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2 | Obijectives

Overview of mass, momentum, energy, and species multi-phase turbulent flow
PDE/ODE set

Discretization, fluids, and Lagrangian coupling
Confidence demonstrated for unstructured multi-physics turbulent applications
High Performance Computing drivers
Established Code Credibility
Code verification
Model validation
Uncertainty quantification techniques to deploy
Case Study:
Coughs in open spaces

Coughs and breathing (with and without protective shield)

Possible research paths to explore
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31 Proposed Math Model Suite (Eulerian) \
ASC ; e

* Variable-density low-Mach Eulerian/point-Lagrangian multi-physics coupling

* Large-eddy simulation-based (low-pass spatial filter); RANS supported, not considered

* Sk reptesents coupling from Lagrangian evolution and represents source/sink of mass,
momentum, energy, and species
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Multiple LES models supported...

41 Proposed Math Model Suite (point-Lagrangian) &

\ _" Stefan flow

A4
Relaxation ti i 4ppdy
= . . elaxation time p = .
Spherical Lagrangian droplets 3pgCpluy — uy|
dz, ; ngdplu, —u
pio_ ; _ Pg%p|Uy p .
dt = upJ 4 Particle Reynolds number Rep = P Circa 1950s
g

(Spalding, 1953)
Cp = 24(1 + Rep)?'?/Re, for Re, < 1000.

dul’vi . (“g.i — “l’~i) + /)P — /).‘I gi Drag coefficient; Co = 24/Rep provides limiting settling velocity, up
— i,
dt Tp Pp Cp = 0.424 for Re, > 1000

Subgrid fluctuations
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dTTLP - Raoult’s law and Clausius/Clapeyron (liquid/vapor equilibrium)
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See Fuego manual, or excellent derivation under Wikipedia:
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5

Chosen Discretization:
Control-Volume Finite Element Method (CVFEM)

° A combination between the edge-based vertex-centered and FEM is the method
known as Control Volume Finite Element (CVFEM) (Hex, Tet, Pyr, Wedge)

A dual mesh is constructed to obtain flux and volume quadrature locations

As with FEM, a basis is defined: Tl nzpe . AT () N npe IN; () "
@ ® @ o] 0x; o 0x;
A ye ¢ Integration-by-parts over test function w:
A | ¢ wolo Ly e (239 o (waas=0
j Prr ot f AT b

6x]- 6x]- 'j

* However, define a test function, w, as a piece-
wise constant function (Heaviside) to be 1 inside
the dual volume and 0 outside. Gradient is a
Dirac-delta function: gy

= —n;6(x; — x'5)

dual-volume definition oT aT

* Edge-based assembles Ajand Vol to  * Leading to: J’pcpa_dv — f/‘la—nj dS =0
t .

edges and nodes, respectively

6

Control-Volume Finite Element Method Attributes

Time: 0.055000

* CVFEM can be viewed as Petrov-Galerkin method

* The method can also be promoted in polynomial space,  fime: 005500
see Domino, CTRSP, 2014 as a first example of low-
Mach fluids algorithm — or Domino, JCP, 2018

Research Thrust: Possible higher efficiency on NGP
due to increased local work)

Rotating cube (Re 4000, RPM 3600)

* However, suitability of higher-order for LES is an open P=1 (top) and P=2 (bottom)
argument — especially when other errors/uncertainties
exist I ———

o 1 2 3 4 5
log(N/Ng) 1 3
Spectral convergence Dual-volume for promoted quad4
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71 Control-Volume Finite Element Method Attributes
Time: 0.055000

* CVFEM can be viewed as Petrov-Galerkin method

° The method can also be promoted in polynomial space,  me 0'05500
see Domino, CTRSP, 2014 as a first example of low-
Mach fluids algorithm — or Domino, JCP, 2018

* Research Thrust: Possible higher efficiency on NGP
due to increased local work)

Rotating cube (Re 4000, RPM 3600)

° However, suitability of higher-order for LES is an open P=1 (top) and P=2 (bottom)
argument — especially when other errors/uncertainties
exist ——

P=1

Y e e e = S o SRR
10°F e e Contents st avsiable st 511
----- Journal of Computational Physics
S4n7 L4
2107k — :
‘ e  fuTaq.
10° ° Design-order, non-conformal low-Mach fluid algorithms using
a hybrid CVFEM/DG approach =
10" e Stefan P. D
s pobsle
0 1 2 3 4 5 6
log(N/Ny) SRR LR 2
Spectral convergence Dual-volume for promoted quad4

Incremental Approximate Pressure-Projection
8 with Pressure Stabilization Errors

* Let the inverse of A, A be approximated by Bz as a scalar, T (which is ~ time scale)

* Let By be equal to the scaled Laplace operator, - TL.

pe 2 8= f— Cph
Momentum and Continuity: [A 0 ] [ #ﬂ] - [ f A= f—Gp
D —1L p —D‘[Gpn Dii = T(Lpn+1 _ DGpTL)

n+1 il n +1 _ 5 +1
Nodal Projection: [1 TG] [un+1] = [Lf] + [TGp u"t =4 -G - p™)
0 Illp p 0 ptl =5

Examples:
* The new splitting and stabilization error is given by: * Rhie-Chow (1983)
*  Peric (19
[A G] [u”+1] — [f] + [(1 - AT)G(pn+1—pn)] . rlcrrllcc s(caliS)
1| = -
D ol[p" 0 (L — DG)p™*tt momentum

* The above can be shown to hold a second-order temporal error (coming) residual, PSPG
* Here, due to equal-order interpolation, i.e., collocation of primitives, L. I= DG
* Therefore, L-DG ~ 4"-order pressure stabilization (pressure oscillations damped)

* Therefore, pressure-stabilization error remains
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9 I Coupling Details

* Bulerian solve is fully-implicit (BDF2); Lagrangian solve is explicit
* Multi-stage stiff ODE integrator with exact or approximate (FD-based) Jacobians

* For more gory details on implementation and verification, see the ASC Fuego theory manual:
https:/ /prod-ng.sandia.cov/techlib-noauth/access-control.cei/2017/1710407.pdf

Lagrangian Advance (interpolation in time for fluids state)
@ — X e e e e ]
N N+1 N+2 N+3

Stiff ODEs generally drive multiple steps (adaptive; minimum step count specification)
Fluids Solve (allows for disparate mesh resolution)

Stick/pass/bounce

Droplet trajectory
accumulating mass,

momentum, ener
Eulerian sy

source terms --‘

while (pIsActive) {
itegrateInElem(); Ll s e mlk s s S

faceElemConnect () ;L *) Fluids fields
communicate();
} load balance(); Fluids Mesh Particle Mesh
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10 I Coupling Details

* Bulerian solve is fully-implicit (BDF2); Lagrangian solve is explicit
* Multi-stage stiff ODE integrator with exact or approximate (FD-based) Jacobians

* For more gory details on implementation and verification, see the ASC Fuego theory manual:
https://prod-ng.sandia.gov/techlib-noauth /access-control.cgi/2017/1710407.pdf

Lagrangian Advance (interpolation in time for fluids state)
C—x O % R RN H—R= )
N N+1 N+2 N+3

Stiff ODEs generally drive multiple steps (adaptive; minimum step count specification)
Fluids Solve (allows for disparate mesh resolution)

Stick/pass/bounce

Droplet trajectory
accumulating mass,
momentum, energy

Eulerian
source terms -~
/ ',:'— =
So d
while (pIsActive) { R 49
itegrateInElem(); | * =\ ™ T = == = ! i ..
faceElemConnect ()l ") Fluids fields e T
communicate(); S
} load balance(); Fluids Mesh Particle Mesh
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Heat Flux

Confidence Established for Atypical Element Topos

Validation

Verification
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Heat Flux

Confidence Established for Atypical Element Topos
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An assessment of atypical mesh topologies for low-Mach large-eddy

simulation

Stefan P. Domino

latthew Barone

. Philip Sakievich
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131 A Note on High Performance Computing

* SNL is committed to High Performance Computing (HPC) to support is science
and engineering objectives

0(200) million multi-physics fire

0(6) billion wind energy application

13
3 i ot . 3 . (rh)
141 Established Code Credibility; Evaporation Model Validation
* Ranz and Marshall, 1952 evaporation curves; 0% RH; See Fuego manual for verification
5 g
1200 ————— T 1.26406 — ————
Experiment Experiment
1000 | oo Simulation ] 10406 | o, Simulation ]
S o Ll Validation
5 o
5 00| 600000 :
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Distance From Inlet (cm)

Quiescent Modeling Assumptions: To Include or Not Include:
15 | Evaporation and Coupling to Flow Field

* Small droplet nuclei (low-Stokes number) are highly coupled to fluid flow

* Large droplets (> 100 um), regardless of modeling assumptions, deposit quickly
* High crosswind velocity (10 m/s and higher) can increase deposition distance

160 — e
140 | \\ ] 170 )
g 1207 1 e 185l A 7 g
< 100 1 < 160 ST e |
5 80l 5 I o My |
[} o M X {
T el 1 T o155 % 1
40 - 500 um, evap | § N
500 um, evap, pulse 150 | i \ § 4
20 F 500 pm, inertial -- B 16~,urr!, ev_ap,‘lpulse
. 500 um, |neq||al, pplse e ‘\‘ 145 ) 16‘pm, mlemal, ;I)ulse —
0O 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140
164 Distance From Inlet (cm) . Distance From Inlet (cm)
ol I ] Conclusions:
1639 - ] » For O(1) scoping simulations, evaporation

g tess 1 can probably be neglected

CRad| i « Droplet transport should always be coupled

= o N i N . . .

§ w7t . to carrier fluid (cough, sneeze, breathing);
163.65 i Eulerian source terms (generally) << small
1;235;2 I o » Two-way coupling/droplet tracking is safest,

1635 L 1S KM inetial -y especially since due to low numbers, the
0O 01 02 03 04 05 06 07

cost for droplet tracking is very [very] low

15

Experiment

Theory, spread

Theory, centerline

Keog centeriin
Smagorinsky, centerline

-10 % ’
-20 S
30 P
40 -
0 10 20 30 40 50 60
XD
40
Experiment
30 Theory, spread
Theory, centerline
20 kegs: Centerline
Smagorinsky, centerline
10
& 00P0002
Y e

40 60 80 100 120
XD Screenshot

%* 2

Fr 10 (~breathing)

16 I Established Code Credibility; Turbulent Fluid Mechanics

* L. Fan, Turbulent buoyant jets into stratified or flowing ambient fluids, Ph.D. thesis,
California Institute of Technology (1967)

* LES is viable when you can resolve the flow as models are generally simplistic

=

Fr 40; uniform or stratified

Fr 40 (~coughing)

N

—

« Buoyant instabilities low; Kyle and Sreenivasan, JCP 1993

« Barolclinic terms small; Nicolette, Tieszen, Black, and Domino, SAND-20056273

16

9/21/20



17

Improved VVUQ: Automatic Structural Uncertainty

* Most LES validation studies establish structural uncertainty via direct
model implementation and forward-calculations

* Is there a more efficient approach? Yes! Eigenvalue perturbation of the
SGS stress (extension of RANS-based approach: Emory et al., Phys. Barycentric triangle (see

Fluids, 2017) Lumley and Newman, J.
Fluid Mech., 1977)

. Amielh etal. 1996 @ sgs
WALE model «----=- sgs kk Open jet
Uncertainty estimate i 3 8’] = 2vsgsS,J, pen j
08
z 1 Uy
z 06 airjes — Eiuj _ 5ij resAres res
2 Uy 3
3 04
sgs
02 sgs 1 sgs Tkk Zkk_g. — 185 785,588
2 = L5 f =, .
ij T ij 3 J in “*nl Yjl >
. ] 1‘0 “5 20 Ts S*
D, A * A *
' wu it =uu;+ s’ =u; +ukuk*aSgs + k5,
b J ij 3 J
5 —_— = — 58S * SgS* _ SgS* , SgS* SgS*
with  upur™ = ugity + Ty and @ =, A il
17
18 I Improved VVUQ: Automatic Structural Uncertainty
° Most LES validation studies establish structural uncertainty via direct )
model implementation and forward-calculations 2% o
> \Q
oI5 thoen o mmnea afficiant nnnenashd Vanl Dinancoaban cachachatina ~f dha /\Q\/\/
<
SG. intermational Journa of Heat and Fluid Flow 77 (2019) 314-335 Barycentric triangle (see
Flui, Lumley and Newman, J.
Contents lists available at ScienceDirect Fluid Mech., 1977)
B International Journal of Heat and Fluid Flow
Open jet
journal homepage: www.elsevier.com/locate/ijhff
08
3
3 06 Eigensensitivity analysis of subgrid-scale stresses in large-eddy simulation of ) res res
;f' a turbulent axisymmetric jet = nl ¥jl
END Lluis Jofre™, Stefan P. Domino", Gianluca Taccarino
* Cntrfor Tebulnce Resarch, Staford Univrsy, Sinfond, CA 94305, USA
; S sgs
02 )
Flow Turbulence Combust (2018) 100:341-363 @ CrossMark JI ’
DOI 10.1007/510494-017-9844-8
0
5 10 15
. T
2D, .
+
A Framework for Characterizing Structural Uncertainty
in Large-Eddy Simulation Closures K SgS*  S@S*
A5 v
nl Jjl
Lluis Jofre' © - Stefan P. Domino? - Gianluca Iaccarino'
18

9/21/20



Simulation Tool Allows For Exploration of Droplet Transport in
19 | Quiescent and Crossflow Configurations )

Extreme Re 50k hard cough (u = 2000 cm/s)

Time = 0.9300 Time = 6.1280
0.0 cm/s i Zﬁsﬁ?i
i Z250s0t 100 cm/s %

Crossflow direction

_Ppt
0006+00

3.5 meters =11’ 6" jco

2.500e-01
0.000e+00

i 100 cm/s

19

(=]
=)

2 I Outdoor Configurations, San Francisco, CA

Pp0 00

3.5 meters = 11’ 6” i

Time = 56.38197

5.0006-01

5 o e
. o:;\: Next-Generation Simulation mesh . zmuimi
10 m/s Crossflow (kneeling)==<

0 m/s Crossflow (kneeling)

»

Dropret; ~2.7 meters
Aerosol; 4.0 meters

Droplet; ~8.1 meterg
Aerosol; full domain

20
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21 | Investment in a Validation Dataset is Suggested

Current experiments are macroscopic (Vs....

Thankfully, this application does not note
substantial turbulent kinetic energy

Lack of good finite-pulsed jet data production via a baroclinic mechanism (sma
density ratio, At# -0.0

21

22 | Conclusions

Model Suite includes coupling between Eulerian and Lagrangian regions

Mass, momentum, energy, species multi-phase turbulent flow
Verification and Validation pedigtee established for numerics/models
Credibility established for evaporating physics and buoyant jets

High-performance computing is a routine requirement

11
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Full talk includes mote details

24 | Pathogen Transport and Infection Mechanisms

ow Contagious & Deadly is It?
put it's i

* Direct and Indirect transmission mechanism We don't fully know yet but t's in
Jatty rate
e
Short-range
Orople bome route i
Tonambted by \\ /mmmn,mm P
aropion s
X Tranamitd by serosols
A NS
. o‘.{ —
fomite voute
st meciory o, «
large droplets
.
A

Wei and Li, A. J. Infec. Cont., 2016

Informationisbeautiful.net

* Caveat: currently, the open news cycle is not distinguishing between fluid mechanics transport of
droplets emanating from a cough/sheeze and the likelihood of infection by either direct or
indirect transmission

* As fluid mechanists, we can provide leadership towards answering the former while partneting
with those who can speak towards pathogen viability and infection mechanism by providing
detailed time-history trajectories

24
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5 | Viability of SARS-CoV-2 Aerosols

* Morris et al, “Aerosol and Surface Stability of SARS-CoV-2 as Compared with SARS-CoV-17,
New England Journal of Medicine, April 16, 2020.

The half-lives of SARS-CoV-2 and SARS-CoV-1 were
similar in aerosols, with median estimates of

approximately 1.1 to 1.2 hours and 95% credible i . _
intervals of 0.64 to 2.64 for SARS-CoV-2 and 0.78 to T i g . w
2.43 for SARS-CoV-1 1 13l WL ITL

€ e 1wl o h
We found that the stability of SARS-CoV-2 was similar Ve LETE
to that of SARS-CoV-1 under the experimental T ——
circumstances tested. This indicates that differences | _ s ic

in the epidemiologic characteristics of these viruses !i
probably arise from other factors, including high viral| "3
loads in the upper respiratory tract and the potential & W ]

o SaRsCov2

R

for persons infected with SARS-CoV-2 to shed and 3 o ] w o oy

transmit the virus while asymptomatic.24 e Pl i:L o] " o
£ | v O +F

Our results indicate that aerosol and fomite Yo s W TSR Eaaea TREeN 0 eeies

transmission of SARS-CoV-2 is plausible, since the T T

virus can remain viable and infectious in aerosols for ... PR — I i P el

hours and on surfaces up to days (depending on the " < ' . -1‘ . ' ‘

inoculum shed). These findings echo those with SARS-| % | 1] : ' K] & i

CoV-1, in which these forms of transmission were £y - = 2 e & = J: ;

associated with nosocomial spread and super- SArscovs AsCi Smscnd i USNScwd i S sscwi U SIRECT TS

spreading events,% and they provide information for
pandemic mitigation efforts.

Excerpt from Morris et al., 2020

25

Modeling droplet dispersion from human coughs and sneezes in
26 | complex environments

* Objective: Deploy multi-physics mod/sim capability to understand droplet
deposition and pathogen transport originating from human coughs to understand
airborne transmission and surface contamination of COVID-19 in common
public spaces .

=2

» Bourouiba et al, JFM, 2014
v

Virtual

origin o= 10008400
. 7500001
. 5000001

00006400

Fuego synthetic cough simulation with droplet distribution from
Yang et al, J. Aersol Med, 2007 including pathogen probability

* Coughs are turbulent buoyant, multiphase plumes (Re~25K for coughs)
* Large droplets deposit while small droplets persist

* Evaporation rates, which are environment-specific, provides understanding
towards what droplets deposit and those that persists

* Droplet nuclei can persist in the environment and #ay pose a long term risk to
occupants

26
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27 | Why Sandia?

* Thermal/Fluids Cote Competency tests in turbulent, buoyant, multi-phase transport

R1.20cm
Time: 0.346813
« Jofre, Domino, and
laccarino, IJHT, 2019
E « Domino, Sakiavich,
E Barone, Comp&F 2019
- { « Domino, JCP 2018
Time: 12.672000
Turbulent jets Buoyant plumes/whirls
35

Heat Flux

0 50 100 150 200 250 300 350

v Angle
Deposition and suppression Vortex dynamics Quality unstructured numerics

27

28 | Primary Obijective: Establish a Credible High-Fidelity Multi-physics Tool

Time = 0.0600 A ;
g &

Multi-physics coughs
." passive breathing

Validation for droplet evaporationRanzemarshall, 1952; ﬂ.”‘d( dtr.°plet, ’
Hamey, 1982 and plume dynamicsFan. 197 U A
crossflow/plexiglass

* Goal: Close the credibility gaps from . °
revious COVIOD-19 work

R1.200m

)
Time: 1267200 I

|

Deploy multi-physics code capability: Sierra/Fuego low-
Mach turbulent reacting flow code with point-Lagrangian

coupling

28
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2 | Droplet Size Distribution; Settling Speed; Physics Description

* Size, number and cough velocity are well ¢ Buoyancy, which affects plume dynamics, are
characterized starting from as early as 1946 known to be significant factors

* Uncertainty in the literature

1600
1400
1200

1000

Number of droplets
=

5150 200 250 5001000 2000

Droplet diameter (jum) FIGURE S. (Colour online) (a) The effect of buoyancy on the sneeze cloud is apparent
in its upward curvature. (b) The large droplet trajectories are shown in the streak image

recorded at 2000 £ps.

FIGURE 17. (Colour online) Histogram of droplet size in coughs (reproduced from
Duguid 1946).

* Settling Speed:

Modest room ventilation can easily suspend a droplet nuclei

Settling Settling Evaporation
duy, _Myp (up —uy) n Velocity | Time for 2m Time
Mp = = T (mp —my)g (cm/s) height (s)
2
_9% (po—pPr)g 100 -30 -6.6 -7
p =
184 1 -3e-3 -66e3 Te-4
Figures/Images again provided by Bourouiba et al, JFM, 2014 (18.5 hr)

29

Findings: a) Droplet Nuclei Clustering/Persistence, b) Protective
3 | Shrouds are Effective for Primary Deposition Mitigation

Top wall not shown

Time = 0.0735 second: Time = 1.0352 second: Time = 8.0071 second: Time = 120.0000 seconds

g

Pulsed nominal cough jet with (Top) and without (Bottom) protective shroud; R2 mesh
Time = 0.0736 secon( Time = 0.4815 secon( Time = 8.0782 secon( Time = 120.0000 seconds

e T -" -

30
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Findings: a) Droplet Nuclei Clustering/Persistence, b) Protective
31 | Shrouds are Effective for Primary Deposition Mitigation

Time = 60.00 seconds

Time = 5.4774 seconds

Time = 60.00 seconds
Time = 55.4523 seconds

Plume spread for coughs and breathing

31

Findings: a) Droplet Nuclei Clustering/Persistence, b) Protective
12 | Shrouds are Effective for Primary Deposition

Tlme = 0_0000 Seconds Top wall not shown

Pathogen

1
oI

Re 25,000

» Classic axisymmetric jet shedding drives droplet clustering
* Primary droplet cloud in addition to secondary buoyant plumes

32
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| Findings: a) Droplet Nuclei Clustering/Persistence, 2) Protective )
1 | Shrouds are Effective for Primary Deposition W

Top wall not shown

Time = 0.0000 seconds

\ Pathogen
| I
0

Re 25,000

» High- streamwise curvature impinging jet drives ring impingement clustering
» Persistence of droplet nuclei is noted

33

Buyer-beware: low-Resolution Simulations Underpredict Vortex
34 | Shedding from Primary Jet

Time = 21.2915 seconds ;
Time = 120.0000 seconds RSN,

Pathogen
| I
0

RO

Time = 0.5440 seconds Time = 5.4774 seconds

R3 ~ 0(250) million elements

34
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351 The Role of Protective Shrouds; Passive Breathing in Zero crossflow

Wan et. al, Particle Size Concentration Distribution and Influences on Exhaled Breath Particles in Mechanically
Ventilated Patients; 2014

Time = 0.00

Droplets persist
while forming a

concentrated
cloud at the
protective
shroud
o 1, 2, and 3 micron spray distribution; 120e-12 g injection over 4
seconds; sinusoidal breath of 100 cm/s
o Low velocity and small droplets render direct transmission unlikely,
however, as with previous simulations, droplet nuclei persist - now
at low concentrations
35

3 I The Role of Protective Shrouds; Passive Breathing in Zero crossflow

Wan et. al, Particle Size Concentration Distribution and Influences on Exhaled Breath Particles in Mechanically
Ventilated Patients; 2014

Time = 0.00

Droplets persist
while forming a
cloud
approximately
1.5 meters
from source

o 1, 2, and 3 micron spray distribution; 120e-12 g injection over 4
seconds; sinusoidal breath of 100 cm/s

o Low velocity and small droplets render direct transmission unlikely,
however, as with previous simulations, droplet nuclei persist - now
at low concentrations

36
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37 | Crossflow Animations

Time =4.212

_Pp1 = pathogen
Log-normal droplet distribution fit matching mass

_Pp1

1.000e+00
7.500e-01
5.000e-01
2.500e-01
0.000e+00

Crossflow direction

1 m/s crossflow (back)

37
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