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The human exhalation flow is characterized in this work from the three-dimensional velocimetry 
results obtained by using the stereo particle image velocimetry (SPIV) measurement technique on 
the flow emitted from a realistic airway model. For this purpose, the transient exhalation flow 
through the mouth of a person performing two different breaths corresponding to two metabolic 
rates, standing relaxed (SR) and walking active (WA), is emulated and studied. To reproduce 
the flow realistically, a detailed three-dimensional model obtained from computed tomography 
measurements on real subjects is used. To cope with the variability of the experimental data, a 
subsequent analysis of the results is performed using the TR-PIV (time resolved particle image 
velocimetry) technique. Exhalation produces a transient jet that becomes a puff when flow 
emission ends. Three-dimensional vector fields of the jet velocity are obtained in five equally 
spaced transverse planes up to a distance of 50mm from the mouth at equally spaced time instants 
(0.125 s) which will be referred to as phases (𝜑), from the beginning to the end of exhalation. The 
time evolution during exhalation of the jet area of influence, the velocity field and the jet air 
entrainment have been characterized for each of the jet cross sections. The importance of the use 
of realistic airway models for the study of this type of flow and the influence of the metabolic rate 
on its development are also analyzed. The results obtained contribute to the characterization of 
the human exhalation as a pathway of the transmission of pathogens such as SARS-CoV-2 virus.

1. Introduction

The air flow generated by human exhalation is saturated and carries droplets in the form of aerosols that may contain infectious 
pathogens, and is therefore considered one of the main sources of infectious diseases [1–3]. The flow of emitted droplets have been 
extensively studied [4–11]. It has been characterized by variables such as the total number of droplets, their size distribution, the 
velocity of emission, and the distance they travel, which depend on the type of respiratory phenomenon that transports them, such as 
coughing, sneezing, breathing or speaking, and on other factors associated with the physical characteristics of the individual, ambient 
conditions and the exhalation generation process itself [5,8,12]. A large number of droplets of very different sizes (1 μm to 1mm) are 
produced in each exhalation [13].
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Once the droplets are emitted from the airways, an evaporation process begins, the rate of which depends on environmental 
conditions such as relative humidity and temperature [8,10,14]. Large droplets follow a parabolic trajectory due to the effect of 
gravity and fall to the ground before evaporating. These droplets result in the first path or mode of pathogens transmission, which 
occurs when another individual is close enough for the ejected droplets to reach him or her before falling to the ground. Droplets 
falling to the ground lead to a contaminated surface known as fomite, which may result in a second route of transmission, occurring 
by direct contact with the secretion [15]. On the other hand, the small droplets, due to the evaporation process, lose volume until 
they are reduced to a solid residue, with a typical size of less than 5-10 μm [8,13,14,16], also known as droplet nuclei, which contains 
the pathogens and remains suspended in the air forming an aerosol, which is entrained by the air and can reach long distances from 
the source, resulting in the third transmission route, which, unlike the previous two, is considered to be long-range. The limit for 
airborne particles is not entirely clear, since there are other factors related to the characteristics of the expiratory flow and the 
surrounding ambient, such as the momentum and the intensity of the turbulence in the expiratory flow or relative humidity, which 
may influence the ability of particles to remain suspended [17,18]. For given ambient conditions and exhalation height, there is a 
critical size of the ejected droplet above which the droplet falls to the ground and below which it evaporates completely and remains 
suspended. Wells [19] studied the time taken by droplets of different sizes emitted on exhalation to evaporate and proposed a first 
droplet evaporation-fall graph that has been widely used, in which the evaporation and fall times are plotted together as a function of 
droplet size, along with the cut-off point of the two curves determining the critical size. Wells obtained a critical size value of 100 μm
for a height of 2m, considering that this value determines the boundary between the so-called large and small droplets, which will 
lead to droplet nuclei or aerosol formation. This critical value has subsequently been widely accepted [14,16,17]. Other later studies 
have studied the influence of various factors, such as, for example, relative humidity [8], whose increase causes the critical size to 
decrease since it increases evaporation times, or the effect of different respiratory phenomena [9].

In the case of SARS, the two short-range routes of infection have traditionally been considered the predominant ones, which 
led interest to focus initially on the study of the distribution and evolution of ejected droplets [6,8,14,20]. However, during the 
COVID-19 pandemic, it became clear that these two routes could not be responsible for such a high volume of infections, taking 
into account, in addition, the infection control measures that were being applied based, among other means, on the use of surgical 
masks, reducing direct contact, cleaning surfaces and maintaining a physical distance [21]. Different studies have demonstrated 
the importance of airborne transmission, even considering it as the dominant route of transmission [17,21–23]. The World Health 
Organization (WHO) changed its point of view and officially acknowledged that the airborne transmission is a main transmission 
mode in spreading COVID-19 at both short and long ranges in 2021 [23]. This has highlighted the need to implement other types of 
measures such as ventilation or reducing exposure times in enclosed areas, and, on the other hand, also the need to better understand 
the characteristics of the exhalation flow that transports these small particles, of which there are relatively few studies [24].

Of the different types of exhalations, coughing [10,14,25–29] and, to a lesser extent, sneezing [12,20,24,30], are the ones that 
have been most extensively studied because of their high potential as sources of disease spread, since they result in violent exhalations 
that generate a flow with a higher velocity, and expel a greater number of droplets of different sizes, which, in turn, are transported 
greater distances. Speech is also recently receiving much attention since it is an exhalation that occurs at very high velocity, resulting 
in a turbulent flow that promotes to the formation of a large number of droplets on expiration [24,31–33]. The droplet size distribu-

tion when speaking is similar to that of coughing, although the total volume of liquid generated per liter of air is smaller [34,35]. In 
the case of breathing, air flow in the airways occurs at a slower rate than in the other types of exhalation, and results in less droplet 
generation and entrainment. The particle size and total volume of liquid produced in respiration is several orders of magnitude 
smaller than in coughing [36], and, although these quantities increase considerably with metabolic activity, in principle, it has not 
been considered a respiratory activity with a significant risk. However, these small droplets produced in respiration, given their small 
size, remain suspended in the air as aerosols for hours [23], and, since respiration is a continuous activity, if there is no adequate 
ventilation, an accumulation of suspended particles can occur, reaching levels that pose a clear risk of contagion [35]. Moreover, the 
incubation period of the coronavirus is very long, between 7 and 14 days [37], and only a very low percentage of infected subjects, 
approximately 35% according to data collected by health authorities, have symptoms [38], which justifies that some studies have 
shown that asymptomatic and pre-symptomatic persons can shed SARS-CoV-2 virus at a higher rate than symptomatic individuals 
[39]. All the foregoing highlights the importance of studying and characterizing respiration as a potential source of infected aerosol 
generation.

Different experimental techniques have been used to study exhalation flow [40,41]. The first studies that have aimed at analyzing 
exhaled air flow rate have used spirometers as an experimental tool with real subjects (see, e.g. [29,42]), providing information to 
establish the respiratory flows of individuals according to their physical characteristics and metabolic activities. The exhaled flow 
rate in breathing can be described by a sinusoidal function over time [29]. In the cough, the volumetric flow rate is characterized by 
a very early peak value that is reached within a few milliseconds, after which the flow rate decreases in tenths of a second, and the 
total volume of air expired is higher than in breathing [29]. It was found that the values obtained in the measurements change from 
one subject to another depending on different factors such as age, gender or height and the experimental conditions of (see, e.g., 
Leiner et al. [43]). In order to delimit the area of influence of the exhalation flow and its propagation velocity, flow visualization 
techniques such as the Schlieren camera [44], shadowgraph [45] or particle tracking [46] have been used. These techniques have 
allowed to study the general evolution of the exhalation flow and to characterize them as transient jets or puffs with a typical 
propagation velocity of between 0.3ms−1 and 1.4ms−1 for breathing [45,47], between 2.2ms−1 and 14ms−1 for coughing [48]. In 
the sneeze have been obtained values similar to those of the cough have been obtained [48]. The opening angles captured vary from 
30° for breathing [29], 25° for coughing to 15° for sneezing [12]. The maximum jet penetration range varies between 0.6m and 0.8m
2

for different exhalation types [45]. A comprehensive compilation of results can be found in [41]. Bourouiba et al. [12] distinguished 
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two phases in the exhalation flow for both coughing and sneezing: an initial starting turbulent jet driven by the momentum provided 
by the source, which evolved into a puff when the momentum and buoyancy effects became comparable. Liu et al. [49] compared the 
experimental results of the evolution of a transient jet of a cough and a stationary jet with the same discharge velocity, observing that 
the propagation velocity in the case of the transient jet is lower, but its spam-wise expansion rate is higher. Wei et al. [50] analyzed 
the behavior of transient water jets in similarity conditions, considering three different temporal exit velocity profiles: pulsation, 
sinusoidal and real cough, with the same injected fluid volume, finding that the sinusoidal and the real cough injections lead to a 
longer penetration length. Nevertheless, despite all the information that visualization techniques provide, they do not allow to get a 
precise measurement of the air velocity within the exhalation.

To analyze flow dynamics more precisely, point-wise velocity measurement techniques such as hot wire [49] and hot sphere 
velocimetry [44] have been used to obtain accurate velocity measurements in located positions. Since these techniques are invasive 
and each anemometer is only able to obtain velocity measurements for a single point, obtaining a velocity profile requires a repetitive 
measurement procedure.

One technique that solves the disadvantages of the point-wise measurement is two-dimensional particle image velocimetry (2D 
PIV), one of the most common noninvasive velocimetry techniques, which allows to obtain two dimensional velocity fields in a 
measurement plane [51]. Different studies have reviewed the advances of this technique and its application, among other research 
fields, in the study of respiratory flows [51,52]. The accuracy of this experimental technique is lower than the use of the hot wire. 
However, if the particle seeding is done properly, the accuracy that can be obtained is close to that of the latter. [53]. An example of 
the first applications of this technique to exhalation flows is the work of Zhu et al.. [54], who analyzed the cough of three subjects 
and presented instantaneous velocity fields with velocities ranging from 6 to 22ms−1 and an average of the maximum velocity of 
11.2ms−1 using an 80 × 80mm measuring window placed in the vicinity of the mouth in a vertical plane that coincides with the 
symmetry plane, which we refer to hereafter as the longitudinal plane. Kwon et al. [55] studied cough and speech in 26 subjects, with 
a measurement window of 247 × 184mm, presenting a sequence of the time evolution of the instantaneous velocity fields with an 
interval of 70ms and a mean value of the maximum velocity of 15.3ms−1 for males and 10.2ms−1 for females, and determining the 
flow direction with the analysis of the vertical and horizontal velocity components. Vansciver et al. [28] used the PIV system to study 
the cough of 29 volunteers, obtaining average velocity profiles of the cough jet at different downstream distances from the mouth 
using an ensemble of the measurements at three specific instants. The velocity profiles present self-similarity at streamwise distance 
𝑥∕𝐷 > 6, but they do not correspond to a Gaussian profile. They obtained an average maximum velocity of 10.2ms−1 with a standard 
deviation of 6.7ms−1 . More recently, Han et al. [24,53] registered the ensemble-averaged vertical and horizontal velocity profiles 
of the coughing, sneezing and speaking of several subjects. Dudalski et al. [56] studied the maximum velocity values at different 
distances from the mouth, comparing the cough produced by sick and healthy participants, finding insignificant differences in terms 
of velocity and turbulence intensity. The results obtained in the different studies showed a great variability from one individual to 
another, and even between exhalations from the same individual [28].

The PIV technique presents a limitation related to health hazards due to the use of laser light and tracer particles in experimen-

tation with real subjects [41]. The use of laser light requires protective measures, such as employing, which affect the position to 
be adopted by the individuals, limit their metabolic activity and may disturb the flow. Moreover, it is necessary to seed the airflow 
with a precise concentration of particles to ensure a correct velocity measurement. It is difficult to find particles that can be exhaled 
directly by a person in a pressurized and controllable concentration without being harmful to its health. Moreover, if particles are 
added after the flow has been exhaled, the flow may be disturbed [53].

The use of manikins resembling real human subjects avoids these issues and at the same time allows to consider the effect of the 
body thermal plume. Marr et al. [57] and Feng et al. [58] studied exhalation flows using the PIV technique considering breathing 
thermal manikins with simplified airway models. Marr et al. [57] used a stereo PIV system to obtain the three velocity components 
in the longitudinal plane in order to study the anisotropy in the breathing flow, concluding that the results obtained suggest that 
the airflow due to breathing is anisotropic. Feng et al. [58] analyzed inhalation and exhalation flows in a mouth breathing process, 
obtaining the velocities, vorticity and turbulence intensity in a determined domain. The results obtained with the simplified breathing 
models yield to a self-similar bell-shaped velocity distribution that differs from that observed in the experiment with real subject. Xu 
et al. [44] studied the differences in breathing flow between a standard manikin and human subjects using a hot-sphere anemometer 
capable of measuring low and varying air velocities in the range of 0.05 to5 ms−1 , air temperature and turbulence intensity. In 
the vicinity of the mouth, the airflow of human respiration has a more complex flow pattern, with a lower maximum velocity and a 
higher level of turbulence. Moreover, while the direction of flow in manikins with simplified airways is horizontal, in human subjects 
it suffers from deviations that depend on various factors such as the shape of the mouth or the location of the teeth. An intermediate 
solution is the use of models with realistic airways that can reproduce flows closer to those of a real exhalation. Geoghegan et al. 
[59] use two simplified 3D models of the shape that adopts articulators (lips, teeth, tongue, hard palate, and larynx) constructed 
from magnetic resonance imaging (MRI) while a subject is producing a fricative ‘s’ and ‘sh’ sound, and stereo PIV to analyze the 
flow inside the upper airways and passing to the mouth. The results showed a complex flow, far from one with uniform profiles, 
and shows how the shape that articulators adopt influences the flow characteristics. Berlanga et al. [60] highlighted the influence of 
the airways geometry of the model on the characterization of exhalation flows, comparing a simplified airway (straight circular tube 
ending in a semi-elliptical orifice) and a realistic 3D scanned model of the airway. The core structure of the jet turned out longer and 
clearer in the case of the simplified model, for which a higher propagation of the initial vortex ring was observed.

The characteristics of the cross section of the flow has received scant attention in the study of exhalation airflow. Most of the 
studies based on PIV have focused on the longitudinal plane, due to the bidimensional nature of the results obtained with this 
3

technique. The three-dimensional velocity distribution of exhalation has not been studied experimentally [25], and only a few 
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Fig. 1. Airways used for the experiments. (a) Front view, (b) Lateral view.

experimental studies have considered velocity variation in horizontal planes. Han et al. [53] used PIV to study the velocity profile 
in three horizontal sections, finding a spread angle similar to that obtained in the vertical direction and certain deviation of the 
center line from the longitudinal plane. Geoghegan et al. [59] used stereo PIV to obtain the velocity distribution in sagittal plane 
and in planes parallel to the transverse and coronal planes, all in the interior of upper airways, for the airflow corresponding to the 
pronunciation of two fricatives consonants, although outside of the mouth they only presented results in the sagittal plane.

In this work, a study of the airflow in breathing exhalation is performed using a realistic 3D scanned model of the airway and 
stereo PIV. This technique has allowed to measure the distribution of the three velocity components in cross sectional planes located 
in the proximity of the mouth and, in this way, to obtain the evolution of the velocity field distribution and turbulence intensity 
throughout the exhalation. From these results, it has been possible to characterize the shape of the cross section of the flow, to obtain 
2D distributions of the velocity vectors in the transversal sections, to determine the evolution of the volumetric flow rate along the jet 
and hence the air entrainment flow rate, the centerline displacement and jet opening in both the horizontal and vertical directions, 
which are measured as angles in its spatial and temporal development, have also been obtained along the exhalations. In this work 
an experimental study of the airflow in breathing exhalation is performed in order to increase the knowledge of this potential source 
of pathogen transmission that has not received as much attention as other type of exhalations. It has been use a 3D scanned model 
of the airway, that produces more realistic exhalations than the simplified models commonly used in the literature and avoid the 
limitations of the experiments with human subjects, and the Stereo PIV technique to obtain three-dimensional velocity fields for the 
resulting flow. The experimental data collected has made it possible to determine that the jet adopts a transversal oval shape in the 
initial phases of the exhalation, with the distribution of velocities in the jet and the external flow entrainment being dependent on 
the sine shape of the function describing the emitted exhalation flow. It has also been determined that both the centerline and the 
jet aperture change throughout the exhalation, especially in their horizontal direction.

2. Materials and methods

2.1. Experimental facilities

To reproduce the respiratory tract of a person, a three-dimensional model of an exhalation airways is printed in SLA resin 
(SPR6000, Hengtong Ltd, China). The model, shown in Fig. 1(a) front side and, (b) lateral view, considers the airways from the 
fourth bronchial division to the point of exhalation, which in this case is the mouth. The airways model has three types of openings: 
nostrils, mouth and bronchi, with an exit cross-sectional area of the mouth outlet orifice of 𝑎0 = 260mm2 . To perform an exhalation, 
the air is introduced through the orifices located at the fourth bronchi divisions and can be exhaled through the nostrils and the 
mouth apertures. To avoid adding complexity to the outflow, the model has the nose orifices blocked, so air can only be exhaled 
through the mouth of the model. Detailed information on the airway model used can be found in Appendix A. To conduct the 
experiments under the desired standstill conditions, a closed, unventilated indoor room is used, in which a constant temperature of 
18 ± 0.5 ◦C is maintained during the course of all experiments. The arrangement of the experimental components within the room 
can be seen in Fig. 2(a). The temperature is controlled in two different positions inside the room, S1 and S2, by placing probes at 
nine heights at each position along the total height of the room. It is tried to keep the parasitic currents inside the room as low as 
possible so that they would not interfere with the experimental measurements. For this purpose, the room is kept closed during the 
experiments and possible parasitic currents are controlled using a fog flow identifier (CH25301, Dräger, Germany). The arrangement 
of the experimental components, including the model, the cameras and the laser illumination system is schematically represented in 
Fig. 2(b). To study the exhalation flow, ensuring that the air is introduced through all the bronchi openings, the lower part of the 
airway (see Fig. 1), which resembles the bronchi, is introduced into a hermetically sealed chamber with only two openings. One of 
the openings is connected to an artificial lung that is capable of precisely reproduce the exhalations flows under study, and the other 
is the trachea of the airways model, as shown in Fig. 2(c). The air is hence introduced into the one chamber opening and, by the over 
4

pressure created inside driven through the bronchi orifices to the exhalation point, the mouth of the airways.
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Fig. 2. Arrangement of experimental components. (a) Perspective view of the room. (b) Airways used for the experiment, A; cameras with CCD sensors of the Stereo 
PIV system, C1 and C2; hermetically sealed chamber, Ch; detail of the area where the experiment is performed: laser light emission optics, L. (c) Location of the 
measuring planes in the experimental setup. (d) Distances of the measurement planes (P= 1,2,...,5) from the mouth and Cartesian coordinate system with its origin, 
0, located at the mouth.

2.2. Exhalations models

Studies carried out on human breathing have determined that the characteristics of the person and its metabolic activity determine 
the exhalation flow rate [29,61]. In this study, two different exhalations models are studied, each one performing a different transient 
respiratory flow rate. Both correspond to a woman performing different activities. One agrees with metabolic activity of 1.2 met, 
which is produced by standing-relaxed (SR), and the other corresponds to a metabolic activity of 2 met, which is produced by 
walking-active (WA) at approximately 3.2 kmh−1 [61]. The breathing frequency, 𝐵𝑓 , and the minute volume, 𝑀𝑣, which is the 
volume the air exhaled per minute, are enough to describe a transient exhalation flow rate through time. In this work, the values 
used are those given in [42], as shown in Table 1. From these values, it can be obtained the average time of one exhalation or 
injection time, 𝐼𝑡 = 60∕𝐵𝑓 , and the volume injected in each exhalation, 𝑉𝑖 = 𝑀𝑣∕𝐵𝑓 . Considering the exhalation as a sinusoidal 
function [29], it is possible to obtain the exhalation flow rate over time, �̇� , as follows

�̇� =
𝑉𝑖 𝜋

2𝐼𝑡
sin 𝜋

𝐼𝑡
𝑡.

The exhalation flow rates of the two modes of breathing along the phases of exhalation are shown in Fig. 3. The artificial lung that 
reproduces the respiratory function controls the exhaled flow rate as shown in the figure. The exhalation flow emitted through the 
mouth is expected to develop as a transient jet once it discharges into the environment which is assumed to be at rest with a Reynolds 
number, Re. The main characteristics of the flows performed for each of the considered exhalation are summarized in Table 1 the 
5

maximum Reynolds number, defined as
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Fig. 3. Respiratory flow rates emitted and phases, 𝜑, recorded for SR and WA exhalations.

Table 1

Characteristics of the two exhalation flows under consideration. Breathing frequency, 𝐵𝑓 ; 
minute volume, 𝑀𝑣 ; maximum velocity in the mouth considering an uniform velocity profile 
in the mouth determined from its area, 𝑎0 , �̂�0 ; Reynolds number, 𝑅𝑒; injection time, 𝐼𝑡 and 
volume injected, 𝑉𝑖 .

Exhalation 𝐵𝑓 (min−1) 𝑀𝑣 (l∕min) �̂�0 (ms−1) Re 𝐼𝑡 (s) 𝑉𝑖 (m3)

SR 15.59 8.92 1.76 2167 1.94 5.65 × 10−4
WA 20.73 14.38 3.14 3867 1.54 8.01 × 10−4

Table 2

Experimental parameters used in the SPIV configuration.

Parameter Value

Laser wavelength 532nm
PIV Exposure 405μs
Laser pulse delay 400μs
Pulse separation time 100μs
Repetition rate 8Hz
Stereoscopic imaging configuration Scheimpflug

Re =
𝜌�̂�0𝑙0
𝜇

,

where �̂�0 is the average velocity at the mouth in the phase of maximum exhalation, 𝑙0 =
√

𝑎0 is a characteristic length of the source 
area, 𝜌 is the air density and 𝜇 is the air dynamic viscosity.

2.3. Stereo particle image velocimetry (SPIV)

To measure and record three-dimensional vector fields of exhalation velocities in different planes of interest, a SPIV measuring 
system is used. The layout of the experimental setup and the distances from each plane to the mouth are presented in Fig. 2(c) and 
(d), respectively.

The system consists of two cameras with CCD sensors, C1 and C2 (FlowSense EO, Dantec Dynamics, Denmark), equipped with 
optics (AF-S DX NIKKOR 18-105, Nikkon, Japan), that focus the measurement plane illuminated by a light sheet provided by a laser 
source, L (DualPower 200-15, Dantec Dynamics, Denmark). A synchronizer is used to coordinate image acquisition of both cameras 
and laser illumination (TimeBOX, Dantec Dynamics, Denmark). The experimental parameters used in the SPIV configuration are 
summarized in Table 2. To focus correctly on the measurement plane, the cameras are equipped with a high-precision orientation 
system (Scheimpflug camera mount 9081X0072, Dantec Dynamics, Denmark). To properly illuminate the measurement plane by a 
laser sheet, the laser light is transmitted via an optical system (Long Light Guide Arm and Base 532 nm, Dantec Dynamics, Denmark). 
All these elements are mounted on a robotic positioning system (9041T033, Dantec Dynamics, Denmark), identified with T in 
Fig. 2(c), that let displace the measurement plane to the plane of interest for each trial.

By using the presented setup, measurements were recorded in five transverse vertical planes (P = 1 to P = 5) parallel to the plane 
in which the outflow orifice through the mouth of the airways model used is located. The five considered planes are situated equally 
spaced from 10mm (P = 1) to 50mm (P = 5) from the mouth orifice along the 𝑧 axis, considered as the origin of coordinates (see 
Fig. 2 (d)). Since only one plane can be illuminated in each trial, the experiment must be repeated for each plane and, in order to 
obtain an average value of the results in each plane, the experiment is performed 𝑁 = 50 trials. Due to the consideration of two types 
6

of exhalation, SR and WA, a total of 500 trials have been performed.
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A fog generation device (Fog generator: FOG 2010, Safex, Denmark) is used to convey particles generated from an aqueous 
solution of polyols in the exhalation flow. This is done by introducing the particles into a reservoir from which the artificial lung 
collects the exhalation air. The particles, with a typical diameter of 1 − 2μm, are followed to obtain the velocity field using the SPIV 
technique. These particles are conveniently mixed in the air supplied to the artificial lung so that the concentration of particles in 
the flow emitted from the mouth is high enough to get satisfactory results.

The velocimetry system takes a velocity measurement every 0.125 s starting at the instant in which the fog begins to exit from the 
mouth, considered as instant 𝑡 = 0 s (𝜑 = 0). Each recorded instant is called a phase, 𝜑. In the two breathing processes considered, 
the air is exhaled from the mouth during the first 15 phases (𝜑 ≤ 15) in the SR exhalation and in the first 12 phases (𝜑 ≤ 12) in the 
WA exhalation, with a flow rate function shown in Fig. 3. After that, measurement process continues up to 𝜑 = 25 to record the final 
part of the air movement in front of the mouth. The different phases considered for each exhalation are indicated in Fig. 3.

The dedicated software used to post-process the pairs of images obtained by the PIV system (DynamicStudio 2015, Dantec 
Dynamics, Denmark) allows to obtain the velocity field for each individual trial.

This software is set to determine velocity vectors by dividing the images in a series of interrogation areas containing the seeded 
particles [62,63]. The original 2048 × 2048 pixels area is divided into interrogation square areas depending on particle seeding 
density. The interrogation areas are divided into rectangle portions of size 1.471 × 1.067 mm, and for each one a velocity vector is 
returned. A cross correlation Gaussian filter and a peak validation procedure are also implemented in order to determine the valid 
vectors. The invalid ones are rejected and are not considered in the results.

Images are processed through an adaptive multigrid correlation algorithm handling the window distortion and the sub-pixel win-

dow displacement. The prediction-correction method is validated for each grid size when the signal to noise ratio of the correlation 
is above a threshold of 1.1. In average, less than 2% of the vectors are detected as incorrect. Wrong vectors are corrected by using a 
bilinear interpolation scheme. The final grid is composed of 32 × 32 px2 size interrogation windows with 50% overlapping leading to 
a vector spacing of 13.5 px, which represents a spatial resolution of 0.83mm. In all the cases, the air jet flows were seeded with small 
oil droplets, 1 to 2 μm in diameter, provided by a liquid seeding generator. When the ratio of particle-image diameter 𝑑𝑝𝑎𝑟 to the 
size of a CCD pixel on the photograph 𝑑𝑝𝑖𝑥 is less than 2, the energy spectrum is overestimated due to the peak locking phenomenon 
[64]. The present measurement yields 2.5 × 2.5 px on an average for each particle image. According to [65] the particle images 
are adequately resolved for the present set of experiments. A systematic inspection of the particle displacement histograms shows a 
bimodal distribution. This gives sub-pixel accuracy for the determined velocity without peak-locking effects.

In order to balance the in-plane and out-plane errors, an off-axis half-angle of 45° is used. [65] On the other hand, the total error 
which is an accumulation of the error ratio found in [66] and the bias error ratio is about 1.37% for the studied angular position of 
the cameras.

The theoretical analysis of [64] is used to estimate the error on the particle-image displacement. The measurement error for the 
particle-image displacement would scale proportional to the square of the particle-image diameter, and inversely proportional to 
the pixel dimension [64]. The error is also inversely proportional to the signal-to-noise ratio. In the present work, the images are 
obtained with an uncertainty level of 0.05 px and the maximal displacement error is equal to 1%, 2%, and 2.5% for the longitudinal, 
vertical, and transversal directions, respectively. According to Raffel et al., [67] the rms PIV velocity error is given by

𝜎(𝜖) ≈ 0.1[𝑆𝑝𝑖𝑥𝑀𝑆Δ𝑡]

where 𝑆𝑝𝑖𝑥 is the pixel size, 𝑀𝑠 is the scale factor of the image, and Δ𝑡 is the time step between successive images. In the present 
experiment, 𝑆𝑝𝑖𝑥 = 24.1 μm, 𝑀𝑠 = 4, and 𝑡 = 100 μs. Thus, the rms PIV velocity error is 𝜎(𝜖) = 0.092ms−1 .

In each interrogation area the three components of the velocity vector are obtained

𝑢𝑘𝑖 = 𝑢𝑘𝑖 (𝑥, 𝑦,P, 𝜑,𝐸𝑥) ,

where 𝑖 = 𝑥, 𝑦, 𝑧 denotes the velocity vector component and 𝑘 = 1, ..., 𝑁 is the index of the trial, being 𝑁 the number of trials 
the experiment is repeated. Each measurement is registered as a function of the specific position coordinates of the vector in the 
measurement plane, (𝑥, 𝑦); the measurement plane, P = 1, ..., 5; the phase of the exhalation, 𝜑 and the type of exhalation, 𝐸𝑥 =
SR, WA. The coordinate system selected can be seen in Fig. 2(d).

2.4. Average phase method

A time-resolved PIV (TR-PIV) approach is used to analyze the flow behavior, considering the variability of the velocity measure-

ments obtained in each repetition, 𝑘, of the same experiment. [67]. This technique is based on repeating the experiment enough 
times to allow, on the one hand, to capture the physics common to the experiment, and on the other hand, to analyze the variability 
of the results [68]. As already indicated, for each experiment, SR and WA exhalations, a total of 𝑁 = 50 trials are performed.

As already mentioned, to capture the unsteady structure of the flow for each one of the 50 exhalations, 25 equally time-spaced 
SPIV measurements (0.125 s) are performed, obtaining a three-dimensional velocity vector field in each measurement 𝑢𝑘 = (𝑢𝑘𝑥, 𝑢

𝑘
𝑦, 𝑢

𝑘
𝑧). 

To ensemble all these velocity fields, an average phase method (APM) has been implemented as it has been previously done for the 
study of similar flows [58,60,69,70] and the same experimental technique [71].

For a given plane and phase, the average value of each component of the velocity is calculated in each point of the plane from 
7

the measurements obtained in all the trials as follows,



Heliyon 10 (2024) e26283F.A. Berlanga, P. Gomez, A. Esteban et al.

Fig. 4. Individual measurements for the five planes of interest showing the velocity vector 𝑢𝑘 . The vectors are colored considering their 𝑧-component, 𝑢𝑘
𝑧
. Only one 

from each nine vectors captured are shown in the figure and the 𝑧-dimension has been magnified by a factor of 3.25 for a better visualization of the data.

𝑈𝑖 =
1
𝑁

𝑁∑
𝑘=1

𝑢𝑘𝑖 .

The turbulence intensity, 𝑢′∕𝑈 , is used as a measure of dispersion of the results [58], being 𝑢′ =
√

1
𝑁

∑𝑁
𝑘

(
𝑈 − 𝑢𝑘

)
the value of 

the root mean square value of the velocity fluctuations, 𝑈 and 𝑢𝑘 the module of the average velocity and the instantaneous velocity, 
obtained at each point, respectively.

The center of the jet is considered to be located at the point of maximum velocity for each plane and phase,

𝑈𝑐𝑙(P, 𝜑) = max
(𝑥,𝑦)∈𝑃

𝑈 (𝑥, 𝑦,P, 𝜑),

being the jet centerline the line that joins these points. The perimeter of the jet section are considered to be located where the value 
of the velocity modulus is reduced to 5% of its maximum value at the centerline, 𝑈𝑐𝑙 .

To facilitate comparison of the results obtained in this study, distances and velocities are normalized by using the area of the 
mouth and the maximum averaged velocity registered for each experiment, 𝑈𝐸𝑥 , as shown in Eq. (1) and Eq. (2), respectively,

𝑥𝑛 = 𝑥∕
√

𝑎0; 𝑦𝑛 = 𝑦∕
√

𝑎0; 𝑧𝑛 = 𝑧∕
√

𝑎0, (1)

𝑈𝑛 =𝑈∕𝑈𝐸𝑥, (2)

where,

𝑈𝐸𝑥 =max
P,𝜑

𝑈𝑐𝑙(P, 𝜑). (3)

Therefore, to obtain the normalized velocity values, first of all the experimental values recorded through the trials carried out are 
averaged and then normalized using 𝑈𝐸𝑥.

3. Results

3.1. Description of the flow. Individual trials

Fig. 4 shows a typical instantaneous velocity field, 𝑢𝑘, corresponding to the measurements obtained in one of the repetitions, 𝑘, of 
the experiment for the SR exhalation at different planes. These vectors correspond to the phase 𝜑 = 8, in which the flow rate through 
the mouth is maximum. This snapshot view allows to have an idea of the flow evolution of the flow in the proximity of the mouth. 
In Fig. 4, the obtained vectors are colored considering the magnitude of the vector component in the 𝑧 direction, 𝑢𝑘𝑧 . Vectors with a 
negative 𝑢𝑘𝑧 component are shown in red while those with a positive 𝑢𝑘𝑧 component are shown in blue, with an intensity proportional 
to the magnitude of this vector component. The results show that the maximum velocity values are recorded in the jet core for all 
planes. The velocity modulus decreases radially. It can be checked that the maximum velocities are not obtained in the P= 1 plane, 
but in planes further away from the nozzle. In the jet boundary zone, which is the limit perimeter of the jet’s area of influence, at 
the periphery of the jet, a number of vectors with negative 𝑢𝑧 velocity are observed in all planes. These counter flowing vectors are 
clustered in specific areas of the periphery and their grouping can respond to the formation of vortices in the plane. The direction 
of the vectors shows a different behavior in the velocity field displayed for each distance from the mouth. While the planes closer to 
8

the mouth show more ordered vector patterns, when moving away, the vectors show different individual patterns.
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Fig. 5. Comparison between velocities recorded with 2D PIV and SPIV techniques. The variations of the individual measurements are shown in the image in the form 
of an error band with a lighter color.

Table 3

Maximum velocities obtained for each exhalation, 𝑈𝐸𝑥 , and normalized distance to 
the mouth, 𝑧𝑛 (𝑈𝐸𝑥), and phase where they have been registered, 𝜑 (𝑈𝐸𝑥). Compari-

son between 2D PIV and SPIV techniques.

SPIV 2D PIV [60]

𝑈𝐸𝑥 𝑧𝑛 (𝑈𝐸𝑥) 𝜑 (𝑈𝐸𝑥) 𝑈𝐸𝑥 𝑧𝑛 (𝑈𝐸𝑥) 𝜑 (𝑈𝐸𝑥)

SR 2.34ms−1 1.86 11 2.06ms−1 1.93 11

WA 3.10ms−1 1.86 7 2.71ms−1 2.29 7

3.2. Validation of the measurement technique

The results obtained using the SPIV technique are compared with those obtained using the 2D PIV technique for the same 
scenario and environmental conditions in order to validate the experimental technique by using contrasted data published in [60]. 
Fig. 5 shows a comparison of the results for 𝑈𝑛 obtained with both techniques and the APM methodology in the vertical section at 
𝑥 = 0 in the planes P = 1, ..., 5, and the phases of maximum flow emission through the mouth for each exhalation: 𝜑 = 8 for SR 𝜑 = 6
for WA. From Fig. 5, which represents the comparison for SR breath, Fig. 5(a), and WA breath at Fig. 5(b), it is possible to observe 
that there is a good agreement between the measurements recorded with both techniques. The difference between the maximum 
velocity recorded in all the cases shown remains below 10% in all the planes and phases considered.

Regarding the dispersion of the results, it can be verified that it is high for both measurement techniques, which justifies the use 
of the APM methodology to analyze the physics of the flow. Nevertheless, a study of the convergence of the results through the trials 
has been carried out and shows that the number of trials is sufficient, it can be seen in Appendix B. The maximum absolute error 
is obtained at the points of maximum velocity registered, in the central part of the jet. In this area, the maximum values of results 
standard deviation are also found, with values around 0.4.

It must be taken into account that the results obtained with the different techniques shown in Fig. 5 have been normalized with 
their respective maximum velocities, 𝑈𝐸𝑥, obtained with Eq. (3), from the maximum velocity registered for each plane and phase, 
𝑈𝑐𝑙 . The maximum velocity, 𝑈𝐸𝑥, the normalized distance to the mouth, 𝑧𝑛(𝑈𝐸𝑥), and the phase, where this occurs 𝜑(𝑈𝐸𝑥), obtained 
9

with both techniques are shown in Table 3. These results show that the maximum velocity values recorded for the two types of 
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Fig. 6. Decay of jet velocity with distance from the mouth. Comparison between velocities obtained with 2D PIV and SPIV techniques.

exhalation are similar for the two measurement techniques employed. However, a higher velocity is observed in the case of the 
measurements taken using the SPIV technique, which may be due to the fact that this technique records the three components of 
the velocity whereas the 2D PIV technique only records the velocity components in the longitudinal 𝑦𝑧-plane, and it is possible that 
the 𝑥-component of the velocity increases its modulus with the distance to the mouth. Besides, it is also possible that the maximum 
velocity is reached outside of the longitudinal plane.

Another aspect that has been compared is the velocity decay with the distance to the mouth that has been assessed using �̄�P, 
which is the mean of the peak values obtained in each plane in the different trials, regardless of the phase in which it occurs. Note 
that it is not a value obtained using APM.

The comparison shown in the Fig. 5 shows consistent results between the two measurement techniques used, so that the use of the 
results obtained through the SPIV technique allows to increase the knowledge about the mechanisms of jet development formation 
obtained from the analysis of the two-dimensional measurements. Fig. 6 shows the comparison of the results obtained for the velocity 
decay with SPIV and those obtained using the 2D PIV technique [60] for the same experimental situation.

Overlaying the results obtained for this study using the SPIV technique with those obtained with the 2D PIV study [60], it can be 
noted that the agreement between them is good. In this comparison it must be taken into account that the results obtained with the 
different techniques have been normalized with their respective maximum velocities shown in Table 3. The measurement planes of 
the SPIV are located in the developing region of the jet before its transition to the characteristic decay region [72]. In this zone it 
can be seen a slight increase in the value of �̄�P, that is more significant in the case of WA exhalation. This is observed in the results 
obtained with both techniques.

The velocity �̄�P increases with the distance to the mouth up to reach a maximum at a distance in the range of 2𝑙0, for all cases. 
In the case of the SPIV study there are only five discrete measurements in the preferred direction of the flow, whereas the records 
in the case of the 2D PIV study are continuous. This acceleration of the flow outside of the mouth that may be associated to the 
vena contracta effect, has been observed by other authors in experimental studies of exhalations, as, for example, Vansciver et al. 
[28] in experiments with coughs, and in experimental studies of free jets when using nozzles with a sharp shape [73]. The phases in 
which the maximum velocities are recorded are the same regardless of the measurement technique used. In both cases the maximum 
velocities are recorded after the phase of maximum flow emission through the mouth, which is due to the propagation time required 
for the emitted flow to reach the point of maximum velocity.

3.3. Maximum exhalation velocity progression

Fig. 7 shows the time evolution of the maximum velocity modulus 𝑈 , obtained using the APM methodology, for the different 
planes and the two types of breathings, SR at Fig. 7(a) and WA at Fig. 7(b), together with the reference velocity modulus expected 
in the mouth (𝑧 = 0) considering the transient flow rate throughout the exhalations and its opening area, 𝑎0. It is observed that the 
progress of 𝑈 throughout the phases shows a sinusoidal trend, which is broken in the final part of the exhalation with a smoother 
decrease of the peak velocities in the final phases. This behavior is reasonable given that the function that models the time evolution 
of the flow rate emitted through the mouth has a sinusoidal shape, following the results obtained by other authors, such as Zhang 
and Johari [74], that study the effects of acceleration on the injection velocity turbulent jets and observed that for each acceleration 
pattern, the temporal evolution of the front position had the same functional form as the velocity. The maximum velocity evolution 
is similar for all planes, especially in the initial phases of exhalation, with similar velocity values in all planes. Once the maximum 
velocity is reached, the final phases of exhalation show a different trend, especially in the case of WA breathing, (Fig. 7(b)). This 
lack of symmetry in the final part of the velocity evolution is compatible with the puff-like behavior of the exhalation, maintaining 
10

a more irregular final velocity distribution [75].
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Fig. 7. Time evolution of the maximum velocity modulus, 𝑈 , obtained in each plane and phase throughout the two exhalations considered. The expected velocity at 
the mouth, determined from its area, 𝑎0 , is also shown.

3.4. Influence zone of each exhalation

The influence zone of each plane is the cross-sectional area in which valid velocity records are obtained for each phase. Outside 
this area, the presence of particles is not appreciable, so no valid velocity values are obtained. In order to facilitate the visualization 
of valid results, this area is left empty in the final representation. Particle seeding is carried out in the air from which the artificial 
lung is fed, so the fluid in the exhalation contains a high concentration of particles, which is reduced in the contour of the jet due 
to entrainment effects. Taking this into account, it may be considered that the influence zone corresponds approximately with the 
cross-section of the jet. The results of the normalized velocity modulus, 𝑈𝑛 , for the plane P = 3 are shown as contour plots for a 
selection of representative phases in Figs. 8(a) and (b) for the SR and WA exhalations, respectively. The area of influence of each 
contour line plot, 𝑎𝜑, is expressed as a function of the cross sectional area of the mouth 𝑎0. In Fig. 8 it is possible to observe that the 
area of the influence zone increases significantly from the beginning of the exhalation up to a maximum value is reached, and then 
it reduces its area progressively until some phases after the end of flow emission. When comparing the time evolution of the areas of 
influence of the two exhalations, it is possible to identify that there is a quicker increase in the area of influence in the case of the WA 
exhalation and that the maximum area of influence obtained is larger than in the case of SR. It is interesting to notice how the delay 
of the phase in which the maximum of the area of influence is reached (𝜑 = 12 and 𝜑 = 10 in WA and SR exhalation, respectively) 
with respect to the phase of the maximum flow emission through the mouth (𝜑 = 6 and 𝜑 = 8, respectively) is significantly higher. 
This fact may be due to a higher entrainment of the surrounding air. These results are directly related to the higher peak flow velocity 
recorded for WA and to the longer injection time obtained in SR. It has been experimentally proven that exhalations performed at a 
higher metabolic rate have a relative longer duration of time [42].

As the area of the cross section increases, the initial approximately circular shape of the jet section becomes an oval shape, up to 
a maximum spreading. Eventually, as the area decreases, the shape of the cross section of the jet recovers its circular shape. There 
are few experimental studies that analyze the cross-section of the flow in the exhalation, as the work of Thacher et al. [25], that 
observed a non-circular cross section of the flow through hot-wire measurements. This lack of axisymmetric velocity distribution may 
be related to the internal geometry of the airways which influences the velocity field at the jet discharge and affects the experimental 
data obtained. In addition, it must be taken into account that the measurement planes used in this work are vertical and the exhalation 
flow jet, as will be shown later, has a certain downward deviation, so that the vertical dimension of the influence area would be 
higher in the vertical plane if the velocity distribution was axisymmetric. Non-axisymmetric distribution of the velocity has been 
identified in a few experimental studies of respiratory phenomena such as cough [25] and speaking [59]. The lack of axisysimetry 
can be due to the shape of the nozzle, it is known that an oval shape of the opening through which the air is emitted affects the 
vortices generated avoiding axisymmetry, as presented in the results. This has been verified in both numerical [76] and experimental 
studies [60,77].

The results of the normalized velocity modulus, 𝑈𝑛, recorded for the phase of maximum emitted flow for each type of exhalation, 
are shown as contour plots in Fig. 9(a) for SR exhalation and in Fig. 9(b) for WA exhalation. This figure shows the results obtained 
for each of the planes of interest (P = 1, 2, ..., 5), located at different distances from the mouth and allows to analyze the flow behavior 
with the distance from mouth. The area of influence of each contour line plot, 𝑎𝜑, is expressed as a function of the area of the mouth 
𝑎0. In Fig. 9, it is observed that the area of influence of the jet increases with the distance from the mouth. This is the usual behavior 
of a jet, which increases its area of influence due to the entrainment of the surrounding air [72]. It is possible to identify that the 
cross-sectional area of influence is shifted towards negative values of 𝑦𝑛 with distance. This situation has been previously observed 
in many 2D PIV studies [28,54,60] and visualization techniques [45,47]. In addition, a horizontal shift towards areas of negative 
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𝑥𝑛 directly proportional to the distance from the plane to the mouth is observed. This phenomenon, that occurs in both exhalations 
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Fig. 8. Time evolution of the velocity modulus, 𝑈𝑛 , in the plane P = 3, for the two exhalations studied.

considered, has been scarcely reported in the literature, among other reasons because there are few results of the velocity distribution 
in transverse sections. This deviation can be observed in the results presented by Xu et al. [47] and Han et al. [53], although it has 
not been highlighted by the authors.

The maximum velocity is recorded in the P = 3 plane for both experiments. The fact that the maximum velocity is not recorded in 
P = 1, the plane closest to the mouth, can be explained by the vena contracta effect as it has been previously described in Section 3.2.

The vorticity in the z-direction of the flow, 𝜔, in the P = 3 plane at the instant of maximum exhalation flow has been obtained for 
the two exhalations studied, Fig. 10. It can be observed how the external flow entrainment process that generates the mixing inside 
the jet presents Kelvin-Helmholtz type structures for SR, Fig. 10(a), and for WA, Fig. 10(b), exhalations. This fact has been previously 
12

observed in other studies of transient jets using the same technique and experimental setup used in this study [78].
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Fig. 9. Distribution of the velocity modulus, 𝑈𝑛 , in the different measurement planes for (a) 𝜑 = 8, SR exhalation, and (b) 𝜑 = 6, WA exhalation.

Fig. 10. Vorticity, 𝜔, in P = 3 for the maximum exhalation flow phases (a) 𝜑 = 8, SR exhalation, and (b) 𝜑 = 6, WA exhalation.

3.5. Variability of the results in the boundary of the transient jet

To analyze the variability of the results obtained, the turbulence intensity, defined as 𝑢′∕𝑈 , is used. Fig. 11 shows the time 
evolution of 𝑢′∕𝑈 along the different phases of each of the two exhalations considered for the P = 3 plane. Fig. 12 shows the spatial 
evolution of the velocity results for the maximum emitted flow rate phases of each exhalation. The 𝑢′∕𝑈 distribution shown in 
Fig. 11 is quite irregular, although it can be observed an internal zone where this value is much lower for both exhalations studied, 
SR, Fig. 11 (a) and WA, Fig. 11 (b). The proportion of the section occupied by this internal area is higher in the case of SR exhalation, 
Fig. 11 (a). The value if 𝑢′∕𝑈 is, in general, higher near the boundary which is consistent with a high turbulent activity in the mixing 
layer. In the vicinity of the boundary of the area of influence, small areas with high values of 𝑢′∕𝑈 appear corresponding with areas 
where the average velocity is low and there is also a certain variability in the measurement, possibly due to a lack of concentration 
of particles.

The observation of the results presented in Fig. 12 allows us to analyze the spatial development of 𝑢′∕𝑈 along the jet for SR, 
13

Fig. 12(a), and WA, Fig. 12(b), exhalations.
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Fig. 11. Time evolution of the distribution of 𝑢′∕𝑈 in plane P = 3 throughout phases for the two exhalations considered.

In the center of the zone of influence of the jet, a zone of low 𝑢′∕𝑈 is identified in all planes, coincident with the zones where the 
velocity modulus is maximum. This zone can be identified with the jet core. At the periphery of the jet cross section, an increased 
𝑢′∕𝑈 in all planes is identified. The central low 𝑢′∕𝑈 zone decreases in size with distance from the mouth, implying an increase in 
14

the mixing zone with the ambient fluid.
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Fig. 12. Registers of 𝑢′∕𝑈 for the maximum exhalation phase for the planes of interest.

Fig. 13. Flow rate, �̇� , obtained for each of the exhalations considered in the different planes studied.

3.6. Flow rate and entrainment

The flow rate �̇� through each plane is obtained from the velocity profiles as,

�̇� = ∫
𝑆

�⃗� ⋅ 𝑛d𝑆,

where 𝑆 is the cross-sectional area of the jet for the plane and 𝑛 the unit vector normal to 𝑆 .

Considering the velocity fields obtained for the different phases in each experiment, the flow rate through each plane, �̇� , is 
obtained. Results are shown in Fig. 13 along with a polynomial fit to the data collected for each plane P. For each phase, exhalations 
show an increase in volumetric flow, �̇� , with increasing distance from the mouth. While in the P = 1 plane the flow is almost similar 
to that emitted through the mouth, the following planes show a considerable flow rate increment for the same phase what indicates 
a higher flow entrainment. This increment is higher in the planes furthest from the mouth. The increase in �̇� with jet advance is due 
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to air entrainment caused by the presence of turbulent structures at the jet periphery, that have already been identified in Fig. 11. 
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Fig. 14. Flow entrainment, 𝐸, for each type of exhalation through 𝜑.

This flow entrainment is higher in the case of WA exhalation, Fig. 13(b), due to the higher exhalation flow rate emission which is 
consistent with the hypothesis widely accepted that the entrainment velocity in a jet is proportional to the velocity of the flow (see, 
e.g., [12]). Once the emitted flow reaches its maximum and starts to decrease, so does the flow that passes through the planes under 
study, although, the decrease shows a delay with respect to that emitted through the mouth for both exhalations SR, Fig. 13(a), and 
WA, Fig. 13(b). For each plane, the points of maximum �̇� are reached at later phases as the distance to the mouth of the plane 
considered increases. The flow delay is similar in both exhalations and approaches 0.5 s (i.e., equivalent duration of four phases) in 
the final phases of each exhalation. The dependence of the ambient air entrainment on the injected flow rate has previously been 
studied in transient jets (see, e.g., [79,80]).

The flow entrainment, 𝐸, along the time course of the exhalation is obtained by considering the difference between the flow rate 
in the last plane, �̇� (P = 5, 𝜑) and the flow rate emitted through the mouth for the same phase, 𝜑, �̇� (P = 0, 𝜑), normalized with the 
average emitted flow rate ̄̇𝑉 ,

𝐸(𝜑) = �̇� (P = 5, 𝜑) − �̇� (P = 0, 𝜑)
̄̇𝑉

.

The entrainment results obtained for the two types of exhalations considered are shown in Fig. 14 together with a polynomial fit to 
the data collected for each exhalation.

From the data presented in Fig. 14 it can be seen that the entrainment increases with the emitted flow with a similar rate in 
both types of exhalation. The maximum value of entrainment for both types of exhalation occurs with a certain delay with respect 
to the time at which the emitted flow rate reaches the maximum. In the case of the SR exhalation this delay is greater so that the 
entrainment relative to the average flow rate emitted is also greater. Once the entrainment begins to decrease, it can be seen how 
the rate of decreasing is higher in the SR case. Considering the type of exhalation WA and taking into account the time of emission, 
the duration of the airflow is relatively longer in the case of this exhalation.

3.7. Opening angles of the jet and centerline

To determine the jet opening, the velocity modulus is used as a reference. As previously mentioned, the jet boundary is considered 
to be found when the value of the velocity modulus is reduced to 5% of its maximum value at the centerline, 𝑈 . This criterion to 
determine the width of the jet has been followed by [58,60,70], although other authors have used different values, e.g. 1% in Han

et al. [53], or 50% in VanSciver et al. [28]. From the velocity modulus data obtained for each of the planes and phases, the horizontal 
and vertical aperture of the jet is delimited for each phase, determining the extreme points of the velocity field that meet the above 
condition at the different planes. Knowing the extents of the jet in each phase and plane of interest, it is possible to determine the 
time evolution of the jet limits by means of the linear fit to the extreme points obtained in the five measurement planes. Two different 
opening angles are defined: the horizontal aperture in the 𝑥𝑧-plane, 𝛼𝑜, and the vertical aperture in the 𝑦𝑧-plane, 𝜃𝑜. On the other 
hand, considering the point where maximum velocity is registered for each plane, 𝑈∕𝑈 = 1, it is possible to determine the centerline 
direction in each phase by linear regression and the angles that forms with the vertical (𝑦𝑧) and horizontal (𝑥𝑧) planes, 𝜃𝑐𝑣 and 𝜃𝑐ℎ, 
respectively. In Fig. 15 an example of the mentioned angles is shown. While Fig. 15(a) shows the velocity modulus obtained for the 
different planes considered in perspective, Figs. 15(b) and (c) show the projection in the 𝑦𝑧 and 𝑥𝑧 planes respectively.

Fig. 16(a) shows the angles 𝜃𝑐ℎ and 𝜃𝑜 obtained in the vertical 𝑦𝑧-plane for both SR and WA exhalation, while Fig. 16 (b) shows 
the angles 𝛼𝑐ℎ and 𝛼𝑜 obtained in the horizontal 𝑥𝑧-plane. Only values with a coefficient of determination in the linear fit higher 
than 95% are displayed in these figures.

It is observed that a good regression fit has not been obtained for the periods comprising the initial and final parts of the 
exhalations, especially in the angles corresponding to the horizontal plane. This lack of homogeneity of the results may be due to 
16

the initial formation of ring-shaped vortex structures [81] and the absence of flow influence in the planes farthest from the mouth in 
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Fig. 15. Jet opening angles definition. (a) Measurements of the velocity modulus obtained for the different planes considered, (b) projection onto the 𝑦𝑧− plane and 
(c) projection onto the 𝑥𝑧− plane.

Fig. 16. Opening and centerline deviation of the jet along the different phases for both SR and WA exhalation. (a) Angles obtained in the 𝑦𝑧-plane and (b) angles 
obtained in the 𝑥𝑧-plane.

the first phases of the exhalation. In the final part of the exhalation, due to the process of deceleration, there is not a clear definition 
of the direction and opening of the flow. Similar phenomena has been observed in other respiratory events [82]. For the considered 
data, it is observed that the results obtained are very similar for the two exhalations for exhalation openings and centerlines. The 
behavior of the centerline in the vertical plane, 𝜃𝑐𝑣, is similar for the two modes of breathing, forming an angle between −35° and 
−40°, as it can be seen in Fig. 16(a). The angle does not change throughout the exhalation. Results obtained for vertical opening 
jet angles are very similar to the ones obtained for research on real subjects, (30.3° (3.8°−3.3°)) in [29] and (36° (±6°)) in [47], but 
they are higher to those obtained when an oversimplification of the airways is used [58]. Different numerical studies have addressed 
17

the study of human exhalation flow. Previous studies such as Villafruela et al.[83] or Gao and Niu [84] show vertical deviations of 
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the flow. However, the emission of the breathing flow at a different temperature than in this study makes direct comparison of the 
results not viable.

The value of the centerline deviation in the horizontal plane, 𝛼𝑐ℎ, tends to increase, becoming more negative as the phases of 
exhalation progress. For the initial phases of exhalation it shows a value close to −10° and a gradual increment to values close 
to −35°. It can be identified that the flow deviates significantly over the course of the exhalation. This deviation may be due to 
asymmetries in the geometry of the airways analyzed. Exhalation horizontal jet opening angles cannot be compared with previous 
research because of the lack of investigation in the topic. Nevertheless, for other types of respiratory phenomena, such as in the study 
of coughing, similar angles are identified as, for example (−13°∕−15°) in [53].

Analyzing the results obtained for the vertical opening angle 𝜃𝑜, it is observed that, starting from low opening angles, between 0°

and 5° in the first phases of exhalation it deviates towards higher values in the phases of emission of the maximum exhalation flow 
through the mouth for each breathing mode 𝜑 = 6 and 𝜑 = 8. From these phases, the value of 𝜃𝑜 tends to reduce and stabilize around 
15° as the phases progress for both WA and SR. Analyzing the results obtained for the horizontal opening angle 𝛼𝑜, it is observed that 
its value increases steadily throughout the exhalation. It starts from values around the initial 25° for 𝜑 = 5 and reaches registers close 
to 60° once the flow stops emitting through the mouth. This may be associated to the widening of the cross section in the horizontal 
direction.

4. Conclusions

An experimental study of the breathing exhalation flow for two different metabolic rates using Resolved Stereo PIV in transverse 
planes located in the vicinity of the mouth has been carried out. This study has allowed us to obtain three-dimensional velocimetry 
results for the spatial and temporal evolution of the flow in the developing jet region. The following conclusions can be drawn from 
the results obtained:

• A validation of the results has been carried out by comparing them with those obtained in previous works using a 2D PIV tech-

nique. The average velocity profiles corresponding to the longitudinal plane and the velocity decay rate have been satisfactorily 
compared.

• It has been shown that the velocity distributions measured in the cross sections of the exhalation jet are far more complex than 
those that obtained with simplified airway models or those corresponding to jets emitted from nozzles. The non-axisymmetric 
distributions obtained vary with time and tend to adopt an oval shape even when the shape of the mouth is round.

• Time evolution throughout the exhalation of the shape of the area of influence of the jet in the different transverse planes has 
been studied. It has been identified that, starting from an approximately circular shape corresponding to that of the mouth, the 
area of influence of the jet adopts an oval shape during the first phases of exhalation, possibly influenced by the internal shape 
of the airways. However, when the flow emission through the mouth stops, in the final part of the phases considered the area 
of influence of the jet becomes circular again. The flow changes from jet to puff-like behavior as the flow emission ceases. This 
time evolution has been observed in the different measurement planes.

• It has been found that the temporal variation of the maximum velocity in each of the planes follows a similar trend to the sine 
function used to represent the emitted exhalation flow, although in the final phases the attenuation of the velocity is slower due 
to a residual air flow that remains for a certain time after the end of the flow emission in the mouth. It has been seen that the 
maximum flow velocity is not reached at the exit of the mouth, but is reached at a certain distance downstream from the mouth, 
due to the effect of the vena contracta. This phenomenon is also observed in simplified airway models.

• The volumetric flow rate has been calculated in each of the measurement planes, which has made it possible to quantify the 
entrainment flow rate. Its temporal evolution has been studied and it has been found that it increases proportionally to the 
flow velocity and that it decreases when the flow emitted in the exhalation decreases, with a delay that depends on the type of 
exhalation. It has been also found that, while in the WA case a higher entrainment in absolute value is reached, the entrainment 
referred to the mean emitted flow is higher in the case of the SR exhalation.

• The temporal evolution of the jet centerline direction and the jet opening angles in the vertical and horizontal planes have been 
analyzed. It has been found that while in the horizontal plane the time variation of the flow direction and the opening angle is 
small, in the vertical plane there is a significant variation of the opening angle, which is compatible with the evolution of the 
shape of the section which, as we have seen, widens in the horizontal direction. On the other hand, a deviation of the jet in the 
horizontal direction away from the plane of symmetry has been observed, which is possibly due to a lack of symmetry in the 
airways of the realistic model used.

This work has allowed to increase the knowledge of the flow in breathing, which, is a potential source of pathogen transmission. 
Despite the fact that a greater number of tests would have been desirable to achieve a smoother mean velocity distributions in each 
exhalation, the results obtained have made it possible to analyze the main characteristics of expiratory flow in the vicinity of the 
mouth, especially regarding to the temporal evolution of the velocity distribution in cross sections, where, to the authors’ knowledge, 
18

there are no previous experimental results.
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Table A.1

Morphometry of the trachea-bronchi region. The table collects three geometrical variables to describe the different levels of divergence, 
the diameter of the conduits, the angle of branching and the length of each conduit. Each variable is described through its mean value, 
the range between the maximum and minimum value found and the standard deviation of the data.

Generation level No. of branches
Diameter (mm) Angle of branching (°) Length (mm)

Mean S.d Range Mean S.d Range Mean S.d Range

0 1 20.5 - - 0 - - 110.9 - -

1 2 16.9 2.8 14.3-18.9 30.5 10.0 23.5-37.6 43.7 19.9 29.6-57.8

2 4 11.4 3.2 8.4-15.4 30.7 11.7 21.2-47.4 14.3 6.3 7.0-22.4

3 8 6.7 1.8 2.7-8.4 25.8 12.2 7.4-43.0 11.5 7.0 2.7-20.7

4 16 5.3 1.3 2.2-7.2 22.9 12.9 1.2-45.0 12.4 4.8 3.1-24.2

5 32 3.7 1.1 2.1-7.5 15.9 7.2 5.5-40.1 14.4 9.8 4.2-49.6

6 52 3.2 0.8 1.7-5.6 22.6 19.0 0.0-86.4 13.2 10.0 0.7-42.4

Limitations of the study

The exhalation flows used respond to a simplified model already referenced in the article, which takes into account the charac-

teristics of the person and the metabolic activity carried out, it is not a real breathing of a person. The airway model used is rigid, so 
the airway walls do not change their position during exhalation; this is not the case for human airways, so the exhaled flow may be 
somewhat different.
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Appendix A. Detailed information on the respiratory system model

This section intends to provide information about the geometry of the realistic airway printed model. Additionally the geometry 
of the model is compared with the results about the geometry of real people bronchia from different research studies.

In Table A.1 the geometry of the realistic airway printed model is described by detailing length, the diameter and the angle of 
branching of each divergence level from the trachea, which corresponds with the generation level 0, until the 6th level of generation.

The position of the tongue is known to have a key influence on the exhalation flow emitted through the mouth [25,59]. The 
model used in this study corresponds to a relaxed state of the tongue with the tip touching the lower incisors of the model.

The geometry used for this study compares with the models considered in other studies. The main source of knowledge on this 
matter is human autopsies [85–88]. However, recently, and due to the advance of the technology, the geometrical information can 
be gathered from computer tomography scans imaging (CT-imaging) [89]. A comparative between the geometries considered in each 
case is summarized in Table A.2.

Appendix B. Convergence of individual measurements

A study has been made of the convergence of the velocity values obtained throughout the 𝑁 = 50 trials carried out to obtain the 
velocity field in each of the planes considered. The point of maximum velocity in different planes and instants, 𝑈 has been considered 
as a representative value of the set of measurements. For this purpose, the cumulative average of the values obtained up to each one 
of the trials, �̄�𝑘 has been used, using the velocity modulus obtained in each case, 𝑈 , leading to �̄�𝑘∕𝑈 .

In order to compare the results, each measurement has been normalized using the final value obtained for the 50 tests. The results 
for the different planes considered are shown in Fig. B.1

It is possible to observe that from measurement 𝑘 = 20 the values of the averages remain within ±1.5% of the final measurement. 
19

This is why the consideration of 50 trials for each of the measurements is considered as an acceptable value.
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Main bronchi

m)

Mean

length (mm)

Mean

diameter (mm)

Mean first

bifurcation

angle (°)

47.6 12.2 35

38.0 12.0 36

36.10 14.10 35.00

35.0 19.0 35

NP NP NP

43.7 16.9 43.7
Table A.2

Comparative of the studied 3D printed model with the results obtained in different studies about the geometry of the respiratory bronchia. NI, Not included. NP,

Authors Method

Oropharynx
Trachea

Nasal cavity Oral cavity

Nasal passage

surface area (mm2)

Vol

(mm3)

Mouth

area (mm2)

Vol

(mm3)

Mean

length (mm)

Mean

diameter (m

Weibel [85],

Model ‘A’

Idealized model 
based on autopsy

NI NI NI NI 120.0 16.0

Bailey [90] Summarized data 
based on autopsy

15000 NP NP 49000 91.0 16.5

Finlay et al. [86] Idealized model 
based on autopsy 
and CT-imaging

NI NI 283 52000 124.60 18.10

Zhou and 
Cheng [87]

Semi-realistic glass 
model based on 
autopsy

NI NI 414 51400 74.4 15.8

Phuong and 
Ito [89]

3D-printed replica 
based on 
CT-imaging

NP NP NP NP NP NP

Berlanga et al. [60]

and current study

3D-printed replica 
based on 
CT-imaging

24339 35318 260 33927 110.9 20.5



Heliyon 10 (2024) e26283F.A. Berlanga, P. Gomez, A. Esteban et al.

Fig. B.1. Convergence of individual trial velocity registers to their final value. Cumulative average of the values obtained up to each one of the trials, �̄� 𝑘 .
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