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The details of the interaction of human thermal plume and breathing activities are simulated in the current study of an unsteady
turbulent flow field in an elevator cabin. Air velocity and temperature distributions of the circulation flow pattern (i.e., the
macroenvironment), the breathing-scale microenvironment’s characteristics, and the thermal plume’s fate are analyzed. The
current study is aimed at showing how respiratory activities such as breathing and human thermal plumes affect the flow field
and respiratory contaminants dispersion pattern in a nonventilated enclosed environment (the elevator cabin). The results
from three cases, i.e., breathing thermal manikins, nonbreathing thermal manikins, and isothermal breathing manikins, are
contrasted to unveil better the effects of human thermal plume and breathing on the flow field, including the velocity
distribution, dispersion pattern of the exhaled contaminant, the human body’s heat transfer coefficient, and the large-scale flow
pattern. Results reveal that breathing inhalation increases the upward velocity of the thermal plume on the one hand, which
directly affects the microenvironment and indirectly impacts the macroenvironment due to the more vigorous reflected
thermal plume. On the other hand, the upward thermal plume reduces the penetration length of the exhaled jet. Breathing
activities create ring vortices that connect the microenvironment and the macroenvironment. The circulation flow features a
downward flow in the cabin’s center, affecting the vortex strength and contaminant dispersion pattern. Overall, the human
thermal plume and human breathing make comparable contributions to the resulting elevator-cabin flow characteristics.

1. Introduction

Inhaled air quality impacts people’s health in buildings.
Indoor air quality is critical to providing a comfortable envi-
ronment. Keeping the indoor environment fresh and safe
and minimizing contaminants are essential through ventila-
tion. A more significant role will be played by the indoor
flow pattern if the source of the contamination is inside
(e.g., smoking or released aerosols from respiratory activi-
ties). Therefore, it is crucial to understand the characteristics
of the flow field in the indoor environment to properly

design a ventilation system to control the dispersion of any
indoor source of contaminant.

During 2020-2022, the world has been affected by the
epidemic caused by the COVID-19 virus. The ongoing
COVID-19 pandemic has highlighted that one of the main
transmission routes of SARS-CoV-2 is the airborne trans-
mission of infectious respiratory droplets between indoor
occupants [1]. Hence, minimizing internal contaminant dis-
persion has received attention from many governments and
researchers. It appears that the current epidemic may affect
air conditioning standards from being “comfort-based” to
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“health-based.” Currently, indoor airflow guidelines do not
prioritize preventing virus/aerosol transmission. Fluid
mechanics and heat transfer communities can play a pio-
neering role in formulating updated standards by con-
ducting proper investigations into indoor flow patterns.

The flow pattern created by the air conditioning system
determines the severity of the pollutant or virus aerosol dis-
persion. The effects of ventilation system arrangement on
airflow pattern and indoor air quality have been widely
investigated by experimental [2] and numerical [3] methods.

Conducting the experimental study on the air condition-
ing arrangements for different environments is difficult,
expensive, and time-consuming. Numerical simulations
can be a good alternative, although the indoor flow behavior
is complex from the fluid mechanics point of view. The
indoor flows feature jet impingement (inlets of the ventila-
tion systems), flow separation, circulation, reattachment,
and vortices [4]. Numerical simulation of the indoor envi-
ronment is further complicated when the actual condition
of human presence is considered. The schematic of the local
flow pattern around a human model is shown in Figure 1. As
a result of breathing, coughing, and sneezing, and the tem-
perature difference between body and indoor environment,
the presence of humans in an indoor environment contrib-
utes to local flow features.

In indoor flow investigations, the characteristics of the
human thermal plume, such as the velocity magnitude and
direction, are important because they can carry suspended
contaminants into the microenvironment. Lewis et al. [5]
referred to flow fields near of the human body as microenvi-
ronments. The thickness of the microenvironment is
affected by the temperature difference between the human
body surface and the adjacent air, the type of clothing, body
geometry, ventilation, human respiratory flows, and even
furniture arrangement in a closed space [6]. Also, several
factors influence air quality in the microenvironment,
including the ventilation systems, ambient airflow, the
body’s local thermal plumes, and the location of pollution
sources [6]. The experimental data in the literature indicates
that the maximum speed of thermal plumes of human man-
ikins while standing and sitting is 0.24m/s [7] and 0.15m/s
[8], respectively, which can affect the air distribution in a
closed space [9] and the distribution of any contaminant
[10]. The human thermal plume can influence the contami-
nant concentration in the microenvironment; as Salmanza-
deh et al. [11] showed, it was approximately twice as high
in the respiratory area of heated manikins as it was in
unheated manikins (isothermal manikins).

Additionally, the effect of the thermal plume on contam-
inant intake by the respiratory system depends on the loca-
tion of the pollution source [12]. If the height of the
contaminant source is lower than the respiratory system,
the bouncy flow can facilitate entering contaminant into
the respiratory system [13]. For example, suspended aerosols
ranging from 0.3 to 1.3 μm in diameter can be carried by the
thermal plume and absorbed into the lower respiratory tract,
increasing the risk of infection [13]. On the other hand, if
the height of the contaminant is as high as the human body,
forming of a vertical upward thermal plume can prevent air-

borne particles from entering the respiratory tract (if there is
no circulation). Based on the numerical results of Feng et al.
[13], when the thermal plume of a human is thick and faster,
it is more difficult for nasal aerosols to penetrate the plume.
It can be concluded that the thermal plume can be a double-
edged sword. Therefore, the human thermal plume could
significantly affect airborne particle/virus aerosol dispersion
in the indoor environment. The flow field characteristics
around the human body have been widely investigated [6,
12, 14], and the effect of the thermal plume on inhalation
exposure to particulate matter is discussed in the recent
review paper of Zong et al. [15].

The flow pattern around the human body can be affected
by the ventilation system arrangement, air temperature, and
body posture/temperature [16]. In addition to the thermal
plume, as shown in Figure 1, the interaction of human respi-
ratory activities with the ambient air, creating a ring vortex
that complicates the flow field. Although the maximum
velocity of coughing and sneezing is greater than the velocity
of normal breathing, in any human respiratory activity, the
ring vortex has been observed [17, 18]. The strength of the
ring vortex is important because it is close to the breathing
zone (or the microenvironment) and can facilitate pollution
penetration from the macroenvironment to the microenvi-
ronment and increases the number of inhaled contaminants.

Tracking the dispersion pattern of contaminants such as
virus aerosol, chemical species, and bacteria is one of the
critical requirements in designing a health-based ventilation
system. In the literature, tracking the contaminants released
by human respiratory activities has been conducted by tracer
gas [19] or particle [20]. Investigations that used tracer gas
assumed the size of released particles by respiratory activities
was in the micron-size range, and the Stokes number is
much less than 1; therefore, the microparticles follow the
flow field closely [10].

Modelling the released exhaled jet as tracer gas such as
N2O [21] and CO2 [19] is a common method in the litera-
ture, which is also utilized in the current modeling. Previous
investigations showed that the breathing inertia force of the
exhaled air (tracer gas) could influence the buoyancy force
and thermal plume in the breathing zone [19]. The exhaled
air through the mouth can penetrate the boundary layer of
the human thermal plume [4]. On the other hand, based
on the experiment results of Cheng et al. [22], breathing
through the nose had much more impact on thermal plumes
around the manikin than breathing through the mouth.
Bjørn and Nielsen [4] showed that exhalation of air through
the nose and mouth substantially influences the personal
exposure level. Therefore, the interaction of the thermal
plume and breathing is critical in determining the airborne
transmission in the short range (significantly less than
0.5m) [23].

Due to the recent epidemic, many investigations have
been conducted concerning the dispersion pattern of the air-
borne pathogen/virus aerosol in different indoor environ-
ments [24–28] such as classrooms [29, 30], offices and
terminals [31], cabin of airplanes [32], buses [33, 34], trains
[35], dental clinics [36], and elevator cabins [37–39]. Details
of the conducted investigations on the characteristics of the
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flow field and particle dispersion pattern in an elevator cabin
are presented in Table 1. Based on Table 1, most of the
investigations tracked the released particles in the indoor
environment without modeling the human thermal plume
of a real human model. Numerous studies examined the
thermal plume of a manikin in the middle of the room but
did not determine its fate. However, it may be reflected by
the ceiling and cause circulation and vertical flow in the
macroenvironment. Meanwhile, the interaction of the
formed thermal plumes of humans that stand side by side
can also contribute to the microenvironment flow. Further-
more, if a human stands near the indoor environment wall,
the thermal plume velocity will be accelerated. This is differ-
ent from a human standing in the middle of the room.
Therefore, simultaneous considerations of breathing, ther-
mal plumes, and domain boundaries are necessary to under-
stand contaminant transport.

Based on the conducted literature review mentioned
above, the effect of the interaction of the human thermal
plume and breathing activity on the contaminant dispersion
which is released by human breathing in a closed environ-
ment at a real scale of an elevator cabin has not been ade-
quately addressed. For discovering that point, this study
explores the above multiscale and multiphysics interaction
by considering the situation in an elevator cabin where six
thermal breathing manikins are present. The effects of the
thermal plume, breathing through the nose, and the interac-
tions of the thermal plume with breathing and cabin walls
are examined systematically.

The remainder of the paper is organized as follows. Sec-
tion 2 provides the problem statement and the model setup,
followed by a description of the simulation method in Sec-
tion 3. Simulation results are discussed in details in Section
4, including interactions of the human thermal plumes and
breathing during both exhalation and inhalation, unsteady
local flow features, large-scale flow patterns, thermal trans-

port, and integral measures of the thermal plumes. Finally,
conclusions are summarized in Section 5.

2. Problem Statement

This section presents details of the computational domain,
specifications of the thermal human model, and the adopted
boundary conditions.

2.1. Computational Domain and Human Model. In this
investigation, the multiscale flows in an elevator cabin occu-
pied by six breathing thermal manikins are simulated to
investigate the flow patterns at both the nose scale and the
cabin scale and the contaminant dispersion (tracer gas dis-
tribution) due to human breathing. The cabin’s dimensions
are 2m width × 2m depth × 2 5m height , a standard
cabin used in commercial and residential buildings. Six ther-
mal manikins are present in the cabin. In the literature,
many arrangements of thermal manikins were investigated.
To capture more details of the airflow characteristics in the
microenvironment, the geometry of the human model is
crucial because the human geometry can affect the human
thermal plume’s characteristics. It is clear that using more
realistic manikins increases accuracy and the computational
cost [12].

A literature survey was done to select the human model
[44–46]. Based on the literature, although the details of the
human model can influence the microenvironment charac-
teristics, the gap between the legs is mentioned as the most
crucial geometrical feature that affects the thermal plume
pattern because the upward flow (thermal plume) is divided
into two parts due to the gap. Due to the details and avail-
ability of the model, the human model used by Kilic and
Sevilgen [44] and Ahmed et al. [45] was selected as a thermal
manikin in the current study. The schematic of the compu-
tational domain is presented in Figure 2. As seen, three
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7 Interaction of the thermal plume and the respiratory activity

1: Boundary layer flow at heat source (human body)

2: Entrainment into boundary layer flow

3: Thermal plume above the head

4: Separated flow due to shoulder- a dead zone

5: Recirculation and entrainment due to the plume

6: Ring vortex (during exhalation-coughing)

7: Exhaled air (coughing, sneezing, exhalation)

Figure 1: Schematic of flow pattern in an indoor environment around a human model.
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manikins stand side by side on the left and right sides of the
elevator cabin.

In the current problem, breathing through the nose is
simulated. The nostril’s geometry can significantly affect
the microenvironment because the exhaled air-jet character-
istics, such as mass flow rate and penetration angle, depend
on the nostril’s geometrical characteristics. A literature sur-
vey showed that different geometries were considered as
the breathing system. Some investigations considered two
angles for the nostril, including the side and the normal
angle. The side angle ranges from 35 to 45 degrees [13, 22,
47], and the surface area ranges between 0.56 and 0.63 cm2

[19]. Figure 3 shows the schematic of the modeled nostril
shape in the current simulation. The side and front angles
are assumed to be 45 and 20 degrees, respectively. The
cross-section area is 0.056 cm2.

2.2. Boundary Conditions

2.2.1. Breathing. Boundary conditions associated with
unsteady respiratory activities can significantly influence
the exhaled air jet characteristics. The flow rate, flow direc-
tion, and area of the released jet depend on the type of respi-

ratory activity, sexual and physical characteristics and body
conditions (at rest, usual activities, light exercise, or heavy
sports). Although the so-called normal condition of humans
was considered in the literature, experimental investigations
have presented different velocity profiles for the normal con-
ditions that are not consistent, and the reported velocity var-
ies significantly (for example, 16–50m/s has been reported
for coughing) [48].

All respiratory activities are unsteady; whereas, in some
numerical simulations, a constant velocity profile has been
applied for breathing and coughing [49]. Numerical

Table 1: Details of the recent CFD-based investigations on the flow dynamics and particle tracking method in an elevator cabin.

Ref. Human thermal plume Real human geometry Time depended respiratory activity Particle/droplet/gas tracer

[37] ✓ × ✓ Particle

[39] × × ✓ Droplet

[40] × × ✓ Particle

[41] ✓ × × ×
[42] × × ✓ Droplet

[43] ✓ × ✓ Particle

2 m2 m

2.5 m

6 cm
Line 1

x

y

z

Figure 2: Computational domain and thermal manikins in the
current simulation.

𝜃 = 45°

𝜑 = 20°

Figure 3: Nose shape of the human manikin in the current
simulation: surface area: 0.056 cm2, front angle φ: 20°, and side
angle θ: 45.
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Figure 4: The applied velocity boundary condition for breathing [52].
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investigations considering more realistic boundary condi-
tions utilized a time-dependent velocity profile for breathing
and coughing [50]. The breathing velocity profile includes
two phases, inhalation and exhalation phases. During inha-
lation, the air is inhaled through the nose and causes an
upward flow, whereas exhalation releases the air jet into
the microenvironment as a downward flow. The breathing
process has different characteristics in the literature, includ-
ing the breathing period (number of breaths per minute)
and maximum velocities associated with breathing profiles
[51]. More details of the breathing, coughing, and sneezing
velocity profiles in the literature were presented in the review
paper by Pourfattah et al. [48].

Figure 4 illustrates the adopted velocity boundary condi-
tion [52] for breathing. As seen in Figure 4, one breathing
cycle occurs in 6 seconds, and the velocity magnitude peaks
at 2.8m/s [52], and four breathing cycles have been modeled
in the current simulation. The turbulent intensity of the
exhaled jet is considered to be 0.1% [53].

Also, the thermal boundary condition of the exhaled air
affects the density of the ejected air and the buoyancy force.
The mean temperature of the exhaled air is influenced by the
inhaled temperature (i.e., ambient) [54]. Based on the litera-
ture [13, 54], at an ambient temperature of 20°C, the mean
temperature of the exhaled air is approximately 34-35°C.
In addition, the exhaled air differs from the ambient air or
water vapor. In the current simulation, the exhaled air is
assumed to be at 35°C and the exhaled particles are modeled
by a tracer gas. Literature review revealed that different vol-
ume fraction/mass fraction N2O or CO2 has been applied on
the mouth or nose to study the dispersion/diffusion pattern
of the exhaled air [54, 55]. In this simulation, “N2O” is used
as tracer gas, with a N2O mass fraction of 0.04 at the nose
[55] to track the dispersion of the exhaled particle/contami-
nant/virus. It is worth mentioning that the amount of the
inhaled contaminant depends on the inhaled air velocity
and contaminant volume fraction in the breathing zone.

2.2.2. Human Body Surface Temperature. As mentioned
before, the temperature difference between the body and
the environment causes the buoyancy force, which drives
the thermal plume formation at the body-size scale. There-

fore, the type of the applied thermal boundary condition
on the human body surface can play a significant role in
the dynamic characteristics of the thermal plume. Based on
the literature review, the experimental studies applied con-
stant heat flux to the human body surface. When the ther-
mal conditions became stabilized, the data was recorded
and analyzed [56]. In the numerical simulation, two options
exist to treat the thermal boundary condition on the body
surface, including the constant temperature or the heat flux.
In the simulation of the flow field and heat transfer in the
indoor environment, choosing the wall boundary condition
type depends on the modeling the radiation heat transfer.
Suppose the wall temperature of the indoor environment
and body surface are considered constant, there is no need
to model the radiation heat transfer because the consistent
applied temperatures on the human body and walls indicate
that there is a thermal balance between walls [9, 11, 57],
whereas modeling radiation will be needed if the constant
heat flux is applied to walls to capture the walls temperature
variations over time [58, 59].

It is clear that the head of a human is warmer than
other parts of the body. In some simulation, the amount
of the applied heat flux or the value of the temperature
on the head is greater than other parts. However, the same
heat flux or temperature has been applied to all parts of
the body [60, 61]. A brief literature survey on the applied
boundary conditions on the human body is presented in
Table 2. The human body surface temperature and the
used heat flux range from 30 to 37°C and 75 to 100W/
m2, respectively. In the current simulation, due to the
large number of nodes in the computational grid (about
17 million nods after adaption), to reduce the computa-
tional time and cost, constant wall temperatures are
applied to the different parts of the body surface and the
radiation heat transfer is not modeled. Based on Table 2,
Feng et al. [13] applied more realistic boundary conditions
on the human body surface that assumed the head and
arms are exposed to the environment while the other body
sections are covered by clothing. They divided the human
body into head, arms, upper body, and lower body and
applied the constant temperature to each section. The
same treatment is used in the current modeling.

Table 2: Literature survey on the applied boundary condition on the human body.

The applied boundary
condition

References

Constant temperature
34°C [6]; 26.6°C [9]; 31°C–33.7°C [12]; head, arm, upper, and lower: 33, 24, 27, and 28°C [13]; 34°C [19]; 33–
34°C [22]; 31°C [60]; 31°C [61]; with and without clothes: 26.6°C and 32.2°C [53]; head, neck, chest, waist,

thighs, and calves: 30.8, 32.5, 32.4, 34.2, 34.1, and 27°C [56]; heat and other parts: 32°C and 30°C [62]; 34°C [63]

Constant heat flux 94W [64], 100W/m2 [44], head and neck: 150W/m2, other parts of the body: 50W/m2 [10, 65]

Table 3: The applied boundary condition in the current simulation.

Boundary Applied boundary condition

Human body No slip wall; constant temperature; head, arm, upper, and lower are 33, 24, 27, and 28°C, respectively [13]

Exhaled air through nose Transient sinusoidal velocity profile, air with 0.04 N2O [55], temperature: 35°C [13]

Cabin’s wall No slip wall; constant temperature: 24°C [13]
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This section is concluded by Table 3 which lists all the
applied boundary conditions in the current study.

3. Numerical Method and Setup

3.1. Governing Equations. Respiratory activities such as
breathing can emit droplets, aerosol particles, and viruses
into the environment. Based on the literature, the generated
droplets/particles from breathing are mainly under 1μm in
size, as determined by Papineni and Rosenthal [66]. It
should be mentioned that medium-sized droplets that
ejected by respiratory activities evaporate immediately, and
the large droplets settle down on the ground [67]. Since
the Stokes number of the released particles by breathing
(under 1μm) is less than 1, such tiny submicron droplets
and dried-out nuclei residues follow the flow closely. As a
result, tracer gas was considered an effective method for
mimicking pathogen-laden aerosol droplet dispersion. The
species transport model has been widely used to track aero-

sol dispersions [4, 68] and is implemented in the current
simulation.

The flow field and heat transfer in the elevator cabin are
simulated by the finite volume method (ANSYS-Fluent
19.2). The flow field is modeled by the three-dimensional
and unsteady Reynolds-averaged Navier-Stokes (RANS)
equations, combined with continuity and energy equations.
The maximum number of iterations to be performed per time
step (0.001 s) was considered 25. The SIMPLEC algorithm was
utilized with a second-order discretization scheme for the con-
vective terms. The governing equations are as follows:

Continuity equation:

∂ρ
∂t

+∇ ρV = 0 1

Momentum equation:

∂
∂t

ρV +∇ ρV V = −∇P + μ + μt ∇
2V + ρ0 − ρ g

2

It should be noted that the last term on the right-hand
side is the buoyancy force term, and it is computed by the
ideal gas law for an incompressible flow.

ρ = P
R/Mw T

, 3

Adapted regions
(breathing zones)

Figure 5: Grid-refinement regions in the computational domain.
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Table 4: Validation of the current numerical results.

Current result
Maximum velocity of the

thermal plume
Difference (%)

0.25m/s

0.235m/s [62] 6%

0.24m/s [9] 4%

0.225m/s [8] 11%
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where P, R, andMw are the operating pressure, the universal
gas constant, and molecular weight of the gas, respectively.

Energy equation:

∂
∂t

ρE +∇ V ρE + P = ∇ ρ k + kt ∇T−〠hj J j + τ V ,

4

where E (total energy) is expressed as

E =〠Y jhj −
P
ρ
+ V2

2 , 5

where ρ is the density, V represents the components of
mean airflow velocity in the Cartesian coordinate, P is the
pressure, μ and μt are dynamic molecular and turbulent
(eddy) viscosities, respectively, g is the gravitational acceler-
ation, and k and kt are the molecular conductivity and tur-
bulent conductivity, respectively. hj is the enthalpy of

species, J j is the diffusion flux of species, and τ is the stress
tensor.

The eddy viscosity μt is evaluated by utilizing a turbu-
lence model. Comprehensive surveys have compared the
results of different turbulence modeling strategies for indoor
flows [69]. The majority of RANS simulations emphasized
that k-ε RNG accuracy is more acceptable than other RANS
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models in the simulation of the indoor flow [29, 32]. There-
fore, in the current simulation, k-ε RNG is utilized. The
transport equations for the k-ε RNG model are as follows:

μt =
ρcμk

2

ε
cμ = 0 0845,

uj
∂k
∂xj

= τij
∂ui
∂xj

− ε + ∂
∂xj

αkυeff
∂k
∂xj

,

uj
∂ε
∂xj

= Cε1
ε

k
τij

∂ui
∂xj

− Cε2
ε2

k
+ ∂
∂xj

αϵυeff
∂ε
∂xj

− Rε,

Cε1 = 1 42,
Cε2 = 1 68,
αk = 1,
αϵ = 1 3

6

The source termRε in the ε-equation is

Rε =
ρCμη

3

1 + βη3
ε2

k
1 − η

η0
,

η0 = 4 38,
β = 0 012,

η = sk
ε

7

The turbulent thermal conductivity kt is defined as

kt = cp
ρvt
Prt

8

Prt is the turbulent Prandtl number (0.71535).
As mentioned before, the dispersion pattern of the

exhaled air is traced by tracer gas N2O. The conservation
equation in the species transport model is

∂
∂t

ρYi +∇ ρVYi = ∇ ρDi,m + μt
Sct

∇Yi , 9

where Di,m is the mass diffusion coefficient for species in the
mixture, and the turbulent Schmidt number Sct = μt/ρDt is
set to 0.7.

The wall enhancement model has been applied to cap-
ture the viscous sublayer because of the high-resolution grid
near the wall (human body), which results in a maximum
value of Y+ of about 5.5.

3.2. Computational Grid and Validation. In the current sim-
ulation, the computational grid was divided into blocks, with
a higher density near human bodies than at the cabin’s cen-
ter. The breathing zone was refined to capture the interac-
tion of exhalation and thermal plume, as seen in Figure 5.
The cell number in the computational domain before the

adaption was 5.5 million, which increased to 17 million cells
after the adaption. The cell number was selected 5.5 million
based on the grid study (the grid convergence index (GCI)
for the 5.5 and 7.7 million nods is 4.8% and 2.1%) as illus-
trated in Figure 6. As seen, a negligible deviation was
observed in velocity profile 6 cm above the human head
(see line 1 in Figure 2) when the cell number exceeds 5.7 mil-
lion. Hence, this intermediate grid size was used for the sim-
ulation which the maximum value of the Y+ and skewness is
0.5 and 0.8, respectively.

The maximum velocity of the human thermal plume is
affected by the temperature difference between the human
body surface and the environment, thermal manikin geome-
try, clothing, and the human’s leaning, sitting, or standing
position. Based on the literature, the maximum velocity of
the thermal plume ranges between 0.2 and 0.35m/s [70].
Due to different geometrical characteristics of the human
body and boundary conditions, an exact quantitative com-
parison with other experiment data was difficult. However,
in Table 4, the maximum velocity of the thermal plume
(6 cm above the human’s head, see line 1 in Figure 2) is com-
pared with the previous numerical and experimental results.
Based on Table 4, the maximum velocity in the current sim-
ulation has a good consistency with the literature.

4. Results

In the current investigation, the elevator’s cabin flow field,
heat transfer, and species transport are simulated for 4
breathing cycles (i.e., over 24 seconds). The elevator moves
up from the ground floor to the 24th floor nonstop. Six ther-
mal manikins are in the elevator and are breathing through
their noses.

To better understand how the human thermal plume
interacts with breathing, we perform two additional simula-
tions, one without the thermal effects (case 2: isothermal
breathing manikin), and one without breathing (case 3:
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Figure 9: Velocity profile of the human thermal plume with and
without breathing.
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nonbreathing thermal manikin). Then, careful intercompar-
isons between the based case (case 1: breathing thermal
manikin) and the two simplified cases are performed to pre-
cisely assess the roles that different mechanisms play in
determining the resulting flow field. Results include the
velocity profile in the center of the elevator cabin, boundary
layer characteristics of the human thermal plume, stream-
lines, and the time-dependent heat transfer rates for the dif-
ferent sections of the human body.

4.1. Interaction of the Human Thermal Plume with Breathing
during Exhalation. We first consider the exhalation phase.
Figure 7 shows the vertical velocity distribution of the non-
breathing thermal manikin at 19.5 seconds (the middle of
the fourth exhalation when the downward exhaled air veloc-

ity takes the maximum value), along the horizontal line
located 10 cm below the nose in the middle of the elevator
cabin. In Figure 7, the horizontal axis is along the Z-direc-
tion (see Figure 2) which is nondimensionalized by the
width of the cabin (W) (z/W = 0 and Z/w =1 indicate the
human’s location on the left and right side of the elevator
cabin). In this case, only the natural convection driven by
the temperature difference between the body surface and
the indoor environment is present, creating an upward ther-
mal plume flow near the human body surface and the max-
imum velocity is 0.11m/s. As mentioned before, many
researchers have studied the characteristics of the human
thermal plume, but the fate of the plume in a closed environ-
ment has not been discussed. As seen in Figure 7, in the cen-
ter of the elevator’s cabin without any ventilation system,

V
er
ti
ca
lv
el
oc
it
y
(m

/s
)

–0.2

–0.1

0.0

0.1

0.2

0.3

Breathing thermal manikin
Isothermal breathing manikin
Non-breathing thermal manikin

0.0 0.2 0.4 0.6 0.8 1.0
z (W)

(a) 5 cm below the nose

V
er
ti
ca
lv
el
oc
it
y
(m

/s
)

–0.2

–0.1

0.0

0.1

0.2

0.3

Breathing thermal manikin
Isothermal breathing manikin
Non-breathing thermal manikin

0.0 0.2 0.4 0.6 0.8 1.0
z (W)

(b) 10 cm below the nose

V
er
ti
ca
lv
el
oc
it
y
(m

/s
)

–0.15

–0.10

–0.05

0.00

0.05

0.10

0.15

Breathing thermal manikin
Isothermal breathing manikin
Non-breathing thermal manikin

0.0 0.2 0.4 0.6 0.8 1.0
z (W)

(c) 15 cm below the nose

Figure 10: Velocity profile in the middle of the cabin at different distances of the nose during inhalation.

9Indoor Air



there is a downward vertical flow, and the value of the down-
ward velocity of the order 0.1m/s which the reflection of the
thermal plume by the ceiling leads to a circulation flow and
the downward velocity that is comparable with the thermal
plume velocity.

Figures 8(a), 8(b), and 8(c) illustrate the effect of breath-
ing through the nose on the vertical velocity distribution at
distances of 10, 20, and 45 cm below the nose (see
Figure 2), respectively. These figures present the decay rate
of the exhaled jet, the penetration length of the exhaled jet
with and without thermal plume, and the effect of the
exhaled jet on the local flow velocity near the human body
(i.e., the microenvironment). As seen, in the case of the iso-
thermal breathing manikin, the maximum downward veloc-
ity is –2.45, –1.78, and –0.42m/s at 10, 20, and 45 cm below
the nose, respectively; whereas for the case of the breathing
thermal manikin, it is –2.42, –1.66, and –0.078m/s, respec-
tively. It indicates that the upward thermal plume increases
the decay rate of the exhaled jet. At 45 cm below the nose,
for the case of the breathing thermal manikin the thermal
plume overcomes the exhaled jet, and there is an upward
velocity of +0.09m/s in the very vicinity of the human body.
The peak maximum followed by a peak minimum near the
body for the base case in Figure 9 reflects the competing
actions of the body thermal plume and the exhalation jet.

Figure 9 (a zoom-in view of Figure 8(c)) compares the
velocity profile near the body surface with and without
breathing and shows the effect of the interaction of the
human thermal plume and exhalation on the velocity in
the thermal boundary layer. As seen, at 45 cm below the
nose, in the case of the nonbreathing thermal manikin, the
maximum upward velocity of the thermal plume is 0.13m/
s. The thickness of the velocity boundary layer, as measured
by the width of positive vertical velocity, is 0.157m, which is
consistent with the literature as the reported value varied
0.1-0.2m [62, 71]. On the other hand, in the case of the
breathing thermal manikin, the maximum upward velocity

of the thermal plume is 0.09m/s, and the thickness of the
thermal boundary layer is reduced to 0.04m by the outside
competing downward breathing jet. It can be concluded that
the exhalation process disturbs the human thermal plume
and decreases its strength. Indeed, exhalation can prevent
the entrance of any contaminant, coming from below, into
the nasal system, which thermal plume could otherwise
carry.

4.2. Interaction of the Human Thermal Plume with Breathing
during Inhalation. As shown in the previous figures, the
downward exhaled jet disturbs the upward boundary layer
of the human thermal plume, but the effect of the inhalation
is entirely different. It can facilitate the upward movement of
the human thermal plume and increases the human thermal
plume velocity. Increasing upward velocity can increase the
risk of inhaling contaminants such as virus aerosols into
the nasal system. Figure 10 shows the velocity variation ele-
vator’s cabin center at 5, 10, and 15 cm below the nose. In
Figure 10(a), the velocity profiles, 5 cm below the nose in
the center of the elevator cabin, at 22.5 seconds (the middle
of the fourth inhalation when the upward inhaled velocity
takes the maximum value), are illustrated and compared in
the three cases. In the case of nonbreathing thermal mani-
kins, the maximum thermal plume’s velocity is equal to the
maximum velocity of isothermal breathing manikins, which
is induced by exhalation and is about 0.12m/s. In compari-
son, the maximum velocity near the breathing thermal man-
ikin is 0.29m/s, more than twice the maximum for the other
two cases. In other words, the inhalation process signifi-
cantly accelerated the human thermal plume in the microen-
vironment due to the induced upward velocity. Increasing
the human thermal plume velocity by inhalation also
strengthens the large-scale circulation flow, as observed by
the increasing magnitude of the center downward velocity,
from 0.13m/s for the nonbreathing thermal manikins to
0.16m/s for the thermal breathing manikin. In contrast,
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Figure 11: Vertical velocity profile in different times. (a) 10 cm below the head and (b) 90 cm above the head.
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the inhalation or exhalation alone, as in the case of isother-
mal breathing manikins shown in Figures 8 and 10, did
not generate this large-scale motion in the macroenviron-
ment. This implies that the human thermal plume alone
generates more kinetic energy than the breathing jet, as the
breathing jet has a larger maximum velocity and is narrowly
localized and contains less integral momentum flux, a point
to be quantified in Section 4.6.

Figure 10(b) shows the velocity distributions at 10 cm
below the nose. It is evident that the inhalation process con-
tinues to affect the downward center velocity of the circula-
tion flow. Still its effect on the thermal plume near the body
becomes less evident as the distance from the nose is
increased.

The velocity distributions at 15 cm below the nose,
shown in Figure 10(c), clearly show how the human thermal
plume and respiratory activities can affect the microenviron-
ment’s characteristics.

In the case of the isothermal breathing manikin, there is
a downward velocity in the vicinity of the human body sur-
face, which is induced by the previous exhalation process.
This memory effect also explains the slightly reduced
upward velocity near the body in the breathing thermal
manikin case compared to the nonbreathing thermal mani-
kin. The above results reveal that the inhalation and exhala-
tion jets strongly affect the human thermal plume velocity in
the microenvironment.

4.3. Unsteady Flow Characteristics in the Case of Breathing
Thermal Manikins. Next, we present the exhaled contami-
nant (N2O) distribution and the velocity profile at the end
of the four respiratory cycles (6, 12, 18, and 24 seconds),
for the breathing thermal manikins case. Figures 11(a) and
12(b) illustrate the vertical velocity profiles at 10 cm above
and 90 cm below the head, respectively. At 10 cm above the
head (Figure 11(a)), it takes roughly three full breathing
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cycles for the flow field to develop and reach a maximum
upward velocity of about 0.22m/s. The vertical velocity above
the head is positive, and the ceiling reflects this upward flow
and generates a vertical downward flow in the center region
(0 4 < Z/W < 0 6), with a velocity magnitude comparable to
the upward velocity of the human thermal plume.

Figure 11(b) displays the velocity profiles 90 cm below
the head. The area affected by the thermal plume (where
the velocity is positive) changes over time, while the maxi-
mum speed in the thermal plume and the magnitude of
the downward velocity in the cabin center stabilize after 18
seconds. According to Figure 11(b), at the end of the first
respiratory cycle (6 seconds), the maximum velocity of the
thermal plume is 0.065m/s. The width of the human ther-
mal plume is 24 cm, whereas, at the end of the second respi-
ratory cycle (12 seconds), the peak velocity of the thermal
plume has increased to 0.18m/s. The expanding thermal
plume at this lower vertical position facilitates upward con-
taminant transport. The centerline velocity varies, from
-0.02m/s at 6 s to –0.045m/s at 18 s. The width of the ther-
mal plume is increased to 33 cm at 18 s, while the maximum
velocity of the thermal plume does not change much after
the second cycle. After the third cycle, the vertical centerline
velocity is also saturated, while the width of the thermal
plume can further increase (to 39 cm at 24 s). The overall
observation here is that the thermal plume intensifies over
time, generating a large-scale circulation and a downward
flow in the cabin center region.

Figure 12 shows the distribution of contaminants at the
same two heights at the end of each breathing cycle. At the
end of the first breathing cycle (Figure 13(a)), there is more
contamination above the head than below, due to the
upward flow in the human thermal plumes, which develops
relatively quickly, and the fact that the center downward
velocity has not yet fully developed (see Figure 12). At the
end of the second breathing cycle (Figure 12(b)), the con-
taminant level at 90 cm below the head significantly

increases; and at the end of the third cycle (Figure 12(c)),
the mass fraction below the head reaches its maximum level.
During the fourth cycle, the contaminant level at 90 cm
below decreases and that at 10 cm above catches up; in other
words, the contaminant becomes better mixed in the cabin
(Figure 12(d)).

The N2O dispersion below and above the head at dif-
ferent times are compared in Figures 13(a) and 13(b). As
shown, the amount of the contaminant above the head
increases gradually over time because of the rising thermal
plume, whereas the contaminant dispersion at 90 cm below
the head has a more nonmonotonic time dependence, with
the maximum contaminant level at the end of the third
breathing cycle (18 seconds). These will be further
explained by the time evolution of the flow pattern and
vortex strength in the lower and upper heights, to be dis-
cussed next.

4.4. Time Evolution of the Multiscale Flow Pattern. This sec-
tion examines the streamlines and distribution of the veloc-
ity and N2O mass fraction at different times for the
breathing thermal manikin case. Figure 14 shows the
streamlines overlayed with the contours of the vertical veloc-
ity during four breathing cycles. The streamlines during the
first breathing cycle, including the middle of the first exhala-
tion (1.5 seconds), the middle of the first inhalation (4.5 sec-
onds), and at the end of the inhalation (6 seconds), are
depicted in Figures 14(a), 14(b), and 14(c), respectively. As
seen in Figure 14(a), during the first exhalation, there is a
ring vortex caused by the exhaled jet, and the exhaled air
penetrates downward and inhibits the rising of the human
thermal plume. The area where the vertical velocity is nega-
tive (downward flow) is colored in Figure 14(a). At the ear-
lier time (1.5 seconds), the flow around the head is divided
into two parts. The first part is the thermal plume that rises
between the body and the cabin’s wall, and after bypassing
the human head, it is reflected by the ceiling and returns
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to the elevator center, creating a vertical downward flow.
The second part is affected by the ring vortex which joins
the breathing zone. The flow patterns in Figures 14(b) and
14(c) show the thermal plume rising and being reflected by
the cabin’s ceiling, creating two separated zones on the left

and right sides. The flow pattern on each side reveals that
three zones are in front of the human during the first inha-
lation (Figure 14(b)), including (a) the breathing zone,
which penetrates the nasal system; (b) the downward flow
caused by the previous exhalation; and (c) the vortex
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generated by the upward thermal plume interacting with the
downward circulated flow. Based on Figure 14(c), the inha-
lation process now eliminates the downward flow due to
the previous exhalation. Although exhalation delays upward

contaminant penetration until the middle of inhalation
(Figure 14(b)), the thermal plume eventually overcomes this
downward flow during the second half of inhalation, and it
can now carry contaminants upward.
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The vortex ring generated by inhalation and exhalation
can contribute significantly to transferring of contaminants
to the nasal area. During exhalation, a counterclockwise vor-
tex ring transports contaminants away from the microenvi-
ronment, whereas a clockwise vortex ring moves
contaminants into the microenvironment during inhalation.

In other breathing cycles (Figures 14(d), 14(e), 14(f), 14(g),
14(h), 14(i), 14(j), 14(k), and 14(l)), the vertically downward
flow in the middle of the elevator is more stable, while the cre-
ated vortices above and below the head show different behav-
iors. Based on Figure 14(l), the dashed line indicates that the
vortex above the head became stronger at the end of the fourth
breathing cycle, causing contaminants to accumulate above the
head (as shown and discussed in Figure 13).

According to the current findings, the flow field is divided
into two parts on the left and right hand. There are distinct
zones on each side, split by the downward vertical flow in
the cabin’s center. If, however, the macroenvironment flow
field is altered, for example, by a ceiling air circulator, the left
side and right side can mix, increasing the risk of contaminant
dispersion between the two sides. Therefore, in designing an
elevator ventilation system, avoiding equipment that causes
internal mixing or increases the turbulent intensity is advised.

Figure 15 shows the time evolution of nondimensional
N2O distribution. As mentioned before, the flow pattern,
including the downward flow in the center of the cabin,
and the shapes of the vortices formed during the inhalation

and exhalation process change over time. In this regard, the dis-
tribution of N2O is expected to change over time as the flow field
changes. Based on Figures 15(a), 15(d), 15(g), and 15(j), respira-
tory pollutants are dispersed into the environment during exha-
lation. Over time, the pollutants released by exhalation have an
axial and radial distribution. They penetrated to the lower height
by exhaled jet and dispersed in the radial direction by the ring
vortices. Gradually, with increasing the vortex strength above
the human head, the pollutant concentration above the human
head increases (Figure 15(k)). According to the results, the pol-
lutant concentration in the center of the elevator is minimal (the
nondimensional N2O is less than 1%) meaning that in reality,
the possibility of pollutant transmission seems very unlikely
between the person on the right and left side of the cabin as they
breathing. It should be noted that although the present study
considered conditions in which people breathe inside the eleva-
tor car and do not consider possible sneezing and coughing, the
present results can be generalized because people usually cover
their coughs and sneezes by hand, which can help prevent the
spread of the released particles/virus.

4.5. Heat Transfer in the Microenvironment. This section
investigates the heat transfer from various human body parts
over time and compares it with the literature. The convec-
tion heat transfer coefficient depends on the boundary layer
characteristics and is affected by geometry and environmen-
tal conditions. Based on the data in Gao and Niu’s [12]
review paper, the convection heat transfer coefficient of a

Table 5: Comparison of the heat transfer coefficients of thermal manikin with the literature.

References Method Heat transfer coefficient (W/m2-K)

Flat vertical plate Empirical correlations 2.89

Murakami et al. [72] CFD 4.3

Brohus [73] Experiment 3.86

de Dear et al. [74] Experiment 3.4

Current result
Thermal breathing manikin 4.4

Nonbreathing thermal manikin 3.12
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Figure 16: Convective heat transfer coefficients for different
segments of a seated human body in the elevator cabin.
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Figure 18: Momentum flux variation above the human head (10 cm).
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standing human body in the quiescent air varies between 3.9
and 4.3W/m2-K, as seen in Table 5. The average convective
heat transfer coefficients over the body surface and time are
computed from our simulations and are presented in
Table 5, which shows that our values are similar to previ-
ously reported values, indicating that the overall accuracy
of our simulations seems to be acceptable.

A literature review shows that the heat transfer coefficient
of the human body has been extensively studied. In contrast,
data on the variation of heat transfer in each part of the human
body as a function of time and especially the effect of respira-
tory activities such as inhalation and exhalation on the heat
transfer rate are rare. Figure 16 shows the variation of the
human head, upper body, lower body, and arms’ heat transfer
coefficient as a function of time. The results show that the heat
transfer coefficients from all human body segments decrease
in time and then level off. As seen, the heat transfer rate of
the upper body is less than the other segments because of
the developed boundary layer. The head has the highest heat
transfer coefficient, which can be attributed to three factors.
First, a higher temperature difference between the head and
the environment causes more buoyancy force and increases
the local flow velocity. The second is the inhalation and exha-
lation processes that disturb the boundary layer and increase
its local momentum and turbulent intensity. Finally, the third
reason may be caused by the chin, which affects the boundary
layer arrangement and enhances heat transfer.

Figure 17 presents the effect of breathing on the varia-
tion of the convective heat transfer. According to the results,
in the exhalation process, the downward exhaled jet reduces
the thermal plume’s upward velocity, leading to reduced
heat transfer. On the other hand, due to the upward induced
velocity, the inhalation process accelerates the human ther-
mal plume, thus increasing the heat transfer rate.

4.6. Analysis of Integral Measures of the Thermal Plume.
Finally, we discuss a few integral parameters of the thermal
plume in the elevator. Four integral characteristics are consid-
ered: volume flux (kg/m3), momentum flux (N), enthalpy flux
(W), and buoyancy force flux (kg/s2) which are defined by the
integration over a given horizontal surface according to [75].

Volume flux kg/m3  V =〠vyΔs,

Momentum flux N  I =〠ρvy
2Δs,

Enthalpy flux W  Q = cp〠ρvyΔTΔs,

Bsuoyancy force flux kg/s2  P = gβ〠ρΔTΔs,

10

where V , I,Q, and P are the volume flux m3/h , the
momentum flux N , and the buoyancy force density kg/s2 ,
and Q is the enthalpy flux W , respectively. vy is the vertical
air velocity component (m/s), ΔT is the air temperature excess
(°C), Δs is the area of the plume cross-section m2 , ρ is the air
density kg/m3 , g is the acceleration due to gravity m/s2 , β
is the thermal expansion coefficient 1/K , and Cp is the spe-
cific heat of air j/kg K .These integral measures present char-
acteristics of the driven flow field and heat transfer and the
buoyancy force density due to the thermal plume. Examining
these integral quantities above the human in the elevator makes
it possible to estimate the strength of the upward thermal plume
and the reflected downward flow from the ceiling.

Figure 18 presents the momentum flux over several
cross sections above the breathing thermal manikins and
the central area of the elevator at the end of each respira-
tory cycle. Figure 18 shows that the momentum flux of the
middle manikin is greater than other manikins. The key
point in this figure is that the momentum flux of the cen-
tral cross-section of the elevator is considerable and shows
a predominant downward vertical flux in the center of the
cabin. The natural downward vertical flow in the center of
the cabin caused by the reflection of the human thermal
plume should be considered in the ventilation system
design for a small closed indoor environment such as an
elevator cabin.

In Figures 19 and 20, the variation of the buoyancy force
and temperature in terms of time, are illustrated. As seen, in
the early time, the boundary layer is forming and rising,
which leads to more buoyancy force. Then, it becomes a
developed boundary layer, and after 12 seconds, the buoy-
ancy decreases gradually. Bases on Figure 20, the leading
cause of increasing temperature in the central cross-section
of the elevator is the created ring vortex during exhalation
and inhalation that facilitates heat diffusion from the micro-
environment to the macroenvironment.

Table 6 compares the integral characteristics of the
human thermal plume in the current simulation with
those in the literature. Even though the environmental
conditions and geometry of the human manikins differ
in each study, the integral characteristics are similar. In
the studies of Zukowska et al. [75] and Bogdan et al.
[6], the manikins were located in the middle of the indoor
environment, and the interaction of other humans and the
reflecting flow from the ceiling had not been considered.
According to the current findings in a close environment,
the reflected thermal plume has a significant momentum
and enthalpy flux and should be considered in ventilation
systems.

Table 6: Integral characteristics of the thermal plume in the literature and current simulation.

Mean velocity
(m/s)

Mean volume flux
(m3/h)

Mean momentum flux
(N)

Mean enthalpy flux
(W)

Mean buoyancy force density
(kg/s2)

Zukowska et al. [75] — 258 0.008 16 0.038

Bogdan et al. [6] 0.0769 197 0.006 27 0.013

Zukowska et al. [76] — 250 0.01 26 0.006

Current results 0.075 144 0.0028 26 0.008
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5. Conclusions

By solving the unsteady RANS equations, the present study
performed simulations of the flow field, species transport,
and heat transfer in the elevator cabin with six thermal man-
ikins. The breathing cycles and human thermal plume were
explicitly modeled, and the exhaled contaminant was con-
sidered as a tracer gas (N2O). Three cases, i.e., “breathing
thermal plume, isothermal breathing, and nonbreathing
thermal manikins” were simultaneously simulated and inter-
compared. Results showed that the thermal plume and the
breathing process contribute to the accurately predicting
the multiscale flow field in a closed indoor environment.
Based on the results, we found that the human thermal
plume affects the microenvironment (thermal boundary
layer) and the macroenvironment (cabin-scale flow circula-
tion), and the inhalation process could accelerate the ther-
mal plume and increase the circulation flow’s downward
velocity. The most important findings from this study are
summarized below:

(1) In the case of the “nonbreathing thermal manikin,”
the human thermal plume caused a circulation in
the cabin, and the maximum upward velocity in
the vicinity of the body surface was 0.15m/s, and
the velocity of the reflected circulation flow in the
center of the cabin was 0.13m/s

(2) In the case of the “breathing thermal manikin,” 5 cm
below the nose, during inhalation, the upward veloc-
ity of the human thermal plume was 0.29m/s,
whereas it was 0.12m/s in the case of the “non-
breathing thermal manikin”

(3) In the case of the “breathing thermal manikin,”
10 cm below the nose, during exhalation, the velocity
of the human thermal plume was –2.5m/s, whereas
it was 0.1m/s in the case of the “nonbreathing ther-
mal manikin”

(4) The penetration length of the exhaled jet in the case
of the “breathing thermal manikin” was about 25 cm,
whereas in the case of “isothermal breathing mani-
kin,” it could penetrate 45 cm below the nose

(5) In the case of “nonbreathing thermal manikins,” at
45 cm below the nose, the boundary layer thickness
of the human thermal plume was 16 cm, whereas in
the case of the “breathing thermal manikin,” it was
about 4 cm

(6) Over time, exhalation and inhalation affected the
contaminant dispersion by generating local vortices
and large-scale circulation flow. At early times, there
were two vortices. One was caused by exhalation
(ring vortex) near the breathing zone, and the other
was caused by the interaction between upward ther-
mal plumes and downward exhaled jets. Over the
time, the vortex above the head was the predominant
vortex that increased contaminant concentration

above the head as the circulation flow in the elevator
became more assertive

(7) The heat transfer coefficient of the body surface was
affected by inhalation and exhalation processes. The
thermal plume accelerated during inhalation,
whereas the thermal plume velocity decreased dur-
ing exhalation. This resulted in increased convection
heat transfer during inhalation and decreased con-
vection heat transfer during exhalation

(8) To decrease contaminants dispersion in a closed
environment such as the elevator cabin, using any
type of ventilation system, such as “a ceiling air cir-
culator,” which can create a circular flow pattern
and mix left and right side flow, should be avoided.
This is because the reflected human thermal plume
by the ceiling can separate the left and right sides

Overall, this study evidences that the human thermal
plume and breathing activities must be considered to cor-
rectly predict the flow field and contaminant dispersion pat-
tern in a closed indoor environment such as an elevator
cabin. The authors hope that the current investigation will
help in designing new standards for a health-based ventila-
tion system for the elevator cabin to minimize and control
the dispersion of contaminants, such as virus aerosols.
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