outlets of the modeled
airway, the entire lung volume attains a state of relative equilibrium,
mirroring the horizontal volume temperature profile spanning from 0.1
s to 0.35 s in Fig. 5. This equilibrium highlights the remarkable effi-
ciency of heat exchange in the respiratory tract, resulting from multiple
factors, including the steadfast exterior wall temperature, relatively
stable incoming air velocity during mid-inhalation, and the combined
influence of Newton’s law of cooling and Fourier’s law of heat con-
duction. Approaching the conclusion of the inhalation phase, the airflow
velocity diminishes, and at multiple locations, airflow patterns exhibit
backflow and turbulence, leading to the upward transport of warmed
air, as visually depicted in Fig. 7 (f). This circulation of warmer air from
deeper regions of the tracheobronchial tree into the respiratory tract
outlets corresponds to an increase in volume temperature, reflecting the
temperature profile between 0.35s and 0.4s in Fig. 5. For a more
comprehensive understanding of the influence of turbulence on local
heat distribution, we delve into a detailed discussion in Section 3.6.

3.2. Airway wall surface temperature

The airway wall surface temperature serves as an interface between
the respiratory air and the adjacent wall. In the present study, the human
airway wall is modeled as a 5 mm thick, single-layered shell initially
maintained at 310.15 K. The inhalation of cooler external air at 298.15 K
and 278.15 K initiates a dynamic heat transfer process influenced by
conduction and convection mechanisms. According to thermodynamic
principles, this process should lead to a decrease in wall surface tem-
perature during inhalation.

Fig. 8 graphically illustrates the dynamic variations in wall surface
temperature throughout the inhalation phase. Specifically, Fig. 8 (a)
offers insights into oscillations in the overall area-weighted average
surface static temperature encompassing both the upper and lower air-
ways. Notably, the airway wall surface temperature undergoes a sig-
nificant reduction from 0.05 to 0.1 s, reaching its minimum values
between 0.2 and 0.25 s. This decline is followed by a pronounced ascent
from 0.35 to 0.43 s, shaping a symmetrical "U" trend. This dynamic
temperature variation can be attributed to the swift influx of cold air at
inhalation initiation, detailed in Figs. 6 and 7, causing a rapid temper-
ature decrease in the upper airway. The subsequent temperature rise is
attributed to several factors, including the constant exterior wall surface
temperature, changes in airflow velocity, extended air-wall contact area,
and heat exchange mechanisms, collectively contributing to gradual
wall warming.

Fig. 8 (b), (c) and (d) offer a detailed portrayal of the fluctuations in
area-averaged surface static temperature within the lung generations of
the lower airway. Notably, two distinct clusters of wall temperature
profiles emerge. The first cluster encompasses generations from GO to
G5, where temperatures exhibit large temperature drops. The second
cluster comprises generations G9 to G12, where temperatures experi-
ence minimal variations. The observed trend reveals a compelling aspect
of the lower airway’s thermal dynamics. As air journeys deeper into the
lungs, it tends to undergo progressive warming due to heat exchange
processes. This gradual warming results in minimal temperature
changes in the later lung generations. However, generations 6 and 7
present a unique scenario. These sections of the lower airway exhibit
significant temperature fluctuations, deviating from the overall trend.
This intriguing behavior can be attributed to the airflow dynamics
within these specific lung generations. Here, turbulence and backflow
phenomena come to the forefront as influential factors. Turbulent
airflow is characterized by erratic velocity variations, which inherently
affect temperature profiles. Consequently, generations 6 and 7, where
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Fig. 6. Temperature (K) contour within the central cross-sectional plane of the upper airway from 0.02 to 0.07 s in the 298.15 K air inhalation simulation, illustrating

dynamic thermal changes.

turbulence is pronounced, display noteworthy temperature fluctuations.
In contrast, generation 8 represents a distinctive case, where the tem-
perature variations are notably subdued.

Fig. 8 (e) and (f) focuse on the area-averaged surface static temper-
ature within the upper airway regions. This segment reveals a rapid
decrease in nasal cavity wall temperature. When inhaling air tempera-
ture at 298.15K, the nasal cavity wall temperature dropped to 299 K
within 0.05 s and subsequently rose to 300.5 K by the end of the inha-
lation phase. In stark contrast, the wall temperature of the oral cavity
remains stable at 310 K throughout inhalation. Temperature variations
in other regions present a similar pattern, each maintaining a consistent
temperature difference from the others. This phenomenon arises from
thermal conduction and convection interactions within the system. As
cooling air descends through the respiratory system, heat is transferred
from the wall to the surrounding air, consequently elevating the air
temperature. This process diminishes the temperature contrast between
the downstream regions, aligning the wall temperature profiles with the
anatomical hierarchy, from the upper airway to the lower areas.

3.3. Airway wall surface heat flux

Surface heat flux represents heat transfer per unit area at the air-wall

interface, influenced by the heat transfer coefficient and temperature
disparities. Fig. 9 comprehensively portrays simulated wall surface heat
flux during the inhalation of cool air at 298.15 K and 278.15 K. In Fig. 9
(a), the area-weighted average surface heat flux in the upper and lower
airways undergoes a significant reduction from 0.05 to 0.1 s, followed by
a peak between 0.2 and 0.25 s and a swift decline from 0.35 to 0.43 s,
resulting in a symmetrical "'n" pattern. The upper, lower, and entire
airways peak at 260, 230, and 240 W/m? for 298.15 K-air inhalation and
720, 650 and 670 W/m? for 278.15 K-air inhalation, respectively. In
Fig. 9 (b), (c) and (d), oscillations in area-averaged surface heat flux
within lower airway generations are detailed. Two distinct clusters have
emerged, namely GO-G5 and G9-G12, analogous to those observed in
Fig. 8 (c) and (d). Notably, G13 diverges due to limited model repre-
sentation, reducing exposure to cold air, elevating temperatures, and
reducing heat flux. G6 and G7 exhibit noticeable fluctuations, while G8
displays modest variation. The initiation point of wall temperature
decline and heat flux increase corresponds with anatomical order,
influenced by descending cold air introducing temperature gradients,
thereby affecting wall temperature and surface heat flux. Fig. 9 (e) and
(f) present fluctuations in area-averaged surface heat flux within the
upper airway. As can be seen in the 298.15 K-air inhalation profile, a
rapid surge occurs in the nasal cavity, reaching 875 W/m? in 0.05 s and
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Fig. 7. Velocity streamlines color-coded according to volume temperature in the upper airway from 0.03 to 0.43 s in the 298.15 K air inhalation simulation,

revealing the thermal adaptation processes.

gradually subsiding to 775 W/m? in 0.4 s. Conversely, the oral cavity
maintains low flux, consistently below 25 W/m?2. Other regions exhibit
parallel patterns with consistent difference, with peak heat flux values of
300, 350, 400, and 430 W/m? in the oropharynx, nasopharynx, lar-
yngopharynx, and larynx, respectively.

3.4. Nusselt number

The TAAWA Nusselt number of the lower airway can then be
calculated by using the TAAWA of the surface heat flux, multiplied by
the radius of the airway [48], and then dividing by the TAAWA wall-air
temperature difference and the thermal conductivity of the air:

QL

Nu= ATk %)

The Nusselt number for each airway generation during inhalation of
air at 278.15 K and 298.15 K is shown in Table 4. It is apparent that the

airway generation has a significant impact on the convective heat
transfer. The observed trend indicates that larger airway radii are
associated with higher Nusselt numbers, a consequence of the increased
contact surface for heat exchange between the airway wall and the
inhaled air. Specifically, GO exhibits the highest Nusselt numbers for
both inhalation temperatures, which suggests that the proximal airways
are more effective in heat transfer compared to the distal ones.

As the airway generations progress, there is a notable decrease in the
Nusselt number. This reduction can be attributed to the decreasing
airway radius, which diminishes the efficacy of convective heat transfer
due to the reduction in the surface area available for heat exchange.
However, the Nusselt number is not purely a function of airway size; the
temperature difference between the wall and the air plays a vital role.
The greater temperature gradient observed when inhaling 278.15 K air,
as compared to 298.15 K, should enhance the convective heat transfer,
leading to a higher Nusselt number. This is reflected in the data, where,
across all generations, the Nusselt numbers are consistently higher for
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Table 4
TAAWA Nusselt number and reverent parameters of each airway generation when inhaling 278.15 and 298.15 K cool air.

Generation  Airway TAAWA wall heat TAAWA wall heat TAAWA wall-air TAAWA wall-air TAAWA TAAWA
Radius (m) flux (Wem™2) flux (Wem ™ 2) temperature difference (K) temperature difference (K) Nusselt Nusselt
[49] (298.15 K)* (278.15 K) (298.15 K) (278.15K) number number

(298.15 K) (278.15 K)

0 0.00900 213.06 594.38 2.39 6.41 32.13 34.75

1 0.00610 173.90 488.76 2.86 7.74 14.85 16.05

2 0.00415 169.02 473.78 2.92 7.93 9.62 10.33

3 0.00280 175.27 489.07 2.85 7.74 6.90 7.38

4 0.00225 175.22 489.69 2.85 7.73 5.54 5.94

5 0.00175 158.99 446.43 3.05 8.27 3.65 3.94

6 0.00162 160.13 459.51 3.03 8.11 3.42 3.82

7 0.00149 48.83 428.85 3.17 8.49 0.92 3.13

8 0.00136 22.49 70.18 4.75 12.99 0.26 0.31

9 0.00122 102.60 295.98 3.75 10.16 1.34 1.48

10 0.00109 92.33 267.15 3.88 10.52 1.04 1.15

11 0.00096 96.56 280.29 3.83 10.35 0.97 1.08

12 0.00083 83.46 246.03 3.99 10.78 0.69 0.79

13 0.00070 47.42 147.19 4.44 12.02 0.30 0.35

# Data when inhaling air at 298.15 K.
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Fig. 10. Area-weighted average wall static pressure (Pa) profiles during inhalation for (a) the upper and lower airways, (b) within upper airway regions, and (c)
within the lower airway generations.
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278.15 K inhalation.

Notably, at G7, there is an anomaly where the wall heat flux at
298.15 K drops significantly, resulting in a Nusselt number that is
notably lower than expected in comparison to adjacent generations. This
anomaly may be indicative of a physiological or geometric factor unique
to this generation that affects heat transfer. For the smallest airways,
Generations 8 through 13, the Nusselt numbers are the lowest across all
generations. This observation aligns with the theoretical understanding
that reduced surface area in smaller airways leads to diminished heat
exchange. Additionally, it may be partly attributable to the limitations
inherent within the model. Moreover, the temperature difference for
these generations is the greatest, which implies that while the heat
transfer is inherently less efficient due to smaller radii, the temperature
gradient is sufficiently large to maintain a finite, though small, level of
convective heat transfer.

3.5. Static pressure

The force exerted by the air against the airway wall, whether the air
remains static or moves with a constant velocity parallel to the surface,
is characterized by the area-weighted average wall static pressure. This
metric encapsulates the normal force per unit area imparted onto the
airway wall by the air and naturally exhibits dynamic variations asso-
ciated with changing air inflow velocities. A comprehensive represen-
tation of the simulated area-weighted average wall static pressure for
each region during inhalation is provided in Fig. 10. Note that the
pressure profile for the 298.15 K-air inhalation simulation is exclusively
presented, as variations in temperature do not significantly affect the
pressure field. Fig. 10 (a) shows a holistic view of the averaged static
pressure encompassing the upper, lower, and entire airway. Notably,
significantly elevated and oscillatory static pressure is experienced by
the upper airway, with a surge to 1400 Pa within the brief interval of
0.2-0.25 s. In contrast, the lower airway maintains relatively constant
and subdued static pressure, consistently remaining below 150 Pa
throughout the inhalation phase. The overall trajectory of the pressure
profile resembles a smooth arch, commencing with a swift ascent from 0
Pa to its zenith, followed by an equally rapid descent back to O Pa,
mirroring the initial ascent pattern. Fig. 10 (b) focuses on the fluctua-
tions in wall static pressure within the upper airway. Notably, the
highest pressure is experienced by the nasal cavity, reaching a peak of
3800 Pa. In contrast, the larynx registers the lowest pressure, consis-
tently remaining below 500 Pa throughout the entire inhalation process.
Pressure profiles for the remaining regions exhibit a closely aligned
pattern, with maximum values falling from 1450 to 1600 Pa. This is by
Bernoulli’s principle, which postulates that as the velocity of a fluid
increases within a flow, the pressure decreases, assuming constant fluid
density. The Venturi effect, a specific case of Bernoulli’s principle,
manifests when a fluid traverses a constricted conduit section. In the
context of the respiratory system, this constriction corresponds to the
vocal cords within the larynx. As fluid velocity escalates within this
confined region, the pressure proportionately diminishes, thus explain-
ing the lowest surface static pressure within the larynx among the upper
airway regions.

Fig. 10 (c) illustrates the wall static pressure dynamics within the
lower airway. In stark contrast to the clustering observed in temperature
and heat flux profiles, the pressure patterns within each region reveal a
more evenly distributed configuration. The maximum pressure change is
experienced by the trachea, peaking at 180 Pa between 0.2 and 0.25 s
and declining to —30 Pa at the conclusion of the inhalation phase.
Conversely, minimal pressure variation is displayed by G8 and G13,
consistently maintaining levels between 0 and 10 Pa throughout the
inhalation process. Notably, among the lower airway regions, elevated
fluctuations are exhibited by GO, G6, and G7, a phenomenon also
observed in the temperature and heat flux profiles. These fluctuations in
pressure, especially within GO, are primarily ascribed to the presence of
turbulent airflow, as substantiated by Figs. 11 and 12. The erratic

12

Results in Engineering 23 (2024) 102475

velocity variations of turbulent flows are intrinsically linked with
pressure fluctuations. Regions characterized by high fluid velocity tend
to register lower pressures, while areas characterized by lower fluid
velocities correlate with higher pressures, in accordance with Bernoul-
li’s principle. A notable correspondence with the temperature and heat
flux profiles is the alignment of surface static pressure profiles, which,
despite some irregularities, are generally found to adhere to the
anatomical sequence from head to toe. The inhalation process com-
mences with the diaphragm’s contraction and the thoracic cavity’s
expansion, resulting in a reduction in intrapulmonary pressure relative
to atmospheric pressure. Intrapulmonary pressure thus becomes sub-
atmospheric, establishing a pressure gradient from the upper to lower
airways. As airflow progresses downward through the respiratory tract,
encompassing the trachea, bronchi, and bronchioles, the pressure ex-
hibits a gradual decline, aligning harmoniously with the increasing
cross-sectional area observed in the lower airways. This explains the
overarching trend of static surface pressure profiles following an
anatomical sequence from top to bottom.

3.6. Vortices

In the human respiratory tract, characterized by a complex mixture
of internal structures, constrictions, and expanses, turbulence is a well-
founded phenomenon. As depicted in Fig. 11 (a), during the initial
inhalation phase at 0.01 s, when air velocity remains low, a significant
portion of velocity streamlines exhibits parallel alignment, indicative of
laminar flow. However, a distinct vertex emerges beneath the vocal
cords, marking the onset of turbulent flow. With the rapid surge in
inflow velocity, reaching 50L/min by 0.05 s (as shown in Fig. 3), tur-
bulent airflow intensifies, both in magnitude and spatial extent.

The impact of turbulent airflow, as seen in Fig. 11, is reflected in
surface static temperature profiles, as showcased in Fig. 8 (c¢) and surface
heat flux profiles in Fig. 9 (c), where GO exhibits the lowest temperature
and the highest heat flux among the lower airway regions. Similarly, the
influence of turbulent airflow is evident in surface static temperature
profiles found in Fig. 8 (b) and surface heat flux profiles within Fig. 9 (b),
with the larynx exhibiting lower temperature and higher heat flux,
ranking second only to the oral cavity among the upper airway
segments.

The increased prevalence of turbulent flow significantly impacts
local temperature distributions, subsequently influencing local surface
heat flux. As illustrated in Fig. 12 (a to c), velocity streamlines at 0.06 s
overlay velocity and temperature contours. Notably, specific regions
feature vortices, mainly two located above the vocal cords on each side
of the laryngopharynx and two below the vocal cords flanking the upper
trachea. Cold air encounters these pre-existing vortices as it descends
into the larynx region. The heightened velocity resulting from the vocal
cord’s constriction, coupled with the circular motion inherent to tur-
bulent airflow, leads to increased cold air velocity and prolonged cold
air-surface interaction. Consequently, this reduces wall surface tem-
perature and a corresponding elevation in surface heat flux.

3.7. Further discussion and future studies

3.7.1. Clinical relevance

The study’s insights into the thermal responses of the respiratory
tract to cold air inhalation highlight the balance between heat transfer
and airflow, which is crucial for maintaining the respiratory epithe-
lium’s function and integrity. These findings are relevant in the context
of athletes training in cold environments, as the thermal and humidity
balance within the airway is essential for protecting against airborne
pathogens and particulate matter. This balance, as highlighted by the
study’s findings, is critical for preventing dryness, irritation, and sub-
sequent inflammation of the respiratory tract, which can compromise
mucociliary clearance and increase susceptibility to infections and
thermal stress injuries. Previous studies on elite cross-country skiers
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Fig. 11. Velocity contours in the central cross-sectional plane of the upper airway at (a) 0.01 s, (b) 0.02s, (c) 0.03s, and (d) 0.04 s, with enlarged views and velocity
streamlines at the larynx and upper trachea region.
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and (c) 2D streamlines overlaid on temperature contour.

further reinforce this notion, showing that these athletes exhibit in-
dicators of chronic airway inflammation and damage to the airway
epithelial lining [50-53].

Moreover, our findings resonate with existing literature emphasizing
the adverse effects of environmental conditions on respiratory health.
Research indicates that maintaining optimal humidity levels can miti-
gate dryness symptoms within the respiratory tract, thereby reducing
the risk of irritation and the potential for compromised mucociliary
clearance [54]. Dry air, however, impacts the balance of salt and water
in the upper airways, thereby elevating the risk of respiratory diseases,
including COVID-19 [55]. Furthermore, exposure to environmental
pollutants, akin to the inhalation of cold and dry air, has been associated
with increased respiratory symptoms, highlighting the importance of
understanding and modeling these environmental impacts accurately
[56].

3.7.2. Elevation and air properties

Elevation significantly influences air properties such as density and
oxygen content. As elevation increases, the density of the air decreases
systematically, which is also in proportion to the decrease in total
pressure. This reduction in air density affects the body’s ability to
perform aerodynamic and respiratory functions -effectively. For
instance, at sea level, the density of air is about 1.21 kg/m3, but at 4000
m elevation, it decreases to 0.74 kg/m°>, which represents a considerable
reduction [57]. At higher altitudes, the partial pressure of oxygen within
the lungs is significantly reduced. This decrease affects the oxygen
gradient between the alveoli and blood, where oxygen is absorbed, and
between the blood and tissues, where oxygen is released. As a result, the
efficiency of oxygen transfer from the lungs to the blood and subse-
quently from the blood to the tissues is diminished [58]. Future research
should delve into the effects of elevation on the respiratory system and
examine its potential impacts on both health and performance in
athletes.
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3.7.3. Inhalation modes

Nasal breathing, as opposed to mouth breathing, has been associated
with a number of physiological benefits that can influence athletic
performance. Research [59] conducted on physically active individuals
assessed the impact of distinct breathing strategies (nasal, oral, and
combined) on short-term muscular endurance. Although no significant
disparities were observed in overall repetitions to failure in resistance
activities like the bench press across breathing modalities, nasal
breathing was associated with significant physiological variations, such
as heart rate and blood oxygen saturation levels. Supporting their view,
additional evidence from a different investigation [60] provides
empirical evidence indicating that the differences in performance met-
rics associated with the Wingate Anaerobic Cycle Test were minimal
between modes of breathing. suggests that performance measures in the
Wingate Anaerobic Cycle Test show negligible differences between
breathing methods. Contrarily, another analysis [61] indicates that oral
breathing facilitates greater air volume transfer, meeting the respiratory
and metabolic demands of high-intensity exercises more effectively than
nasal breathing. However, at lower exercise intensities, the benefits of
nasal breathing, such as the inhalation of cleaner air and the reduction in
respiration rates, might become more advantageous. The ability of nasal
breathing to reduce symptoms of exercise-induced asthma, even if it
might lower peak aerobic performance, shows how closely health, body
processes, and achieving top performance in sports are connected.

The current study has successfully modeled scenarios of nasal
breathing, offering substantial insights into the heat transfer within the
respiratory tract. However, to foster a comprehensive understanding of
respiratory heat transfer mechanisms, future research should extend to
include scenarios of oral breathing.

3.7.4. Latent heat transfer
Incorporating into our discussion the importance of modeling latent
heat transfer at airway wall surfaces, it becomes apparent that this



X. Huang et al.

aspect is crucial in understanding health risks associated with airway
heat exchange. Latent heat transfer, particularly through the process of
moisture evaporation from the airway walls, impacts the local thermal
environment and the body’s response to inhaled air. This mechanism
can alter the humidity and temperature of the air reaching the deeper
lung regions, affecting mucosal function, and potentially exacerbating
or mitigating respiratory conditions. The inclusion of latent heat transfer
models in future studies can enhance the realism and applicability of
simulations, providing better insights into the physiological impacts of
various environmental conditions on respiratory health.

3.7.5. Computational usage

The present study utilized a computationally intensive modeling
approach. Parallel computing was conducted using 62 cores across two
CPUs (AMD EPYC 7532 2.40 GHz), with each simulation requiring over
770 h (32 days). This resulted in a total CPU core time of 95,782 h
approximately.

4. Conclusion

A comprehensive investigation was undertaken into the dynamic
mechanisms of heat transport within a 3D model of the human respi-
ratory system, spanning from the nasal airways to the distal lung gen-
erations. The primary goal was to evaluate the heat transfer capacity
within the human lung by employing Large Eddy Simulation in
conjunction with an algebraic Wall-Modeled LES Sub-Grid Scale model.
The principal findings of this extensive numerical analysis can be suc-
cinctly summarized as follows.

1. A highly dynamic temperature distribution pattern was observed
along the airway wall during inhalation. This pattern featured a
rapid initial temperature decline, succeeded by a subsequent in-
crease, resulting in a ‘U-shaped’ temperature profile. The surface
heat flux profile closely mirrored the temperature dynamics, exhib-
iting a substantial initial reduction in heat transfer, followed by a
peak and subsequent decrease, resulting in an n-shaped heat flux
profile.

2. The Nusselt number decreases with advancing airway generations,
indicating a decrease in convective heat transfer efficiency in smaller
airways. Inhalation of air at 5 °C consistently results in higher Nus-
selt numbers across all generations compared to 25 °C, highlighting
the influence of a larger temperature gradient on heat transfer
enhancement.

3. Notably, the upper airway displayed distinctive oscillatory and
elevated static pressure patterns, while the lower airway maintained
a consistent, subdued static pressure throughout the inhalation
process.

4. Despite occasional deviations, the surface temperature, heat flux,
and static pressure within the airway wall predominantly adhered to
an anatomical sequence, demonstrating remarkable coherence from
head to toe. Deviations from this order were attributed to the com-
plex geometric features of the airway.

5. Of paramount significance was the role of turbulent airflow, partic-
ularly in the larynx and upper trachea region, which profoundly
influenced local temperature, heat flux, and pressure distributions.
Turbulent flow was associated with reduced wall surface tempera-
ture, increased heat flux, and decreased area-weighted wall static
pressure in these regions.

These findings provide insights into the fluid and thermodynamics
governing the response of the human airway to the inhalation of cold air.
The observed temperature, heat flux, and pressure profiles hold signif-
icant implications for understanding how the airway responds to vary-
ing environmental conditions, with relevance for -clinical and
physiological contexts.
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Nomenclature
dy, wall distance (m)
h convective heat transfer coefficient (Wm 2K~ 1)
h enthalpy of species j (J)
g gravitational acceleration in the negative z-direction (ms™2)
k turbulent kinetic energy m3?)
Kair thermal conductivity of the air Wm Kk hH
kesy effective conductivity (m?s %)
P static pressure (Pa)
t time (s)
u fluid velocity vector (ms™1)
¥y normal to the wall inner scaling
Csmag Model constant, which equals 0.2
E energy (J)
Jj diffusion flux of species j
L characteristic length, which is the radius of the airway (m)
Nu Nusselt number
Q surface heat flux (Wm™2)
S strain rate (s}
T the absolute temperature of the fluid (K)
AT the wall-air temperature difference (K)
K model constant, which equals 0.4187
v turbulence viscosity (Pa-s)
P fluid density (kgm~>)
T stress tensor (Pa)
Teff effective stress tensor (Pa)
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