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1 Introduction he erosol prtiles present in our environment re inresingly identi(ed s risk ftors for helthD ut erosols n lso e used for dignosti or therpeuti purposes to tret lung disesesF sn prtiulrD smll prtiles tht reh the surfe of gs exhnge in the lveolr region of lungs re onsidered most hrmful to helthF snhlersD for exmpleD re ommonly used to dminister drugs SF sn ses of lung diseseD dministrtion of medition y erosol hs the dvntge of rehing the region diretly 'eted nd requires lower doses @side e'ets re minimizedAF he morphologil desriptions of the ronhil tues of the mn ppered in the literture sine IWTQD when eiel PH introdued physil symmetri modelF rors(eld nd gumming IH hve susequently proposed n ntomil representE tion of symmetri lung tues tking the eiel model s sisF rors(eldD hrt nd ylson II hve produed two types of symmetri mthemtil models sed on dt otined from mesurement of resin st of norml humn ronhiol treeF he models permit lultion of physiologi vriles to e mde while tking symmetry into ountF rmmersley nd ylson V presented model of symmeE tri nd symmetri ifurtions in the humn lung dequte for genertions T to IPF sn PHHRD regedus et lF W provided detiled mthemtil desription of morphologilly relisti irwy of (rst (ve genertionsF he humn lung is sequene of ifurtions in two prtsF st hs n verge of PQ genertions of ifurtionsD or out IU million of ifurtionsF he lst S generE tions re overed with ellulr strutures through whih the exhnge tkes ple with the lood gs PIF he reserhers eventully wnt to understnd the )ow struture nd prtile trnsE portGdeposition ross the humn ronhil systemF his gol remin hllenge to hieve euse of the omplexity of the geometry of humn lungsF roweverD few reserhers hve mnged to simulte the )ow in models with mny generE tionsF xowk et lF IW presented the )ow (eld nd simultion results of prtile trnsport to the lung irwys otined from gEsnF gomprisons of lultion results for relisti model nd the model of eiel showed pro(le of deposition of miroEprtiles tht hd di'erenes over moderte rnge of eynolds numers of IPHEPHHH for oth stedy )ow nd unstedyF elthough gEsn provides more relisti geometryD it n not provide respirtory eyond nine genertionsD whih limits its pplition to the study of ll lung irwysF wiki et lF IV digitized nd then lulted n tul on(gurtion to the seventh genertionF irtruggen et lF T desried threeEdimensionl struture sed on the ntomy of the irwys of the lung strting from the trhe until the IUth ifurtions to simulte sttioE nry )ow with trnsport of miroEprtilesF he mximum deposition of prtiles hs een identi(ed on the ifurtion with the highest 9o'Epln9 ngle ompred to other tues of the sme genertionD thus demonstrting the role of nonE)tness on the deposition of prtiles mirometer sizeF e mesh strutured multiElok ws hosen nd re(ned until the mximum di'erene etween the veloity pro(les ws elow P7F he deposition of prtiles tkes pleD usullyD under the tion of three mehE nisms X " impt y inerti X this mode of deposition depends on the dimeter nd the veloity of the prtilesF hose whose size is greter thn IH µm impt in the orophrynx while the smller worm their wy deep into the ronhil treeF " sedimenttion resulting from the e'et of grvityD whih reveled the prtiles to the ronhil wllF st 'ets minly smll prtiles @I to S µmA nd involves only the ronhil tues nd lveoliF st is mximum for low ir)ow nd n e promoted y simple respirtory puse t the end of inspirtionF " di'usion or frownin motion is due to the hoti ustle of smll prtiles @smller thn 0.5µm why undergo ollisions with gs moleulesF his mode of deposition is insigni(nt s VH 7 of the prtiles remin in suspension nd then re removed t the expirtion IQF 2 Methods yur study fouses on the numeril modelling of the )ow nd prtiles deposition in irwys using the ommeril pkge gphEegiF he ojetive of this study is to propose relile nd omplete numeril model of trnsport of prtiles in the pulmonry )ow y tking into ount the full rething yleF por the moment the movement of the irwys imposed y the rething re not tken into ountF his study is divided into four prts X " pirst the gphEegi pkge is vlidted regrding )ow QD PS nd prtiles deposition in simple model IRD P " imple geometries derived from the eiel model re studied " en ntomilly relisti model of rt lung is simulted " e more omplex geometry of rit lung is simulted he prtiles trjetories nd deposition re otined y solving vgrngin trnsE port eqution where only the drg fore is retinedF he deposition e0ieny is omputed s the rtio of the mount of prtiles stiked t the wll over the totl numer of relesed prtilesF he rt geometry is otined fter n dult rt killed y s dministrtion of rE iturtesD ws infused with iodine ontrst gent @IH7 vGvD isipqueQPHD qi relthreD ghlfont t qilesD uAF smging of the thorx ws performed ex vivo using n Ey g snner @eplore ision IPHD qi relthreD ukeshD eAF he protool used involved QTH views over QTH¦D with I frme vergesD t IHHkD SHmeF efter reonstrution using peldkmp lgorithm of kEprojetionD the imE ging volume ws mde of ui voxels of RWm x RWm x RWmF isulistion ws perE formed using wiroiew @qi relthreD ukeshD eAF efter inversion of grey levelsD surfe rendering @mrhing ues lgorithmA ws pplied fter thresholdF he surfe ws then exported in v formt nd prepred in qwr efore eing meshed in gphEqiywF he rit geometry ws otined using synhrotronEsed dynmi omputed toE mogrphyF hetils of the experimentl tehnique nd segmenttion protool re proE vided elsewhere RF frie)yD neworn rit pups re ventilted nd imged using propgtionEsed phseEontrst imgingF he lungs re n idel smple for phseE ontrst imgingD s they exhiit lrge phse oundries t irEtissue interfesF his tehnology n provide rpid imging of the lungs without ontrst gent UF fy synE hronising the imge quisition with the ventiltion nd rotting the smpleD fourE dimensionl @RhaQhCtimeA imges of the ronhil tree n e hievedF eginD one v geometry ws prepred in qwr efore eing meshed in gphEqiywF uitok et l IS hs proposed threeEdimensionl @QhA model of the humn irwy tree using deterministi lgorithm tht n generte rnhing dut system in n orgn through the free softwre Lung4Cer @http XGGwwwUFigloeFneFjpG lungRerGindexingFhtmlAF e hve generted model with more thn U ifurtions resulting in more thn QHH outletsF rt of this work ws performed during rF slmi hh thesis IPF 

∇. - → v = 0 @IA momentum ∂ - → v ∂t + ( - → v .∇) - → v = - 1 ρ ∇p + ∇.[ν(∇ - → v + (∇ - → v ) T )] @PA
where - → v is the veloity vetorD p the pressureD ρ the )uid density nd ν the )uid kinemti visosityD () T represents the trnspose of @ A QD PPF 

p ∼ | - → v -- → v p |
1 nd lrge density rtioD ρ p ρD the drg fore is dominntD sed on orderEofEmgnitude rgument @gliftD qreD 8 eerD IWUV Y growD ommerfeldD 8 sujiD IWWV Y uleinstreuerD PHHQAF hese prtiles re reltively lrgeD so frownin motion n e negletedF he prtiE ulte mteril onsidered is fr denser thn )uidD using terms tht depend on the density rtioD suh s pressure foreD uoyny foreD virtul mss e'et nd fsset fore to e very smllF he lift fores in the present tokes )ow limit re negligile euse of lk of mesurle prtile spin @wgnus liftA nd the lminrD lowElevel )uid sher (elds @'mn liftAF he motion of solid prtiles is suspension in )uid is governed y the prtile trjetory eqution @glift et lFD IWUV Y uleinstreuerD PHHTA X

m p d 2-→ x p dt 2 = C DP πd 2 p 4 ρ ( - → v -- → v p ) | - → v -- → v p | 2 , @QA
where m p is the mss of singleD spheril prtileD - → x p is the displementD - → v is the )uid veloityD - → v p is the prtile veloityD nd C DP is the drg oe0ient @glift et lFD IWUVAF he (nl eqution my e stted s X

St d - → v p dt = ( - → v -- → v p )φ D U D 1 ,
@RA where is the men inlet veloityD D 1 the prent dut dimeter nd St the tokes numer de(ned s X

St = ρ p d 2 p U 18µD 1 , @SA
where ρ p is the prtile density nd µ the )uid dynmi visosityF φ D is orretion to tokes9 drg fore for (nite prtile eynolds numers sed on the slip veloity @ - → v --

→ v p A X φ D = C Dp Re p 24 ,
@TA where

C Dp = C D C slip , @UA
where

C D =        24 Rep
for 0 < Re p ≤ 1 24 Rep 0.646 for 1 < Re p ≤ 400 @VA nd the lol prtile eynolds numer is X

Re p = ρd p | - → v -- → v p | µ @WA
he orreltion for the slip ftorD C slip D is lso given y glift et lF ID PQD P X

C slip = 1 + 2λ d p [1.142 + 0.058exp(-0.999 d p 2λ )]
@IHA where λ is the men free pth in )uidF he representtive tokes numer rnge IU omputed is HFPEIFPF he deposition e0ienyD hi @7AD ws de(ned s X DE = particle number deposited in a given region total particle number entering that region @IIA 4 Results

sn this pperD we will only present the vlidtion of the softwre on Q ifurtions eiel model @(gF IA s well s the prtile deposition in the rt nd the rit lungs for stedy )ow rteF 4.1 Model validation he urrent simultion ode @gphEegiA hs een vlidted vi omprisons with experimentl dt sets provided y ho nd vieer PTD @see pigF PAF tedy )ow ws onsideredF por detils of this prtiulr se studyD gomer et lF Q nd hng nd uleinstreuer ITF por stedy )owD fullyEdevelopedD iFeFD proliD veloity pro(le n e oserved in oth numeril nd experimentl studies t lotion P @pigF P@AAF et lotion IH @see pigF P@AAD the veloity pro(le is skewed to the inner wll when the ir)ow turns from the prent to the dughter tueF hen the ir)ow ontinuously turnsD more )uid is pushed to the inner wll t lotion IR @see pigF P@eAA due to the e'ets of entrifugl fore nd seondry )owF he ir)ow ptterns in the lung irwys re determined y the )uid propertyD the inlet ondition nd geometri hrteristisF he geometri in)uene on the lol ir)ow pttern is signi(nt @see pigsF P@AD @dA nd @fAAF he xil veloity is zero ner the wll nd mximum t the enter of the irwy @pigF P@AAF pigF Q shows the omprison of our deposition e0ieny in doule ifurtion inE plne model for stedy )ows with the dt of uim 8 pisher @IWWWA IRF hue to the di0ulty in stritly ontrolling the )ow rte nd erosol dimeterD the eynolds numers signi(ntly vries during the experimentsF purthermoreD some di'erenes etween omputtionl preditions nd experimentl mesurements my e used y sutle disrepnies in model geometries nd deposition mesurementsF husD when negleting the experimentl eynolds numer e'et nd fousing on deposition e0ienyD the simultion results gree well with the experimentl dt of uim 8 pisherF he good greement indites tht the gphEegi ode is su0iently urte to simulte tul ir)ow nd prtile deposition in the humn lungF 4.2 The Rat conguration he rt geometry form medil imging is exported in stereolithogrphy formt STL to e smoothedD repired @holes geometryA nd meshed with gphEqiywD the mesh genertor of the gphEegi pkgeF e generted severl meshes E QHHk to RFQw ells E to hek mesh onvergene resultsF he reth of rt of SHHg eing of Rml.s -1 D this gives us in our setup inlet veloity of Im.s -1 so numer eynolds Re D inlet = 152 whih suggests tht the )ow is stedy nd lminrF pigure R shows the pressure drop nd the shpe of the stremlines in the lungs of rts X the )ow is reltively simple nd does not pper to e irulting in the light of the low urvture ifurtions F he di0ulty here doesn9t lerly lie on the simultion itself ut rther on the genertion of vile geometry nd mesh X in this seD the initil geometry inluded nonEphysil onstritions on multiple outputs whih mde the simultion ompletely unrelisti even lengthening out through pipesF hese onstritions hve een smoothed the outlets extended with pipesF pigure SA shows the deposition of prtiles oservedF e note tht the deposition ppers only t juntions nd ends whih is very understndle euse the geoE metry of the lungs of rts is firly liner unlike humn lungs nd we hd lredy oserved tht the deposition mehnism ws n inertil mehnismF he results for the depositions were otined with four intermedite meshes nd the onvergene of the results is otined @pigure SA on the (nest gridF egrding the deposition of prtilesD the sme onlusion s with the t geometry n e dressed @pigure UAF his is minly due to the ft tht with our unstrutured grid genertion softwreD it9s very di0ult to inrese the grid density ner the wlls without drmtilly inresing the totl numer of ellF his is the reson why we strted to develop new softwre t sgfi sed on smmersed foundry wethodsD unstrutured grtesin ells nd eutomti qrid e(nementF 5 Conclusions efter vlidtion phseD we hve simulted the )ow nd the prtile deposition in mny eiel9s generi models nd in ntomilly relisti geometries of rt nd rit oming from medil imgingF he prtile deposition is minly inertil nd inreses with the tokes numer nd the eynolds numerF yne of the mjor di0ulty of this study is the genertion of the pproprite mesh for the relisti geometriesF 

3 Governing equation 3 . 1

 31 Airow equations por lminr inompressile )owD the )uid trnsport equtions n e written s X ontinuity

3. 2

 2 Particle transport and deposition equations sn this workD simultions re performed for prtiles of dimeter d p = 5µmF sn light of the smll prtile eynolds numersD Re

Figure 1

 1 Figure 1 Schematic of symmetric : a) triple bifurcation geometry [24] ; b) single bifurcation of station positions [26],

Figure 2

 2 Figure 2 Axial velocity distribution in steady ow : (Re D1 = 1000) ; a) station (2 )-(2), c) station (10 ) -(10) and e) station (14 ) -(14) [26] (see Fig.1 b)) and ow patterns : b) axial velocity pattern at Slice 2, d) at slice 10 and f) at slice 14.

Figure 3

 3 Figure 3 Comparison of the numerical and experimental particle deposition eciency (DE) in the double bifurcation in-plane model under steady ow (Experimental data were obtained from Kim & Fisher, 1999 [14]) : a) DE at the rst bifurcation ; and DE at the second bifurcation.

Figure 4

 4 Figure 4 Visualisation of the pressure drop and streamlines in rat lungs

Figure 5 a

 5 Figure 5 a) Deposition eciency and b) in rat lungs

Figure 6 a

 6 Figure 6 a) Rabbit geometry from segmentation and b) Streamlines and pressure drop on a 4.4M cells grid

Figure 7 a

 7 Figure 7 a) Deposition and b) DE in Rabbit lungs