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Abstract: Mask-wearing-induced discomfort often leads to unconscious loosening of the mask to relieve the
discomfort, thereby compromising its protective efficacy. This study investigated how leakage flows affect
mask-associated thermoregulation and vapor trapping to inform better mask designs. An integrated ambience-
mask-face-airway model with various mask-wearing misfits was developed. The transient warming/cooling
effects, thermal buoyancy force, tissue heat generation, vapor phase change, and fluid/heat/mass transfer
through a porous medium were considered in this model, which was validated using Schlieren imaging, a
thermal camera, and velocity/temperature measurements. Leakages from the top and side of the mask were
analyzed in comparison to a no-leak scenario under cyclic respiration conditions. Results showed a significant
inverse relationship between mask leakage and facial skin temperature/humidity. An equivalent impact from
buoyancy forces and exhalation flow inertia was observed both experimentally and numerically, indicating a
delicate balance between natural convection and forced convection that is sensitive to leakage flows and critical
in thermo-humidity regulation. For a given gap, the leakage fraction was not constant within one breathing
cycle, but constantly increased during exhalation. Persistently higher temperatures were found in the nose
region throughout the breathing cycle in a sealed mask and were mitigated during inhalation when gaps were
present. Vapor condensation occurred within the mask medium during exhalation in all mask-wearing cases.
The thermal and vapor temporal variation profiles were sensitive to the location of the gap, highlighting the
feasibility of leveraging temperature and relative humidity to test mask fit and quantify leakage fraction.

Keywords: thermoregulation; vapor trapping; relative humidity; condensation; natural convection; leakage
fraction; moist air

1. Introduction

Face covering was widely adopted during the COVID-19 pandemic [1]. While these protective
measures serve as barriers against pathogen transmission, they introduce challenges related to user
discomfort and compromised compliance. Healthcare workers wear facial protection for extended
periods, often experiencing significant physical discomfort, particularly associated with thermal
regulation and skin health [2,3].

The rivalry between mask effectiveness and user comfort presents a critical challenge in
facemask design, as well as in public health [4]. When individuals experience discomfort, they often
adjust or improperly wear their masks, creating gaps that compromise mask protection [5]. These
gaps, even when minimal, can notably reduce the mask’s ability to filter airborne particles, especially
in masks with higher filtration efficiencies [6]. The challenge becomes more pronounced in high-
temperature environments or during high levels of physical activity, where temperature and vapor
buildup can create a cascade of adverse physiological responses [7,8].

Individuals with pre-existing dermatological conditions face additional challenges. The perioral
region (i.e., around the nose and mouth), particularly the philtrum, contains a dense network of blood
vessels and nerve endings, making it especially sensitive to temperature fluctuations [9,10]. Common
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skin conditions such as rosacea, eczema, and psoriasis can be aggravated by the warm and humid

microenvironment underneath the mask, creating unique challenges in mask design and usage

protocols [11,12]. The complex interplay between temperature changes and skin tissue properties
plays a crucial role in mask comfort, as thermal discomfort can trigger varying physiological

responses that affect user compliance [13-15].

A few studies have investigated physiological responses due to mask-wearing. A systemic
review by Ipaki et al. showed that variables such as material breathability, mask fit, and
environmental conditions significantly influence the user experience [16]. Li et al. demonstrated that
while surgical masks generally cause less thermal discomfort compared to N95 respirators, both
types can affect the wearer’s comfort levels, especially during sustained use or physical exertion [17].
According to Scarano et al., who used infrared imaging to evaluate facial skin temperature, the higher
levels of discomfort with N95 were due to its tighter fit and lower breathability (or higher filtration
efficiency), leading to more heat and moisture retention than a surgical mask [18]. The complaint rate
for N95 masks was 5% higher than surgical masks regarding humidity and 50% higher for heat,
breathing difficulty, and discomfort perception [18]. The accumulation of heat and moisture within
the mask can also affect cardiovascular responses, though these effects vary among individuals and
usage conditions [19]. This complex interplay between protection, comfort, and compliance
highlights the need for innovative solutions in mask design and usage protocols. Similarly,
understanding these dynamics is crucial for developing more effective and user-friendly protective
equipment, particularly in scenarios requiring extended wear periods or use in challenging
environmental conditions.

The obstructed breathing and excessive thermal sensations from mask-wearing often prompt a
natural response to loosen the fit or remove the mask for relief [20-22]. According to Scarano et al.,
participants touched the masks 12 times per hour on average when wearing an N95 mask and 6 times
per hour when wearing a surgical mask [18]. Such mask-touching behaviors were often involuntary
but could generate significant leakage flows that mitigated discomfort. The facial perception of
thermo-humidity can be affected by many factors, including cyclic respiration, exhaling warm, moist
air and inhaling cool, dry ambient air, tissue heat generation, tissue sensitivity, mask fit, and filter
material [23]. The transient balance between heat generated by the skin, warming from the
respiratory tract, and cooling from inhalation each play a role in this process. Additionally,
thermoregulation between the mask and face is sensitive to the physical properties of the mask, such
as resistance, thermal conductivity, and specific heat, as well as the fit of the mask. Mask gaps, which
allow air to flow in and out of the mask without filtration, can dramatically alter the spatial and
temporal distributions of heat, air, and moisture [24].

This study aimed to numerically investigate how leakage flows impact facial thermoregulation
and moisture retention under the mask. Specific tasks include:

(1) Developing a unified ambiance-mask-face-airway model with varying gaps that account for
cyclic breathing, heat transfer, vapor transport, and phase change.

(2) Validating the computational model using experimental methods, including Schlieren imaging
of exhaled flows, leakage velocities using an anemometer, infrared imaging of facial/mask
temperatures, and real-time temperature using thermal probes.

(3) Analyzing variations in temperature and vapor trapping beneath the mask under different
leakage conditions (Top and Side) in comparison to scenarios with no mask and mask-wearing
with a perfect fit.

(4) Examining airflow dynamics responsible for the spatiotemporal variations in facial
temperatures, particularly at key facial regions such as the philtrum, chin, nose bridge, and
cheeks, as well as in the proximity of the gaps.
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2. Materials and Methods

2.1. Integrated Respiratory-Facial Interface Simulation

Figure 1a shows the computational model employed in this study, simulating an adult male
wearing a three-pleat surgical mask. This model integrates four key components: the ambient
environment, a detailed facial topology, a well-fit surgical mask, and the upper respiratory airway
from nostrils to trachea [25,26]. Two gaps, one at the nose top and the other at left face, were also
developed (Figure 1b). Each of these elements is represented as a distinct volume within the
simulation. The mask geometry was developed using Blender based on a series of photographs
captured from multiple angles [11,12]. In the model, the surgical mask is treated as a porous medium
to consider its material properties. The facial and airway structures were rendered based on MRI
scans of an adult male, providing a realistic anatomical basis [11]. This face-airway model was then
seamlessly integrated with the mask geometry, creating a holistic representation of the mask-wearing
scenario. By unifying the surrounding air, the mask itself, the space between the mask and face, and
the upper respiratory tract, including the mouth, nose, pharynx, and larynx, this model enables a
detailed analysis of the complex interactions between breath, mask, and facial structures.
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Figure 1. Model development: (a) Disposable three-pleat surgical mask and leakages from the top and
side; (b) Computational model with gaps at the mask top and side; (c) Respiration waveform; and (d)
Computational mesh and the locations of six sampling points (probes).

2.2. Facemask Properties

The mask’s physical properties included density, thickness, thermal conductivity, heat capacity,
and flow resistance. The mask was made of polyethylene with a density of 946 kg/m3. It had a
measured thickness of 2.3 mm, a dimension of 16.5 x 7.5 cm, and a mass of 2390.3 mg. The nominal
density of the porous medium was calculated to be 84.0 kg/m?, indicating a porosity of 91.1%. The
thermal conductivity was 0.11 W/m-K, and the heat capacity was 42.85 J/kg-K [27]. The flow resistance
of the mask was measured to be 14.6 mmH20 at 85 L/min using a mask Filter Tester 8130A (TSI,
Shoreview, MN) and was calculated to be 3.727x10° 1/m2 based on the mask thickness.

2.3. Boundary Conditions

Tidal breathing was considered in this study, following a waveform (Figure 1c) representing
normal physical activity measured by Noto et al. [28]. The respiration waveform followed a cyclic
breathing pattern, with a tidal volume of 0.5 liters and a respiration rate of 12 breaths per minute
(Figure 1c). The airway wall had a temperature of 310.15 K (37°C) and a relative humidity of 99.5%.
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The face had a thermal conductivity of 0.187 W/m-K and a heat capacity of 3770 J/kg-K [22,29]. The
boundary conditions are listed in Table 1, consisting of inlet, face, airway, and outlet (Ambient). A
mixed thermal boundary condition with convection, radiation, and tissue heat generation was
employed for the face, with a near-wall free stream temperature of 305 K, a heat transfer coefficient
of 0.66 W/m-K, an external emissivity of 0.98, and a tissue heat generation rate of 6,666W/m?, as listed
in Table 1 [29,30].

Table 1. Boundary conditions for momentum, multiphase, and thermal equations.

Momentum Multiphase Thermal
Inlet NM1: 1.703, NM2: 0.56 1 m/s Air: N/A, Vapor: 0.039 2 31015 K
Waveform Water: 0.0
Face No Slip N/A 3 Mixed 4
Airway No Slip N/A 310.15 K
Outlet 0 Pa Air: N/A, Vapor: 0.055, Water: 0.0 297.15 K
(Ambient)

! One-third velocity in the second no-mask (NM2) scenario. 2 The mass fraction is nondimensional. * On the Face,
nothing was assigned for the mixture. * Heat transfer coefficient: 0.66 W/m?>K; Emissivity: 0.98; Heat
generation:6666 W/m?3.

The boundary conditions in this study were set up to model natural convective heat transfer
using the Boussinesq approximation [31]. For the air phase, the reference operating temperature was
286.5 K, the specific heat (Cp) was 1006.43 J/kg-K, the thermal conductivity was 0.0242 W/m-K, and
the viscosity was 1.7894 x 10-° kg/m-s. The water vapor had a density of 0.7659 kg/m?, a thermal
conductivity of 0.0261 W/m-K, and a Cp of 1996 J/kg-K. The liquid water had a constant density of
998.2 kg/m?, a thermal conductivity of 0.6 W/m-K, and a Cp of 4182 J/kg-K [32]. The drag forces in this
study were modeled using the Schiller-Naumann correlation for vapor-air and water-air interactions
[33]. The drag coefficient was based on this default model, which accounts for spherical particles in
a fluid and is commonly used for multiphase flows. The slip velocity, representing the relative
velocity between phases, was modeled following Manninen et al. [34]. This method ensures accurate
predictions of momentum exchange between phases, which is critical for simulating vapor-air and
water-air interactions under varying flow conditions.

2.4. Numerical Methods

The computational mesh for this study was generated using Ansys ICEMCFD (Canonsburg,
PA), employing a multi-domain, multi-scale meshing approach where coarse cells were applied for
the environment space, ultra-fine cells for the mask, regular cells for the face, and fine cells for the
airway (Figure 1d). A mesh sensitivity analysis evaluated mesh densities ranging from 2 to 8 million
cells at a temperature of 24°C and a relative humidity of 30%, achieving grid independence at 6.4
million cells for the temperature at the philtrum (Figure 1d).

Ansys Fluent 23 (Canonsburg, PA) was used to solve governing equations for mass, momentum,
and energy of the moist air. The second-order upwind algorithm was used to discretize equations for
the momentum, turbulence properties, and energy, while the “PRESTO!” scheme was applied for
pressure, allowing more accurate handling of pressure gradients at boundaries. The respiratory flows
were modeled using the low Reynolds number (LRN) k-w turbulence model, which has been well
validated for both transitional and turbulent flow regimes [35-38].

The simulation of moist air, comprising air, vapor, and water components, was conducted using
a mixture multiphase approach. The system’s behavior was characterized by fundamental governing
equations that address mixture continuity, momentum, and energy conservation [39]:
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The governing equations for mixture dynamics describe a system with multiple components or
phases, capturing their combined behavior through terms representing the overall density p,, in
Eq.1, where au is the volume fraction of phase k and ¥, is the velocity of the mixture. It includes a
drift velocity for phase k, Vdr,k/ which accounts for the relative motion between the different phases,
adding complexity by modeling how each component moves independently within the system. The

— - T
viscous stress tensor Uy, (VVm + VV, ) described friction-induced interactions among components.

The phase change was modeled using the Lee evaporation-condensation approach, while the
Manninen model governed slip velocity calculations. A surface tension coefficient of 0.074 N/m was
applied for vapor-water interactions, and the Schiller-Naumann scheme was implemented to
determine the drag coefficient between air-vapor and air-water pairs [40,41].

The ratio of vapor partial pressure to saturated pressure gives the RH (%). The dew point is also
related to RH and the Magnus formula was used to calculate the dew point temperature (Tdew) [42,43]:

243.04 X [1n (ﬂ) 17.625T ]

oC) = 100/ " 243.04 + T
7WMW(C)_17625—1 (RHy - ATeasT (4)
' "\100) ~ 24304+ T
Here, T is in °C and RH relative humidity in %, while the Psat is calculated by the Antoine equation
[44]:
1730.63
Peyr(mbar) = 1.333 x 10%°7 ' 250447, -

Here, RH = Pv/Psatand Pv is calculated from the mass fraction of vapor:

PP” x 18.015 (Molar mass of steam, g_rl)
MFv = tot e ©6)
Pv Pair . gr
<Pt0t x 18.015 + Pro; X 28.97 (Molar mass of air, mol)

Using the Magnus formula, the mass fraction of vapor from the simulation can be used to
calculate the vapor pressure (Pv), which in turn allows for the determination of relative humidity
(RH) [45]. Once RH and the air temperature (Ta) are known, the dew point (Tdp) can be calculated for
each point.

2.5. Experimental Methods

To validate the CFD projections, leakage flow measurements were conducted using a full-sized
head manikin with a controlled experimental setup. A predefined gap was created using a 6.5 x 17
mm rectangular duct positioned at the left central cheek between the mask and skin surface, while
all other potential leakage points were sealed with tape. Flow measurements were obtained using a
TSI 9565 VelociCalc anemometer (Shoreview, MN) during consistent inhalation conditions
maintained at 15 L/min by a Robinair vacuum (Warren, MI). Temperature variations during normal
breathing were monitored using a FLIR ONE Pro iOS thermal camera (Wilsonville, OR) on a
volunteer subject. The experimental data were collected in quintuplicate to calculate mean values and
standard deviations for comparison with computational predictions. A Schlieren optical imaging
system was employed to visualize exhaled flows with and without mask usage. Temperature
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measurements were conducted using a CR1000 datalogger with a 105T-L thermocouple (Campbell
Scientific) positioned 2 cm beneath the nostril, while ambient conditions were monitored using a
Fluke 971 temperature humidity meter. Tests were performed in a room environment (24°C, 30%
RH), with medical tape ensuring mask seal integrity [32].

3. Results

3.1. Computional Model Validation

The computational model was validated from three aspects: (1) infrared thermal imaging of the
face and mask (Figure 2a), (2) leakage flow velocity from a side gap in a surgical mask, as well as
CFD-predicted exhaled airflow patterns (Figure 2b), and (3) temperature measurement vs. CFD at
the philtrum (Figure 2c). Good agreement was achieved for all three comparisons, thus validating the
accuracy of the model predictions in both flow and temperature.

(a) Thermal camera for no leak mask
Thermal Camera

(b) Model validation

Experiment vs. CFD
0.5

0.4
0.3

0.2

Velocity (m/s)

01

Exp CFD

35
34 |
€33
-
32 |
31
CR1000 30 .
Datalogger 5 10 15

Time(s)

Figure 2. Model validation: (a) Thermal imaging, (b) Side gap velocity, and (c) temperature
measurement vs. CFD at the philtrum.

The validation process further demonstrated the computational model’s capacity to capture the
detailed flow dynamics associated with mask usage. Notably, the model successfully predicted the
exhaled air’s velocity patterns both through and around the mask, especially when gaps were
present, offering insight into how small structural imperfections in mask fit can significantly alter
airflow distribution (Figure 2b). The use of thermal imaging (Figure 2a) and velocity probes (Figure
2b) reinforced that the model could replicate not just airflow but also temperature variations on the
mask and face, which are critical for understanding both leakage and the overall efficacy of the mask
in preventing the spread of aerosols. The agreement between computational and measured
temperature across two breathing cycles, including inhalation and exhalation (Figure 2c), confirmed
the model’s capacity to simulate real-life conditions.

3.2. Airflows

3.2.1. No Mask (NM)

Figure 3 compares the relative effects of forced convection vs. natural convection in the no mask
(NM) scenario. Two velocities were selected during exhalation: 1.703 m/s (NM1) and 0.56 m/s (NM2,
one-third of NM1), as listed in Table 1. The simulation reveals a key distinction between these two
scenarios, showing how airflow characteristics shift based on velocity. At higher velocities (NM1),
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exhaled air forms a stable, jet-like flow that projects outward and diagonally downward from the
nostrils. The strong momentum of this jet-like flow prevents significant interaction with the
surrounding air, allowing the airflow to retain heat and moisture for a longer duration as it travels
away from the face. In contrast, in the reduced velocity scenario (NM2), buoyancy forces dominate,
causing the airflow to curve upward due to thermal expansion and lower momentum. This slower,
upward-curving flow results in more mixing with the ambient air, leading to a faster dissipation of
heat and moisture.

Schlieren imaging Temperature, T Relative humidity, RH Dew point temperature, Tg,,, Vapor mass fraction, V¢

(a) Nm1

© Temperature

mProbet Relative humidity, RH Vapor mass fraction, V.,
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Figure 3. Comparison of airflow and thermo-humidity variables without a mask at two instants (with
different velocities) during exhalation: (a) t = 7.5 s (peak exhalation); (b) t =9 s; and (c) quantitative
comparison of T, RH, Tdew, and Vmt. .

The influence of buoyancy is particularly evident in NM2, where the reduced velocity allows the
exhaled air to lose its initial inertia quickly (Figures 3a vs. 3b). This inertial reduction creates a
scenario where the warm, moist exhalation rises due to the natural buoyant forces acting on the less
dense moist air. The result is a more pronounced upward curve in the exhalation path compared to
NM1, where the stronger airflow resists buoyancy and continues in a more jet-like trajectory. This
distinction demonstrates how exhalation dynamics can vary significantly depending on the force of
the breath, with slower velocities leading to more rapid cooling and moisture loss.

Quantitative data from probes placed at the philtrum (P1) and in front of the lips (P2) further
underscore these differences, as shown in Figure 3c. At both probe locations, NM1 exhibits higher
values for temperature, relative humidity (RH), dew point temperature (Td¢ew), and vapor mass
fraction (Vme), indicating that the fast-moving jet maintains heat and moisture more effectively. In
NM2, however, these parameters drop off more sharply between P1 and P2 due to the increased
mixing with the cooler surrounding air. These data reveal a key insight: higher exhalation velocities,
as in NM1, not only preserve heat and moisture closer to the source but also result in a less mixed
(more concentrated) exhaled flow, which contrasts with the dispersed and cooler flow in NM2.

The interplay between velocity and buoyancy also impact the thermal expansion of the exhaled
air, as visualized in Figures 3a and 3b. The Boussinesq approximation used in the simulations shows
that even small temperature differences between the exhaled air and the ambient environment can
noticeably alter the airflow’s trajectory. In NM2, the buoyant forces are stronger due to the lower
velocity, causing the exhaled air to rise more sharply. This thermal expansion effect is less
pronounced in NM1, where the higher velocity helps maintain a more stable, direct flow, minimizing
the influence of buoyancy.
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Schlieren imaging in Figures 3a and 3b provides visual confirmation of these simulated results,
offering further validation of the computational model. The images show a clear correspondence
between the modeled airflow patterns and the actual behavior of exhaled air under both NM1 and
NM2 conditions. In NM1, the Schlieren imaging captures the straight, jet-like flow (Figure 3a), while
in NM2, the upward-curving airflow due to buoyancy is distinctly visible (Figure 3b). This strong
agreement between the experimental imaging and the simulation results highlights the accuracy of
the model in capturing complex airflow dynamics, reinforcing its utility for studying exhalation
behavior under various conditions.

3.2.2. Airflow and Pressure Visualization in Mask-Wearing Cases

Figure 4 compares the expiratory flow dynamics and pressure at t = 8 s among three mask-
wearing cases: no-leak, top gap, and side gap, which will be referred to as NL, Top, and Side
henceforth.

(@) NL Srtr‘e‘amlines . Velocity iso-surface Q-criterion Velocity Pressure
1 1‘ Colored ||| ||/ 025mis - _ Colored * =
i | N ZA byv

V (m/s)
mo.25
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013
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0.00

(b) Top

V (m/s)
mo.25

(c) Side
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.o.zo

0.16
013
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Figure 4. Comparison of expiratory flows at t = 8 s in terms of streamlines, iso-surface, vortices,
velocity contour, and pressure among three cases: (a) No leak (NL); (b) Top gap; and (c) Side gap.

The two panels on the leftmost side in Figures 4a—c show the front and lateral views of the
streamlines colored by velocity. First, the velocities of the airflow passing through the mask (cyan to
greenish colors, 0.08-0.13 m/s) are much lower than those inside the mask (red color). This is because
the mask resistance effectively spreads the exhaled flows across its entire surface, increasing the
filtration area and reducing the penetrating speed. Meanwhile, strong recirculation occurs within the
mask-face space, retaining the large flow inertia and high-speed emanating from the nostrils. The low
speed of the filtered airflows causes their streamlines to curve upward, as the buoyancy force
experienced by these warm flows in a cooler environment overcomes the low flow inertia.

Second, the existence of a gap at the mask-face interface can cause a large fraction of leakage
flow, indicated by the dense, red streamlines exiting through the top and side gaps (Figures 4b and
4c). In Figure 4b, the high-speed leakage flow from the top gap (red) decreases the local pressure and
draws inward the low-speed streamlines rising from the outer surface of the mask (cyan color), which
converge at the top of the forehead. Strong leakage flows from the top and side gaps also clearly
manifest themselves in the plots of flow iso-surfaces (at 0.25 m/s, third panel), vortices (fourth and
fifth panels), and cross-sectional velocity contours (sixth panel, Figures 4b and 4c). It is interesting to
note the accumulation of vortices around the model’s geometrical landmarks, such as the mask
pleats, mask-face interface, brow, etc., demonstrating a high sensitivity of instantaneous coherent
structures to the surface topology. These coherent structures are often considered as energy


https://doi.org/10.20944/preprints202411.0485.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 November 2024 d0i:10.20944/preprints202411.0485.v1

capacitors with concentrated moment, energy, and moisture mass, which can play an important role
in mask-related thermoregulation and vapor trapping.

The rightmost panels in Figures 4a—c show the pressure under the mask, which is the highest in
the NL case and lower in the two gap cases. The clear distinction of pressure between the inside and
outside of the mask, irrespective of gap presence, suggests that the mask filter medium is an effective
flow barrier. In the two gap cases (Figures 4b and 4c), the pressure distribution under the mask is
non-uniform, being higher close to the inner surface of the mask (i.e., low-speed flows) and lower
around the nostrils or gaps (i.e., fast-moving flows). Note that the same volume (i.e., tidal volume) of
exhaled airflows will exit into the environment regardless of gap presence, shape, size, or location.
The presence of a gap, however, can significantly (1) reduce the overall breathing resistance and (2)
redistribute the exhaled flow between the mask filtration and gap leakage. In addition, depending on
the gap size and location, the flow dynamics change, further affecting mask-associated heat and mass
transfer, which will be examined in detail in later sections.

3.2.3. Leakage Flow Quantification

Considering that the flow partition between the mask filter medium and the gap may not be
constant, instantaneous leakage flow rate and leakage fraction have been quantified at nine instants
within one breathing cycle (5-9 s) for the two gap cases (Figure 5). Figure 5a shows the temporal
variation of the respiration flow rate in and out of the lung through the trachea (upper panel). The
areas of the two gaps are very close, i.e., 2.6 cm? for the top and 2.8 cm? for the side, as presented in
the lower panel of Figure 5a.

For both gaps, the leakage flow rate appears to follow the respiration flow rate (upper panels,
Figures 5a—c). However, when plotting the leakage flow as the fraction over the respiration flow rate,
we observe different ratios vs. time (lower panels, Figures 5b and 5c). Overall, the mean leakage
fraction is around 55% for the top gap and 60% for the side gap. It is also observed that during
exhalation, the leakage fraction constantly increases for both gap cases and reaches 90% at 9.5 s.
Although this may seem too high, it is possible considering two factors: (1) the mask filter resistance
is much higher than the gap-induced flow resistance; and (2) the mask filter resistance is a material
property (thus independent of the flow rate Q, or AP = R"Q), while the gap-induced flow resistance
is proportional to Q (AP ~ Q? or Q Q). The lower the flow rate, the smaller the gap resistance relative
to the mask filter, leading to a linearly increasing leakage fraction during 7.5-9.5 s (exhalation) when
the respiration rate constantly decreases.

(a) Respiration rate and gap area (b) Top gap (c) Side gap
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Figure 5. Mask leakage quantification within one breathing: (a) Respiration flow rate; (b) Top gap
leakage flow rate and fraction; and (c) Side gap leakage flow rate and fraction.
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3.3. Leakage-Elicited Thermo-Humidity Regulations

3.3.1. No Leak

Figure 6 shows the temporal variation of the thermo-humidity variables in the no-leak scenario
within the second breathing cycle (5-10 s); the first cycle (0-5 s) was conducted only to establish the
respiration flow and remove spurious effects from initial conditions. The cooling effect during
inhalation (5-6.8 s) is apparent. As shown in the first panel of Figure 6a, the airflow temperature at
5.5 s (i.e., 0.5 s after the onset of the second breathing cycle) is low close to the mask but remains high
on the mask-covered face, especially the nose, which has lower ventilation from the cooler inspiratory
airflow relative to other mask-covered regions. With further inhalation (5.5-6.5 s), both the airflow
temperature and facial temperature under the mask continue to decrease. However, the cooling
effects on the mask-covered face are uneven and are particularly low on the nose, whose temperature
remains persistently high.

(a)

(b)

(c)

RH (%)
(@ 100

=

(e)

Figure 6. Cyclic simulation results with NL: (a) Temperature, T; (b) Dew point temperature, Tdew; (c)
(T - Tdew); (d) Relative humidity, RH; (e) Temperature on the face; (f) Vapor mass fraction, V¢, on the
face. Simulations were conducted at an ambient temperature of 24°C and an RH of 30%.
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At 7.5 s (exhalation), the airflow temperature starts to increase due to the exhaled air, while the
facial temperature remains unchanged. With continuous exhalation, the facial temperature increases
until reaching an equilibrium with the warm, moist air (8.5 s, Figure 6a). At the same time, continual
exhalation further warms up the airspace under the mask almost homogenously due to strong
mixing, including the nose, which is the least ventilated and is the last region to be warmed up
underneath the mask.

The dew point temperature, Tdaew, at which the current vapor starts to condensate into liquid, is
plotted in Figure 6b. Thus, Tdew is closely correlated to the local vaper mass fraction Vme). As expected,
the highest Tdew (0r Vme) is observed at the end of exhalation because of the maximal cumulation of
exhaled moisture (9.5 s, Figure 6b), while the lowest Tdaew occurs during inhalation (6.5 s, Figure 6b)
when the inspiratory dry air dilutes the trapped moist air under the mask.

One interesting observation is during the inhalation-exhalation transition (6.5-7.5 s), the location
of the lowest Taew coincides with the beard and mustache (upper lip, 7.5 s, Figure 6b) of a typical adult
male. For instance, at 6.5 s, the lowest Taew region under the mask is the chin (pink arrow, Figure 6b),
and at 7.5 s it is the region around the upper lip, where the mustache grows (red arrow, Figure 6b).
This observation reflects a larger fluctuation magnitude in Tdaew (0r Vms) than in other regions within
one breathing cycle. Considering that facial hair is related to the thermoregulation of that region, the
above observation may be consistent with certain biological implications, e.g., aiding air-conditioning
of tissue in the perioral area, which is more sensitive than other facial regions to thermal stress.

Figure 6¢c shows the difference between the local temperature and Tdew; a negative value
indicates potential vapor condensation. Note that condensation occurs when the local air contains
more moisture than it can hold (i.e.,, RH > 100%), often due to a decreased temperature (T < Tdew).
Facemask-associated condensation will most likely happen during exhalation, which supplies excess
vapor to a relatively cooler environment than exhaled air. A trace of negative (T < Tdew) in the mask
filter medium (red color) is spotted at 7.5 s, which grows progressively throughout the entire
exhalation process (7.5-9.5 s, Figure 6c¢). In Figure 6d, the temporal RH variation confirms the above
observation. It also shows that the highest RH, both in the mask-covered space and on the face, occurs
at the end of exhalation. The RH values are close to saturation at 9.5 s (Figure 6d), indicating a
potential to elicit a wet sensation on the covered face.

The temperature and moisture content on the face are presented in Figures 6e and 6f,
respectively. Obviously, the mask-covered face cools down during inhalation (5.5-6.5 s) and warms
up during exhalation (7.5-9.5 s), Even with no leak, the exhaled warm air, after passing through the
mask filter medium, rises up due to buoyancy and increases the temperature of the forehead region,
particularly the inner edges of the eyes (Figure 6e). The only region that remains at high temperatures
throughout the breathing cycle is the mask-covered nose, as visualized in Figure 6a.

The vapor mass fraction (Vme) on the face varies drastically within one breathing cycle both inside
and outside the mask (Figure 6f). Vapor trapping within a well-fit mask is evident, as shown by the
clear distinction of Vme inside and outside the mask, indicating that the mask is an effective barrier to
vapor transport. The highly heterogeneous vapor distribution under the mask indicates that vapor
transport is sensitive to facial topology. Low vapor concentrations are noted at 6.5 s in Figure 6f at
the chin and nose tip, and at 7.5 s at the mustache region, corroborating the similarly low Tdew
observed in Figure 6b.

3.3.2. Top gap

Effects of a leakage flow at the nose top on thermo-humidity regulation are shown in Figure 7.
Considering the temperature, two differences are noteworthy. First, the influx of ambient air through
the top gap quickly cools down the trapped air close to the nose. On the other hand, the decreased
influx through the mask slows the cooling process of the trapped air in the chin area, as evidenced
by the distinct temperatures in the upper and lower regions of the mask (5.5 s, Figure 7a). Second, at
6.5 s, the majority of the mask-covered space has been cooled down by the strong convection of the
leakage flow. The facial temperature at 6.5 s is also notably lower than that in the no-leak scenario.
The persistently high temperature on the nose in the no-leak case is also absent here at 6.5 s and 7.5
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s. From 7.5 s, the temperature of the face and nose starts to increase and becomes similar to that in
the no-leak case at 8.5 s (Figure 7a vs 6a).

Figure 7. Cyclic simulation results with a surgical mask with Top nose gaps within a breathing cycle
with an ambient temperature of 24°C and relative humidity of 30%: (a) Temperature, T; (b) (T - Tdew);
(c) Relative humidity, RH; (d) Vapor mass fraction, Vms, on the face.

The temporal evolution of (T — Tdew) and RH shares certain resemblances with that of the
temperature (Figure 7b&ec vs. 7a). First, the quick intake of cool, dry air through the gap from the
environment swiftly washes out the trapped moisture and thus reduces the chance for vapor
condensation (6.5 s, Figure 7b). Second, during exhalation, similar patterns in (T — Tdew) between the
top-gap and no-leak cases are observed, despite the quick efflux of expiratory warm, moist air from
the top gap. Even though this decreases the vapor accumulation, it also decreases the thermal
buildup, which together leads to similar patterns in (T — Taew) and RH to those of the no-leak case
(Figure 7b&c vs. Figure 6c&d).

Considering the vapor mass fraction Vme at varying instants in Figure 7d, the top gap leads to
two signature features: the localized cooling/drying of the philtrum and nose during inhalation (5.5
s, Figure 7d) and the focused moist region on the forehead during exhalation (8.5-9.5 s, Figure 7d).
By contrast, both features are absent in the no-leak scenario. The moisture distribution on the
forehead during exhalation is significantly more dispersed in the no-leak case, where all exhaled
vapor slowly penetrates the mask before rising upward, yielding a diffusive vapor distribution on
the eyes and forehead (9.5 s, Figure 6f).

3.3.3. Side gap

In comparison to the no-leak or top-gap scenarios, the side gap elicited distinct features in
thermo-humidity dynamics underneath the mask. Recall that a mean of 60% of respiratory flows
entered or exited the mask-face space through the gap (presented in Figure 5). The closer proximity
between the side gap and nostrils, as well as the horizontal leakage flow direction, results in quicker
cooling and warming of the left cheek during inhalation and exhalation, respectively (Figure 8a). The
persistently high temperature on the nose in the no-leak case was absent in this case during
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inhalation; the nose temperature was also apparently lower during exhalation (Figure 8a vs. 6a),
indicating a potent cooling effect with a side gap. Due to the buoyancy effect, the exhaled leakage
flow rises upward along the left face (Figure 8a, 7.5 — 9.5 s). By contrast, the inhalation flows through
the gap do not follow this pattern, but instead show a converging pattern (Figure 8a, 5.5 - 6.5 s, blue
color).

Figure 8. Cyclic simulation results with a surgical mask with side gap within a breathing cycle with
an ambient temperature of 24°C and relative humidity of 30%: (a) Temperature, T; (b) (T-Taew); (c)
Relative humidity, RH; (d) Vapor mass fraction, V¢, on the face.

The distributions of (T — Taew) and RH are also notably altered by the side leakage flows (Figures
8b and 8c). In addition to the large fluctuation amplitude and upward-curving profiles on the left
face, pronounced differences in (T — Tdew) are observed at the beginning of inhalation (5.5 s) and
exhalation (7.5 s), when the strong convective leakage flows disturb the moisture distribution and
alter the regional potential for vapor condensation. At 5.5 s, the swift cooling effect from inhalation
leakage flows increases the chance of vapor condensation at the bottom of the mask, i.e., close to the
chin (Figure 8b). During exhalation (7.5 — 9.5 s), insignificant differences in (T — Taew) patterns are
noted between this and the other two cases, presumably because the slower heat buildup due to
leakage flows offsets the similarly slower vapor accumulation.

In Figure 8c, the RH above the nose is significantly lower than in the other two cases at all
instants considered within one breathing cycle. This is because the side gap diverts approximately
60% of respiratory flows horizontally, leaving only 40% to pass through the mask filter. Recall that
even in the no-leak case, the buoyancy force drives mask-filtered exhaled flows upward, reaching the
forehead and leading to a similar pattern as the top-gap case. Highly asymmetric moisture
distributions are observed on the mask-covered face in Figure 8d, as opposed to the relatively
symmetric distributions in the no-leak and top-gap cases (Figures 6f and 7d). From 5.5 s to 6.5 s, the
inhalation of ambient air through the side gap effectively dries up the moisture on the left face (blue
color, Figure 8d). During exhalation, the quick efflux of the exhaled air through the side gap delays
moisture accumulation on the left side, particularly in the left upper region under the mask.
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3.4. Quantitative Analysis of Thermo-Humidity Variables

A quantitative comparison of thermo-humidity variables is shown in Figure 9 in terms of T, RH,
and V¢ at sampling points P2-P6. Results at P1 are not presented due to their close similarity to those
at P2. Due to the proximity of P2 to the nostril, insignificant differences among the three cases are
noted in RH, and V¢, with T being more sensitive to the top gap than to the NL and side gap scenarios
(Figure 9a).

--—-NL —Top —Side ----NL —Top —Side ----NL —Top —Side

(a) P2 Temperature Relative humidity 0.04 Vapor mass fraction

37

Time (s) Time (s) Time (s)

Figure 9. Predicted temperature (T), relative humidity (RH), and vapor mass fraction (Vmf) vs. time at
different sampling points: (a) Point 2; (P2); (b) P3; (c) P4; (d) P5, and (e) P6.

P3 is in proximity to the inner surface of the mask, while P4 is located outside the mask opposite
P3. Considering temperature, the fluctuation amplitude at P3 in the NL scenario is smaller than those
in the Top and Side gap cases, reflecting the mask’s effective thermal insulation. By contrast, the NL
case has the largest fluctuation amplitude at P4, as all NL respiratory flows pass through the mask
and thus carry more thermal energy across it. The similarity between the Top and Side gap cases in
the temperature profiles at P3 and P4 is consistent with the similar gas size and leakage flow fractions
through them, as previously presented in Figure 5.

At P3 (Figure 9b), the difference in RH or Vmt among the three cases is smaller than that in
temperature (T), reflecting that the mask resists mass transfer more effectively than heat transfer. At
P4, which is outside the mask, the higher T fluctuation magnitude with NL than Top and Side is due
to the larger mass transfer through the mask in the NL scenario (Figure 9c). Worth noting is the
difference in the temporal profiles of T vs. RH and V¢ the latter exhibits a simpler dome shape (i.e.,
without the reflection point), indicating stronger nonlinear dynamics affecting vapor behavior.

P5 is located at the side gap (Figure 9d). As expected, the T profile with a side gap (blue color)
has a significantly larger fluctuation magnitude than that with NL (black dashed) or a top gap (red).
The RH profile with a side gap also differs from that with NL or a top gap; the former appears to
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closely follow the inhalation-exhalation waveform, while the latter two have prolonged high-RH,
indicating vapor trapping at the side mask-face interface when there is no leak. The RH difference
among the three cases is also smaller in magnitude than the T difference, reflecting different transfer
mechanisms for mass and heat. Similar profiles between Vmt and RH are observed at P5 (Figure 9d).

P6 is located at the nose bridge (Figure 9e). As expected, the largest T fluctuation at P6 occurs in
the top-gap scenario (red color), due to strong leakage flows at P6, causing cooling/warming during
inhalation/exhalation. For the same reason, the largest fluctuation amplitudes of RH and V¢ are also
found in the top-gap scenario. On the other hand, the smallest fluctuation amplitude occurs in the
side-gap case, which diverts a large portion of respiratory flows horizontally, leaving only a small
portion of respiratory flows reaching the nose bridge. Moreover, the lowest absolute RH value is 30%,
which is consistent with the ambient RH.

There are two unique features in the RH profile at 6 in the top-gap scenario (red color, Figure
9e): (1) the phase shift and (2) the bimodal pattern (with a reflection point). This phase shift to the left
is due to the quick convection of top leakage flows that causes an earlier start of RH elevation. The
bimodal profile with a top gap can be attributed to two concurrent flows in the forehead region: the
fast-moving leakage flow through the top-gap and the slow-moving thermal plume rising from the
mask’s outer surface. The larger magnitude of the second peak presumably results from the
increasing fraction of the leakage flow towards the end of exhalation (as shown in Figure 5), which
maximizes vapor transport toward the forehead, including P6 (Figure 9e).

4. Discussion

During the global COVID-19 pandemic with the universal mask mandate, it was not uncommon
to experience or observe various types of misfits related to mask-wearing [46]. People instinctively
adjust or remove their masks when heat- or vapor-related discomfort becomes excessive, leading to
leakage flows and reduced protection efficiency. To explore the effects of leakage on these thermo-
humidity dynamics, a computational model was developed that unified environmental factors, mask
characteristics, facial anatomy, respiratory pathways, as well as variable gaps at the mask-face
interface. This model incorporated various heat transfer mechanisms, including cyclic
cooling/warming, tissue heat production, facial thermal dissipation, vapor condensation, and moist
air thermal expansion. Benchmark model predictions were validated against experiments both
visually and quantitatively. Respiratory flows and thermo-humidity regulation were then
investigated under cyclic breathing conditions. The simulations revealed several previously
undocumented aspects of mask-associated dynamics, offering insights that traditional experimental
methods could not capture. These findings have practical implications for developing mask fit
evaluation tools and establishing evidence-based guidelines for mask usage and design, which are
discussed in more detail below.

4.1. Leakage Flows and Thermoregulation

Results of this study demonstrate that, for a given gap, the leakage flow fraction is not constant
but varies with time over the breathing cycle. For both the top and side gaps considered herein, the
temporal variation appears erratic during inhalation but exhibits a regular trend during exhalation,
increasing constantly from 7.5 s to 9.5 s, as shown in Figures 5b and 5c. With a gap area of 2.6-2.8
cm?, the mean leakage fraction is approximately 55-60%; however, the leakage fraction increases to
90% at 9.5 s. Although the exhalation flow rate is very low at the end of exhalation (9.5 s), this elevated
leakage ratio is still alarming from a public health perspective, indicating a higher viral transmission
risk (i.e., unfiltered exhalation) from an infected person than previously estimated. This also
highlights that proper mask-wearing with a good fit is essential to curb viral transmission [47-49].

This study provides new insights into the thermal discomfort of mask-wearing and people’s
natural tendency to loosen masks to alleviate that discomfort. With a perfectly sealed mask (i.e., no
leak), the nose under the mask maintains a consistently high temperature throughout the entire
respiratory cycle (Figure 6a). Note that other facial regions under the mask, unlike the nose,
experience alternative cooling and warming phases. With persistent thermal stress without cooling
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recovery, tissue irritation can grow beyond tolerance after prolonged mask-wearing. On the other
hand, it is also observed that a small gap at the mask-face interface can induce significant leakage,
which effectively cools down the nose during inhalation (Figures 7a and 8a), providing relief that
interrupts accumulating irritation to the nose tissue.

4.2. Moisture Accumulation and Implications

In a recent study, we investigated mask-associated thermoregulation in a perfectly sealed
surgical mask in an environment of 10°C both experimentally and numerically [32]. Transient
temperature variations under the mask were measured using thermal probes at 10°C, and results
were used to validate model predictions [32]. This new study focused on mask thermoregulation in
a typical indoor environment (24°C and 30% RH). Moreover, the effects of leakage from a top gap
and side gap were considered, which were absent in [32]. To assess moisture retention, relative
humidity (RH) and dew point temperature (Tdew) were also evaluated, which showed high potential
for vapor condensation (i.e., RH > 100% or T < Tdew) during exhalation, as shown in Figures 6-9.
Potential vapor condensation during exhalation was predicted for all three cases considered (no-leak,
top-gap, and side gap), indicating a minor effect of the leakage flow on moisture retention within the
mask filter medium. Condensation occurred when warm, moist air was exhaled through the nostrils
and contacted the cold filter medium, which had been cooled by inspiratory flow and was still
warming during expiration. Considering that both vapor transport and mask cooling/warming are
transient in nature, the condensed moisture will be sensitive to the respiration rate, tidal volume, as
well as the inhalation: exhalation (I:E) ratio [50,51].

Condensation can interfere with a mask’s ability to maintain proper functions, impacting both
breathability and filtration efficiency. Guan et al. highlighted that the increase in moisture inside a
mask could reduce its air permeability, leading to increased breathing resistance and thermal
discomfort [52]. Tcharkhtchi et al. showed that moisture buildup can interfere with the mask’s ability
to filter out particles effectively, potentially compromising its protective capabilities [53].
Furthermore, the presence of moisture increases the electrical conductivity of the fibers, leading to
charge dissipation over time [54]. The moist environment also potentially serves as a medium for
microbial growth, further compromising the mask’s protective properties [55-57]. Thus, managing
moisture accumulation in facemasks is crucial for maintaining their filtration efficiency, breathability,
and hygiene [58-61].

4.3. Limitations

This study has several limitations that should be considered when interpreting its findings.
Firstly, only a surgical mask model with two gaps (top and side) was considered. Developing a mask
fit tester based on temperature measurements necessitates simulations of more leakage scenarios
[62,63]. Secondly, only a standardized head model was used, yet human facial features exhibit
considerable intersubject variability, which may alter the vortex dynamics as shown in Figure 5 [64].
Thirdly, ambient conditions can significantly affect the physiological responses of the facial tissues
[65]. During high-temperature periods, the trapped moisture and impaired heat dissipation can
significantly increase the risk of heat-related stress, particularly affecting individuals who must wear
masks for extended periods in warm environments or exercising high levels of physical activity [66-
68]. Further numerical simulations and complementary experiments are needed in future studies.

5. Conclusions

A mask-wearing computational model with different gaps was developed, and various thermo-
humidity processes were considered, including cyclic cooling/warming, tissue heat generation,
thermal expansion, and moisture condensation. This model was experimentally validated using
leakage flow measurement, Schlieren visualization, and real-time temperature monitoring beneath
the mask. The validated model was applied to investigate the effects of gaps on cyclic airflows, heat
transfer, and vapor transport/condensation. Specific findings are listed below:
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(1) The balance between natural and forced convection plays an important role in regulating
thermo-humidity underneath the mask and is sensitive to leakage flows.

(2) For a given gap, the leakage fraction varies significantly within one breathing cycle.

(3) In the no-leak scenario, the nose is the major region that benefits least from inhalation cooling
and thus experiences excess thermal stress throughout the breathing cycle. Leakage flows
mitigate this stress during inhalation in both top and side gap cases.

(4) Vapor condensation occurs in the mask filter medium during exhalation for all mask-wearing
cases, causing moisture retention in the filter.

(5) When considering thermo-humidity variations at a matrix of sampling points, unique patterns
are observed that differentiate the no-leak, top-gap, and side-gap cases, suggesting the feasibility
of leveraging multi-point thermo-humidity measurements to quantify mask fit and/or leakage
fraction.
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