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Keywords: We €eport @n gn gxperimental §udy €garding Ghe @erformance @f Etate-of-the-art gentilation Eystems@ith g
HVAC different @glet @psitions Gith @spect@ Ge &erosol §pread. Bor Gat, Ge patial Gstribution €f Gerosol Ekposure g
Passenger@in was Qetermined @r Gix gifferent Gource Gcations G g Generic Gassenger@ompartment. Ghis Gllowed gs & J
Cg;ﬁ;{'i%pers'on evaluate @e @fferent Epncepts i @rms 6f Parameters §hich & Epntaminant Gmoval Efficiency, Ge Gumber 6f J

seats@bove g Gertain @reshold G e Gean Garticle Goncentration G Ghe Greathing Gone Gf Ghe Gassengers.g
The @sults Gpvealed Efrong Gffferences § Ghe @cal Particle Epncentrations Gepending Bn Ghe Epurce Position. g
Further, i @as @und Gat §o Epiling-based €pncepts, Gicrojet €piling &hd Cpiling Gounted ot Gffusers med J
at Ge Bpssengersiave fgnificant lvantages@er Ge Gher Epncepts, Epecially Ghen i Epmes@ Ge Gumber g
of Eeats@ith @erosol Gxposures@bove Certain Gresholds. Yet, hich Gponcept @ Gptimal €fill Gepends Gn Ghe g
chosen @hreshold. @he Gontaminant @emoval @fficiency @uctuates @nly Geakly Ground g.5 Gr €he different g

concepts, @pvealing Gixing-ventilation @¥inciples @r @l Epncepts.

1. Ontroduction

Passenger®f public Gansport gfe kposed® Gharious §purcesof pol-
luted gir Quring Gheir @urneys. Jhese ghnge @om Gmissions gf @ropul-
sion §ystems(-iu €t 6., g019) ® Brake O Gheel fiction Gmissions@ru g
and Qlofsson, g024). W/ith the GARS-CoV-28andemic, the gxposure ® g
potentially @athogen-carrying @ir ¢hside ¢he @assengergompartments g
significantly Gcreased @) @levance. Jhe @entilation ©f @assenger@ain g
compartments gas @ @heet Geveral Gtandards, §.9. GN §3129:2016 ¢r g
long-distance @ains @r GN g4750:2024 @pr grban, Guburban @nd @e-
gional @lling €fock, @ @nsure Gassengerthermal Gomfort. Gt the Gamed
time, €he gnergy €equirements gf the GVAC gystem gnd ¢he Gcal gir g
quality gpust Be €pnsidered. Balancing these Biree Gain Gllars Ghermal g
comfort, gnergy Gemand gnd gir Quality) § g challenging Gisk & @rms g
of @entilating @assenger@ains. @dditional @onstraints gre gnposed @y J
the geometric @nd §pecific gperating Gonditions gf Ghe Gain. Glthough g
the gir Quality @y Grms @f g Gufficient @esh gir Gupply gas @ng Geeng
defined gnd @tipulated ¢h gtandards, the gforementioned GARS-CoV-
pandemic Bas @rawn gdditional gitention © Ghis Gsue. Hccording § The g
World @lealth @rganization gVHO) @021), @ gas geen @ell gcceptedd
since gummer @020 €hat g @esides@mear Ghfection gnd Girge groplets g

@erosols ghat gre gbsorbed ¢hrough €he Ghucous Ghembranes @f the g
respiratory @act play g Gajor Gle @ te Spread 6f Ghe Grus. This Gd © g
an Mtensification Of Gsearch@to Gansmission Gutes @nd Geations, Of J
which @ublic @ansport Became @ne @cus @rea Gartland 6t @l., g022). g
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E-mail ddress:gnichael.mommert@dir.de @M. §lommert).

https://doi.org/10.1016/j.aea0a.2026.100487

One Branch 6f this @search @cuses@n Ghodeling Gansmission Gays @ J
estimate igfection @sks. Bxamplesf glich §udies €an B fPund Br Busesg
(Fouckhardt @t gl., g026), girplanes gNebner gt €l., g024), gnd Gains g
(Li et @l., g022).

Further @esearch @ave @ttention ¢ the garious Gactors @hich @an g
be @hodified @ Gpfluence the gpread of Gruses. Flost gtudies Gpproach g
this @pic @ith @ gomputational fluid dynamics EFD) @pproach, ghich g
entails Cagrangian particle Gansport. s & €kample, Yang € §. G014) g
compare @he @fficiency @f @erosol gemoval @or Ghree @ifferent Gom-
partment @pes gommon th Ghinese @il Gansport. QPther gtudies th g g
German @hng-distance gain CE) §egment@sing gomputational Quid g
dynamics @imulations @Konstantinov @t @l., g023) gnderlined ¢he gos-
itive @ffect f @earing g Ghask gnd the Ghcreased Garticle @ads Quring g
coughing. @lso, garious gspectslke the gpecific theans gf the gerosol g
emission, ge. gpeaking, goughing, @r gneezing, gave Geen Gtudied Gu-
merically By 'Qu € §. @024). gn e Gher IBand, Gu € §. Q022) igves-
tigate the @fluence of the Particle §ze gn Ghe Gansport O Gvaporating g
particles.

However, gimulating g @hole gain gompartment @ @pically gnly g
feasible @ith @ gteady-state gpproach. @hereas, @xperimental gtudies g
showed @hat @pcal Gontaminant @oncentration @an @trongly @uctuate g
over @ne Cpchiepel € &., g025), Ghich i@dicates g@¢jgnificant Gpact 6f g
transient €ffects Gh Ghe Particle Gansport. Bor his Gason, Gkperimental g
investigations gre Bdispensable @hen @ pmes® Bivestigating Gerosol g
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Fig. § @) GAD @ndering 6f Ghe GZG Ghock-up. () Ghotograph 6F Ge Bhock-up @ithout rther [stallations.

dispersions. §he @spectsf gerosol dispersion Covered By gxperimental g
studies gover he @ffect gf Ghask-wearing gnd the tate gf the Gesh-air g
supply, @hich @as Gheasured Oh the Gompartment gf § Grmer German g
long-distance @ain @y §chmeling 6t gl. 2022). Jhe gpproach gsed @r g
these Ghvestigations, gs @ell gs @r the @resented gtudy, & @ositioning g
a @ealistic €ace Chask Gith @onstant @erosol @xhalation @n @ ¢hermal g
manikin @ @imulate @n ghdex @erson, @vhile @nheasuring Ghe @Gerosol g
dispersion @ith gn grray @f @articulate €nhatter gensors.Jhis gpproach g
is @ell gstablished gnd @as glso Geen gsed ¢pr gimilar Gtudies G Gll-
size grcraft Cpbins © Pvestigate Bhe Pfluence Of Gasksghd entilation g
rates gschmeling 6t @l., g023) Or different @entilation Goncepts Pehne g
and §chmeling, g025).

As Gedicated Geasures@acting @n gandemic Greats, §uch @s ghask g
mandates ¢ The Ghplementation Of gr Purifiers, ge Poth Gccompanied g
by gocial gnd @conomic grawbacks, €he gtock gentilation gystems@f g
future @ain ghodels hould Ge gesigned gs Cesilient gs gossible. @his g
reduces the geed ¢r Qedicated Gheasures@h gandemic gituations, gnd g
mitigates the pread of @irborne diseasesth General.

With @he @im @f Getermining @silient Goncepts, the Ghain Gontribu-
tion @f the @resent §tudy & the Gvestigation df the gerosol Gispersion g
characteristics gf @ive @ommonly gsed §upply gir Ghlet goncepts, Gom-
bined @ith @ @rescribed gutlet Gpe. Fhis gomplements @ther Gtudies g
with @ifferent @cuses:Gchiepel @t @l. g2025) @xperimentally @ghvesti-
gated @jfferent Qutlet Gositions, §pecifically @p O Bottom, ©r Gyicro-jet g
ceiling gents @s thlets. These@ptions Gere Gurther gompared Gith @ g
cabin @isplacement gentilation Goncept. §mong Gthers, they goncluded g
that @he Gole @hange @f Ghe @xhaust @ir Gosition Grom @eiling-based g
exhaust® fpor-based gxhaust Bas Only @ ghinor Gfluence On The Gean g
particle @pad th he @reathing gone gf the Geated gassengers.Gongbo(
et gl. R025) @resent g Gumerical Gvestigation @f the Ghfluence gf the g
ratio Between @p @hd Gpttom Exhaust Gilization. This udy &so shows g
that different Gpdicators Ghay goint @ different @ptimal gplutions.

2. Gxperimental €etup

The @llowing §ubsection ghtroduces ¢he Generic grain Qaboratory g
(GZG), displayed th ig. gg @vhich @ Gised @s @& Gnock-up Gest @nvi-
ronment. @his gection Gurther @resents the gerosol generator gnd ¢he g
respective farticle gensorgystem.

2.1. @eneric@ain @Gboratory

The @sts@ere Chrried Out i@ g@Generic Gain iPboratory, @presenting g
the ¢pwer geck @f g gouble-deck gigh-speed Gain, @nsuring gigh -
peatability @nd g @hore general Ghowledge Gompared @ Bighly gpecific g
solutions @r Gelected @ain Geries. Jhe @ull-scale enock-up gonsists@f g
24 geatsgnd g @recisely gontrollable, Gtationary §IVAC gnit. hermal g

passengen@anikins gre gsedfgr g@alistic §mulation 6f Bhe Gpstruction g
and Qeat @issipation @f ¢he Guman GassengersJheir Geat @mission g
was get @ g5 W O e:ference @ the §pecifications @f ¢he Gtandard GN g
13129:2016.

For gl chses,Be §hpply gr pw Gite Gas Skt ® 96 |_s_seatghich g g
similar ©® Ge §pecific upply fpw Gite Of G ITE Gain Chrriage Gchmel-
ing @t gl., go22), gnd distributed @qually Getween ¢he G gr 42 @hlet g
elements. Ghis @sults § gn gir gxchange Gite of Gpproximately g7 ht. g
The @spective §upply 8§r @mperatures Ginged Between 4 °C ghd §6°C
to gchieve ¢he @hean Gnterior @mperature (lefinition gccording @ gN g
13129:2016) 6f g3,0.5 °C.

As Qutlets, Qvo Perforated @pening gements Gere Gstalled Ger Gw g
and gide @f the @isle. Fhey gomprise @ucting @ the Gurroundings @f g
the @hock-up, @ithout gny @ecirculation, ¢heaning that gll gases@ere g
conducted @ith g gupply gf g00% @esh gir. @vhile g @entilation ith-
out @ecirculation @ @typical Gr @assenger@ains, this gmplification & J
justified By @cent §fudies Gschmeling &hd ghishkin, g025) $howing Bat g
the @irect @ansmission @ath gearly Gominates.

2.2. @erosolgenerator

A gystem @f Gerosol @xhalation @made @f Grtificial Galiva gnixed g
according @ §RF 8.5 (ABDA g Bundesvereinigung Qeutscher §pothek-
erverbande @. ¢., §986)) gnd @hcal @articulate Ghatter Grobes ¢h ¢he g
breathing gpbnes6f gl cther passengerhermal Ganikins i gsed @ €val-
uate Ghe @article gpread. Jhe gerosol Generator Gonsists Gf gn Girbrush g
pistol AFC-101 @, gozzle giameter .35 mm), @ressurized gt @ bar. g g
is gonnected @ @ @ettling @hamber gnd @ Thcial ghask @ Telease the g
particles @hrough @he gose gnd ehouth @t g Gealistic gxhalation girflow g
rate gf @2 |_min Jhe Gicial Ghask § Gttached @ e Gead of Gne Of the g
thermal @assenger@hanikins, @hich gmulates the Ghdex @assenger,Geed
Fig. @gghe generated @rtificial Ealiva gerosol @article §ize Gistribution g
was @h g €ange Gelow @5 m @ Qiameter gnd @ith g Qeak gt 3.8 m. g
Thus, the garticle §jze distribution Cprresponded @ g gormal Breathing g
scenario @5upta € §., g010). The Gutput ¢pncentration 6f Be described g
aerosol gource gmounts @ Gource = 3 * 10° cm®, Qe., g Generation gf g
6+107 Qarticles ger gecond.

2.3. Gensorgystem

Local garticulate @Ghatter §ensors@re Pstalled @ Ghe Breathing gonesg
of gll gther Ghermal Gassengerghanikins, §eedrange Game th Gig. ggg
as@ell @sth Ghe @utlets @or Ghe Gtale @ir. FheseGensors@re @f ¢he g
type Gensirion GPS30,@hich Gheasure the Gelevant @oncentrations @f g
the gange §.3..2.5 m @irectly @om €he §cattered Giser Gght, @etrieved g
by g @hoto diode. Jhese gensorsgre @hictory-calibrated ggainst @ptical g
particle @izers @Sensirion @G, g020). Gurther, €heir gccuracy gas geen g
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Fig. @ hterior gew 6 e Gock-up Fith Bpth Gerosol Epurce Gighlighted @ith Gfeen hd Bue Bames) ghd Eensor §stem @ingle §ensorBghlighted @ith 6fange §

frame) Bstalled.

—
breathing zone
SPS sensors

stale air
SPS sensor

Fig. @ ertical €pction §howing @vo @strumented Hermal Ganikins @hd Ghe g
instrumented Gutlet gement ith §Epttling €hamber 6h Ge €kterior §lde 6f Ge J
mock-up. Ohe @hite Grows [Hdicate Ge Gflow @nd Gutflow 6F Ge Epnsors.

confirmed @gainst gn gptical Particle §zer S| QPSE330) By Gchiepel g
et gl. 2022). his gtudy @und The Gccuracy Of the Sensors@ithin G~
of Ghe Gference Mstrument ©r Ghe Gelevant Goncentration Ginge Below g
2500 cni® . Gloreover, ig. §@hows ow The gssembly @commendations g
(Sensirion §G, g019) by the Banufacturer Gere Gken Pto gcount: The g
sensors@ere @hounted go that the @s Gutlet Gpening Gices Gownwards g
or s Below the Glet @ Order @ Ghinimize Gust Gccumulation. B Grder g
to Gysulate hem Gom @he Geated Ghanikins, the Gensors@ere Gounted g
with QGpook-and-loop Gasteners. Jhe Gtale Gir Gensors@vere @nounted g
within @ettling ghambers, o that they gre got Girectly gxposed® the g
exhaust fjow.

A data gcquisition gystem QNiehaus gnd Q/esthoff, g022) gllows @r g
a @imultaneous @peration @f @l §ensors@ith @ Gecording Grequency g
of gpprox. 0.9 §iz. Fhe Game Gheasurement gystem as Geen gsed th g
other @ain gnd @ircraft @abins gnd @hore Ghformation Gan e Gund G g
Schmeling 6t 6. (2022, g023). Bvaluated Gumber goncentration alues g
are gormalized @ the §purce §irength @nd given B Germille o).

3. Wethodology
3.1. Ghvestigateddases

We (hvestigate @ Gariety @f @ir upply @oncepts, gompared @or @ g
common @utlet goncept. Goncretely, ¢hngitudinal @penings glong the g
lower gdges@ere gsed gs Qutlets. @n @verview gnd §chematicsgf the g
investigated ¢pnfigurations § §ummarized @ Qable goBor the ChseJel, g
twelve glot dfffusers Gere Pstalled iBelow Be Criling Gith Ge gHjustable g
slot getdp G § ay that the Gupply dir § gjected Girectly Gwards the g
seated@anikins, ghile Gey &e Geated. § Gser Psualization 6f Ge bw g
arrangement, gs @ell gsgn @nage @f the getup gf his gnd the gther g
cases,€an Be und B Gppendix §gOhe @bove-mentioned §Jot diffusers g
were @glso @sed @pr the GasesGce3, Ge4, @nd Ge5. Gor Ge3, they ere g
mounted e Same@ay &©r §cl,0ut Gith Be ots gjusted © Eroduce g
horizontal §upply gr @ts. By Eontrast, the diffusors Gere Ghounted Both g
below O @nhd gpbove the @indows ©r §c4 @hd §cb, Gpspectively. By Both g
of Ghese gonfigurations, €he glots Gere gdjusted Gr Gertical Gupply gir g
jets. Bor the Mvestigation @r §c2, §x Gicro-jet ements Gere PYstalled g
as Ceiling @ents @bove Ghe @isle.

3.2. Jest@rocedure

For the Mvestigation Of the different Goncepts, ach One Gas @sted g
for §jx @ffferent Gource Positions, §pecified @s Seat Gumbers Gferring ® g
Fig. 0@): 01, o1, go3, o3, go5, ghd DO5. This @striction ©@ Ghe §de g
of the @isle Gepresents g Gade-off Getween Gheasurement gxpenditures g
and Gye ¢pnsideration 6f §Broad Ginge 6f §purce Pacements Githin Ge g
compartment, ge. gisle/window @nd @gont/center/back, By @lso Giking g
its Gymmetry Gito @ccount.

Fig. @gghows Ghe gmeseries @f the @erosol @oncentration g @f gn g
exemplary gource @001) @nd gensor @02) @pcation Gr Ghe gifferent g
cases.@ @lustrates gow €he Gests Gere garried gut ¢r gach Gasegnd g
each gource pcation: Fhe Gource G Gtarted gt § = 0 s, Geading @ gn g
increase @ gerosol goncentration @ithin the Gompartment. Jhe Garious g
concentrations Gtop @ @se @nd (pvel @Gut @fter Gbout GO0 s Gs Ghe J
displayed @me €eriesten gfill gxhibit ggnificant @uctuations of Ap @ J
100 cni® @ @mplitude @ Ge Geasuredpncentrations, Gr the gkample g
of g€ensor® the Geinity (@P02) Of the Source PO1), the Mvestigations g
below @re @ased@n @me @veraged alues Gaken @ver the thst GOO s
before the gource @ gwitched gff gfter gt Gast 200 s Jhis Gpterval G g
highlighted By Ghe @vo Gashedlthes © Big. gogfter the Shutdown 6f the g
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Table @
Investigated Generic Gpncepts 6F § Epoling Gr §ipply Gr @ Emmon Gutlet Eplution.
g inlet
Qutlet Sci Sc2 Sc3 Sc4 Sc5 g
' L g + : :
00 0O
ot T T O 0 G 3 i 0 o
@y i i i i1 W g
of the @isle § the gource § Bcated Gy the Gist epw. Gspecially Gr the g
— Sc1 Bl concepts §c3-SchGither Bigh Gerosol Hactions Gere Hund Gh e Ghole g
%007 Sc2_Fl1 rear gpw. Gurthermore, { Gas gbserved that the fighest Gontaminated ¢
— Sc3_El seat @ glmost glways th the girect @eighborhood gf ¢he Gource, Gheir g
400 —— Sc4 El absolute @alues, gowever, geviate gtrongly. @he thdividual gpreading g
—— Sc5 E1 maps geveal ¢r gll goncepts that there & gnly g harginal @ifference g
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Fig. @. dimeseries @f he Gerosol Goncentration Gf @articles Getween 3 m
and g5 m f§r Qe Ghrious Ehses.The Gmeseries §hown @fer @ Ge Eemplary J
sensor @cation §02, Ghile Ghe Epurce § Positioned @ GO1. Phe Gashed Ghes J
indicate ®e veraging Gne Gterval 6f 8PO s st Before Ge Epurce G §ritched J
off.

source, §h €xponential @ecline 6f Bhe gerosol Concentration g Gpserved. g
This @hase Gikes gbout §00 s@efore he Goncentrations @vel gff ggain g
and the Gext Gst Gan be Started.

The @meseries displayed O gig. gdflso Ghow Eignificant differences g
of fhe exposure @vels ©r Ge §purce-sensorCpmbination §O01 D02 @ith g
most @f Ghe @ases@veraging @t @bout G50 cni®, Ghile Gcl@nd Gc59
exhibit gignificantly @wer gxposure Gvels gf gpproximately g50 cni®
and g50 cni® , @spectively. Guch§ngle §purce-sensorgpmbinations ge, g
however, gighly @hcomplete @hen @ gomes @ @valuating gentilation g
concepts @egarding gerosol gispersion.

Therefore, €pncentration Gaps Bpsedoh Bhe described hme @veragesy
are @enerated @r gach gource @cation. Jhese Gaps gre ghown O gig. g
5 @pr Ghe @xample @f GaseGcl. Gor @ Ghore Ghtuitive @nderstanding, J
the @action gf gerosol Qoncentration @ith @spect@® Che ource gon-
centration fy = —— G Qised Grom Grere @n. Gh Ghese Gnaps, Ghe g
colored €ectangles gepresent the gerosol @vels gf the @espective Geatsg
while The @rrows Gepresent the @erosol @vels of the Gespective gxhaustg
lines. Jhe @verview @f Ghe Gix Ghaps @llows @o Gnderstand @etailed g
characteristics @f ¢he @entilation @oncepts. §or ¢he @iven gxample gf g
Scl, the @ngitudinal dispersion G the Geakest Gr the Gentral ource g
locations @03 Gind @03. gn @ontrast, Ghe @ongitudinal @lispersion G g
strongly @ronounced @owards Ghe @Gont @f Ghe Gompartment Gor Ghe g
source @ositions G01 @nd QO1. Jhe gource Gositions O Ghe Back of e g
compartment @re distinguished By @ §trong gross-aisle@ispersion. Jhis g
effect @ @ss@rominent the @irther the gource § Gcated Gwards the g
front ¢f Ge Cpmpartment. Bor e Central gpsition, @ith Goderate €foss-
aisle ¢pntamination, Ghe Gcation 6f the Bjghest Goss-aisle@erosol Gvel g
is @lso ehifted @wards he @ont. Gomplete Ghaps of @l Other Gasesfan g
be @und © gppendix §gOhis @lows the Sudy @ Gmain goncise Ghile g
providing Gpsight Bito Ghe Getails of gach Gase.d Qery Orief Giscussiong
of Ghe Other @entilation Eoncepts s depicted & Gppendix Edpveals Br g
all goncepts g gtrong dispersion gf gxhaled @articles gn the Gther gide g

of the @preading § the gource ghoves githin the Game gow Gom ¢he g
aisle (C) @ Ghe @gindow Geat(P). Only gt the Gase§c5gnd the ahiddle g
row the Ghange @om @isle @ @indow Geat Gsulted G g change of the g
overall §preading attern: Ghainly Wrward Gom Ge gsle Sat@F03) ghd g
homogeneious @istributed @r Ghe gindow Eeat@03) Gith Gven Bigher g
concentrations @ Ghe gdjacent Gearward Qutlet 0ED, Bw 04) Gompared g
to Ghe @rward Qutlets. Oy Order @ Provide g Ohore Concise get patially g
resolved gverview, @ @irther Gvestigation Gtep Ghvolves the gveraging g
of gl §x Baps. Ghesefverage Baps &e part of Ghe Gomparison Between g
the @ifferent @ases@h Gection @ @vhich @lso @iscussesthe @pllowing g
performance Qpdicators.

3.3. @erformancefjdicators

Mean ghd Ghaximum gerosolgoncentrations Jrhese farameters @present g
the @espective @article goncentration gegarding Ghe gensors@ositioned g
in the @reathing gonesdf the Ghanikins. Jhe Palues gefer ¢ the dme g
averages@jscussedi) Gection 8.2. Both gpes, Ghean ghd Gaximum, &re g
also @veraged @ver gl §Jx gpurce gpsitions Pvestigated Per Case.Gence, g
they ghow €he Goncentrations @assengerséhight Ghhale gn gverage @r g
an ghknown pJacement @nean) Of Ghe Pdex Passengerdy Be Gspective g
worst Gase@ositioning @naximum).

Contaminant@emoval @fficiency CRE). grhis @arameter @xpressesghe g
particle goncentration @ithin €he @xhaust gpenings th €elation @ €he g
mean @article goncentration @ithin €he @abin. Gased@n the gvailable g
instrumentation, @e gse @vo @ssumptions:

First, e Gean Earticle €pncentration ¢f Be Passengerpmpartment g
is @epresented By Ghe @verage @f Ghe Gensors@ositioned Qithin Ghe g
breathing gones. While this geviates Gom the Gommon @gefinition, Ge g
argue €hat g @reathing-zone @entered GREG @articularly €elevant @hr g
contaminants @ffecting @spiratory @acts.

Second, e exhaustlipw Gite g dfstributed Bomogeneously Gver e g
exhaust gpenings, Gleaning that @n @verage Over the Sensors@presentsg
flow-rate gveraged @alues. his gssumption @ Gased@n ¢he fact ¢hat g
the Qutlet gnd Glet Goncepts@re gll Bistalled @ver the Gomplete @ngth g
of @he @ompartment @ith G @nirror Gymmetry Gowards @ghe @ertical g
longitudinal @lane. §o, there § go Gason @ Gssumeg Gystematic Gias g
towards gigher gr @wer GREGue @ gxhaust thhomogeneities.

The garameter GREQ @efined @ Mhe QYterval Between g gnd @ ith g
1 @presenting gerfect @moval ghd @5 @presenting Gerfect Gixing. Bor g
details §eegrouns @nd Yaters gL991).

Seatsgver threshold.GFor this @hetric, Generic Giresholds 6f 9.5, @, gnd g
2 %o gere @efined & gossible Gme-averaged Epncentrations @Gading © g9
critical @®fection @sk. This glows Gne ® Gompare the Cpnceptsih Grms g
of gxpected Gfections @r Generic girborne diseases@ith €fronger fow J
threshold), €hoderate, gr @eaker ¢high €hreshold) @hfectivity. @vhile g g
translation @f these ¢hresholds Gpto Goncrete Gpfection @sks § @ossible g

(Webner 6t @., g024), they Gould Be §trongly dependent gn Gathogen-
specific @mission @ates, Ghich ary @y grders gf ghagnitude Getween g
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diseases,@trains @f g @irus, gr gven @ingle gtudies @f gne girus Gpe. g
For @hat @eason, the @resent gtudy @mits @s @cus @ Gansport-related g
parameters, flighlighting e Characteristics @f the @ifferent Goncepts.

As @r the gther Gpdicators, these galues gre glso gverages@ver gl g
source @ositions, @ got Etated Gtherwise.

4. GResults @nd discussion

This gection Gomprises the @omparison @f the @ifferent @entilation g
concepts, tarting @ith €heir gveraged gpreading €haps, @hich gre @l-
lowed @y the ghtroduced @erformance @hdicators. For Ghe Chtter, Qe g
mainly @iscuss@he Gwerages@f @he Gix Gneasurements@er Goncept, g
which @re gssociated@ith different gource gositions. Jo determine the g
significance 6f @jfferences Between @vo €pncepts, e §x Geasurementsg
are gonsidered gs §amples@f gach goncept, @hich gre gaired, gs the g
same §purce Ppsitions Gere Gsed {@r €ach ¢pncept. Jhus, Bhe Getailed O
values, @dicating Be §gnificance 6f Ghe ©llowing @sults, Can Be Yund g
in gppendix gg

4.1. @wveragedgpreading@haps
For ¢he gomparison @f ¢he different gases,@e Grst gssesdhe gv-

erages@f Ghe @erosol @ispersion Ghaps Gver @Il Gix Gource @ositions, g
which gre @isplayed &y 8ig. §08esidesthe Qverall Goncentration @vels g

being Giscussedth Ghore getail Gelow, these Ghaps Gpecifically gxpressg
the @eneral goss-aisleGontamination @wards Ghe § and B Spats@sgell g
as ngitudinal gradients.

Regarding gross-aisle@ontamination, Ghe Gasesgc3 @nd gc4 gxhibit g
the gffect Ghe §frongest, s they Show gevated @y Galues Hr the g Gnd g
B §pats@ver Ghe ¢pmplete @ngth of Ghe Gompartment. Of Ghe @maining g
cases,gcl gerforms the Best, Gith e Hwest Gverage Gerosol Gactions g
on Ghe @\ @nd @ Geats.@dditional @ this Cateral @radient, @l Gasesg
show g @prm @f @ngitudinal gradient Gith @igher Galues Gwards the g
back @f the Gompartment. Qe @ttribute this @ e Gict Ghat the Gource g
positions @ @w § gpically generate the §trongest gerosol §pread, gs @ g
is Qoservable B Gig. §@hnd B Gppendix §Y

4.2. Wean gnd Ghaximum Gontaminations

In grder @ Getermine Ghe Gobal Performance Ghetrics, Bhe Ghean gd g
maximum @alues Of Ghe Gerosol fYactions e ¢pmpared By Bar Charts ® g
Fig. gdbhe @spective gror Bars 6f Bis ghd Be Bllowing €harts Pdicate g
the gfandard @eviations gssociated@ith e &veraging Gver e dffferent g
source @ositions.

The Gomparison @f the gifferent Gases@veals gifferent gends @ith g
regard @ the Ghean ghd Gaximum Talues. Begarding Ghe Bhean Goncen-
tration, §clgnd Gc2 @erform @est Gith Galues gf gpproximately @ %o.. g
Compared @p Ghat, Ghe @ther Gases@erform @orse @xhibiting @Gigher g
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Fig. @. Gource-position @verages@f Ghe Grean (lue) Gnd Gaximum Cprange) g
aerosol Gractions @f @Il Geat Gositions. Error Bars Gepresent Ghe Gtandard J
deviations @ssociated@ith e Gjfferent Epurce Gpsitions.

values. Gignificant @ifferences @xist @owards ¢he @onfigurations Gc4,d
with @3 %0, @nd §c3, gith @pproximately @6 %o.

Regarding @he gnaximum @oncentration, Ghe Gtandard @eviations g
basedoh fje dffferent §purce Ppsitions §nount © §gnificant Portions ¢f g
the displayed @alues, Geaching dp @ 4% @t §c5. or Ghis @ason, §cl,g

Sc4, gnd §c5 gre gonsidered gaving gn gqual gerformance @f ground g
5%o. @he @nly @oncepts displaying gignificant @eviations ¢fom @ther g
ones@re Gc2@nd Gc3. Gor the Gatter, Ghe Geviation § ggain Gwards g
a @orse gerformance @ith gpproximately @5 %o. ) €pntrast, §c2 shows g
with 8J5 %o Be Best Gerformance Ggarding Gie Gaximum Epncentration g
within e Gompartments Breathing gones.

4.3. @ontaminant@moval gfficiency

The @ext gomparison @f ¢he @ases@onsiders the Gontaminant ge-
moval @fficiencies @isplayed th Gig. §gdhe Gar ghart §hows that ¢he g
CRE@glues gf gll Gases@re gosely grranged @round 0.5, @hich § @lso g
expected @r Ghixing Gentilation Goncepts.

The @mall @eviations Getween the @asesurther gpllow €he Gend g
already @bserved @r ¢he Ghean goncentrations, @ith Gclgnd Ge2 gx-
hibiting @he hore Gavorable Galues. Glowever, the gmall gverall gevi-
ations @ad @ gnly §c2 gaving g gignificant gdvantage @ver gc4. Jhis g
suggeststhat @his Gpdicator @ Got @leal @r valuating the Performance g
of @ffferent gentilation ¢pncepts@garding gdjrect fseasefansmission g
path.

4.4. Geatgboved threshold

Due @ @hese geficiencies @f the GRE, the @ext Gomparison § Basedg
on the Gumber Of Spats@bove Certain Gresholds, Gsembling g §frongly g
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simplified @hfection @hodel, @vhere Ghe Gumber @f Geats@xceeding @ g
threshold @presents@otential Gfections. JheseGumbers @re Presented g
in @rm of g Bar ghart B Gig. 99

It § Gemarkable Ghat Ghe different Giresholds ggain Bad © different g
results @ Ghe Gomparison Of the Gases.Gor the Bigh @ %0) @nd Ghedium g
(1%0) dhresholds, the Gomparison @etween the Gases@ields gimilar -
sults: Ghe Best gerformance § @chieved By §c1 (H: g B: g gpats), @hich g
is @llowed By g opidfield Gomprised By §c2 @nd §c5(H: g BI: 00 Seats), g
as@ell @8sgc4(H: § YI: 01 Seats). Jhe Gorst Gsults, On Ghe Gther Band, g
are @roduced @ith Gc3QH: @ Y: @4 Geats). Fo, Yhile Ghe differences g
of the GREDBetween the GasesPere Ghostly Bisignificant, the Gifference g
between the Best Gnd Gorst GaseGould Ghean the Gumber of SeatsGver g
a fpreshold @oubling. Oy Eontrast @ CGhe Other resholds, §c2 (4 Spats)g
performs gjgnificantly iBetter @r Ge Gw @.5 %0) Yreshold Ban gl gther g
concepts gxcept @r §cb5, hich Gachesg §milar @erformance gith @5 g
seats@n @verage. O Ghis Category, §cl dnderperforms @ith @n @veraged
of @7 geats,gnly gxceeded@y €he @ignificantly @orse gerforming §c3g
with gbout g0 Eeats.

4.5. @iscussiorgnd imitations

Summarizing ghese gesults, @he @ollowing Hey Gnessagesgre @vi-
dent: @he ghetric gsed @ gompare the @oncepts Ghatters, @s gifferent g
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metrics @roduced @hinimal CRE) @r gignificant (seats@ver ¢hreshold) g
differences Between Ghe gfferent ¢oncepts gnd Gjfferent Ginking grders g
of @oncepts. G\s Gninimizing @athogen @ransport G @nly @ne Gim @f g
designing @ @entilation §plution Gesides@assengergomfort gnd gnergy g
efficiency, @e gropose @sing g hetric that § @s gJose gs gossible @ the g
ultimate @oal 6f @ducing Bfections. This Getric ¢ould Gen B Geighed g
against Ghe Other goals. Basedon The bere @vailable gxperimental gata, g
we gonsider geats-over-threshold@ @e Qlosest@® he Qltimate goal gf g
reducing @fections. gowever, Ganslating Ghe Gesults 6f Ghis Ghetric Hto g
actual @hfections @till @epends@n Ghe Gpecific @pplication @expected g
travel @me @ithin ¢he Qompartment), gombined @ith €he @onsidered g
pathogen (nfectivity). O Ghese Gegards, I Bas @ Be Qoted Ghat Ghere § 0
no gingle @ptimal @entilation goncept. §et, Goth Gclgnd Gc2 ghowed g
to Be gdvantageous@ver Ghe different @hetrics. Gonsidering @l Ghetrics, g
their @ifferent @haracteristics Gre @evealed: Jhe GaseGcl, @vith Ghe g
inflow @imed @irectly @wards Ghe @assengers@xhibits @ @ontrolled g
aerosol @ansport Gharacteristic @ ¢Jose @roximity @ Che ource, hile g
its @haracteristic § Qetter @escribed @y @ilution @hrough Gispersion ¢h g
the @r Geld. Bor Gase§c2, @ith Ghe Ghicrojet Ceiling, The Gxact Goposite g
applies. @his gase@hows @ilution €hrough gispersion th @roximity ¢ 0
the Gource gnd g @hore gontrolled Gansport gn the Gurger Geales.Jhis g
explains @hy §clg@erforms gest @r the Geatsgbove the Gigher Ghresh-
olds Gsee gig. gg @hile gc2 ghill ghows the @west Gumber Of Geats@r J
the 95 %o Greshold gnd the @west Ghaximum Galues Gee Gig. TP
Regarding G @ransfer @o @eal @vorld @pplications, @Ghe Gmitations g
caused@y ¢the Gllowing gmplifying @missions Geed @ @e Gonsidered: g
persons@alking O Ghe Gisle, Ghangesdf the Gecupancy Quring g Gavel g
or @artial @ccupancy, goor @penings, golar Gadiation geat Ghads, gnd g
possibly Ghore. §owever, the Supply gir fow Ghte § Gpically Bept ¢on-
stant & g @ain @ @void @mperature Bhhomogeneities gnd/or @o Gigh g
flow @elocities. Gurther, gue @ €he @ather gigh Gow @htes, the Girge-
scale @ow ftructures gre @hainly Getermined @y the Ghixing @entilation g
scheme@nd @nly @eakly ghanged @y @hternal @eat @hads @r gifferent g
boundary @onditions. @onsequently, @e @xpect that @ur @ndings @re g
in @eneral Gansferable @ gther geometries gnd Gill glso ge Palid Gr g
varying Gther ¢pnditions. Yet, igcal dffferences 6f Ghe &erosol @spersion g
are © b €kpected. @ith @gard © @por Gpenings, Ghe Bas @ @jstinguish g
between @ng-distance Gains (ess Bequent Goor Gpenings ghd Gpically g
additional @eparation goors getween ¢he @assengergeatsgnd the gn-
trance @greas) @nd gub-urban @r ¢hetro Gains Grequent @penings gnd g
doors @irectly th the @assengergrea). @vhile ¢r @hng-distance Gains, J
a gegligible gffect gf goor-openings @ @xpected, the gffect §hould @e g
integrated @) @irther §udies Gn Gains Gperating Gn Ehorter distances.

5. @onclusion @nd Qutlook

We Qhvestigated the gerosol Qispersion @r @ve gifferent Gplet gon-
cepts Gh @ @eneric Gassengerg@ompartment @f @ Gain Gy Greasuring g
aerosol Goncentration Gh he @reathing gones@nd Gxhaust Ghes Gr x g
different §purce @cations @r Gach Gase.Bor Ghe Gvaluation, the Bpetrics g
of @hean Goncentration, Ghaximum Concentration, Gontaminant gmoval g
efficiency gnd Geatsgbove hreshold @ere gonsidered. @hile the Gari-
ance Between fje Chses@as igw Gr Be pntaminant Gmoval €fficiency, g
the gpread@ithin Ge Gther Getrics gnounted Gp @ G@publing Between g
best gnd @orst goncept. Regarding ¢he @erformance @f the goncepts, g
different @hetrics @esulted O different @rders. gowever, the @end Gver g
all gnetrics @evealed that ¢he @oncept $c3, Gideways @riented @eiling g
inlets, @ @isadvantageous@egarding Ghe @ontainment @f Ghe @erosol g
spread. ¢h @ontrast, the goncepts §cl, @eiling @hlets @riented Gwards g
the Passengers@nd §c2, g ghicrojet Ceiling, Proved @ Be @dvantageousy
for Ghe @duction Of Ghe Gpread Of Particles.

However, @hese @wo @oncepts @xhibit @ifferent Ghort gange Gind g
large gcale ow @haracteristics, @hich @ads @ Gcl@eing gptimal ¢r g
avoiding @hfections @f @athogens @ith Ghwer @hfectivities @associated
with @igher @hreshold @oncentrations) gnd §c2 @eing @ptimal ¢r the g
highest Bfectivity @ssociated@ith Be IYwest Greshold €pncentration).
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Additionally, @he fvestigation @vealed gends @Gverarching gll ¢on-
cepts, §uch gs g Ghngitudinal graft wards the Gont gf he Gompart-
ment, @ @ell @ §ironger gross-aisle€pntamination @r §ource Positions g
at Ghe Gery Back of Ghe Gompartment.

Even ghder €pnsideration 6f Bhe @fscussed@nitations, Ge Presented
results Ghay Ghdicate @hich goncepts §hould ge @referably @ursued @r g
avoided Quring @he @evelopment gf govel gassenger@ains. @hile this g
indication @ @ustified @y @oncept-specific, arge-scale §ow Gtructures g
forming Qprgely Ghdependent @f @pecific Grain Geometries, Gtudies @f g
the gpplication @h goncrete geometries gre Gertainly §till gecessary® g
quantify the @espective @ispersion Gharacteristics.

Besides§tate-of-the-art Goncepts, gpcoming @esearch @cusesan G-
hibiting the gpread gf gathogens through @eveloping gir §upply gon-
cepts Guilored @r this Gery @urpose. Gurther, the gpplication gf ¢hore g
elaborate ghfection gnhodels, gke €he @ne @Gresented @y GVebner @t gl. g
(2024), ghould glso @e gxtended @wards gxperimental Gvestigations, g
as gxpected @fections @re the Glevant Ghetric. Jhe Gecessarylhiforma-
tion @r @hodeling the @article gge thay @e gathered @y gnalyzing the g
exponential @sponses@f §witching the Gource Gn Gr Off.
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Appendix @. Qlaser @sualization ¢f @entilation Goncepts

This gopendix grovides gghore @etailed Gew Of Ghe chnical @nple-
mentation of the Bivestigated Bjlet Goncepts. moke Gsualizations T g9
cross-section¢f e ¢pmpartment @rther gupplement Be Ghderstanding g

of Ghe @sulting Gow.
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A.l. @asegcl

The @oncept Gcl gomprised the ¢hstallation @f glot-diffuser @hlets g
under Gye Ceiling. The Ganesof Be dfffuser ements Gere gdjusted § g0
manner, Ghat Ghe Gr Gow G Grected Gwards Ghe Center Of Ghe Gvo Seatg
groups @n Gach gjde of the Gisle. Jhe Gesult § displayed & 8ig. ggLo.
A.2. Qasegc2

For this gonfiguration, @hicro-jet Geiling glements Gere Gistalled G g
the @hock-up. @s ghown @h gig. goL1, this Gesulted Gh g own-welling g
large-scale @rculation @ithin Ghe gisle @gion.

A.3. @asegc3

For ¢he @oncept Gc3, Ghown ¢h Gig. gJgL2, the glot giffusers Gere g
mounted ¢h ¢he §ame Qray gs €r Gcl. Glowever, the anes @re Gow g
adjusted gp Ghat Ghe Gir gnters the Gabin Gith g Borizontal Ghomentum, g
subsequently pllowing @he @ontour @f Ghe @eiling. Respectively, Ghe g
configuration @hduces g Girge-scale @irculation @ith gp-welling gir ¢h g
the @isle @gion.

A.4. @asegcd

The ¢pncept §c4 @presentsglpply &r Gpenings i@ Ye igwer Gindow g
sills Gicing gpwards. gence the got diffusers Gere Ghounted Below Ghe g

window @egion. Jhe @esulting @ow Qisplayed Gh gig. goL3 Gllows the g
side @all/window Qontour @f the Gompartment @ Che Geiling; Ghere, § g
converges, gelding @ down-welling fow G The @isle Ggion.

A.5. Qasegc5

In Eontrast ® the Goncept §c4, §c5 @presentsgn gr Supply Grough g
the @pper indow @ame @irected Gownwards. @ccordingly, The glot g
diffusers gre Ghounted @s §hown O gig. ggL4. Jhe Gesulting Grge-scaled
circulation @xhibits @n Qp-welling @ow ) Ghe Gisle.

Appendix §. Jime-averaged @erosol €pncentration r €ach §purce g
position

This @ppendix @rovides the dispersion Ghaps @r Gach Gplet Gonfigu-
ration @nd §ource gosition.

B.1. @ase§cl

For ¢he @etailed @ispersion ghaps @f GaseGcl, GeeGig. Gdih Gec-
tion g.2.

B.2. Gasegc2
See@ig. 6Y5.
B.3. Gasegc3
Seegig. §06.
B.4. Gasegcd
See@ig. 69.7.
B.5. Gasegc5

Seegig. gd.8.
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Fig. §.10. @) Qetail Ghage 6F Ghe Gane Eptting 6F Ghe §ot Gifusers. @) Oaser-smokePsualization O Ge Gflow Provided By Epncept Gcl.
) b)

Fig. §.13. @) Glot Gffusers Gounted Below Ghe Gindow Ggion @s Glets @r Ghe Eponcept Gcd. ) Gaser-smoke@sualization 6f Ghe Gflow Grovided By Epncept
Sc4.
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Fig. @.14. @) Glot Giffusers Gounted @bove Ghe Gindow Ggion s Glets Gr Ghe Eoncept c5. ) Gaser-smokePsualization Of Ghe Gflow Grovided By Epncept
Scb.
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Fig. §.15. Qaps 6F Ge Berosol faction @, @r @l Hvestigated Epurce Positions GF Gase gc2. Jolor-coded Gpctangles Gpresent Ge Gerosol Gvels § Ge Breathing g
zones 6f Ghe Gspective Epats. Grrows Hdicate Ge Gerosol Gvels B Ge Bspective Exhausts.
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Fig. §.16. Maps 6F e Gerosol Gaction @ Gr @l Gvestigated Epurce Gositions 6F Chse §c3. Jolor-coded Gpctangles Gpresent Ghe Gerosol Gvels § Ghe Breathing J
zones 6f Ghe @spective Epats.Grrows Hdicate Ge Gerosol Gvels B Ghe Gspective Exhausts.
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Fig. §.17. Maps 6F Ge Gerosol Gaction @y Gr @I Gvestigated Epurce Gositions 6F Chse c4. Jolor-coded Gpctangles Gpresent Ghe Gerosol Gvels B Ghe Breathing J
zones 6f Ge @spective Epats.Grrows Hdicate Ge Gerosol Gvels B Ghe Gspective Exhausts.
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Fig. §.18. Mlaps 6F Ghe Berosol faction @, @r @l Hvestigated Epurce Positions GF Case §c5. Jolor-coded Gpctangles Bpresent Ge Gerosol Gvels B Ge Breathing g
zones 6f Ge Gspective Epats. Grrows Hdicate Ge @erosol Gvels B Ge Bspective Exhausts.

Appendix @. Gignificance @nalysis Table g.2
p-values @hdicating €he @ignificance @f €he @ifferences g
between @vo @oncepts Gegarding Gheir Ghean @Gerosol §

To gssesdhe @ignificance gf the differences getween the Goncepts, concentrations.
p-values gre @alculated @ased@n @aired-sample, @vo-tailed Gtests, gsg Scl Sc2 Sc3 Sc4 sc5Q
the @ame @ource @ositions gre ampled €r @ach gentilation goncept, g scl g
and @sted @h Ghbles ¢r gach Ghvestigated @erformance @hdicator. Fhe Sc2 0.843 g
p-value éntries e @unded © Ge Gird Gecimal Pace. Ghe ¢ell shading g sz w & 0,021 8
indicates gfgnificance @vels: J @< 0.05 @< 0.01, §9< 0.001 Sc5 0.190 0.169 - 0.052 g

C.1. ¢lean @nd Ghaximum @erosolgoncentrations

Table 9.3
The llowing @ables Gomprise @-values @hdicating €he §ignificance g p-values Ghdicating €he @ignificance @f Ghe ifferences g
of Ghe @ifference Between @ll Gombinations gf Gvo Goncepts, Eegarding g between @Yo Epncepts @garding Geir Gaximum gerosol g
their Ghean Qrable gg) gnd ghaximum @oncentrations grable gg), gsg concentrations.
shown B gig. g9 Scl Sc2 Sc3 Sc4 Sc5Q
Scl g
Sc2 0038 g
C.2. @ontaminantgemoval gfficiency sz 8'323 8'8‘1’2 0.062 8
S5 0951 0113 0030 0833 g

The llowing @able Gomprises @-values hdicating €he @ignificance g
of the gifference Between @l Gombinations @f @vo Goncepts, Gegarding g
their GRE@alues grable ggt), g@s éhown & gig. §9



M. §ommert & 6).

Table g.4
p-values @hdicating €he @ignificance @f €he @ifferences g
between @vo Epncepts Ggarding Geir JRE Ghlues.

Scl Sc2 Sc3 Sc4 Sc5Q
Scl g
Sc2 0694 g
Sc3 0.118 0.087 g
Sc4 0.080 0.042 0.706 g
Sc5 0.346 0.523 0.871 0.642 g
Table 4.5

p-values @hdicating Ghe @ignificance @f ¢he Gifferences J
between @o €ncepts @garding Geir FatsGher Ge Yo J

threshold.

Scl Sc2 Sc3 Sc4 Sc5Q
Scl g
Sc2  0.025 g
Sc3 | 0.002 0.107 g
Sc4 0.007 0.062 0.771 g
Sc5 0.045 0.842 0.025 0.180 g
Table g.6

p-values @hdicating he @ignificance @f ¢he @ifferences J
between o €ncepts @garding Geir ats@er Ge Gho J

threshold.

Scl Sc2 Sc3 Sc4 Sc5Q
Scl g
Sc2 0.034 g
sc3 OO0 0001 g
Sc4 0.002 0.111 0.005 g
Sc5 0.025 0.611  [JOI00N 0.034 g
Table Q.7

p-values @hdicating he @ignificance @f ¢he Gifferences g

between @vo @oncepts Gegarding Gheir Geats@ver Ghe J
0.5%0 Greshold.

Scl Sc2 Sc3 Sc4 Sc5Q
Scl g
Sc2 0.007 g
Sc3 0.021 0.004 g
Sc4 0.341 0.038 0.064 g
Sc5 0.007 0.253 0.011 0.434 o]

C.3. Geatsgver treshold

The @llowing @hbles Gomprise @-values Ghdicating €he gignificance g
of he difference Between @Il Gombinations gf Gvo Goncepts, Gegarding g
their Qumber @f geats@ver the gigh grable ), hedium grable %), g
and @w Gresholds grable ), @s shown & gig. §9

Data @vailability

Data @ill Be Ghade @vailable gn @quest.
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