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Numerical simulation of two consecutive human sneezing and examining the dispersion

of the resulting droplets in the surroundings
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ABSTRACT: In the present study, by simulating the process of two consecutive sneezes using a real
model of the upper airway of a 65-year-old non-smoking man, the dispersion pattern of droplets resulting
from the process of two consecutive sneezes has been investigated. Using computational fluid dynamics,
the velocity of airflow during two consecutive sneezes was checked and the k-o SST turbulence model
was used to check the flow. Assuming realistic flow rate changes in both sneezes, the maximum flow
rate during sneezing according to the subject’s age and gender is equal to 553 L/min. In the present
study, the simulation has been carried out by considering a wide range of droplets with diameters of 1
to 1000 microns, and about 2 million drops have been injected into the surrounding environment during
the process of two consecutive sneezes. In this study, the temperature of the air in the surrounding
environment and the air jet coming out of the respiratory system are assumed to be 24 and 35 degrees
Celsius, and the relative humidity of the surrounding environment and the air jet is assumed to be 65 and
95%. The maximum rate of penetration and spread of droplets resulting from two consecutive sneezes in
5 seconds is 19.9 and 7.5% higher than the rate of penetration and distribution of droplets resulting from
a single normal sneeze at the same time. Most of the injected droplets have evaporated in the surrounding
environment during the process of two consecutive sneezes, and less than 40,000 drops are left in the
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environment in 5 seconds.

1- Introduction

The publication and transmission of viruses, especially
those related to respiratory diseases, have always been
one of the challenges faced by humanity. The necessity
to investigate this issue has led researchers from both
medical and engineering fields to collectively focus on
the topic of airborne infectious disease transmission [1].
Virus transmission methods can be categorized into two
main approaches. The first method involves direct contact
of mucous membranes in the mouth, nose, or eyes with
contaminated surfaces, while the second method is the spread
of viruses through respiratory processes. In the latter method,
viruses infiltrate into droplets of saliva or nasal mucus and,
through respiratory processes such as sneezing and coughing,
enter the surrounding environment. When these droplets are
inhaled by others, the chain of virus transmission continues
to spread. Analyzing the sneezing process requires proper
preparation in two main aspects. The first aspect relates to
modeling and meshing that align with the research objectives
and the the second aspect involves selecting appropriate
solution methods, equations, and boundary conditions. In
this research, a simulation of the sneezing process with two
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consecutive sneezes was conducted for a 65-year-old non-
smoking male, taking into account the upper respiratory
system and the impact of the air jet resulting from two
consecutive sneezes. Previous studies have not considered
the effects of a secondary jet resulting from the second
sneeze on the dispersion and penetration of droplets from
two consecutive sneezes. However, in this study, an attempt
was made to investigate the increase in droplet dispersion
and penetration resulting from two consecutive sneezes and
compare it with the results of a single sneeze under identical
conditions.

2- Methodology

In the present study, the actual geometry of the upper
respiratory system was utilized to simulate airflow during
a sneeze. To create the upper respiratory system, CT scan
images of a healthy, 65-year-old, non-smoking male subject
were employed. The dimensions of the computational domain
surrounding the subject are 3 meters (height) x 3 meters
(width) x 5 meters (length). Further details regarding the
computational domain geometry are considered in the study
by Zandaf et al [2].
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Fig. 1. The computational domain [2]

To generate the network, ICEM CFD software was used.
To appropriately simulate the interactions between the airflow
and the walls of the upper respiratory device, a prism layer
with 4 layers was utilized. The height of the first layer is 0.01
millimeters, and a growth rate of 2.1 is employed the mesh
with 1.7 million cells has been selected as the appropriate
mesh in terms of accuracy and efficiency.

Zandaf et al. [2] calculated the boundary conditions for
a normal single sneeze. According to the results of Busco et
al. [3], the duration of a single sneeze is about 0.51 seconds,
and about 0.23 seconds, the air jet enters the surrounding
environment as droplets. Then only the air jet is injected
into the surrounding environment. In this study, contrary to
the results of Gupta et al [4], which discussed the decrease
in volume flow rate in the second cough for the process of
two consecutive coughs, it is assumed that the first sneeze
was taken for 0.51 seconds and the second sneeze after that.
The first sneeze (in 0.51 seconds) will start to calculate the
maximum effect of the second sneeze jet for spreading and
penetrating the droplets from the first sneeze, and before the
start of the second sneeze, the inhaling process has occurred
again for 0.016 seconds. Finally, the second sneeze ended in
1.02 seconds and the maximum flow rate occurred in 0.10
and 0.61 seconds. the flow rate changes from the beginning
of the trachea according to Figure 2. The formulation of flow
rate changes in terms of time is expressed in equation (1).
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Fig.2. Changes of flow according to time during
sneezing

The values of constants a, b, ¢, and d presented in equation
1 are equal to -17.1430, 69.5510, 0.1535, and 0.6780.

The equations governing the fluid domain can be expressed
as equations (2), (3), and (4). The equation of forces affecting
a droplet is expressed as equation (5).
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3- Results and Discussion

In the present study, with the help of computational fluid
dynamics, the simulation of the diffusion pattern of droplets
resulting from two consecutive sneezes has been investigated.
Figure 3 shows the location of the droplets resulting from two
consecutive sneezes at 1 and 3 seconds corresponding to the
viewing angle along the Z axis.
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Fig. 3. Diameter contour, spread, and penetration of
droplets caused by two consecutive sneezes in (a) t=1s
and (b) t=3s

4- Conclusion

The simulation of the distribution of droplets resulting
from two consecutive sneezes determined that the large
droplets quickly moved away from the front of the mouth; so
that the second jet resulting from sneezing did not have much
effect on them; But the small droplets resulting from the first
sneeze due to the small distance they have taken in front of
the mouth and nose compared to the larger droplets; The
second jet resulting from the second sneeze affected them
and increased the spread and penetration of these droplets
at the same time compared to a normal sneeze. The rate of
penetration and distribution of droplets resulting from two
consecutive sneezes in 5 seconds is 19.9 and 7.5% higher
than the penetration and distribution of droplets resulting
from one sneeze at the same time.
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Table 1. Boundary conditions and interaction of droplets with the solid wall in different parts of the
computing environment
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Table 2. Initial conditions in the respiratory system and surrounding environment
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Fig. 5. (a) the velocity variation diagram within the respiratory system and (b) the surrounding environment [25]
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Fig. 6. Numerical and experimental results of the change in the diameter of the falling drops for two diameters of
110 and 115 microns [25]
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Table 3. Comparing the maximum error obtained from the results of the present study compared to the
numerical results of Busco et al. [19] for sneezing
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Fig. 7. Velocity changes over time in a) first trachea, b) mouth and c) nose for two consecutive sneezes
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Fig. 9. The contour of the diameter, spread, and penetration of droplets from two consecutive sneezes at different
times related to the viewing angle in the direction of (a) X, (b) Y, and (c) Z axes
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Fig. 10. Comparison of the results of spread and penetration of droplets resulting from two consecutive sneezes for the
present study with the results of a single sneeze process for the study of Zandaf et al. [25] at different times related to
the viewing angle along the a) X, b) Y and ¢) Z axis
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Table 4. Comparing the maximum penetration and spread of small droplets obtained from the results of the
present study for two consecutive sneezes with the numerical results of Zandaf et al. [25] for a single sneeze

woyd ol i Al lp ol A Ay wweye OlkEdgh Ay lp Olplad Sgh Al oo
B (o) ddae ST gl (y0) Jlgso ddac go WS (o) ddae ST (gl (y0) g ddae g0 (alh)

(1)

\lid <IFNY |77 Yon \IVEY AIARA \
Yo </YYY AN Y/IA AN \IVEY Y
OIA VN < [AOY VO VIAAY YINFE Y
Yo <|AOY AT ARYA VM Y/far I




100

920

80

Particle Diameter
1.00e-03

9.00e-04
8.00e-04

7.00e-04
6.000-04
5.00e-04

4.00e-04
3.00e-04
2.00e-04
1.00e-04
7.11e-08

il + /1T gloj 3 sk dudas 93 gl YU glod 5 Ik sy 5 ol s bobs 1) KU

Fig. 11. stream lines and droplet spread from the top view for sneeze in 0.66 Sec

T=5s — — — — Airborne
2E+06 Traped
sdVAYAYYY T Evaporated e
I e
-
L 7
1.5E+06 [ !,f
.""
/
i/
1E+0B [ !
/
./A
‘/
rd
./‘
I - _
500000 - e N
i e ./” =~ -~ -~ 7
b ’./ -
511TTFD r .
i i [~ -
— [
ol yuzkd Ol yhad S yled Ol yhad A0 Comd Ol yhad 0
92.25 1.89 5.36 Time (s)
(<) ()

Comnlid 0w g il phad o )3 (0 g e (s yloj 45 (Jlgie dumhrs 95 1 Jols il plad 5 1lgd g Comanld « puded Wig (AN Y JSUS
aili 0 yloj 43 Jlgio awdas 93 51 Juols Ol dad S dy Connd 3 1lgd g 8L
Fig. 12. a) The process of evaporation, settling, and airborne droplets resulting from two consecutive sneezes
at different times and b) the percentage of evaporated, settled, and airborne droplets compared to the total
droplets resulting from two consecutive sneezing in S seconds

A



AR 5 AVD dsxio AF-Y L &V 0,0 DO 6,95 ¢5usS pool Sl usigeo 4yl

Alzis o p3 s il jebateds o] clallas 45 395 o dlgiia

b duke (Giloded ly S slb S (silosnd Saadl Juo |

oolitl (Saasl Jao b o gl § 39 o3litel (pundis olKaw (4185 i >
20,5 dunlio dalllao oyl 3 onis

ij-c w)@ -0
eSS e
SslS oo C,
sj)é w)@ Cd
(ke K)ok 5l ci s G
(hm) o,kad Jbd  d
(N) b o F)y
(N ) ’L‘“) )f’c 9)"’ FnonD
(ke ol sle s Py
(kg) .ok o, 1M,
Spllal 5l > @235 59 @)l Jislsse B,
(ms?), uls obs 8
(Wm72Kil),k5a‘l:.>44‘L‘.> Q)|).> JLQ...J o o h
(ms) oy Jiil cuys B,
cdol ose Nu
(Pa),lzs P
Jﬁlﬁ soe  Pr
g, 00 Re
doiz S
(s),oby
(K),Ls T
(ms™), s gy U
%

(ms_]),o).lcé s o

(kgm™), J&>

(kgm's) oor )

SUg e

Wdloiuluy 9 (5 5 4 oy €

anlas 93 a8 Slabre &Yl SKalyy oS 4yl addllas 5
ol 04 o2l sl s oSiwd (2Bly Joo jl g (gilwand Jlsie
&S Cul (Kot Al FO D0 S 4 Glate  SBed  wds oSiwd
sl 0 g5 g Sl S o plal Sl pSere Jl3Ele 5 S8
S edlatal b casgls el (g)log Sl diy I alies > pglateds
Silotend Cooal & a2 bl oad odlatul )Ly e oiysS)]
Old (293 Ol g (bl ol 0)l923 (S035 3 by 38
SSasl Jae 5 1 cdas auld g i SasT, coliy s e g
ol oab o3l (gjloans opl > k-0 SST

95 Slp (oS oRiwd G903 I pby> klpd (gilwand ool
3 o 4 Sl ol b sl ,500Ss alie dudas S5 g Jlgte dulas
a alio b pgd dube w9 03 ) o a0l,8 |.)J.’>u Jol dulac
iy Ay &S (gpabody Al b ot olSiwd gyd Jol dulac
oy 450 1o YO 50 4 5 4y 0o (i 5 01 (S5 92 C
o]

I Jols whilad S9is 5 is (pizmen g I3 bz 3985 Lulyd Ll
Sglite Sl Luzee (19,0 (Jgene dudas S5 4 Cund Jlgio dukas 9
Sloa b Glibl s g,0 dndee p,5 (glon Co 390 4S5 sbods ]
sl g ol oud BLbI e by 53 (5)lukl dbml sl 3y
5 dlanlgy o8 0,5 sl Bl Lo (19,5 1y b J) JS (8
Lo 55 olojed JS5 (28 5 59 Sl 5 o audas
sl samlie L5 GBI

S 58 paseie (Jgie sk 93 ] Jols S8 iy (slosnd
pgd Co &S (gyobdy (4B )T alold lad Llie | cs pudy S5 @l ylab
Jobs Ko g8 @l s Lol 3,15 Slhis 156 ol g9y p dubas I Jols
Bl ) 555 Sl 4y o o oS alols b & Jgl e ]
A6 gl o) 2 pgd dudae I Jols py> o ilaBS i g oo
e & Cond laSs oloj )3 1) ©llad (pl 3983 9 (i34 (e g aliS
dubae 93 5l Jolb lilad (Ao 5 398 ol Cunl 03,8 ik (Jgene
OiSy 9 390l i Mo d VB 9 VAR i 4 4l O ol o Jlgie
ol il yloj 53 dudee S 5l Jols @l ylad

AY



[10] M. Faramarzi, M. Hossein Baradaranfar, O. Abouali, S.
Atighechi, G. Ahmadi, P. Farhadi, E. Keshavarzian, N.
Behniafard, A. Baradaranfar, Numerical investigation of
the flow field inrealistic nasal septal perforation geometry,

Allergy & Rhinology, 5(2) (2014) ar. 2014.2015. 0090.

[11] A.A. Borojeni, M.L. Noga, R. Vehring, W.H. Finlay,
Measurements of total aerosol deposition in intrathoracic
conducting airway replicas of children, Journal of acrosol

science, 73 (2014) 39-47.

[12] M. Zubair, M.Z. Abdullah, R. Ismail, I.L. Shuaib, S.A.
Hamid, K.A. Ahmad, A critical overview of limitations
of CFD modeling in nasal airflow, Journal of Medical

and Biological Engineering, 32(2) (2012) 77-84.

[13] X. Xie, Y. Li, A. Chwang, P. Ho, W. Seto, How far
droplets can move in indoor environments--revisiting the
Wells evaporation-falling curve, Indoor air, 17(3) (2007)
211-225.

[14] W.E. Wells, Airborne contagion and air hygiene: an
ecological study of droplet infections, Commonwealth
Fund, (1955) 1-109.

[15]M. Jennison, H. Edgerton, Droplet Infection of Air: Hih-
speed Photoraphy of Droplet Production by Sneezin,
Proceedings of the Society for Experimental Biology and
Medicine, 43(3) (1940) 455-458.

[16] M.W. Jennison, Atomizing of mouth and nose secretions
into the air as revealed by high-speed photography,
Aerobiology, 17 (1942) 106-128.

[17] A. Khosronejad, S. Kang, F. Wermelinger, P.
Koumoutsakos, F. Sotiropoulos, A computational study
of expiratory particle transport and vortex dynamics
during breathing with and without face masks, Physics of

Fluids, 33(6) (2021).

[1] A. Fabregat, F. Gisbert, A. Vernet, S. Dutta, K. Mittal,
J. Pallarés, Direct numerical simulation of the turbulent
flow generated during a violent expiratory event, Physics

of Fluids, 33(3) (2021).

[19] G. Busco, S.R. Yang, J. Seo, Y.A. Hassan, Sneezing

and asymptomatic virus transmission, Physics of Fluids,

AY

&
[1] A. Mangili, M.A. Gendreau, Transmission of infectious

diseases during commercial air travel, The Lancet,
365(9463) (2005) 989-996.

[2] S. Leroux, https://www. who. int/emergencies/diseases/

novel-coronavirus-2019/situation-reports, (2022).

[3] The World Bank, https://www.worldbank.org/en/news/
press-release/2021/12/06/learning-losses-from-covid-
19-could-cost-this-generation-of-students-close-to-17-

trillion-in-lifetime-earnings, (2021).

[4] Y. Liu, R. So, C. Zhang, Modeling the bifurcating flow
in a human lung airway, Journal of biomechanics, 35(4)
(2002) 465-473.

[5] P. Nithiarasu, O. Hassan, K. Morgan, N. Weatherill, C.
Fielder, H. Whittet, P. Ebden, K. Lewis, Steady flow
through a realistic human upper airway geometry,

International Journal for Numerical Methods in Fluids,
57(5) (2008) 631-651.

[6] H. Moghadas, O. Abouali, A. Faramarzi, G. Ahmadi,
Numerical investigation of septal deviation effect
on deposition of nano/microparticles in human nasal
passage, Respiratory physiology & neurobiology, 177(1)
(2011) 9-18.

[7] S. Vinchurkar, L. De Backer, W. Vos, C. Van Holsbeke,
J. De Backer, W. De Backer, A case series on lung
deposition analysis of inhaled medication using
functional imaging based computational fluid dynamics
in asthmatic patients: effect of upper airway morphology
and comparison with in vivo data, Inhalation toxicology,
24(2) (2012) 81-88.

[8] O. Abouali, E. Keshavarzian, P. Farhadi Ghalati, A.
Faramarzi, G. Ahmadi, M.H. Bagheri, Micro and
nanoparticle deposition in human nasal passage pre and
post virtual maxillary sinus endoscopic surgery, Respir

Physiol Neurobiol, 181(3) (2012) 335-345.

[9] G. Ahmadi, M. Yazdi, M.H. Bagheri, O. Abouali, B.
Tavakoli, Micro particles transport and deposition in
realistic geometry of human upper airways, International

Journal of Engineering, 25(4) (2012) 315-322.



AR 5 AVD dsxio AF-Y L &V 0,0 DO 6,95 ¢5usS pool Sl usigeo 4yl

[25] A. Zandaf, G. Heidarinejad, Numerical Simulation
of the Dispersion of Human Sneeze Droplets In
The Surrounding, Amirkabir Journal of Mechanical

Engineering, 55(1) (2023) 85-104 (in Persian).

[26] C.T. Crowe, J.D. Schwarzkopf, M. Sommerfeld, Y.
Tsuji, Multiphase flows with droplets and particles, CRC
press, 2011.

[27] H. Ounis, G. Ahmadi, J.B. McLaughlin, Brownian
diffusion of submicrometer particles in the viscous

sublayer, Journal of Colloid and Interface Science,
143(1) (1991) 266-277.

[28] K. Inthavong, J. Tu, C. Heschl, Micron particle

deposition in the nasal cavity using the v2—f model,
Computers & Fluids, 51(1) (2011) 184-188.

[29] Y. Feng, C. Kleinstreuer, Analysis of non-spherical
particle transport in complex internal shear flows,
Physics of Fluids, 25(9) (2013).

32(7) (2020).

[20] J.K. Gupta, C.H. Lin, Q. Chen, Flow dynamics and
characterization of a cough, Indoor air, 19(6) (2009) 517-
525.

[21] J. Duguid, The size and the duration of air-carriage of
respiratory droplets and droplet-nuclei, Epidemiology &
Infection, 44(6) (1946) 471-479.

[22]1J. Lee, D. Yoo, S. Ryu, S. Ham, K. Lee, M. Yeo, K. Min,
C. Yoon, Quantity, size distribution, and characteristics
of cough-generated aerosol produced by patients with an
upper respiratory tract infection, Aerosol and Air Quality

Research, 19(4) (2019) 840-853.

[23] W.E. Ranz, Evaporation from Drops-I and-II, Chem.
Eng. Progr, 48 (1952) 141-146,173-180.

[24] P.Y. Hamey, The evaporation of airborne droplets, MSc
Thesis, Cranfield Institute of Technology, Bedfordshire,
UK, (1982) 48-58.

Mech Eng., 55(7) (2023) 875-894.

DOI: 10.22060/me;j.2023.22245.7587

A. R. Zandaf, Gh. Heidarinejad, Numerical simulation of two consecutive human sneezing
and examining the dispersion of the resulting droplets in the surroundings, Amirkabir J.

o2 gl )l e (ol 4 digSy

Mg



	Blank Page - EN.pdf

