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Vazené kolegyné, vazeni kolegove,

letosni desatd konference Ceské aerosolové spolegnosti je podruhé pofadina na Moravé, a to
tentokrate v Cejkovicich. Obcas se mé kolegové ptaji, zde je to desata konference nebo devata a zda
do tohoto poctu zahrnujeme i Finsko-Ceské aerosolové symposium potradané v roce 2006 ve Finsku
jako soucast aerosolového symposia NOSA 2006. Myslim si, Ze to neni podstatné (lonskou jsme uz
stejn¢ oznacili jako devatou). Podstatné je, ze v letoSnim roce mame jiz desaté vyroci zaloZeni nasi
spole¢nosti. Toto vyroci jsme tak trochu oslavili pofadanim 18. mezinarodni konference o nukleaci a
atmosférickych aerosolech (18th International Conference on Nucleation and Atmospheric Aerosols),
ktera se konala po Ctyficeti letech opét v Praze. Tradi¢ni byla i dobra ucast ¢lenii spolecnosti na
Evropské aerosolové konferenci EAC 2009, potfadané letos v Karlsruhe v Némecku. Foto Clenti a
pratel ptikladam.

Zavérem bych rad podékoval firmé¢ ECM ECO MONITORING, spol. s r.o., kterd jiz tradi¢né nasi
konferenci sponzoruje, a dale kolegim z Brna, ktefi se ujali organizovani nasi letos$ni konference.

Praha 2. 11. 2009 Jifi Smolik
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KONCENTRACE AEROSOLU V BAROKNIM KNIHOVNIM SALE NARODNI KNIHOVNY

L. ONDRACKOVA, J. ONDRACEK, L. ANDELOVA, J. SMOLIK

Laboratof chemie a fyziky aerosoli, Ustav chemickych procesi AV CR, v. v. i.

Klicova slova: vnitini prostfedi, hmotnostni a poCetni koncentrace aerosolu, hmotnostni a pocetni
velikostni distribuce

UVOD

Aerosolové ¢astice jsou jednim z polutantl ve vnéj$im (atmosféra) i vnitinim (napf. pracovisté, byty,
spolecenské mistnosti, dopravni prostfedky apod.) prostfedi. Vedle G€inkll na lidské zdravi plisobi
aerosolové Castice negativné i na ekosystémy (vegetace, ptida, vodni toky) a kulturni pamatky. Ve
vnéj§im prostiedi dochazi zejména k depozici ¢astic na povrchu budov a soch, ve vnitinim prostredi
jde o depozici na uméleckych predmétech v muzeich a vystavnich sinich a na povrchu knih a
dokumentii v knihovnach a archivech. Skodlivé tginky aerosolovych &astic na umélecké predméty
vystavené nebo ulozené v muzeich, knihovnéach a depozitafich jsou studovany v daleko mensi mife
nez vliv plynnych polutantd na vyse uvedené pfedmeéty. Prekvapivé malo je zndmo o chemickém
sloZeni Castic ve vnitinim prostfedi muzei, knihoven a depozitait. (Nazaroff a kol., 1993). Vétsi
Castice aerosolu deponované na povrchu predméti mohou béhem manipulace a piemistovani
pfedmétii zptsobovat jejich mechanické poskozeni diky svym abrazivnim ucinkiim. Jemné castice,
které mohou byt acidické i alkalické povahy, mohou vzhledem ke své velikosti pronikat az do vnitiku
knih, kde vedle chemické degradace mohou zptsobovat také navlhavani pfi zménéch relativni vlhkosti
(napft. Bioletti a Goodhue, 2008; Hallet a kol., 2008; Nazaroff a kol., 1990).

Cilem této prace bylo zjistit jaka je koncentrace a velikost Castic acrosolu v Baroknim sale, jaké je
jeho chemickeé slozeni a na zakladé téchto udajii stanovit mozné zdroje ¢astic.

MERENT

Meérici kampai probihala kontinualné v obdobi 9. — 17. biezna 2009. Pocetni a hmotnostni distribuce
i koncentrace TSP byla métfena vevniti i venku. Pocetni velikostni distribuce byla mérena pomoci
SMPS 3936 a APS 3321 (TSI, USA), pfepinani mezi vnitinim a venkovnim prostfedim bylo zajisténo
pomoci elektricky ovladanych ventilti. Pro zjisténi hmotnostnich velikostnich distribuci byly pouzity
dva Bernerovy impaktory. Castice byly v impaktorech zachytavany na polykarbonatové folie. Po
navzorkovani byly na foliich zjistovany koncentrace iontti pomoci IC a prvkd pomoci metody PIXE.
Koncentrace TSP byly méfeny pomoci dvou pump s nastavitelnym pritokem, na které byly napojeny
drzéky filtr. Pro zachyceni TSP byly pouzity kfemenné filtry, na kterych byla po skonc¢eni kampané
stanovovana koncentrace EC/OC a ionty pomoci IC. Pomoci pristroje PS32 (Sensotron, Polsko) byla
uvniti Barokniho salu métena koncentrace CO,, teplota a relativni vlhkost. Ptistroje byly umistény na
jednom z parapetd, ktery se nachdzel na jedné z bocnich stén Barokniho salu. Perioda vzorkovani pro
SMPS a APS byla 5 minut. Priibéh venkovni teploty a relativni vlhkosti byl ziskan z dat CHMU (nam.
Republiky).

Prohlidky historickych prostor probihaly ve dnech pondéli-Ctvrtek od 10 do 19 hodin se zacatkem
kazdou hodinu a ve dnech patek-nedéle rovnéz od 10 do 19 hodin se zac¢atkem kazdou piilhodinu._

VYSLEDKY

V ramci této prace byla zjisténa pocetni a hmotnosti velikostni ditribuce aerosolu a koncentrace TSP
uvniti Barokniho salu i venku. Pocetni velikostni distribuce byla méfena pomoci SMPS a APS
v rozmezi velikosti 14 nm — 20 um. Hmotnosti velikostni distribuce byly méfeny pomoci Bernerova
impaktoru v rozmezi 0,04 -10 pm. Porovnani hmotnostnich velikostnich distribuci naméfenych uvnitf
a venku je ukazano na obr. 1. Vybrané vysledky z iontové chromatografie jsou znazornény na obr. 2.
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Obr. 1: Porovnani hmotnostnich velikostnich distribuci naméfenych uvniti a venku.
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Obr. 2: Porovnani hmotnostnich velikostnich distribuci aniontl naméfenych uvniti a venku.
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INTRODUCTION

During last years many measurements were performed on atmospheric aerosols at various conditions
concerning sites (clean, marine, urban, etc.) or seasons (cold, warm or transition). Many short-term
campaigns were carried out at various locations aimed at finding conditions which affect the aerosol
dynamics and formation of new aerosol particles. Extensive measurements were done in clean areas,
for example at the Finish boreal forest site in Hyytidld (Kulmala, 2004). There were found low
concentrations of primary aerosols emitted into the atmosphere. Nevertheless, enhanced
concentrations of secondary aerosols were detected, formed by reactions of organic compounds with
ambient ozone (Bonn and Lawrence, 2005). Other surveys reported results from highly polluted sites,
like New Delhi in India (Monkkonen, 2005); these studies indicated very high concentrations of both
secondary and primary aerosols caused by anthropogenic activities.

Formation of new aerosol particles (often called ,,nucleation event”) influences particle concentrations,
the particle size distributions and also the ability of particles to serve as cloud condensation nuclei.
The process takes place all over the world and may have significant consequences for climate.
Nucleation is not limited to clean atmosphere or narrow regions. Some studies showed that nucleation
events occur frequently also in urban or polluted areas (Stanier et al., 2004 and Kulmala et al., 2005).
It has been observed on large scales. Despite many experimental and modeling efforts, it remains
difficult to define conditions leading to formation of new aerosol particles in a specific environment.

MEASUREMENT

In this work we report results from a comparison of continuous atmospheric aerosol measurements
at two European capital cities, Prague and Budapest.

The suburban background site in Prague — Suchdol (Czech Republic) is located inside the Suchdol
campus of the Academy of Sciences of the Czech Republic. SW winds prevailed at the sampling
location, so air masses were coming mostly from western suburbs of Prague and not across the city
centre. The long-term atmospheric aerosol sampling at this site started in November 2007. The
measurement consists of synchronous sampling by two aerosol spectrometers, an SMPS (3034,
TSI Inc.) and an APS (3321, TSI Inc.). These instruments together cover the size range of particles
from 10 nm to about 10 um, and take samples with a time resolution of five minutes.

The urban site in Budapest (Hungary) is located at the building of the E6tvos University in central
Budapest, near the river Danube. The wind usually blew from the city centre (N), and left the town
southwards along the river. Here the long-term atmospheric aerosol measurement started at November
2008. The flow switching DMPS (Aalto et al., 2001) has been deployed in the mobility diameter range
from 6 nm to 1 um, measuring with a time resolution of about 10 minutes. The DMPS consisted of
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28 cm long Hauke-DMA provided with Nafion driers, **'Am neutralizer, sensors for temperature,
relative humidity, pressure and air flow rates, and a CPC (TSI 3775).

Data measured by both systems have been compared in the time period from November 1, 2008 until
August 31, 2009. The particle size distributions were compared in the size range from 10 nm to 1 pm.
Besides monitoring the dynamics of particle size distributions and evaluating their major features like
average concentrations and grand average size distributions, this study focused on situations when we
found elevated concentrations of particles smaller than 25 nm. Some of these situations corresponded
to new particle formation events.

Basic meteorological data (ambient temperature, pressure, relative humidity, wind direction and speed,
global radiation etc.) were recorded together with concentrations of gaseous pollutants (NO, NO,,
NOx, O;, SO,) and PM10 using weather stations. The station in Prague was operated by the Czech
Hydrometeorological Institute, the station in Budapest was run by the Urban Climatological Station
of the Hungarian Meteorological Service at the E6tvos University.

RESULTS

From the series of particle number size distributions, total average particle number concentrations
were calculated. These average particle number concentrations were found to be 6,8x10* particles/cm’
in Prague, and 1,3x10* particles/cm’ in Budapest. The size distributions were mostly bimodal with the
mode located either in the Aitken (25—-100 nm) or in the accumulation mode range (> 100 nm). When
new particle formation started in the atmosphere, the nucleation mode (< 25 nm) appeared growing
from the lowest detectable sizes upwards. Temporal evolution of changes in the nucleation, Aitken and
accumulation modes are utilized for classification of the atmospheric processes and for the
identification of nucleation events.

Each day was classified into groups (scheme on the Fig. 1) referred as banana event (Class 1), apple
event (Class II), non event, undefined or missing data. Occurrence frequencies were calculated.

Missing data Y .
>8 hours Missing data
Non nucleation
I v event with growing
Do particles form N Is Atiken / Aitken mode
a markable mode mode growing for
<20 nm? >8 hours? \
\'% Non nucleation
- — event without growth
Does the mode N L:::SIZ r;ttlifclaer1d
persist for >1 hour?
event
Is there visible N
growth?
Y Nucleation event
Y Class |
Is the growth
undisturbed? N
Nucleation event
Class Il

Figure 1: Event classification scheme
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New particle formation events were observed with variable frequencies (from 1 a month in winter to
5 events a week in spring), with monthly frequency maxima of 31% in Prague and 33% in Budapest
occurring in the warmer period of the year, and with a minimum of 4% during the colder period in
both cities. For example, 13 nucleation events were observed in Prague and 17 in Budapest during
April 2009. Coincident days, when nucleations started in both cities, were identified and compared.
Backward trajectories were also calculated.

Typical conditions when a nucleation event has been observed in Prague can be summarized this way:
Before the event started, the concentration of ultrafine particles and their surface decreased, and, at the
same time, relative humidity decreased to 25-40%. During these events, wind usually blew from the
northern sector.

Budapest: Nucleation events mainly occurred consecutively each day on successive clean days.
Seasonal variations in frequencies and concentrations are summarized in Table 1. Nucleation events
occurred least often in winter, while they were most abundant in spring. Most of the undefined days
were found in spring and summer, when the global radiation is the highest causing secondary aerosol
formation as a result of in situ photochemical reactions.

The average number concentrations of particles are about twice lower in Prague, than in Budapest.
While the average concentrations measured in Prague seemingly don’t depend on season; a weak
seasonal trend has been observed in Budapest with higher concentrations during cold seasons. The
higher concentrations are probably caused by local combustion sources.

Table 1: Seasonal variations of frequencies and concentrations

Autumn® Winter Spring Summer

Pr Bu Pr Bu Pr Bu Pr Bu
Measurement days 30 28 90 90 92 92 92 86
Nucleation 0.14 0.14 0.09 0.04 0.31 0.37 0.30 0.23
Non event 0.83 0.75 0.9 0.88 0.52 0.50 0.51 0.65
Undefined 0.03 0.00 0.00 0.06 0.14 0.13 0.15 0.12
Missing data 0.03 0.11 0.16 0.02 0.02 0.01 0.11 0.05
Mean concentration [cm™] | 6,300 | 14,700 | 6,700 | 13,800 | 7,200 | 12,400 | 7,200 | 11,800

*November 2008
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STUDIUM ATMOSFERICKEHO AEROSOLU V BRNE A SLAPANICICH
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Klic¢ova slova: atmosféricky aerosol, PM1, prvky, ionty, identifikace zdrojl
UVOD

Atmosférické aerosoly hraji dtlezitou roli v mnoha oblastech zivotniho prostiedi, napt. vliv na zemské
klima zménou radiacni rovnovéahy v atmosféte, ptispévek k okyselovani a eutrofizaci pid a vodnich
zdroji, podil na produkci smogu, UCast na snizeni viditelnosti (Seinfeld a Pandis, 1998).
Epidemiologické studie indikuji pozitivni asociaci mezi koncentraci aerosolti a Skodlivymi vlivy
aerosolll na zdravi cloveka (Dockery et al, 1993; Pope et al, 1995). Toxicita aerosolll nespociva jen
v jejich mechanickych vlastnostech, ale i v obsahu tfady rizikovych organickych a anorganickych
polutantii, které se na né¢ vazou. Analyza chemického slozeni aerosolti tak hraje dilezitou roli pfi
zpétné identifikaci pfispévkil vyznamnych emisnich zdroji aerosold.

Piedlozeny prispévek se zabyva srovnanim chemického slozeni atmosférickych aerosolt (frakce PM1)
a identifikaci jejich pivodu ve velkém (Brno) a malém mést¢ (Slapanice).

METODY

Aerosolové castice ve frakci PM1 byly vzorkovany 24 hodin pomoci velkoobjemového vzorkovace
(DHA-80, Digitel, 30 m’/h) na nitratcelulozové filtry (porozita 3 pum, primér 150 mm, Sartorius).
Paralelné byly aerosoly (frakce PM1) vzorkovany nizkoobjemovym vzorkovaéem (1 m’/h) na
teflonové filtry (typ Zefluor, porozita 1 um, primér 47 mm, PALL). Vzorkovani probihalo v zimnim
(leden 2009) a letnim (srpen 2009) obdobi v Brné a ve Slapanicich. Odbér atmosférickych aerosoli ve
Slapanicich probihal na zahradé rodinného domu zhruba uprostfed mésta. Aerosoly v Brné byly
vzorkovany na Ustavu analytické chemie na ulici Veveii 97, odbérova aparatura byla umisténa na
balkoné v 1. patie smérem kulici Veveii. Paralelné¢ byly na obou lokalitich méfeny zékladni
meteorologické parametry (teplota, vlhkost, rychlost a smér vétru).

Hmotnostni koncentrace aerosoll byla zjisténa gravimetricky na zakladé rozdilu hmotnosti filtrG pred
a po expozici. Exponované nitratcelulozové filtry byly rozlozeny v kyseliné dusi¢né vyuzitim
mikrovinného rozkladu (UniClever, Plazmatronika, Polsko) a extrakt byl analyzovan na obsah 15
prvkli metodou ICP-MS (Agilent, Japonsko). Exponované teflonové filtry byly extrahovany
deionizovanou vodou a extrakt byl analyzovan na obsah ve vodé rozpustnych iontli pomoci iontové
chromatografie (anionty) a kapilarni elektroforézy (kationty).

VYSLEDKY A DISKUSE

Slapanice, malé mésto s cca 6 tisici obyvatel, lezi necelé 3 kilometry jihovychodn& od Brna. Nejblizsi
stanici CHMU s pravidelnym méfenim koncentrace aerosolovych &astic je stanice Brno-Tufany ve
vzdalenosti cca 2,6 km, klasifikovana jako pozad'ova pfedmeéstskéd stanice Brna. Mezi hlavni zdroje
znedisténi vzduchu ve Slapanicich patii mistni doprava, lokélni topeniité, mistni primysl (cihelna
Tondach, KOVO, ...) a dalkovy transport polutantti z Brna a okoli (napf. dalnice D1, cementarna
Mokra, ...).

Brno, 2. nejvétsi mésto v CR a nejvétsi mésto na Moravé s cca 370 tis. obyvateli, lezi v kotliné na fece
Svratce a Svitave. Ke znecisténi vzduchu v oblasti UIACH pfispivaji rizné zdroje — mistni doprava po
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ulici Veveti (cca 20 tis. automobil za den; tramvajova doprava), lokalni topenisté v blizkych
rodinnych domech a transport polutanti z jinych ¢asti Brna.

Obr. 1 znazoriiuje hmotnostni koncentrace aerosolil ve frakci PM1 v pribéhu kampané ve Slapanicich,
pro porovnani jsou uvedeny koncentrace aerosolt ve frakcich PM2.5 a PM10 z méfici stanice CHMU

Brno-Tufany. Chod koncentraci aerosold ve vSech frakcich vykazuje podobny trend.

Obrazek 1: Hmotnostni koncentrace aerosolii ve frakci PM1 v prabéhu kampané ve Slapanicich

90 _ -
zima 2009 - Slapanice, Cechova 46 —e— PM1 Slapanice
—8— PM10 Tufany
70 | —e— PM2.5 Tufany

50

30

hmotnostni konc. PM (ug/m3)

10
251 261 271 281 291 301 311 1.2 22 3.2 4.2 5.2 6.2 7.2

Filtry se zachycenymi ¢asticemi aerosoltl ve frakci PM1 byly analyzovany na obsah 15 prvkt (Zn, Cu,
Sb, Mn, Ni, V, Fe, Pb, Cd, Ba, As, K, Ca, Al, Pd/Cr) a na obsah ionti (dusi¢nan, siran, dusitan,
chlorid, fluorid, $tavelan, Na®, K', NH,", Ca*, Mg*, ...). Detailni vysledky analyz budou
presentovany beéhem prednasky. Analyza organickych sloucenin je ptedmétem jiné presentace.

Béhem prednasky budou prezentovany vysledky analyz vzorkil aerosolti ze zimni i letni kampané
2009.
ZAVER

Hmotnostni koncentrace aerosoltl ve frakci PM1 byly ve Slapanicich v pribéhu zimni i letni kampané
vyssi nez v Brné. Koncentrace prvkl a iontd vadzanych na aerosoly frakce PM1 byly v zimnim obdobi
ve Slapanicich vyssi nez v Brn¢, koncentrace v letnim obdobi jsou srovnatelné na obou lokalitach.
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UVOD

V atmosféte se nachazi mnoho organickych sloucenin vazanych na aerosolové castice produkovanych
z nejruznéjSich zdrojii. Pro identifikaci zdroji aerosolt je nutné z té€chto organickych sloucenin vybrat
takové, které jednozna¢n¢ dany zdroj urcuji — molekulové markery.

Jednim ze zdroji aerosolovych ¢astic je spalovani biomasy. Biomasa obsahuje pievazné celulosu a
hemicelulosu. Pfi jejich spalovani vznikaji anhydridy monosacharidii — levoglukosan, mannosan a
galaktosan (Simoneit a kol., 1999)

EXPERIMENTY

Aerosolové castice ve frakci PM1 a PM2.5 byly vzorkovany paralelné 24 hodin pomoci
velkoobjemového vzorkovace (DHA-80, Digitel, 30 m?/h) a nizkoobjemového vzorkovace (1 m*/h) na
kifemenné filtry. Vzorkovani probihalo béhem zimy (leden 2009) a léta (srpen 2009) v Brné (370 000
obyvatel) a Slapanicich (6 000 obyvatel). Kiemenné filtry byly extrahovany dichlormethanem
v ultrazvukové lazni, derivatizovany smési MSTFA/TMCS, poté odpatreny dosucha pod dusikem a
nasledné rozpustény v hexanu. Takto pfipravené vzorky byly analyzovany metodou GC-MS (Zdrahal
a kol., 2002).

VYSLEDKY A DISKUSE

Vzorky aerosolti ve frakci PM1 a PM2.5 byly analyzovany na obsah anhydridi monosacharidd.
Nejvyssi zastoupeni mél levoglukosan, nasledovany mannosanem a galaktosanem. Na obrazku 1 je
prezentovano srovnani koncentraci levoglukosanu ve frakci PM2.5 a PMI1 v zimnich vzorcich.
Koncentrace levoglukosanu byly v PM2.5 4-6 krat a v PM1 5-7 krat vyssi nez koncentrace mannosanu
a 8-14 krat a 13-31 krat vyss$i nez galaktosanu. Vysledky ukazuji, ze levoglukosan (73 %) a mannosan
(64 %) je pritomen ptedevsim v PM1, zatimco galaktosan se nachazi ve frakci PM1 pouze z 37 %.

Brno OPV25 EPMI Slapanice
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17.2. 182, 192, 202. 212, 222. 232 1.2, 2.2. 32, 4.2 5.2. 6.2. 7.2.
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Obrazek 1: Srovnani koncentraci levoglukosanu v PM2.5 a PM1 v Brné a Slapanicich v lednu 2009.
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Na obrazku 2 jsou uvedeny hmotnostni koncentrace levoglukosanu ve frakci PM2.5 a PM1 z léta.
Koncentrace levoglukosanu byly v PM2.5 1-4 krat a v PM1 1-8 krat vyssi nez koncentrace mannosanu
a 1-5 krat a 1-18 krat vyssi nez koncentrace galaktosanu. V porovnani se zimou jsou letni koncetrace
levoglukosanu v pruméru o 89 %, mannosanu o 74 % a galaktosanu o 57 % niZsi.
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Obrazek 2: Srovnani koncentraci levoglukosanu v PM2.5 a PM1 v Brné a Slapanicich v srpnu 2009.

ZAVER

Z dosazenych vysledku je patrné, Ze koncentrace anhydridti monosacharidii jsou v zimé mnohem vyssi
nez v 1été, coz potvrzuje, Ze jejich koncentrace v aerosolech je zavisla na spalovani biomasy.

PODEKOVANI

Tato prace byla podporovana grantem Ministerstva Zivotniho prostfedi SP/1a3/148/08 a vyzkumnym
zamérem Ustavu analytické chemie AV CR, v.v.i., AV0 Z40310501.
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UVOD

Uhlik je v aerosolech obsazen bud’ v elementarni form¢ nebo jako organicky material, ktery tvofi cca
20-70% celkové hmoty aerosolii. Vzhledem k tomu, Ze organicky podil reprezentuje velmi riiznorodou
skupinu latek, Ize ji povazovat za nejméné prozkoumany podil mezi aerosoly. Komplikované sloZeni
uhlikovych sloucenin v aerosolech je také diivodem, proc je jejich analyza zjednodusovana pouze na
skupiny latek. Mezi zékladni analyzy, jejichz vystup stanovi zastoupeni uhliku a jeho sloucenin v
aerosolech patii termo-optickd metoda analyzy elementarniho a organického uhliku (ECOC). Pti této
analyze rozliSujeme dvé formy uhlikatych aerosoll, a to elementarni uhlik (EC) a organicky uhlik
(OC). Jejich soucet identifikujeme jako celkovy uhlik (TC) naméfeny v dané aerosolové frakci.
Zpitsob termo-optické analyzy uhliku v aerosolech byl piedstaven jiz v roce 1982 (Huntzicker a kol.,
1982), nicméné o té doby je tato metoda neustdle vyvijena a optimalizovdna (Chow a kol., 2001). V
ramei nasi skupiny jsme poridili dva komeréné dostupné piistroje od firmy Sunset Laboratory (http://
www.sunlab.com/), které byly nové upraveny tak, aby vedle frakce PM,s mohly analyzovat i frakci
PM,, (takto upravené pfistroje jsou doposud spiSe vyjimkou). Dulezitou skute¢nosti je, Ze pristroje
umoznuji semi-online méfeni v terénu s realnym hodinovym rozlisenim jednotlivych odbért vzorkt —
v laboratofi (Schwarz a kol., 2008).

Termo-opticka analyza (TOA) uhlikatych aerosoli probihd ve dvou hlavnich krocich. Zakladnim
predpokladem je skutecnost, ze organicky uhlik (OC) je ze vzorku uvoliiovan zahiivanim bez
ptitomnosti kysliku, zatimco pro uvolnéni elementarniho uhliku (EC) je kyslik potieba. V prvnim
kroku je uvolnovan OC (pfipadné uhlic¢itany jsou-li pfitomny) pozvolnym zahfivanim vzorku k
teplotam az okolo 800°C v heliové atmosfére.
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Obr. 1: Schéma systému pro analyzu ECOC
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V druhé¢ c¢asti analyzy je teplota sniZena a heliova atmosféra je nahrazena smési helia s kyslikem (cca
2%) a poté je teplota op¢t zvySovana na teplotu okolo 900°C. Tim jak jsou uhlikaté aerosoly
postupnym zvySovanim teploty uvolovany z filtru, jsou nasledné vedeny ptes loze s katalyzatorem
(granulovany MnQ,), na kterém jsou oxidaci kvantitativné pfevedeny na CO,. V nejnovéjsi generaci
ptistroji, kterou mame k dispozici, je detekce vznikajiciho CO, provadéna nedisperznim
infracervenym detektorem (NDIR). Organicky i elementarni uhlik jsou detekovany stejnym zpisobem.
Schéma analyzatoru je nazorn¢€ zobrazeno na Obr. 1.

MERENI

V ramci projektu, jehoz cilem bylo primarné ziskat data pro modelovani vlivu brzdéni aut na
ktizovatce, byly v roce 2009 provedeny 3 méfici kampané na kfizovatce ulic Kamycka-Suchdolska
v okrajové Casti Prahy 6, Suchdole. Terminy kampani byly nasledujici: 12.-15.5.09, 24.-27.8.09 a 6.-
9.10.09. Vedle standardnich méfeni pomoci impaktord, APS, SMPS atd. bylo na$i laboratofi také
poprvé testovano pouziti vySe uvedeného ECOC analyzatoru. Paralelné k méfeni na kfizovatce bylo
provadéno méfeni v arealu UCHP. Stanoviité na kiizovatce je umisténo u Suchdolské hlavni dopravni
tepny (cca 10000 aut denng) s nékolika autobusovymi zastavkami a piechody, takze zde motorova
vozidla Casto pribrzd'uji a ¢ekaji. Emise z vozidel tak zde lze povazovat za dilezity zdroj aerosolovych
&astic. Stanovisté v arealu UCHP je od této dopravni tepny vzdalené pres 200 m - a je povazovéano za
meéstskou pozad'ovou stanici. Lze pfedpokladat, Ze rozdily v koncentracich aerosold a jejich slozek
mezi kiiZovatkou a stanici v UChP budou zptisobeny pievazné emisemi aut na kiiZovatce. Situace
ohledn€ umisténi obou méficich mist je zndzornéna na Obr.2.

Meiici cyklus ECOC pristroje se skldda z odbéru vzorku a nasledné analyzy, ktera trva cca 15 minut.
Tyto cykly byly provaddény ve dvouhodinovych intervalech (s vyjimkou prvniho dne béhem
kvétnového méieni, kdy byla provadéna hodinova méteni). Jako odbérové hlavy pro frakci PM, s byly
pouzity cyklony fy BGI (USA) pfi prutoku vzduchu 8 I/min. Samotna analyza byla provadéna
aktuadlné vyvijenym teplotnim programem EUSAAR 2 (Cavalli a kol., 2009), ktery byl modifikovan
pro ucely terénniho pfistroje a jehoZ prib¢h je znazornén v tabulce 1. Typicky prubéh analyzy je pak
ukéazan na Obr.3.

. X o

Mo 1 e e Krok Teplota , Doba
. méfici misto trvani [°C , s]
Hel 200, 90
He2 300, 90
/ He3 450, 90
#4 He4 640 , 135
He/Ox.1 500 , 60
He/Ox.2 550, 60
He/Ox.3 700, 60
2y He/Ox.4 850 , 85
~ Tab. 1: Modifikovany program
s, EUSAAR 2 pouzivany k analyze
£ i
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£ &

&

g
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Obr. 2: Umisténi méficich stanovist viici zastavbe a doprave.
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Obr. 3: Priklad analyzy ECOC pomoci modifikovaného programu EUSAAR2. OC1-OC4 jsou
jednotlivé piky organického uhliku, PC je pyrolizovany uhlik vznikly z OC, EC je elementarni uhlik.
Veliky pik na konci analyzy patifi methanu jakozto kalibra¢nimu plynu.

VYSLEDKY

Obr. 4 shrnuje zméfené koncentrace TC, OC a EC jak na kiizovatce, tak v aredlu UCHP. Z grafu
zavislosti jednotlivych koncentraci na ¢ase je evidentni, Ze jednotlivé frakce jsou pfimo na kifiZzovatce
vzdy vyssi nez ty naméfené v arealu UCHP. Tento fakt je logicky a oéekavany. Nicméné koncentrace
naméfené v aredlu UCHP maji podobné trendy jako koncentrace naméfené na kiizovatce i kdyZ s nizsi
intenzitou. To je zplsobeno jednak celkovym zvySenim emisi z dopravy v dob€ dopravnich Spicek v
Praze, které nasledn¢ zvysuji i pozad’ové koncentrace aerosolll a jednak vlivem stavu atmosféry
v danou dobu, ktery je spolecny pro celou oblast.
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Obr. 4: Koncentrace TC, OC a EC - Kiizovatka Kamycka vs. Areal UCHP (24.-27.8.2009)

Na Obr. 4 je také pomérné dobte vidét, ze zatimco rozdil mezi OC na jednotlivych stanovistich neni
velky, tak naopak rozdil v EC je vyrazny. Toto je zplsobeno tim, Ze emise z motorovych vozidel (a to
zejména dieselovych) jsou jednim z hlavnich zdroji aerosolid elementarniho uhliku. Pomér mezi
elementarnim a celkovym uhlikem je pak jednim z ukazatelii charakterizujicich povahu emisi. Tato
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veli¢ina dosahuje hodnot okolo 0,5 pro dopravni emise z vyfukt, zatimco napft. pro spalovani dieva se
pohybuje okolo 0,1. U kitizovatky tak lze logicky predpokladat vys$si hodnoty tohoto poméru nez
v zastavbé. Graf zavislosti poméru EC/TC na ¢ase uvedeny na Obr. 5 tento pfedpoklad potvrzuje a
dale je na ném pomérné dobte vidét stiidajici se dopravni $pic¢ky. Ve stejné dobé€ jsou zvysené hodnoty
poméru EC/TC také na méficim misté v areslu UCHP, aviak maji velikost poméru mensi nez
z méfeni ptimo na kiizovatce.).
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Obr. 5: Pomér EC/TC - Kiizovatka Kamycka vs. Areal UCHP (24.-27.8.2009)

ZAVERY
Vysledky méteni ukazuji, ze terénni piistroje pro méfeni ECOC jsou vhodné pro monitorovani emisi
z dopravy. Dvouhodinové ¢asové rozliSeni pak umoziuje monitorovat i dopravni vykyvy a intenzitu
znecisténi ovzdusi tim zplisobenou. V ramci tohoto abstraktu jsou prezentovana data pouze z jedné ze
tfi kampani, nicméné obecné zavéry ze zbyvajicich dvou kampani jsou obdobna. V ramci prednéasky
pak budou prezentovana konkrétni data ze vSech tii méticich kampani.

PODEKOVANI

Dékujeme za podporu z projektu MZP SP/1a2/167/07 ,,Studium vlivu plynulosti silni¢ni dopravy a
rychlosti vozidel na emise tuhych zneCist'ujicich latek, vznikajicich pfi provozu mobilnich zdroji
znedistovani ovzdusi“ a GA CR 205/09/2055 ,,Porovnani sloZeni, regionalnich profila a typt zdroja
aerosolu métenych v letech 1994 a 2009 na pozad’'ové stanici ve stiedni Evropé®.

LITERATURA

Cavalli F., Viana M., Espen K., Kiss G., Genberg J., Putaud J-P., Toward a standardized thermal-
optical protocol for measuring atmospheric organic and elemental carbon: The EUSAAR
protocol, sent for publication, (2009).

Huntzicker J.J., Johnson R.L., Shah J.J., Cary R.A., Analysis of organic and elemental carbon in
ambient aerosols by thermal-optical method, in Particulate Carbon — Atmospheric Life Cycle,
edited by G.T. Wolff and R.L. Klimisch, pp. 79-88, Plenum Press, New York-London, 1982.

Chow J.C., Watson J.G., Crow D., Lowenthal D.H., Merrifield T. (2001) Comparison of IMPROVE
and NIOSH carbon measurements. Aerosol Science & Technology, 34(1), 23-34.

Schwarz J., Chi X., Maenhaut W., Civi§ M., Hovorka J., Smolik J., Elemental and Organic Carbon in

Atmospheric Aerosols at Downtown and Suburban Sites in Prague. Atmos. Res. 90, 287-302
(2008).

22

8/27/09 12:00
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UVOD

Castice atmosférického aerosolu (PM) ovlivituji Zivotni prostiedi a zejména lidské zdravi, protoze
obsahuji mimo jiné fadu toxickych latek. Nékteré z nich, napt. PAHs, Cd, As atd., mohou zptisobovat
zavazna onemocnéni a jejich vyskyt v ovzdusi je regulovan legislativou (WHO, 2004). Mezinarodni
spolecnost pro vyzkum rakoviny zatadila kadmium, nikl, berylium, olovo a chrom (VI) do skupiny
latek s karcinogenni povahou.

PM a prvky na né vazané se do ovzdusi dostdvaji z antropogennich (spalovaci procesy, doprava,
primyslovou c¢innost) nebo pfirodnich (pidni eroze, moiska stl, geologické procesy) zdroju.
Koncentrace prvki na aerosolu jsou znacné proménlivé a zavisi na rocnim obdobi, meteorologickych
podminkéch, emisnich zdrojich, umisténi posuzované lokality a dalkovém transportu z jinych lokalit.
Ptispévek srovnava vysledky métfeni obsahti prvki v aerosolovych frakcich PMI10 a PM2.5
a v pouli¢nim prachu ze dvou mést (Brno a Ostrava) s rozdilnymi potencionalnimi zdroji.

METODY

Odbéry vzorkd atmosférického aerosolu (frakce PM10 a PM2.5) a pouli¢niho prachu byly provedeny
v zim¢ (leden) a v 1été (Cerven) roku 2009 v prabéhu jednoho tydne na lokalitich v Brn€ a v Ostravé.
Prvni lokalita (Brno, ulice Kotlafska) je ovlivnéna zejména dopravou, zatimco druhou lokalitu
(Ostrava, Bartovice) ovliviiuje nedaleka primyslova oblast. Vzorky PM10 a PM2.5 byly zachytavany
na nitratcelulozové filtry (1,2 pm; 47 mm; Millipore) stitedné-objemovym vzorkovacem Leckel-MVS6
(2,3 m3/h; Sven Leckel Ingenierburo) vybavenym odbérovou hlavici pro frakci PM10 nebo PM2.5.
Filtry byly rozloZeny v kyselin¢ dusi¢né vyuZzitim pfistroje UniClever (Plazmatronika, Polsko) pro
mikrovinné rozklady.

Vzorky pouli¢niho prachu, které se odebiraly na stejném misté jako aerosolové frakce PM10 nebo
PM2.5, byly smeteny metlou a povysavany vysava¢em. Poté byl pouli¢ni prach frakcionovan do tii
velikosti (< 50 pum (F50), 50-100 pm (F100) a 100-400 pm (F400)) a rozloZzen ve smesi kyselin
dusi¢né a sirové v mikrovlnném zatizeni UniClever.

Sloucené 7-denni vzorky PM a pouli¢niho prachu byly podrobeny ICP-MS analyze na obsah 15 prvki
(Agilent, Japonsko).

VYSLEDKY

Koncentrace prvki v obdobi zima 2009 jsou pro jednotlivé lokality a jednotlivé aerosolové frakce
znacn¢ variabilni. Fe, Pb, Zn, Al a Ca jsou dominantni prvky na obou lokalitdch (obr. 1). Vysoky
obsah Fe a stejn¢ tak zvysSené obsahy Cr a Cd v aerosolu v Ostravé indikuji primyslovy zdroj.
Antropogenni prvky (Ni, Cu, As, Mo, Pd a Cd) byly pfevazné nalezeny v hrubé aerosolové frakci
v Brn¢, zatimco Cr, Mn, Zn a Pb doprovézely jemnou frakci na obou lokalitach. V Ostraveé se
nachazely v hrubé frakci ptevazné Mg, Al, Ca a Fe, zatimco Ni, Cu, As, Mo, Sb a Cd byly majoritné
nalezeny v jemné frakci.

V pouli¢nim prachu jsou pievazujicimi slozkami prvky zemské kiry tj. Al, Fe, Ca, Mg a Mn (obr. 2).
Vyssi obsah Pd a Cu v pouli¢énim prachu v Brné dokazuje dopravni zdroj na ulici Kotlarska. Vyssi
obsahy Cr a Cd v pouli¢nim prachu v Ostrave ukazuji na jejich prumyslovy zdroj.
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Ca, Zn, Mo a Cd byly nalezeny v Ostravé prevazné ve frakcich F50 a F100, zatimco v Brné byly
v téze frakci nalezeny Mg, Al, Mn a Pd. Prvky Al, Cr a Mn byly dominantnimi ve frakci F400
v Ostravé, zatimco v Brné v téze frakci prevazovaly Cd a Ca. Ve frakcich F50 a F100 byly hlavné
nalezeny Fe, Ni, Cu, As, Sb a Pb na obou lokalitach.

Vzorky z letni kampané 2009 jsou pfipravovany k analyze a vysledky budou prezentovany
na prednasce.
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Obrazek 1: Koncentrace vybranych prvkti v PM10 a PM2.5 v Brn¢ a Ostravé (zima 2009)
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Obrazek 2: Koncentrace vybranych prvkt v pouli¢nim prachu ve frakcich F50, F100 a F400 v B¢
a Ostravé (zima 2009)

ZAVER
Bylo provedeno méfeni koncentraci prvki v PM10, PM2.5 a v pouliénim prachu na dvou rizné
zatizenych lokalitach. Koncentrace prvkd v jednotlivych frakcich atmosférického aerosolu byly pro
jednotlivé lokality znacn€ riznorodé. Obecné jsou koncentrace prvkli v hrubé (PM10) a jemné
(PM2.5) frakci v Ostravé vyssi nez v Brn€. Koncentrace prvkil v pouli¢énim prachu vykazuji znacnou
variabilitu v rdmci lokalit. Distribuce prvkli mezi posuzované velikostni frakce pouli¢niho prachu se
na obou lokalitach lisi.
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INTRODUCTION

Current vehicle brake systems rely on friction to reduce the speed. The majority of these systems
utilize cast iron rotors and composite linings. The latter are available in a wide range of compositions
aimed at meeting a variety of objectives including stopping distance, pedal feel, wear rate, and others
(Sanders at al., 2003). The linings are produced from four main components: binders, reinforcements
(fibers), fillers, and modifiers. Various modified phenol-formaldehyde resins are used as the binders.
Fibers are classified as metallic, mineral, ceramic, aramid or potassium titanate. Fillers tend to be low
cost materials such as barium and antimony sulfate, kaoline clays, magnesium and chromium oxides,
metal powders, etc. Some fillers fulfill functions other than simply occupying space. Graphite is a
major modifier used to influence friction (Garg at al., 2000). The generation of particulate wear debris
has received little attention, yet the wear debris is of interest: It falls into the PM10 and PM2.5 classes
of ambient particulate matter (PM). The particles are chemically complex, including materials that
range from organic binders to metals such as iron and copper (Sanders at al., 2003). Some of those
were identified as potentially toxic (Cu, Fe, Zn, Pb, Cr, Cd). The aim of this work was to study
generation of airborne particles during brake lining tests and size resolved sampling of released
particles for their material analysis and toxicity bioassays.

Fig. 1 The apparatus for brake wear testing.
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EXPERIMENTAL

Braking experiments were performed using dynamometer apparatus of the Nanotechnology Centre of
Technical University of Ostrava, see Fig. 1. Assembled wheel of the Skoda Octavia car was situated in
the closed testing box. Braking process was characterized by revolutions of flywheel (300 or 600
revolutions per minute), braking pressure (5, 10 and 15 bars), braking time and idle time of the braking
period (typically 30 s of braking followed by 150 s of idle time, but some other combination were also
used, including continuous braking). Airborne particles generated during braking tests were monitored
by Scanning mobility particle sizer (SMPS: TSI model 3936) in the size range from 10 to 445 nm and
by aerosol particle sizer (APS: TSI model 3321) in the size range 0.5 — 20 um. Sampling period was
typically 3 minutes for SMPS and 1 minute for APS. Besides the monitoring of number concentration
and particle size distribution of generated particles, also size resolved sampling of particles was
performed using Berner low pressure impactor (BLPI). BLPI enabled sampling of aerosol particles
with aerodynamic diameter ranging from 0.025 to 13.6 um separated into 10 contiguous size fractions.
On the basis of SMPS and APS data, the sampling period was set to 60 minutes. Samples deposited on
aluminum foils were used for determination of mass size distribution of deposited particles and for
further characterization by scanning electron microscopy (SEM), transmission electron microscopy
(TEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), proton induced X-ray
emission (PIXE), and also for toxicity bioassays.
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Fig. 2 Number concentration as a function of time during one day of brake wear testing
RESULTS

Total number concentrations detected by SMPS and APS during brake dynamometer testing
performed by 31. 10. 2007 are shown in Fig. 2. Time dependences denoted as SMPS4 and APS4,
respectively, record time interval, during which tests at six combinations of braking pressure and
flywheel revolutions (see Table 1) were performed. Duration of each test was cca 30 minutest. In Fig.
2 we can see, that during these tests, nanoparticles generation did not occur (number concentration
1000 #/cm3 or less is negligible for this size region), with the exception of the end of test 6, where it
just started. The test 6 was performed at highest brake load of the series SMPS4, see Table 1. In the
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size range detected by APS, one can see an increase of particle generation with increasing revolutions
of flywheel, but there is not visible dependence on braking pressure (the amount of generated particles
during braking depends on car speed, not on the intensity of braking). The temperature of braking pads
was increasing during the testing periods and it seems that with increasing temperature, the number of
generated airborne particles is decreasing. It is probably connected with the change/decrease of
braking efficiency, but we did not investigate that parameter. We can also observe a variation of the
total number concentration during braking cycle, because the length of braking cycle was 3 minutes
(see Table 1) and the sampling time for APS was 1 minute.

Table 1 Experimental conditions of the tests shown in Fig. 2

Test No. | Time period | P [bar] | R [#/min] | Braking cycle
1 8:51— 9:18 5 300 30 s braking., 150 s idle run
2 9:22 — 9:52 10 300 30 s braking., 150 s idle run
3 9:57-10:26 15 300 30 s braking., 150 s idle run
4 10:41 —11:10 5 600 30 s braking., 150 s idle run
5 11:16 — 11:47 10 600 30 s braking., 150 s idle run
6 12:05-12:36 15 600 30 s braking., 150 s idle run
7 14:07 — 14:43 15 600 30 s braking., 120 s idle run

Higher brake load was investigated in the test 7 (SMPS5, APSS5). At these conditions, we can observe
generation of particles in the size range below 500 nm. Since these particles are partially detected also
by APS, an increase of APS total number concentration was observed as well. In more detail it is
demonstrated in Fig. 3 and Fig. 4. Sampling period was 5 minutes for SMPS and 1 minute for APS.
Generation of particles below 500 nm at conditions of still cold brake linings was negligible until
t+20 minutes (see Fig. 3). After that, the number concentration was gradually increasing until the time
to+35, when the experiment was terminated due to overheated brake linings. The temperature of the
cast iron disc at the end of the sampling period reached up to 300 °C.
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Fig. 3 Number distribution of airborne wear particles measured using SMPS
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Fig. 4 Number distribution of airborne wear particles measured using APS

Curves t;1+20, tp+21 and t;+22 in Fig. 4 show release of particles above 500 nm at conditions of still
cold brake linings, and variation of particle concentration in measuring box during braking cycle.
While curve t0+20 detects particle concentration during braking, curves to+21 and t;+22 show the
decrease of particle concentration during idle run. Curves to+25, t+30 and to+35 show variation of
generated particles at conditions of overheated brake linings. We can observe gradual slow decrease of
concentration of supermicron sized particles and sharp increase of submicron sized particles with
duration of the test, and consequently, temperature of linings. That suggests the decrease of particle
generation by abrasive wear with possible decrease of the braking efficiency and the increase of
particle generation by evaporation/condensation of some components of brake linings.

Airborne particles released during braking tests were sampled by BLPI and deposited on aluminum
foils. Results of the sampling at conditions of test 7 can be seen in Fig. 5. The time interval of the
sampling was 60 minutes and total impacted mass was 8.799 mg. As can be seen, 70 % of impacted
mass was captured on stages 8 and 9, which corresponds with mean particle diameters 2.44 and 4.48
um, respectively. These values are in a good agreement with the geometric mean of mass size
distribution detected by APS at corresponding braking conditions.

The testing was performed with commercial linings available at EU market. The content of main
elements in the lining was as follows (wt %): Fe 32.7, C 25.2, Cu 8.22, Mg 7.33, Sn 4.28, Zn 4.13, S
3.71. Chemical composition of particles deposited on individual stages of BLPI was analyzed by PIXE
and the results are shown in Fig. 6. At first, it is necessary to note that the results on stages 1 and 2 are
uncertain due to small amount of deposited particles. Further, PIXE cannot analyze light elements as C
or Mg. And finally, aluminum from the foils interfered estimation of some elements. From those
reasons we cannot consider the results as fully quantitative. Nevertheless, we can see that ratios of Fe
to Cu, Zn and Sn are higher than in the linings. That signalizes that during braking the particles are
released from both the lining and also from the cast iron rotor. We can also see that the ratio Fe to Cu
to Zn to Sn is almost constant on stages 4 — 10 (concentrations of these elements are independent on
particle size). An exception from that trend is S, whose ratio to the other elements varies along the
impactor. The top value was detected on stage 3 and it was also confirmed by EDS analysis
(Kukutschova at al., 2009).
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Fig. 6 Concentrations of some elements in airborne particles on BLPI stages estimated by PIXE.
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CONCLUSIONS

Dynamometer brake tests were performed with commercial brake linings. Using SMPS and APS,
particle size distributions of released particles in the size range from 10 nm to 20 um were obtained for
various regimes of braking. At usual regimes of braking, supermicron sized particles were released. At
conditions of overheated linings, submicron sized particles and nanoparticles were generated.

Results obtained by SMPS and APS were used for selection of parameters of braking for BLPI
sampling and they also served as a guide for experiments with laboratory animals, performed later
jointly by Technical University of Ostrava and University of Ostrava.

BLPI sampling enabled to perform mass size distribution of released particles and afforded samples
for further analyses by SEM, TEM, EDS, SAED, XRD, PIXE, and also for toxicity bioassays. PIXE
analysis showed that main metallic elements are spread in the same ratios on stages 4 — 10 of BLPI
(0.16 — 13.6 um). Samples on stages 1 and 2 contained too small amount of material to obtain reliable
results by PIXE.
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UvVOD

Vyfukové emise z pistovych spalovacich motorti jsou jednim z nejvyznamnégjsich zdroji znecisténi
ovzdusi v méstskych aglomeracich [1-4]. Pravdépodobné nejproblemati¢téjsi slozkou téchto emisi
jsou castice, jejichz hlavni slozkou je smés sazi o velikosti desitek az stovek nm, slozitych fraktalnich
tvart s velkym povrchem a aerosolovych castic o velikosti jednotek az desitek nm [5]. Proti
takovymto ¢asticim nema lidsky organismus ucinné obranné mechanismy a proto jich velka cast
pronika hluboko do plic a dale bunéénymi membranami do krevniho obéhu [6-8]. Tyto Castice jsou
navic, na rozdil od Castic emitovanych stacionarnimi zdroji, emitovany v bezprostiedni blizkosti lidi.
U lidi Zijicich v blizkosti frekventovanych komunikaci bylo zjisténo vyssi riziko astma [9] a infarktu

[6].

Snizeni emisnich limitt silni¢nich vozidel (ve vét§iné zemi alespon o fad [10-12]) v mnoha zemich
vcetné CR nepiinasi ocekavany Gc¢inek [1]. Jisty podil na tom ma pomald obnova vozového parku a
vyskyt motord s nepomérne vysokymi emisemi. Existuji v§ak dal$i, mnohdy opomijené faktory.

Jednim z nich je naristajici intenzita dopravy [2,13], a s ni narustajici intenzita kongesce (dopravni
zacpy). Pti provozu vznétovych motorti na volnobéh a velmi nizkych zatiZenich, typickych pro husty
meéstsky provoz, se ochlazuje spalovaci prostor a nartsta podil neuplné spaleného paliva a s nim i
emise Castic. Zaroven klesa teplota vyfukovych plyni, a s ni i i€innost vétSiny katalytickych zafizeni
(oxidacni katalyzatory, tiicestné katalyzatory, redukéni katalyzatory pro redukci oxidl dusiku). Stanim
a Castymi rozjezdy se zvySuje spotieba paliva a s ni i emise. Dale pfi rozjezdu vozidel dochazi k
prechodovému zatézovani motoru, které je spojeno s nepomérné¢ vysokymi emisemi [14-15].
ZvySovani intenzity dopravy nad kapacitu komunikaci proto vede k nepomérnému narQstu emisi,
zejména organickych latek a Castic. (To je doloZeno i1 vy$$im pomérem imisi ¢astic ku imisim oxidt
dusiku v blizkosti frekventované komunikace v dopravni $picce [16].) NavySovani intenzity zejména
tranzitni dopravy je zpiisobeno i dal§im rozSifovanim silni¢ni sité [17].

Dalsim faktorem je zvySovani podilu lehkych vozi se vznétovymi motory a nepomér mezi
homologovanymi a skuteCnymi emisemi zejména u vznétovych motort. Vznétové motory dosahuji
relativné nizkych emisi oxidi dusiku diky recirkulaci vyfukovych plynd; tu vSak nelze pouzit pii
dlouhodobém volnobehu (zanaseni motoru) ani pii vysokych zatizenich. Nizkych emisi Castic je pak
dosahovano diky katalytickym zafizenim, jejichz ucinnost pfi dlouhém volnobéhu klesa, a diky
pfepliiovani s velkym prebytkem vzduchu. Snaha dosahnout stale vysSich vykond ze stale nizSich
zdvihovych objemli motoru vsak vede k navySovani vykonu zvySenim davky paliva na ukor snizeni
prebytku vzduchu a zvySeni emisi ¢astic. V extrémnich pifipadech "tuningu" (zpravidla neopravnéného
a mnohdy neodborného zvySeni maximalniho vykonu motoru navySenim davky paliva) je pak
prebytek vzduchu sniZen natolik, Ze motor viditelné kouii. Zadny ze zminénych rezimi (dlouhy
volnobéh a provoz na vysoky vykon) vSak neni soucasti homologacniho evropského jizdniho cyklu
(NEDC). Pomineme-li pomérné liberalni limity koufivosti pak, tyto rezimy nejsou zadnymi emisnimi
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limity oSetfeny, a emise béhem nich jsou mnohdy vys$si nez béhem jizdy v rezimech ramcovée
spadajicich do NEDC.

Dal$im faktorem je nepomér mezi snizenim celkové hmotnosti Castic, oSetfenym legislativou, a
snizenim celkového rizika emitovanych castic na lidské zdravi. Snizeni celkové hmotnosti ¢astic bylo
dosazeno predev§im snizovanim emisi relativné velkych castic sazi (pfevazné elementarni uhlik),
zatimco emise velmi malych ¢astic (pfevazné aerosoly organickych latek o velikosti jednotek az
nizkych desitek nm) se snizily mensi mérou, nebo se nesnizily viibec nebo i zvysily. Proto je pro
budouci emisni limity (Euro 6) navrhovano zavedeni dalSiho omezeni emisi ¢astic, naptiklad ve formée
limitu poctu castic (PMP). Do planovaného a ocekavaného zavedeni skutecné nizkoemisnich
technologii je vSak tfeba emise Castic oSetfit jinymi zpisoby nez dal$im snizovanim limitd pro nova
vozidla.

Pro hodnoceni dopadu zminénych a fady dalSich pfipravovanych nebo zamyslenych legislativnich
opatfeni na emise stavajiciho parku vozidel a pojizdnych stroji (lod¢, lokomotivy, stavebni stroje) jiz
nepostacuje laboratorni mefeni emisi na novych motorech, nybrz je zpravidla nutné sledovat emise v
realném provozu, a to z vétsiho po¢tu motorl (pfinejmensim jednotky az desitky), z divodu relativné
velkého vlivu provoznich podminek a jejich historie na emise, zejména castic, a relativné velkych
rozdilli mezi emisnimi vlastnostmi i jinak obdobnych individudlnich motord [18]. Takové moznosti
nabizi pribézné meétfeni okamzitych vyfukovych emisi pojizdného stroje pfenosnou aparaturou
umisténou na palubé vozidla, pfiCemz pod pojem pienosna aparatura spada specializované zatizeni
zaplnujici polovinu méstského autobusu [19] nebo cely naves [20], ale i relativné malé a jednoducha
zafizeni [18,21-22].

APARATURA

Pro méfeni emisi za provozu byl autorem sestrojen pienosny systém, konstruovany pro umisténi na
palubé méteného vozidla. Tento piistroj monitoruje koncentrace vyfukovych plynd a celkovy priutok
vyfukovych plyni. Tyto dva toky dat jsou synchronizovany, a okamzité hmotnostni toky sledovanych
latek nebo skupin latek jsou vypocteny jako soucin okamzitého toku vyfukovych plynti a okamzitych
koncentraci danych latek. Obecny princip byl popsan v [18].

Ptistroj vyuziva nedisperznich infracervenych spektrometri pro méfeni koncentraci oxidu uhelnatého
(CO) a uhlicitého (CO,) a orienta¢ni méieni koncentraci uhlovodikd (HC), elektrochemickych ¢lankt
s rychlou odezvou pro mefeni koncentraci oxidu dusnatého (NO) a kysliku, a dale dvou
experimentalnich detektord c¢astic: semikondenzac¢niho integrujiciho nefelometru vyuZzivajici
doptredného rozptylu laserového paprsku prochézejiciho koncentrovanym svazkem vzorku s ¢asticemi,
a nov¢ doplnéné méfici ionizacni komory. Vystup nefelometru je pfiblizné imérny hmotnostnimu
toku vétsich ¢astic, a vystup ionizacni komory je ptiblizné timérny celkové délce Castic (pokud by tyto
byly srovnany do jedné fady). Z divodu omezeného prostoru na realnych vozidlech, omezenych
moznosti napajeni, a pomérné “tvrdych” nelaboratornich podminek béhem méfeni jsou vzorkovany
nefedéné vyfukové plyny aniz by bylo zajisténo isokinetické vzorkovani nebo alespon laminarni
pratok, a aniz by byl vzorek udrzovan na konstantni teplote. Dale nejsou dostate¢né sledovany, a tim
padem ani oSetfeny, vykyvy v kritickych vlastnostech castic (velikost, fraktalni rozmér, hustota, pomér
sazi a organickych latek, schopnost Castic udrzet elektricky naboj, apod.), ztraty zpusobené
termoforetickymi jevy, a nukleace a koagulace castic ve vzorkovacim potrubi.

Hmotnostni tok nasavaného vzduchu je vypocten ze stavové rovnice idedlniho plynu ze zndmého
zdvihového objemu motoru, slozeni, teploty a tlaku nasavané¢ho vzduchu, ota¢ek motoru, a dopravni
ucinnosti motoru, kterd je ziskana b&hem laboratornich méfeni nebo pro dany motor kvalifikované
odhadnuta. Hmotnostni tok vyfukovych plynt je pak vypoéten na zakladé toku nasavaného vzduchu a
poméru paliva ku vzduchu vypoéteného z naméfenych koncentraci a znamého nebo predpokladaného
sloZeni paliva.
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VYSLEDKY - VALIDACE APARATURY

Posledni verze palubniho zafizeni pro méfeni emisi byla v cervenci 2009 porovnana s laboratornimi
meéfenimi béhem zkousek v laboratofi TUV-SUD Auto CZ v Praze na pfepliiovaném silni¢nim
vznétovém motoru Iveco Tector o zdvihovém objemu 6 litrl. Vysledky méfeni pro dynamicky test
ETC (Engine transient test) jsou uvedeny na obr. 1-3. Na obr. 1 jsou porovnany hmotnostni pritoky
nasavané¢ho vzduchu vypoctené pfenosnym zafizenim a mefené prutokomérem (Sensyflow, ABB). Na
obr. 2 jsou porovnany naméfené koncentrace CO, jednim laboratornim a dvémi pienosnymi
analyzatory. Na obr. 3 jsou porovnany méteni koncentraci ¢astic o ekvivalentnim priméru elektrické
mobility 100 nm, vyselektované klasifikatorem (SMPS, TSI) a méfené kondenzacnim c¢itaCem (CPC,
TSI) s mefenim nefelometrem a ioniza¢ni komorou (horni ¢ast) a odhadem hmotnostniho toku Castic
ziskaného linearni kombinaci emisi vypoctenych z méfeni nefelometrem a ioniza¢ni komorou.
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Obr. 1: Porovnani hmotnostniho toku nasavané¢ho vzduchu vypoctené prenosnym palubnim zafizenim
a tokem meétenych laboratornim pratokomérem béhem cyklu ETC (Engine Transient Cycle).
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Obr. 2: Porovnani koncentraci CO2 méfenych pfenosnym palubnim zafizenim a laboratornim
analyzatorem béhem cyklu ETC (Engine Transient Cycle).

33



ETC test, Iveco Tector, 29.7.09 —PMM_0.5
60.0 —— SMPS_100nm
50.0 ——ION-L-M
40.0
30.0
20.0 l | u I .4 [ ﬁ 4 ﬂ A b
10.0 i }
0.0 o : . : : | . . ; .
(1] 200 400 600 800 1000 1200 1400 1600 1800 56 [s]
35 ETC test, Iveco Tector, 29.7.09 ——SMPS 100nm
30 —— Opt+Ion
25
20 | | o
l §
15
10 .‘i 'y M
5 J U ‘U L' “
V] 200 400 600 800 1000 1200 1400 1600 1800 ¢5¢ [s]

Obr. 3: Porovnani emisi ¢astic: laboratorni méteni ¢astic o velikosti 100 nm klasifikdtorem SMPS a
¢itaCem CPC, méfeni nefelometrem (PMM) a ioniza¢ni komorou (Ion), na dolnim grafu pak linearni
kombinace vystupli z nefelometru a ioniza¢ni komory.

VYSLEDKY — MERENI NA VOZIDLECH

S timto analyzatorem, bez méfici ionizac¢ni komory, byla v roce 2008 a 2009 podniknuta fada méfeni
emisi na nékolika osobnich automobilech a jednom autobusu a piedbézné mefeni na jedné lokomotive.
Vysledky z téchto méfeni byly publikovany v predchozich dilech [14,23,24]. Jednim z
nejvyznamngjSich poznatkidl jsou trendy v emisni charakteristice modernich vznétovych motort v
lehkych silni¢nich vozidlech, kde je patrné, Ze emise dvou nejkriti¢téjSich latek — oxidd dusiku (NOy)
a castic (PM) — byly vyrazné€ vyssi v rezimech vys$sich zatizeni motoru nez v rezimech odpovidajicich
evropskému homologa¢nimu cyklu NEDC. Rovnéz tak emise PM byly vyssi pfi vyssich zatizenich v
mensich otackach. Podobné trendy byly pozorovany u Ctyf z péti méfenych vozidel [14]. Z méfeni
dale vyplyva, Ze agresivni jizda ma za nasledek emise ¢astic které jsou, v piepoctu na jednotku
spotiebovaného paliva, nékolikrat vyssi nez klidna jizda [23].
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Obr.4: Okamzité vyfukové emise béhem "ustalené jizdy pii 70 km/h". Autobus SOR C10.5,
prepliiovany vznétovy motor Iveco Tector.
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Emise PM byly u dvou vozii Skoda Octavia se vznétovymi motory vy3si nez u postarsiho vozu Skoda
Favorit s benzinovym motorem bez elektronického fizeni a bez katalytického zafizeni, a to i tehdy,
kdyz se porovnavala agresivni jizda s vozem Favorit s klidnou jizdou s vozy Octavia [23].

Dals$im obecnym jevem pozorovanym v realném provozu je neexistence "ustaleného rezimu" chodu
motoru. To je znazornéno na piikladu na obr. 4, kde pii jizdé piiméstského autobusu "ustalenou"
rychlosti 70 km/h byl pozorovan rozptyl jednoho fadu ve spotfeba paliva i okamzitych emisich.

DISKUZE

Pfenosna palubni zafizeni umoznuji sledovat okamzit¢ hodnoty a pribéhy vyfukovych emisi
spalovacich motori v dopravnich prostiedcich a mobilnich strojich. Piesnost a opakovatelnost
takovych méfeni je pfedmétem dalSich Setfeni a diskuze. I kdyz se jejich pfesnost nemusi vyrovnat
presnosti slozitéjSich a nakladnéjsich laboratornich aparatur, v mnohych piipadech namétené rozdily
mezi jednotlivymi vozidly nebo mezi riznymi provoznimi podminkami jsou natolik podstatné, zZe
mnohanasobné prevysuji nejistotu méteni. Ziskané poznatky, doplnéné o poznatky z méfeni na jinych
institucich a z laboratornich méfeni, umoziuji rychlé a pomérné nenakladné shromazd’ovani podkladt
pro legislativni opatfeni. Zminéné vysledky naptiklad poukazuji na (Casto neumérné) zvysené emise
¢astic pti prechodovych rezimech, pii dopravnich zacpach, pii agresivni jizde, pfi rychlé jizde, a pii
nahrazeni star§ich zazehovych motori na modernimi vznétovymi motory. Dale zminéné vysledky
poukazuji na zvySené emise Castic lehkych vozidel se vznétovymi motory pii velmi vysokych
rychlostech. Lze téZ o¢ekavat, ze dal§im navySovanim vykonu motoru napf. "chiptuningem" se emise
Castic pfi vyssich zatizenich v mnoha piipadech jesté dale zvysi.

Proto napiiklad pfinos omezovani provozu starSich automobill jejich nahrazovanim novéjsimi vozy
(poplatek za pievod star§iho vozidla, Srotovné, zakaz vjezdu starSich vozidel bez katalyzatori do
sttedi vybranych mést) ke sniZzeni emisi Castic mize byt sporny. Star§i benzinové motory bez
katalyzatorti maji, jsou-li v dobrém technickém stavu (Ize pfedpokladat Ze vozy v neuspokojivém
stavu jsou zachyceny pravidelnymi emisnimi kontrolami), niZSi emise ¢astic nez vétSina soucasné
provozovanych vzné€tovych motort (s vyjimkou vozi vybavenych zachycovacemi ¢astic s uzavienymi
komtrkami, které se zpravidla vyznacuji tim, Ze na vnitinim povrchu vyfukové trubice nejsou zadné
viditelné nanosy sazi). Ve stavajicich a navrhovanych legislativnich opatfenich naopak chybi zdkaz
navySovani vykonu motorti zptisoby které vedou ke zvySeni emisi, nebo razantni snizeni kongesce
(vedouci k nepomérné velkému snizeni vyskytu piechodovych rezimt a tim i emisi ¢astic) opatfenimi
snizujicimi intenzitu dopravy — naptiklad zasadni zvySeni mytného v problematickych lokalitdch
a/nebo v dopravnich Spickach, nebo jiny druh zpoplatnéni vjezdu do vybranych lokalit obecn¢ nebo ve
vybranych periodach. Snizeni intenzity dopravy, a tim i nepomérného sniZzeni emisi Castic, lze
dosahnout i plosnym zpoplatnénim provozu vozidel (a pouze do men$i miry zpoplatnénim jejich
pouhého vlastnictvi), napiiklad zvySenim a/nebo zavedenim mytného nebo jeho obdoby, nebo
zvySenim spotiebni dan¢ na ropna motorova paliva.

Vzhledem k omezenému mnozstvi dat, k velké rozdilnosti emisi mezi jednotlivymi motory i
provoznimi rezimy a k neopakovatelnosti redlného provozu Ize jen obtizné vysledky kvantifikovat.
Cilem prace je proto spiSe poukazat na pozorované trendy a na moznosti méfeni palubnimi zatizenimi.

ZAVER

Ptenosna palubni zafizeni umoziiuji sledovat (kvalitativné a do jisté miry i kvantitativné) okamzité
hodnoty a pribéhy vyfukovych emisi spalovacich motorti v dopravnich prostiedcich a mobilnich
strojich. Pfi vhodném vybéru méticiho zafizeni, vozidel a zkuSebnich podminek lze ocekavat, ze
poznatky ziskané¢ z interpretovanych vysledkti méieni, doplnéné o poznatky z meéfeni na jinych
institucich a z laboratornich meéfeni, mohou umoznit pomérné¢ rychlé a relativné nenakladné
shromazd'ovani podkladd, které mohou byt vyuzity pro posouzeni vlivu provedenych nebo
zamyslenych legislativni opatieni na vyfukové emise.
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SITOVA MERENI PM; A PM;, V MIKROMERITKU
M. GREGR, J. HOVORKA

Ustav pro zivotni prostfedi, Pfirodovédecka fakulta UK v Praze, Benatska 2, 128 01 Praha 2
Kli¢ova slova: DustTrak, velké mésto, malé sidlo

UvVOD

Prace si klade za cil zméfit variabilitu frakci PM; a PM,, ve velkém mésté (Praha) a v malém sidle
(Biezno u Chomutova) a tato méieni porovnat. U obou sidel ptfedpokladame odlisné zdroje aerosolu.
Nameéiena data byla zaroven pouzita k zhodnoceni spravnosti umisténi méfici stanice. Pii mefeni bylo
vyuzito sedm pienosnych laserovych nefelometrii DustTrak, model 8520, spole¢nosti TSI s impaktory
na méfeni PM; a PM,,.

EXPERIMENT

Nefelometry DustTrak - DT umoznuji stanovit objemovou koncentraci aerosolu na zakladé rozptylu
svétla z laserové diody na prochazejicim svazku aerosolu. Jsou kalibrovany na tzv. Arizonsky prach
(Hitchins et al., 2000). Pokud se velikostni distribuce méteného aerosolu lisi od Arizonského prachu,
pak se hodnoty PM, a PM,, métené DT lisi od hodnot spravnych. Nicméné pro naplnéni cilt této prace
sta¢i hodnoty relativni. Pro porovnatelnost dat mezi jednotlivymi DT byla provedena kolokacni
meéteni pro obé métené frakce. Ziskané korekéni koeficienty se pohybovaly od 0,52 do 1,62 u PM, a
od 0,60 do 1,97 pro PM,,. Méfeny byly koncentrace PM, a PM,, s integra¢ni dobou p&t minut.

V Praze probihalo métfeni v terminu od 1. do 19. 6. 2009. DT byly umistény na stiechach po obvodu
univerzitni botanické zahrady na Slupi. Na uzemi o rozloze cca 4 ha bylo rozmisténo celkem 5 DT,
nejblizsi vzdalenost DT ¢inila 70 m. V terminu od 6. do 12. 8. 2009 se uskutec¢nilo méteni v Biezné u
Chomutova, kde bylo na stfechdch budov na tzemi o rozloze cca 25 ha rozmisténo 7 DT, nejblizsi
vzdalenost pfistroju ¢inila 100 m.

VYSLEDKY A DISKUSE
Graf 1: Koncentrace PM, v pg/m’ v Praze dle Graf 2: Koncentrace PM,, v pg/m’ v Praze dle
jednotlivych DustTrak jednotlivych DustTraki
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Graf 3: Koncentrace PM; v pg/m* v Biezné dle Graf 4: Koncentrace PM;, v pg/m* v Biezné
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V Praze ¢ini median PM, 11,9 pg/m* a u frakce PM,, 26,0 ug/m’. V Biezn& u Chomutova to je 28,3
ug/m’ pro PM, a 49,0 ug/m’ pro PM,,.

ZAVER

Potvrdil se nas predpoklad, Zze se koncentrace PM; a PM;, v rdmci mikroméfitka na 5% hladiné
pravdépodobnosti vyrazné nelisi. Naopak mezi sidly byly naméteny vyrazné rozdily. V Bfezné¢ u
Chomutova byly naméfeny vice jak dvojnasobné koncentrace PM, oproti Praze, coz ukazuje na
vyznamny zdroj jemné frakce atmosférického aerosolu v této oblasti. S nejvétsi pravdépodobnosti se
jedna o nedaleké elektrarny Prunéfov a zejména pak TuSimice. V Bfezné tvoii PM,; 58% z PM,,,
v Praze 46%. Koncentrace hrubé¢ frakce, tj. rozdil PM,,— PM, byly v Bfezné vys$si nez-li v Praze. Ale
rozdil neni zdaleka tak signifikantni jako v piipadé jemné frakce do 1pm. Za mozny zdroj hrubého
aerosolu v Biezn¢ lze povazovat nedaleky hnédouhelny povrchovy dial Nastup. Prace je soucasti
projektu VaV SP/1a3/149/08.
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VLIV METEOROLOGICKYCH PODMINEK NA KONCENTRACE PM, 5
V MESTSKYCH LOKALITACH
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METODY MERENT{

V obdobi od 4.5.2005 do 6.3.2006 bylo v osmi sedmidennich vzorkovacich kampanich provedeno
gravimetrické meteni 24h koncentraci pevnych castic o aerodynamickém priméru men$im nez 2.5 pm
(PM,5) na dvou méstskych lokalitaich stfedn€¢objemovymi vzorkovacimi cerpadly Leckel MVS 6
(Sven Leckel Ingenierbiiro, D). SoucCasné byla méfena teplota, relativni vlhkost vzduchu (denni
praméry), rychlost a smér vétru (ptlhodinové priméry) ve stanicich AIM CHMU. Na zakladé
ziskanych vysledkli byly sestaveny linearni regresni modely vlivu méfenych veli¢in na koncentraci
PM,s. Z udaji o rychlosti a sméru vétru byly sestaveny vétrné rizice pro kazdy den méfeni. Priméry
pro obé lokality jsou uvedeny v Tab. 1 a graficky znazornény na Obr. 1. Lokalizace téchto odbérovych
mist je znazornéna na Obr. 2.

Tab. 1 Pramérna vétrna ruzice za celou dobu méfeni

Stupeii
Rychlost vétru sily S SV A% JV J JZ V4 SZ CALM
vétru
[m.s"] [%]
0 0,5 1 2,12 1,53 1,67 1,54 0,89 3,42 6,11 6,78
Arbo 0,5 2,5 2 4,06 3,20 8,45 23,95 2,42 13,54 | 16,25 3,91
retu 2,5 7,5 3 0,07 0,00 0,00 0,00 0,00 0,04 0,04 0,00
m 7,5 10 4 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
>10 5 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

0 0,00

0 0,5 1 1,73 2,02 1,49 2,47 3,96 9,14 3,42 0,68
0,5 2,5 2 12,96 | 31,89 3,95 1,26 3,57 15,94 1,77 0,07
ggz 2,5 7,5 3 2,77 0,67 0,00 0,00 0,00 0,00 0,00 0,00
) 75 10 4 0,00 | 000 | 000 | 000 | 0,00 | 000 | 000 | 0,00
>10 5 0,00 | 000 | 000 | 000 | 0,00 | 000 | 0,00 | 0,00
0 0,22
Arboretum KotlaFska
CALM=0 CALM=0.22

—0-05 —0-05

—05-25 —05-25
25-75 —25-75
75-10 75-10

—>10 —>10

Obr. 1 Grafické znazornéni prumérné vétrné rizice za celou dobu méteni
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Obr. 2 Odbérové lokality

K vyhodnoceni vysledkli vicerozmérnou linearni regresi byl pouzit program QC.Expert 3.0 firmy
TriloByte (CZ), modul Regrese.
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VYSLEDKY A DISKUSE

Vzhledem k tomu, ze byl hledan optimalni pocet regresnich parametrd, byly Gvodni vypocty
provedeny pro ¢tyfiadvacetihodinové vétrné ruzice, prumérnou teplotu vzduchu a relativni vlhkost
vzduchu. Pro porovnani je na Obr. 3 znazornén vystup programu QC.Expert (graf Y-predikce) pro
jednoduchou linearni regresi koncentraci PM, s vs. hodnota To/T a na Obr. 4 kompletni vicerozmérny
regresni model se zahrnutim vSech vySe uvedenych parametrd. V téchto grafech jsou na ose Y-
namérené naneseny naméiené hodnoty koncentraci PM,s, na ose Y-vypocCtené hodnoty PM;;s
vypoctené linearni regresi.
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Obr. 3 Jednoducha linearni regrese PM,s=f(To/T) pro lokality Arboretum a Kotlarska (grafy Y-
predikce)

Jak je vidét na Obr. 3, v obou piipadech tvoii data dva oblaky bodu, které by bylo mozné prolozit
samostatnymi piimkami. Zahrnutim meteorologickych parametri do regresniho modelu se odstrani
rozdeleni datovych bodid do dvou skupin a zlepsi se linearita modelu. Z obou obrazku vyplyva
opravnénost pouziti vicerozmerné regrese pro konstrukci modelu popisujiciho zavislost koncentraci
PM, s na meteorologickych podminkach.
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Obr. 4 Linearni regrese vSech smért a rychlosti vétru PM,s=f(To/T, [WD-WV],, ..., [WD-WV],) pro
lokality Arboretum a Kotlaiska (grafy Y-predikce)

Z analyzy statistické vyznamnosti pouzitych parametr vSak vychazi, ze kromé teploty jsou
vSechny ostatni regresni koeficienty nevyznamné. Jejich pocet byl tedy postupné snizovan
odebiranim nejméné vyznamnych proménnych. Timto postupem byly nalezeny pro obé¢ lokality
modely, které zahrnuji pouze statisticky vyznamné parametry. Na Obr. 5 je znazornén graf Y-
predikce pro linearni regresi koncentraci statisticky vyznamnych proménnych a koncentrace
PM,s. Vypoctena rezidua vSak nemaji konstantni rozptyl, coz je jednou z podminek pro
pfipustnost linearni regrese metodou nejmensich ¢tvercd. Dale byly otestovany vysledky na
pfitomnost odlehlych bodt. Jako odlehly byl oznacen na Obr. 4 bod 39. Proto byl tento bod
vyfazen ze souboru dat a byly provedeny nové vypocty.
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Obr. 5 Regrese pro zavislost koncentraci PM, s na statisticky vyznamnych parametrech pro lokality
Arboretum a Kotlatrska (grafy Y-predikce)

Vytazenim bodu 39 vobou piipadech doslo k odstranéni heteroskedascity (nekonstantnosti
rozptylu) v datech, rezidua maji nyni jiz normalni rozdéleni a doslo ke zlepSeni statistickych
charakteristik regrese.

Pro ovéfeni byly provedeny také vypocty pro dal§i vyznamné sméry vétru podle vétrné razice dle
Obr. 1. Porovnani parametrQ regrese pro tyto modely jsou uvedeny v Tab. 2 a graficky na Obr. 6 pro
lokalitu Arboretum. Z téchto charakteristik vyplyva, Ze jako nejlepsi se jevi model s proménnymi Z-
2 a Ty/T, tj. se zapadnim vétrem o rychlosti 0.5 — 2.5 m.s” a reciprokou absolutni teplotou.
Reciproka absolutni teplota byla ve vSech modelech zavedena z diivodi odstranéni ptipadnych
problému pii nulovosti absolutniho ¢lenu. Pokud je pfi regresi pouZzito misto vyrazu To/T teploty,
jsou charakteristiky regrese jest¢ o néco lepsi. (Tab. 3). Z testovani regresniho tripletu vyplyva, ze
vyhovuje metoda nejmensich ¢tvercli a neni tfeba pouzivat vazenych odhadd.

Tab. 2 Statistické charakteristiky regrese

Model SV, JV, TJ/T V,IV, Ty/T 7-2, TJT
Vicenasobny korela¢ni koeficient R 0.701 0.717 0.725
Koeficient determinace R"*2 0.493 0.514 0.526
Predikovany korelacni koeficient Rp 0.175 0.202 0.224
Stredni kvdraticka chyba predikce MEP 98.17 92.92 88.97
IAkaikeho informaéni kritérium 2394 237.2 233.9
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Obr. 6 Grafické znazornéni vybranych statistickych charakteristik regrese - Arboretum

Tab. 3 Statistické charakteristiky regrese modelu Z-2, t (Arboretum) a t, JV, JZ-2, S-2 (Kotlarska)

Model Z-2,t t,JV,JZ-2,S-2
Vicenasobny korelacni koeficient R 0.729 0.794
Koeficient determinace R"2 0.531 0.631
Predikovany korela¢ni koeficient Rp 0.230 0.288
Stiedni kvdraticka chyba predikce MEP 87.78 97.15
Akaikeho informacni kritérium 233.3 238.2

ZAVER

Z provedené analyzy vyplyva, Ze nejlepsi parametry ma pro lokalitu Arboretum model, ktery uvazuje
zavislost koncentrace pevnych ¢astic PM, s v ovzdusi na teploté t a dob¢, po kterou vane zapadni vitr o
rychlosti 0.5 — 2.5 m.s™ (vyjadfené jako procentualni Ctyfiadvacetihodinovy podil) [Z2]. Dalsi mozné
modely uvazujici severovychodni a jihovychodni, resp. vychodni a jihovychodni vitr jsou sice také
statisticky vyznamné, ale jejich parametry jsou pon€kud horsi. Pro lokalitu Kotlarska ma nejlepsi
parametry model uvazujici teplotu, jihovychodni vitr o rychlosti 0 - 0.5 a 0.5 — 2.5 m.s™, jihozapadni a
severni vitr, oba o rychlosti 0.5 — 2.5 m.s"'. Regresni vztahy jsou tedy dany rovnicemi:

Cou,, = (46.7% 2.4) - (0.382 0.08) [ 22]- (0.88+ 0.14) pro Arboretum a
Coy,, = (46.9% 4.0)+ (0.85¢ 0.36)dU¥1]- (1.331 0.64) ¥ 2] - (0.20¢ 0.09)]Jz2)]
- (0.25¢ 0.12)d52] - (0.99+ 0.16) pro Kotlaiskou

s uvedenim hodnot regresnich koeficientl a £ smérodatnou odchylkou v zavorce.
LITERATURA
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VYVOJ CYKLONU JAKO TRIiDICE PM,s PRO MERENI EMISI
TUHYCH CASTIC

J.Hemerka, M.Branis, P.Vybiral
Ustav techniky prostiedi, Fakulta strojni CVUT v Praze
Kli¢ova slova: méfeni emisi, PM, s, cyklonovy tridic, spalovani uhli
UvoD

Jako souéast feSeni vyzkumného zaméru Technika Zivotniho prostiedi ¢. MSM6840770011 na Ustavu
techniky prostiedi Fakulty strojni CVUT v Praze byl vyvinut cyklonovy tiidi¢ frakei ¢astic PM,s pro
méfeni emisi. Tento vyvoj reaguje na naléhavou potiebu z praxe, kdy pii méfeni emisi tuhych
zneCistujicich latek schazi tidaj o vzajemném hmotnostnim podilu frakci PM,s, PM;, a TSP u
typickych zdrojt znecistovani.

Cilem praci bylo vyvinout cyklonovy tiidi¢, ktery by tfidil dle pozadavkl definice frakce PM,s
v redlném rozmezi odsavanych objemovych prittok u emisnich méfeni 2 az 6 m*/h a teplot plynu 0 az
200 °C.

Definice frakce PM,s je v Ceské legislativé v ochran¢ ovzdusi uvedena v oblasti sledovani a
vyhodnocovani kvality ovzdusi a to v Nafizeni vlady ¢. 597/2006 Sb. Frakce PM,; je zde definovana
jako ,,Castice, které pti pruchodu velikostné selektivnim vstupnim filtrem vykazuji pro aerodynamicky
primér &astice 2,5 pm odlucovaci u¢innost 50 %“. Podobné je frakce PM, s definovéana i podle CSN
EN 14907.

V oblasti emisi neni frakce PM,s definovana ani v legislativé ani v norméch. Z analogie s méfenim
imisi vSak pozadavek na vyvoj cyklonového tiidice PM,s pro méfeni emisi predstavuje realizovat
tfidény odbér vzorku emisi, kde za reprezentativnim (izokinetickym) odbérem vzorku emisi je zafazen
tiidi¢ (cyklon), ktery u hodnoty aerodynamické velikosti ¢astice 2,5 pm tiidi s i€innosti 50 % a vlastni
tiidici kiivka ma tvar ,,S* kfivky s dostatecnou ostrosti tfidéni. Protoze se u métfeni emisi pifipad od
pfipadu méni podminky v odbérovém misté (rychlost, sloZeni nosného plynu, tlak a teplota), je nutno
stanovit podminky - objemovy pritok odsatého vzorku - za jakych tfidi¢ pti odbéru vzorku tfidi praveé
podle pozadavki frakce PM, s.

VYVOJ CYKLONOVEHO TRIDICE

V piispévku [1] jsme informovali o vyvoji tfidi¢ée PM,o, jehoZ geometrie vychazi z cykloni typu SRI,
ma praimér D = 78 mm s te¢nym kruhovym vstupem a v rozmezi teplot 0 az 200°C suchého vzduchu a
spalin ze spalovani uhli t¥idi v rozmezi objemovych priitokéi 2 az 6 m’/h podle pozadavki frakce
PM,,. Ttidici schopnosti cyklonu pii odbéru vzorku vychazeji z experimentalné zjisténé kriterialni
zavislosti Stk,, = f(Re), ktera popisuje zménu hodnoty meze odlucivosti a,,, v zavislosti na prutoku a
fyzikalnich vlastnostech plynu.

V prvé fazi vyvoje tfidice PM, s jsme predpokladali, ze zjisténa kriteridlni zavislost Stk,, = f(Re) pro
cyklon @ D = 78 mm plati i pro jiné geometricky podobné cyklony a proto byl podle pozadavkl na
rozsah prutoki a teplot a hodnotu a;,, = 2,5 um stanoven prumér cyklonu @ D = 35 mm. Ovéfovaci
testy s vyrobenym cyklonem vSak ukdazaly, Ze pfi pritoku vzduchu vétsim nez 3 m’/h dochazi ke
strhavani odlouceného prachu z vysypky a naslednému poklesu celkové odlucivosti. K podobnym
zavérum jsme dospéli 1 u upraveného cyklonu @ D = 35 mm, u kterého byla prodlouzena valcova cast,
zmenSen primeér vymetného otvoru kuzelové ¢asti a zvétSena vysypka.

V dal$im vyvoji jsme se proto soustfedili na jinou geometrii cyklénu — S§tihlej$i s obdélnikovym
tangencialnim vstupem. Hlavni rozméry cyklonu byly stanoveny na zakladé geometrické podobnosti
od cyklonti typu URG, pouzivanych k tfidéni u imisni i emisni alternativy aparatury VAPS (Versatile
Air Polutant Sampler). Vysledkem vyvoje je novy cyklon @ D = 32 mm, jehoz hlavni rozméry jsou
uvedeny na nasledujicim Obr. 1.
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Obr. 1 Hlavni rozméry cyklénu @ D =32 mm

OVEROVACI ZKOUSKY

Na prasné zkuSebni trati byla experimentalné stanovena zavislost zmény odluc¢ovacich schopnosti
cyklonu, vyjadrenych zavislosti frakéni odlucivosti cyklonu na velikosti Castice a hodnotou meze
odlucivosti a,, (aerodynamicka velikost Castice), na objemovém pritoku vzduchu V v rozmezi
5,556.10* az 1,667.10° m’/s (2 az 6 m’/h). Tato zavislost byla zobecnéna ve formé& kriterialni
zavislosti Stk,, = f(Re) [2], zobrazené na Obr. 2 a lze ji nejlépe vyjadiit vztahem
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Obr. 2 Obecna kriterialni zavislost Stk,, = f(Re) pro cyklon @ D = 32 mm

Stk_= 0,000001 + 559. Re™""! (0
Vyjadiime-li u kritérii Stk,, a Rey rychlosti v cyklénu pomoci objemového pritoku V (m?/s) a Stk,,
vyjadiime pomoci meze odlucivosti a, ., , prejde kriterialni zavislost (1) do tvaru

- 1,81

= 0,000001 + 559%4 Ve H @
mDy
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Ve vztahu (2) zna¢i V objemovy pritok plynu cyklonem v (m’/s), p (kg/m®) hustotu plynu a n (Pa.s)
dynamickou viskozitu plynu. Obé¢ veli¢iny p a n jsou obecné zavislé na slozeni plynu, hustota p je
dale zavisla na stavovych veli¢inach (teplota a tlak) a dynamicka viskozita N je funkci teploty.

POUZITI CYKLONU JAKO TRIDICE PM,; PRO SUCHY VZDUCH

Vysledky méieni tiidicich schopnosti cyklénu, zobecnéné ve formé kriteridlni zavislosti (2), umoziuji
odpovedét na otazku, jaky objemovy prutok cykléonem je nutno nastavit, aby pii dané teploté cyklon
tfidil podle pozadavk na tfidic PM,s.

U zpracovani vysledka predpokladame, ze plyn je suchy vzduch a pouzijeme béznych vztahd pro
vyjadteni zavislosti p = f(p,t) a N = f(t) u suchého vzduchu. Vypocet provedeme pro standardni tlak 98
kPa tak, Ze za a;,, dosadime hodnotu 2,5.10°m a iteraci ziskdme pro kazdou zvolenou teplotu t (°C)
piislusnou hodnotu objemového pritoku vzduchu V (m¥/s). Z dvojic hodnot (V.t) zjistime zavislost V
= f{(t).

Zjisténou zavislost V = f(t) pro suchy vzduch lze aproximovat polynomem 2. stupné¢ ve tvaru
V=8.10°¢+0,0133 t+ 2,575 3)

kde V je z praktickych dtivodii opét vyjadieno v (m*/h).

Ze vztahu vyplyva, ze pro suchy vzduch a vlhky vzduch s niz§im objemovym podilem vodni pary, kdy
se relevantni fyzikalni vlastnosti vlhkého vzduchu prakticky nelisi od vlastnosti suchého vzduchu, lze
cyklon priméru D = 32 mm pouzit v rozmezi béznych teplot u emisnich méfeni a béznych pratokt
odsavaného vzorku jako tfidic PM,s, nebot’ se pozadovany priutok vzduchu cykléonem V zvysuje
z hodnoty 2,6 m*/h pii teploté 0 °C na 5,6 m*/h pii 200 °C.

POUZITI CYKLONU JAKO TRIDICE PM,; V EMISICH ZE SPALOVANI UHLI

Pro jiny plyn nez suchy vzduch se pouzitelnost cyklonu jako tfidice PM, s 1isi od vztahu (3) a lze jej
odvodit analogickym postupem jako u suchého vzduchu z kriteridlniho vztahu (2) podle konkrétnich
zavislosti hustoty p a dynamické viskozity N na slozZeni a stavu plynu.

Zasadni vyznam ma pouziti cyklénu u spalovacich stacionarnich zdroji, které v CR tvoii pievaznou
¢ast emisi tuhych c¢astic. Pozornost byla proto zamétena na spaliny ze spalovani hnédého a ¢ern¢ho
uhli.

U spalovacich zdrojii se pfi vypoctu kotlii pracuje s kinematickou viskozitou v (m?/s), takze vychozi
kriterialni vztah (2) lze s pouzitim zavislosti N =Vv.p s vyhodou piepsat do tvaru

4v  a;, 1000
mD> 18v p

- 1,81

= 0,000001 + 559% 4V E 4)

mDv

Stanoveni hustoty spalin p (kg/m®) vychazi ze vztahu pro vyjadfeni hustoty vlhkych spalin pfi
normalnich podminkach px (kg/m?) a stavové rovnice

0,0, 0.4, .0, )
TN
p=pri7 ®)

kde psn (kg/m’) a p,n (kg/m’) znaéi hustotu suchych spalin a vodni pary za normalnich podminek a
(1) a w, (1) objemovy podil suchych spalin a vodni pary ve spalinach. Hodnota px (kg/m®) zavisi na
slozeni paliva a lze ji pfesné stanovit vypoétem dle rovnic spalovani nebo vypoltem ze znamého
slozeni suchych spalin.
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Zjednodusené lze psn stanovit ze znamého faktu, Ze hustota suchych spalin zavisi zejména na
prebytku spalovaciho vzduchu a (1), které se zobrazi v hodnot¢ skute¢ného obsahu CO, ve spalinach a
méné zaleZi na slozeni paliva. Podle [3] lze pro psx pii spalovani hnédého uhli odvodit vztah

ps,N = 1)293+ 05004938 COZ,:kut (7)

kde CO,g (1) znaéi skutecny objemovy podil CO, ve spalinach. Podobné pro ¢erné uhli 1ze odvodit
vztah

p., = 1,293+ 0,004929 CO, ,, ®)

Vlastni zjednoduSeny vypocet skute¢né hustoty spalin p (kg/m?) pak spoc¢iva v naslednych krocich:
¢ volba pouzitého uhli (C.U. nebo H.U.) a tim stanoveni maximalni hodnoty CO, ve spalinch
COsmax = 0,1915 u hnédého uhli, resp. COxmax = 0,188 u Eerného uhli [3],
* volba ptebytku spalovaciho vzduchu a (1) nebo objemového podilu O, ve spalinach,
*  vypocet COyga dle rovnice pro idealni spalovani CO, g = COppmax /0L,
* vypocet p;x (kg/m?) dle (7) nebo (8),
* volba objemového podilu vodni pary ve spalinach w, (1), volba tlaku p (Pa,)
* vypocet px(kg/m’) a p (kg/m?) dle vztahti (5) a (6).

Kinematickou viskozitu spalin v (m?/s) lze dle [4] stanovit na zdkladé vztahu
v MY, ©)

kde vy (m?/s) zna¢i kinematickou viskozitu pro spaliny stiedniho sloZeni (objemovy podil vodni pary
ve spalinach w, = 0,11 a objemovy podil CO, ve spalinach 0,13) a M, (1) korek¢ni soucinitel, ktery
zavisi na skutecné hodnoté€ w, a teploté spalin.

Hodnota vy (m*/s) zavisi na teploté a zavislost vy = f(t) lze dle podkladi v [4] vyjadfit v rozmezi
teplot 0 az 200 °C jako

Vo = (101074 2% + 0,07950 + 11,9)110°° (10)

Korekéni soucinitel M, (1), ktery zavisi na skute¢né hodnoté w, a teploté spalin, nabyva v rozmezi
teplot 0 az 200 °C hodnot v relativné iizkém rozmezi 0,95 — 1,0 [4].

Stanoveni zavislosti objemového pritoku vzorku spalin V na teploté spalin t, pro kterou je mozné
cyklon pti zvoleném tlaku p (Pa) pouzit jako tfidi¢ PM,s, je provedeno ve formé autorizovaného
software [5].

PRIKLAD VYPOCTU

Jako piiklad vypoctu je uveden vypocet spalin pii spalovani H.U. pfi tlaku, p = 98 kPa, ®,= 0,12, a =
1,4. Vypoétem vychazeji hodnoty f 5 y = L3606 kg/m® ap = 1,2938 kg/m® a vysledna zavislost V =
f(t), kde se pii odb&ru vzorku dosahuje podminky a,, = 2,5.10°m, je ve form& polynomu 2. stupné
dana nasledujicim vztahem

V=7010°F + 0,01200 + 2,2212 (11)

kde V je vyjadifeno v (m’/h). Tato zavislost je pro ilustraci graficky vynesena na obr. 3.
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Obr. 3 Zavislost objemového pratoku V (m?’/h) na teploté spalin t (°C)
pro cyklon D = 32 mm jako tfidi¢ PM, s pii tlaku 98 kPa.
Plati pro spalovani H.U. s parametry ©,=0,12 a0 =1,4

Z uvedené zavislosti vyplyva, ze pro bézné podminky spalovani a bézné teploty spalin v misté¢ méieni
emisi se objemovy prutok odsatého vzorku, pii kterém cyklon tfidi jako tfidic PM,s, nachazi
v pozadovaném rozsahu objemovych pritokd vzorku 2 az 6 m*/h.

Pouzitelnost cyklonu jako tfidice PM2,5 v pozadovaném rozsahu objemovych prutokti vzorku 2 az 6
m*/h u spalin pfi spalovéani uhli byla posouzena pomoci ASW v realném rozmezi parametrii spalin:

* piebytek spalovaciho vzduchu a (1) v rozmezi 1,2 az 2 (urcuje rozsah objemového podilu
CO2 ve spalinach) ,

 objemovy podil vodni pary ve spalinach o, = 0,08 az 0,15 u C.U.,

* objemovy podil vodni pary ve spalinach o, = 0,10 az 0,25 u H.U.,

» staticky tlak byl zvolen konstantni, p = 98 kPa.

Vysledkem jsou zavislosti V = f(t) pro spaliny ze spalovani C.U. nebo H.U. a pro jednotlivé

kombinace O a m,. 5
ZAVER

Z uvedenych zavislosti V = f(t) pro suchy vzduch a bézné podminky pii spalovani H.U. a dalSich
zavislosti V = {(t), stanovenych vypoctem pomoci ASW pro vySe uvedené rozsahy parametri spalin
pfi spalovani C.U. a H.U. vyplyva, Ze :
e Zavislost objemového prittoku odsatého vzorku V (m’/h) na teploté plynu t (°C) je vyznamna
a v realném rozmezi teplot plynu se V méni az nékolikandsobné.
*  Konkrétni objemové pritoky spalin se vyrazné€ 1i§i od hodnot pratokli pro suchy vzduch a
vlhky vzduch s niz§imi obsahy vlhkosti. Rozdily jsou na Grovni 12 az 13 %.
e U vlastnich spalin se rozdily prutoki pii urcité teploté lisi podle slozeni spalin v rozsahu 1 az
2% u C.U.a4az 6 % u H.U. Vys§i rozsah u H.U. odpovida vys§imu rozsahu o,u spalovani
H.U. U danych teplot nejsou rozdily mezi pritoky pro spaliny z H.U. a C.U. piili§ vyznamné.
* Ve vsech pripadech se v rozmezi teplot do 200 °C pozadovany objemovy prutok V nachazi v
rozmezi 2 az 6 m3/h, b&Zném pro odbéry vzorkil u emisnich méfeni, takze u b&znych piipada
spalovani lze cyklon o priméru D = 32 mm pouzit u méfeni emisi jako tiidi¢ frakce PM2,5.

Konkrétni hodnotu objemového pritoku odsavaného vzorku pro dany pfipad je mozno stanovit
s vyuzitim autorizovaného software [5], vytvofeného na nasem pracovisti.
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INTRODUCTION

Research into exercise and particulate air quality demonstrated that increased physical activity and the
related increase in minute ventilation are decisive factors enhancing the effect of polluted air on the
well-being and/or health of the examined individuals. It has been found that the amount of inhaled
particulate matter increases with the intensity of exposure (Carlisle and Sharp, 2003; Daigle et al.,
2003). Exercise at high ambient aerosol levels may increase the risk of lung and vascular damage, not
only because total particle deposition increases in proportion to minute ventilation, but also because
the deposition fraction nearly doubles from rest to intense exercise (Daigle et al., 2003; Chalupa et al.,
2004). It has been repeatedly documented that increased concentrations of atmospheric pollutants,
together with or independent of high ambient temperature and high relative humidity, may also
significantly affect the performance of elite athletes and their health, especially those who suffer from
asthma (Atkinson, 1996; Coris et al., 2004; McKenzie and Boulet, 2008; Seto et al., 2005).

METHODS

A fast-responding DustTrak (DT) laser photometer (TSI, Model 8520) was used to measure the PM,,
concentrations. Logging interval of the photometer was set at 15 minutes. The instrument was placed
in the Olympic Village in Beijing in the 1st floor on a balcony on the North side of the B 3 Tower
building. The ambient temperature and relative humidity were recorded together with the PM,, data by
a Commeter D3121 combined thermo-hygrometer. The logging interval of the temperature/relative
humidity monitor was also set at 15 minutes. The measurements were begun in Beijing on August 3
and terminated on August 24, 2008. The whole monitoring period was divided into two parts: the “pre-
game” time August 3 to 8 and the “during games” time August 9 to 24 2008.

Because only one-spot measurements from the Olympic village were performed, to overcome this
problem we compared our light scattering data with the outcomes of four independent measurements
(two of which were performed with the same instrument) taken in different places before and during
the Olympic Games by other institutions (BBC, 2008; UNEP, 2009; Wang et al., 2008; Wang et al.,
2009). Since we had no access to the original data, we manually reconstructed the numerical values
from the graphs available from the three sources by overlapping their enlarged copies with a fine grid
of 5ug.m> and transferring the values into a spreadsheet. The ratios between the same-day
concentrations taken by the different monitoring instruments were also calculated.

RESULTS

The PM,, concentrations were highly variable during the monitoring period (Fig. 1, Tab. 1). The
average 15-min concentration of PM,, over the whole 22-day long measurement period was
177.7ug.m>. The pre-games period (between August 3 and 8, 2008) was characterized by higher PM
concentrations (average 352.9 pg.m™ for untreated data) than the period of the games (between August
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9 and 24, 2008) when the average 15-minute PM,, concentration was approximately three times lower,
reaching 114.7ug.m> (Fig. 1).
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Figure 1: Time series of 15-min PM,, concentrations before (3 - 8 August) and during (9 - 24 August)
the XXIX Summer Olympic Games in Beijing, 2008. The solid vertical line divides the two periods.

Table 1: Descriptive statistics of 15-min concentrations of particulate matter (PM,,), temperature (t°C)
and relative humidity (RH) during the Olympiad in Beijing (untreated DustTrak PM,, data).

average SD median maximum minimum
all data (3 — 24 August)
PM,(Hg.m™) 177.7 152.1 133.0 661.0 10.0
t(°C) 26.1 33 26.1 35.1 19.8
RH (%) 79.4 14.2 80.6 100.0 35.3
pre-games period (3 — 8 August)
PMo (ug.m™) 352.9 146.3 330.0 661.0 64.0
t (°C) 29.6 2.4 29.3 35.1 25.1
RH (%) 74.8 11.5 75.1 100.0 35.5
during games period (9 — 24 August)

PM, (ug.m™) 114.7 93.7 77.0 546.0 10.0
t (°C) 25.0 2.7 25.0 333 19.8
RH (%) 81.0 14.6 83.1 100.0 35.3

The difference between these two periods was highly statistically significant (p<0.001; Man-Whitney
test). The maximum concentrations were recorded before the beginning of the event around 2 A.M. on
the 7™ of August (661ug.m™) and around 2 AM on the 8" of August (559ug.m?); however, a high
maximum was also recorded on the first day (August 9) of the games period (546pg.m™). From then
on, 15-minute concentrations over 250pg.m> were exceptional. Similarly to the PM,, concentrations,
the relative humidity and ambient temperature also varied during the period of measurements (Fig. 2,
Table 1). The average pre-games humidity was lower (74.8%) than that recorded during the Olympic
Games event (81.0%), presumably due to increased frequency of precipitation. According to the
official reports, there were no rain episodes during the pre-games period (August 3 to 8, 2008) and 6
days with rain during the Olympic Games (August 9 to 24, 2008). The variability in the relative
humidity during the latter period was much higher than during the pre-games period. The difference
between the two values was highly statistically significant (p<0.001) (Fig. 3). On the other hand, the
ambient temperature was consistently lower (average 25.0°C) during the Olympic Games event than
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during the period preceding the games (average 29.6°C). This difference was also highly statistically
significant (p<0.001).
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Figure 2: Time series of 15-minute temperature and relative humidity data before (August 3 - 7) and
during (August 8 - 24) the XXIX Summer Olympic Games in Beijing, 2008. The solid vertical line
divides the two periods.

DISCUSSION

There are two basic problems related to the above given results. One of the key factors affecting the
data quality is the systematic bias of the instrument used for the PM;, measurements; the second one is
that data from only a single site were available for the analysis.

As stated by Gorner et al. (1995) nephelometers can be fairly simple and compact instruments with
excellent sensitivity and time resolution; however, scattering per unit mass is a strong function of the
particle size and refractive index. Therefore, readings from light scattering devices should be
calibrated separately for different types of indoor and outdoor microenvironments, as well as for
different seasons. Researchers who used the same type of instrument suggest that the bias of DT is
linearly proportional to the reference methods and that the readings of the instrument can be
recalculated according to the ratio between the reference and the photometer readings (Jenkins et al.,
2004) or according to a linear regression equation (Branis, 2006; Jenkins et al., 2004; Ramachandran
et al., 2003; Chang et al., 2001; Morawska et al., 2003; Wu et al., 2002). A systematic overestimation
between 2 — 3 fold against the reference values was mentioned in most of the studies using the same
type of photometer (Chung et al., 2001; Jenkins et al., 2004; Ramachandran et al., 2003; Yanoski et
al., 2002; Chang et al., 2001; Morawska et al., 2003; Wu et al., 2002; Lehocky and Williams, 1996).

Accepting a correction factor of 2.5 for our data (dividing the raw 15-min data by a factor of 2.5)
showed that calculated PM,, daily average concentrations before the games (August 3 to 8) were all
above the WHO and EU recommended limits of 50pg.m™ (between 88 and 172 pg.m?), while the
concentrations during the Olympic Games event (August 9 to 24) decreased dramatically to values
between 10 and 165 pg.m>, with most of the daily concentrations being below the limit. Of the 16
days of the event, only 5 days exhibited levels higher than the recommended daily limit of 50pug.m>.

The second problem in the study was related to the fact that only one-spot measurements were
available for the main Olympic Games area air-quality assessment. To overcome this problem, we

53



compared our data with the outcomes of three independent measurements taken by different
institutions and at different places before and during the Olympic Games.

Comparison between our and the BBC 24-hour DT data (BBC, 2008) revealed that the regression
equation was y = 0.53x + 4.43; R?> = 0.70 (where x = our data and y = the BBC data). After discarding
two outliers from the BBC set (9.1% of the data), the regression equation showed improved
association between the two datasets (y = 0.42x + 11.38; R* = 0.85). The ratio between our and the
BBC data for the whole period of measurement (22 days) was 2.4+0.89. Discarding of the two outliers
did not substantially change this ratio (2.25%0.85). The regression as well as the ratio between the two
datasets revealed that the BBC data were presumably adjusted for the photometer bias, by a correction
coefficient, of approximately two.

The comparison with the UNEP (in fact the Beijing municipal air quality network) results also
exhibited a very high degree of correlation (UNEP, 2009). The regression analysis showed reasonable
association between the two datasets: y = 0.27x + 22.60; R* = 0.75 (where x = our DT PM,,data and y
= the PM,, data from the UNEP assessment). The ratio between the UNEP and our PM, 24-hour data
was 2.47+1.22. The association between the two PM,, datasets improved (y = 0.30x + 17.90

R? = 0.89) after eliminating two outliers from the dataset (9.1% of the data), while the ratio again
remained almost the same (2.34+0.61). Accepting the fact that the UNEP data were obtained from
measurements performed by a standard method, both the slope of the regression line and the ratio
between the two variables showed that the correction factor of about 3 is needed to adjust the DT
overestimation. The positive increment in the equation corresponding to approximately 20 pg.m” may
be caused by the fact that our site was more likely a background site without strong influence of traffic
(residential area of the Olympic Village), while some of the National monitoring stations (from which
the UNEP total average was calculated) could record higher concentrations of aerosol due to their
proximity to streets and other urban aerosol sources (the values presented in the UNEP document were
the average of all 27 Beijing monitoring sites).

The third comparison with the Wang (2008) PM,s daily averaged data measured by the same
instrument (DT) revealed also an excellent overlap. The regression equation y = 0.4x - 5.8; R* = 0.87
(where x = our data and y = the Wang, 2008 DT data) improved significantly when two outliers were
discarded to y = 0.42x - 4.45; R? = 0,96. The ratio between our and Wang's concentrations (3.25+1.19
for full record and 3.0+1.0 after eliminating two outliers) showed that similarly to the BBC data also
Wang's data were corrected by a factor of about three. The negative increment in the regression
equation may be related to a PM, s and PM,, difference in the instrument readings.

Finally the fourth comparison between the 24-hour high volume cascade impactor PM;, (Wang et al.,
2009) and our DT data showed a good correlation too: y = 0.43x + 31.85; R* = 0.78 (where x = our
data and y = the Wang, 2009 cascade impactor data). Also this association improved by discarding two
outlying numbers (y = 0.46x + 28.56; R* = 0,90). Ratio of our DT and Wang et al., 2009 cascade
impactor (1.61+0.89 for full record and 1.49+0.52 after elimination of two outliers) showed that either
lower correction factor is needed to adjust the DT data or that the concentrations measured by the
cascade impactor were recorded at a location exposed to higher particulate matter concentrations. This
assumption is also supported by the high positive increment corresponding to approximately 30pg.m>.

The fact that non-coordinated measurements (taken at different places and/or by different methods in
different heights above ground and presumably integrating over different periods of time) performed
in the vicinity of the Olympic village exhibited a very high level of accordance allowed us to consider
our one-spot measurements from the balcony of the Olympic village as reasonable and representative
for the whole area. At the same time also the single-spot measurements of other teams seem reliable.

The air quality in Beijing has been studied in the past by a number of researchers who concluded that

the city is one of the most polluted urban areas in the world (Zhang et al., 2007). High particulate
matter levels were also expected for the period of the Summer Olympic Games. Our data, limited to
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one-spot photometer measurements, can confirm this fact but only for the pre-game period. Correcting
out daily DT values by a factor of 2.5 revealed high PM,, concentrations over 150pg.m™ during the
days prior to the games. However, particulate matter levels during the period of the games were
significantly lower than expected. The PM,, concentrations corrected by a factor of 2.5 exceeded the
WHO and EU recommended limits only in 5 of the 16 days of the competitions.

The sudden drop in particulate air pollution at the beginning of the games can be logically attributed to
previously announced drastic cuts in industrial production in the Beijing region and restrictions
imposed on urban traffic, namely on the use of private cars (UNEP, 2009). However, we can
document that changes in PM concentrations were not necessarily due solely to restrictions on
emission sources. Our temperature and relative humidity data, together with on-site observations,
support the concept that a significant part of the pollutants drop was caused by improved weather
conditions (cooling of the air, increased frequency of precipitation, windy conditions). Because of this
coincidence, it is not clear what proportion of the improvements can be attributed to the mitigation
measures and what to favourable weather conditions. Similar uncertainties were mentioned by Cermak
and Knutti (2009) in one of the first publications attempting to analyze the effect of emission reduction
on improved ambient air quality during the XXIX Summer Olympic Games in Beijing.

As has been pointed out by many authors, sports activity in highly polluted environments and/or under
extreme weather conditions can have a severe impact on exercising person’s performance or even
health (Atkinson, 1996; Carlisle and Sharp, 2001; Coris et al., 2004; McKenzie et al., 2008).
Unfortunately, no scientific publication has so far provided systematic and long-term observations of
air quality during previous Olympic Games suitable for risk estimation. Because of the lack of data,
we compared our results only with the available information on environmental factors (temperature
and relative humidity) accompanying the central Olympic discipline - the Olympic marathon -
between the first and last modern Olympiad held in Athens (1896 to 2004) and tried to match the
existing information with the Beijing event). The average temperature and relative humidity (24.5 +
0.92°C; 72.8 £ 6.3%) recorded by us during the event in Beijing (August 24, 2008 7:30 to 10:30 A.M.)
corresponded to or were slightly higher than the averages (24.1°C, 58.7%) reported by Peiser and
Reily (2004) in their historical review of all the 25 Summer Olympic Games. If we compare our data
with the long term August temperature and relative humidity averages presented by Borresen (2008)
for Beijing, they fell in the low end of the range given by this author.

According to the comparison given above and taking into account the PM, levels recorded by us and
by others during the Olympic Games venue, neither the meteorological nor the air quality data
revealed any extremes that could be considered hazardous for the participating competitors. We can
also conclude that none of the papers aimed at modelling or pre-assessment of pollutant levels during
the Beijing games succeeded in their predictions or expectations. Virtually all the predictions
speculated that high concentrations of NOx, O; or PM will be reached and concluded that these levels
could have negative effects on the athletes’ performances and health (McKenzie and Boulet, 2008;
Borresen, 2008; Streets et al., 2007; Flouris, 2006). According to our results, we can conclude that the
participants at the XXIX Summer Olympic Games in Beijing were not at risk from poor air quality in
terms of health and/or performance.
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INTRODUCTION

Halogenated organics of both biogenic and anthropogenic origin are ubiquitous in the atmosphere
and have been recognized to play important roles in both tropospheric and stratospheric chemistry as a
source of reactive halogens. Of the alkyl halides, methyl chloride (CH;Cl) is of particular interest
because it is the largest contributor of organic chlorine to the atmosphere with an average tropospheric
mixing ratio of approximately 540 pptv. In the troposphere, the primary sink of alkyl halides is
reaction with OH radical. However, their relatively long tropospheric lifetime (>1 year) results in a
significant amount of alkyl halides being transported into the stratosphere, where they undergo
photolysis to release ozone-destroying halogen atoms. Atmospheric impacts of individual compounds
are often determined by their partitioning between the gas and aqueous phases. However, there is a
growing body of evidence that single-phase reactions cannot adequately account for all of the
chemistry in our atmosphere, and important heterogeneous reactions must also be taken into account.
Considering that the known biogeochemical cycle of CH;ClI involves partitioning between different
phases, it is reasonable that alkyl halides might also participate in interfacial processes. Alkyl halide
species have been observed in the Arctic, where the potential for interfacial chemistry on aerosols, the
open ocean, the snowpack, and the quasi-liquid layer of ice is significant.

This study presents results of molecular dynamic (MD) simulations carried out to elucidate the
interaction of short-chain mono-substituted alkyl halide molecules with aqueous surfaces. We report
on the surface residence and orientation of the adsorbed alkyl halide molecules as a function of the
chain length (1 to 5 carbon atoms) and the halide substituent (Cl, Br or I). The results are likely to
have consequences for atmospheric chemistry, in particular for photodissociation of alkyl halides
adsorbed on the surface of atmospheric aerosol particles.

METHODS

Molecular dynamics simulations of the adsorption of alkyl halides to the aqueous surface were
performed using a water slab with two independent liquid/vapor interfaces. The simulation box
(30 x 30 x 100 A, with the elongated box dimension normal to the slab surfaces) contained 864 water
molecules. 3D-periodic boundary conditions were applied. Following 250 ps equilibration of the water
slab at 298 K, alkyl halide molecules (C,H,,:1X, n=1-5, X=Cl, Br, I) were added into the simulation
box for a 10 ns production run. Control simulations for selected alcohols (CH;0H and C;HyOH) were
also carried out. All molecular dynamics calculations were performed with Amber 8 program package
using polarizable potentials. For water, we used the POL3 model." For alkyl halides and methanol, the
general Amber force field (GAFF) parameter set” was employed. Atomic partial charges for the alkyl
halide molecules were evaluated using the standard RESP procedure. The force field for butanol was
adopted from Krisch et al.?

RESULTS

MD simulations show that the alkyl halides adsorb at the air/aqueous interface, however, they
readily undergo desorption back into the gas phase. Surface residence times are between tens of
picoseconds and nanoseconds. For methyl halide species, partitioning between the aqueous bulk and
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the air/water interface is observed, however, the interfacial solvation is strongly preferred. With
increasing chain length, the preference for the partial solvation at the interface over the full sovation in
the bulk increases and the tendency to desorb into the gas phase decreases. MD simulations reveal that
the behavior of the short-chain alkyl halides is significantly different relative to that of corresponding
alkyl alcohols. The alkyl halides are more disordered and have considerably shorter residence times
than alcohols at the air/water interface. The most significant difference concerns the preferred
orientation of these two classes of molecules when adsorbed at the aqueous surface. While alcohol
molecules are known to orient along the surface normal, with the polar, hydrophilic OH group toward
the aqueous phase and the apolar, hydrophobic CH; group toward the gas phase, the MD simulations
show that, quite surprisingly, surface adsorbed methyl halides orient with the halogen atom, rather
than the methyl group, exposed toward the vapor phase. As the chain length increases, the behavior of
alkyl halides on the water surface is somewhere between that of simple alkanes and alcohols (alkyl
halides predominantly align parallel to the surface, and, at larger coverage, a fraction of molecules has
its hydrocarbon chain‘pointing into the vapor phase).

Snapshots from MD simulations of (a) 50 butyl bromide molecules, and (b) 50 butanol molecules on
the surface of water showing different surface organization of alkyl halides compared to alcohols.

CONCLUSIONS

Interaction of gas-phase alkyl halides with aqueous surface was studied using molecular dynamic
simulations. The behavior of the short-chain alkyl halides was found to be significantly different from
that of the corresponding alcohols. Alkyl halides orient mostly parallel to the air/water interface, with
the halide end of the molecule being often exposed to the vapor phase. These findings are likely to
have consequences for atmospheric chemistry, in particular for photodissociation of alkyl halides
when adsorbed on an aerosol surface.
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UvVOD

Aerosolové castice, tedy ve vzduchu suspendované tuhé a kapalné Castice o rozmerech od jednotek
nanometrll po desitky mikrometrd, maji prokazatelny vliv na zdravi lidi. Jak by také ne, kdyz kazdy
ob¢an Ceské republiky nadycha denné minimalng deset ale spiSe sto a vice miliard aerosolovych
¢astic. Nezanedbatelny podil téchto Castic se v jeho dychacim uGstroji také usadi a o tom, jaky budou
mit tyto Castice vliv na jeho zdravi, rozhodne kromé jejich koncentrace i nékolik dalSich faktori:
velikost Castic, jejich tvar a hustota a v neposledni fad€¢ jejich chemické slozeni. Zatimco zde
uvazujeme o spiSe negativnim vlivu ¢astic na zdravi, existuji také aerosolové Castice, které ptisobi na
zdravi pozitivné. Tim se dostavame k 1éCebnym aerosoltim, o kterych pojednava tato prace.

Cilem lécebného aerosolu je dopravit tcinnou latku ve formé aerosolu do té ¢asti dychacich cest, ktera
vyzaduje lé¢ebny zasah. K tomu musi byt splnéno nékolik podminek. Kdyz pomineme subjektivni
faktory, jako je mira spravnosti aplikace inhalatoru pacientem, ztstava klicovym parametrem rozmeér
Castic generovanych inhalatorem. Tento rozmér rozhoduje o pravdépodobnosti, se kterou se 1é¢ivo
nesouci ¢astice usadi v cilové oblasti dychaciho ustroji.

V této praci byly testovany tfi vybrané kapesni inhalatory obsahujici antiastmatika ve tfech raznych
formach 1éciva. Piehled v praci pouzitych inhalator je uveden v Tabulce 1. Tyto ptfipravky jsou
ucinné lokalné v bronchialni oblasti, tedy n€kde mezi 1. - 11. vétvenim dychacich cest ¢loveka. Cilem
prace bylo zméfit rozdéleni velikosti aerosolovych castic produkovanych danymi inhalatory a na
zaklad¢ pouzivanych modell depozice Castic v dychacim Ustroji ¢lovéka provést kvalifikované odhady
podilu inhalantu, ktery se pfi spravné aplikaci usadi v cilové oblasti.

Tab. 1 Piehled testovanych inhalatord

Inhalaéni systém Typ Lékova forma U¢inna latka
o kot ¢ | vl eihory ||| s
Inhf}éi‘g lfrz el'fo"‘ﬁlz‘;’rvou DPI jednodavkovy - tobolky prasek budesonid
METODA

Rozdéleni velikosti cCastic inhalantu se méfilo soucasné¢ Aerodynamickym tfidicem castic
a Skenovacim tfidicem pohyblivosti ¢astic, které dohromady pokryly rozmezi velikosti Castic od 14
nanometrli do 10 mikrometrt. Oba tyto aerosolové spektrometry odebiraly vzorky izokineticky ze
spolecného potrubi. Vzorky inhalantti byly pfisavany do hlavniho proudu, ktery mél regulovanou
vlhkost; jak hlavni proud tak proud vzduchu prochazejici ptes inhalator byly odebirany z laminarniho
boxu (viz Obrazek 1). Zamérem méfeni bylo, aby odbér probihal za podminek co nejblizsich
podminkam v dychacim ustroji ¢lovéka, zejména za vysoké relativni vlhkosti, a zaroven aby odebrany
vzorek byl pokud mozno reprezentativni.

Vysledkem vyhodnoceni velikostnich spekter inhalantu bylo urceni polohy hlavnich modd, jejich Sitky
a plochy pod nimi za ptfedpokladu platnosti multi-lognormalniho modelu. Dosazenim téchto tdaji do
matematickych modeld ICRP a ACGIH byly vypocteny relativni pravdépodobnosti a tedy odhady
podili ¢astic inhalantu deponovanych v jednotlivych sekcich dychaciho tustroji ¢loveka.
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Obr. 1 Nakres aparatury

VYSLEDKY

Byla zméfena velikostni spektra Castic generovanych dvéma typy inhalacnich systémd, pracujicich
s ttemi 1ékovymi formami, z nichz kazda obsahovala jinou ucinnou latku. Ukézalo se, ze ackoliv se do
cilové oblasti dostane pies 90 % castic obsahujicich inhalant, pouze 6 % z nich se zde zachyti. Pii
zadrzeni dechu po aplikaci davky se tato hodnota mize mirné zvysit. Pfes urcité rozdily mezi
pouzitymi lékovymi formami se ani jedna z nich neukazala jako pfili§ vyhodna z hlediska depozice
Castic v cilové oblasti. Méfeni za riznych stavovych podminek prokazalo, ze vSechny studované
inhalanty jsou hydrofobni; naméfena rozdé€leni velikosti se v podstaté neménila ani pii vysokych
relativnich vlhkostech simulujicich realné prosttedi dychaciho traktu.

ZAVERY
Tato prace ptinasi jiny pohled na méfeni velikosti Castic 1é¢ebnych aerosolti v problematice zkouseni
1écivych ptipravki dle ¢eského 1ékopisu. Vysledky prace by mohly vést k nékolika otazkam: Potfebuji
souCasné inhalac¢ni systémy dalsi vyvoj? Pokud ano, jak je koncipovat, aby byla ucinna latka

v maximalni mozné mife deponovana v cilové oblasti dychaciho ustroji? Jak minimalizovat vedlejsi
ucinky inhalantu zptisobené jeho depozici na jiné nez cilové tkani, kterou mtize spise poskozovat?
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INTRODUCTION

Better understanding of the transport, penetration and dispersion of particles in the human lungs is
needed to increase transport efficiency of therapeutical drugs. One of the approaches is an
experimental investigation of flow in transparent airway model using optical methods.

In most computational fluid dynamic (CFD) and experimental analysis of the human lung, it has
been assumed that the trachea and branches of the lung have smooth walls. Number of these studies
used regular bifurcation models, such as Weibel (1963) human lung model. Lin et al. (2007) found
that turbulence induced by the laryngeal jet could significantly affect airway flow patterns as well as
tracheal wall shear stress. Russo et al. (2007) shown influence of cartilage rings on airflow and
particle deposition in the lungs. Similar conclusion was given by Corcoran and Chigier (2002) and de
Rochefort et al., 2007. Results of several works show important difference between particle transport
and deposition characteristics under steady flow conditions most frequently studied in the past and
under oscillatory flow conditions (Lieber & Zhao (1998), Zhang & Kleinstreurer (2004), Ramuzat &
Reithmuller (2002), Zhang et al. (2001)). Summarizing the above mentioned findings realistic human
lung geometry extended from upper airways to tiny structures of the bronchial tree is the first
prerequisite for proper study of air flow and aerosol transport and deposition. Usage of oscillating flow
conditions is an additional requirement to fulfil this task.

The effort to understand how aerosols transport and deposit in lungs drove us to application of
particle velocity measurement with P/DPA (Phase Doppler Particle Anemometry). We used optically
transparent realistic human airway model and liquid aerosol for experiments under steady and cyclic
breathing conditions. The aerosol diameter and breathing conditions were varied during experiments.
Velocity and turbulence intensity of aerosol particles in several airway positions at the steady and
cyclic breathing conditions are shown and analysed in the paper. This work is a follow-up of air flow
distribution study performed in Jedelsky et al., 2009a and aerosol flow study in Jedelsky et al., 2009b.

EXPERIMENTAL SECTION

Arrangement of experimental technique for study of flow and particle transport at cyclic breathing
conditions is shown in Fig. 1. As a generator of oscillating flow, a servo motor (6) (TGH3 from TG
drives company) which drives piston through the pneumatic cylinder (Hoerbiger NZK 6100-0400 AG)
(5) is used. The servo motor is computer controlled and it allows generating any shape of motion with
appropriate frequency and amplitude. Monodisperse aerosol particles of DEHS ranging from 1 to 10
um are generated by condensation generator (4) (model TSI 3475). Measurement of drop size and
concentration is made by an aerosol monitor (model TSI 3375). One-half of the particles is mixed with
the air in a chamber (3) using static mixer and flow into an airway model (1). The second half flows
into bladder (2), that collects the air with particles for the second breathing cycle phase.

Velocity and size measurement of the particles during breathing cycle are made using Dantec
P/DPA (7). This 1D system is equipped with Ar-lon+ Laser ILT 5500A-00 (max. power 300 mW).
Spectral line 514.5 nm of the CW laser beam with power up to 90 mW and horizontal polarization is
split using transmitting optics 58N10 into 2 parallel beams 60 mm distant. Frequency of one of the
beams is shifted by 40 MHz. Beam diameter is expanded to 2.5 mm to reduce a probe volume. The
transmitting lens focal length is 310 mm. Light refracted by the 1* order is collected using receiving
optics 57X10 equipped with three photo-detectors. Focal length of receiving lens is 310 mm and
scattering angle 45° used. Signal processor Dantec S8NS50 is set to measure velocity within a range of
- 16 to 16 m/s at bandwidth 12 MHz. Droplet size range is 44.9 pum. The obtained data are evaluated
using BSA Flow Software v2.1.
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Figure 1: Diagram of a test rig with P/DPA.

Airway model: A digital reference model of the human lung published by Schmidt ez al. (2003) was
used for construction of tracheo-bronchial tree down to 3™ generation. This model is based on in-vitro
preparation of the lung of an adult male combined with high resolution computed tomography. The
model gives data up to the 17" Horsfield order with superior geometrical accuracy but it does not
cover upper airways before trachea. The segment of airways beginning with throat and going to
trachea was acquired as a 3D CT scan of an adult Caucasian male volunteer in St. Anna university
hospital in Brno, CZ. This model gives realistic geometry of the airways with complex structures of
glottis and epiglottis. Both models were carefully catenated in trachea region with overlapping of
corresponding parts. Rapid Prototyping technology was used to manufacture a negative model from
composite material with resolution 0.1 mm. Novel technique was developed for manufacturing of final
positive thin-walled model. It is made of several layers of transparent silicon Sylgard 184 (Dow
Corning), see Fig. 2 left. Thin model walls are required for optical access into the model without
strong optical distortions if the air flow or particle transport with air as a carrier medium studied. This
approach differs from common flow experimental methods in airways where liquids with the
refraction index equal to the one of the model material are used. For more information on the
geometrical model preparation and final model fabrication see Jedelsky et al., 2008.
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Figure 2: Airway model from throat to 3™ generation of bronchi (left), Description of the model parts
and measurement positions: + Trachea 0 mm, + Trachea 0 mm, + Bronchus Intermedius 0 mm (right).

The realistic transparent airway model is non-symmetric, it has non-circular cross-sections, walls of
varying thickness and varying curvature. Optical measurement in this model requires very precise
setup and approach different to the one used for measurement with simple optical path. It is necessary
to adjust beam crossing every time the measurement position changes. An accurate choice of the
measurement position is needed to avoid strong distortion of the laser beam even when thin-wall
model used. This matter is discussed in Svajlenkova et al., 2008.
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Experiments were performed in both steady and cyclic flow conditions (Table 1). The steady regime
measurements were performed with time duration 20 s where more than 20 000 particles were
sampled during the measurement period. Experiments in the cyclic flow conditions were performed
with time duration corresponding to 8-10 full breathing cycles. Every measurement regime was
repeated several times. The P/DPA measured axial velocity, size and arrival time of the aerosol
particles. Mean and fluctuating axial velocity and resulting turbulence intensity were evaluated.
Simple averaging of the values was used for the steady flow data. Ensemble averaging was used for
calculation of mean and fluctuating velocity in time during each cycle for the oscillatory flow data.
Length of time window for averaging was set to a value significantly lower than mean velocity change
during the time window of examined point (+/- 15 ms in this case). Minimum number of particles in
each ensemble was set to 9. Turbulence intensity was calculated using the average value. Averaging of
velocity and turbulence intensity data over the measured number of 10 cycles was performed
afterwards. The calculation was made using MATLAB7 software.

Table 1: Breathing patterns and corresponding Reynolds (Re) and Womersley () numbers.

v Qs Re™ (-) o ()
Conditions (Iitefr) T (s) - - - —
(liter/min) T. B. T. B.
Resting (sedentary) 0.5 4 15 1283 570 2.55 1.43
Normal breathing 1 4 30 2565 1140 2.55 1.43
Light activity 1.5 3 60 5130 2280 2.94 1.65
T." trachea

B.” Bronchus Intermedius
Re™ mean value

The flow regimes were set as follows. Tidal volume ¥, is for harmonic cycle:

7/2 7/2 ( ) 0
Vo= [Qdt= [Q,,sin\wt|dt = === (1)
jer ] n

where Q is flow rate and ¢ time. Cycle period, 7, reads
T=2n/w )

Mean flow rate during cycle Q corresponds to constant flow rate at steady ventilation conditions and
is defined as:

0= 20,../1 3)
RESULTS

Table 2 documents steady flow measurements in trachea centreline (position 0 mm) and in position
4 mm out of the centreline (see Fig. 2 right). Mean velocity and turbulence intensity of particles were
evaluated. Particle velocity and turbulence intensity at both positions do not significantly depend on
the particle size in the inspected range 2 - 7 um. Expiration velocity in the centreline is greater then in
the -4 mm and this difference increases with flow rate. Inspiration velocity is similar in both points.

Results in the centreline: expiration velocity is larger then inspiration velocity, the difference
increases with flow rate. Turbulence intensity is always significantly larger at expiration and the
turbulence intensity moderately decreases with flow rate.

Results in the radial distance -4 mm: Expiration and inspiration velocity differs much less then in
the centreline position. Turbulence intensity is always significantly larger at expiration.

Results acquired under cyclic flow conditions exhibit more complex behaviour compared to the data
at steady flows. Fig. 3 shows typical results of change of velocity and turbulence intensity with cycle
phase at the oscillatory breathing regimes. Velocity of particles is dispersed along the expected
sinusoidal breathing curve with only reasonable distortion in the profile.
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The turbulence intensity level in trachea (Fig. 3a and 3b) is always smaller in the inspiration than in
the expiration part of the cycle. The turbulence intensity holds relatively constant value throughout
both half-cycles with exception in the time instants where the droplet velocity direction switches. This
behaviour was observed for all the resting, normal breathing and light activity conditions and for all
aerosol sizes (1, 3, 6 um).

Table 2: Velocity and turbulence intensity in trachea at steady flow regimes.

Velocity (m/s) Turbulence intensity (-)

Pos. | Size Inspiration Expiration Inspiration Expiration

(mm.) (um) (liter/min) (liter/min) (liter/min) liter/min)
15 30 60 15 30 60 15 30 60 15 30 60
0 2 1154|290 | 566 | 1.53 | 3.78 | 8.31 |0.104|0.085|0.071{0.113|0.140| 0.125
0 4 | 146|288 | 547 | 1.51 | 3.80 | 8.54 |0.107)|0.110]0.091 | 0.124] 0.142| 0.115
0 7 | 151|286 |559 (169|378 | 827 |0.109(0.092(0.074|0.146 (0.140| 0.122
-4 2 | 165|298 557|118 | 2.63 | 5.78 |0.068 | 0.066 | 0.069|0.181|0.108 | 0.132
-4 4 1159|294 ]|559| 136 | 2.75 | 6.11 10.073|0.067|0.067 | 0.179|0.116| 0.137
-4 7 | 164|298 | 571|130 | NaN | NaN |[0.071(0.069|0.067 | 0.183 | NaN [ NaN

Table 3: Turbulence intensity in trachea at cyclic flow regimes

VT/daI Period Position Size Turbulence (-)

olume place

(liter) (s) (mm) (Hm) Insp. Exp.
1.0 4 trachea 0 3 0.097 0.191
0.5 4 trachea 0 3 0.095 0.199
1.5 3 trachea 0 3 0.084 0.155
1.0 4 trachea 0 1 0.092 0.157
1.0 4 trachea 0 6 0.095 0.169
0.5 4 bro. inter. 0 3 0.047 0.035
1.0 4 bro. inter. 0 6 0.043 0.135
1.5 3 bro. inter. 0 3 0.045 0.125
1.0 4 bro. inter. 0 1 0.049 0.042
0.5 4 bro. inter. 0 6 0.049 0.039

The turbulence intensity level in Bronchus Intermedius (B.l.) is very low in the case of resting
conditions (Fig. 3¢) and both inspiration and expiration parts show similar turbulence intensity levels.
Increase in respiration activity (Fig. 3d) leads to significant increase in turbulence intensity in the
expiration phase. More results can be seen in Table 3, where turbulence intensity was evaluated in
phase window (0.3x - 0.77) for the inspiration and (1.3 - 1.7x) for the expiration phase respectively.

Particles in trachea flow with higher turbulence intensity level during each cycle phase than
particles in the B.l. Note also bigger dispersion of the turbulence intensity in trachea. Reynolds
numbers in trachea are significantly larger than in the B.l. for corresponding breathing
conditions; the trachea Re is close to transition laminar-turbulent flow for normal breathing and
it is definitely in turbulent flow regime in the case of light activity breathing. The results indicate
that laryngeal jet is present in the trachea measurement position for all the regimes inspected.
Flow in the B.I. is virtually laminar at resting conditions and the change into turbulent flow at
regimes with higher flow rates is probably due to increase in Re and mixing of flows in
bifurcation.

Comparison of turbulence intensity in trachea for steady and cyclic flow regimes can be done using
data in Table 2 and Table 3. Turbulence intensity in the inspiration phase of the cyclic flow
regimes is very similar to the turbulence intensity in steady flow regimes. Turbulence intensity in the
expiration phase of the cyclic flow regimes is systematically higher than the turbulence intensity in
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steady flow regimes. This difference is probably related to the contact and mixing of the streams from
daughter branches.
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Figure 3: Axial velocity and turbulence intensity during average cycle at cyclic breathing conditions
CONCLUSIONS

Our optical measurement of aerosol flow shows a suitability of P/DPA technique combined with
optically transparent realistic thin-wall model of human airways for study of the complex transport
phenomena. The experiments were performed at steady and cyclic flows for different breathing
conditions and several aerosol sizes in several positions inside the human airways. Resulting data give
extensive information on the aerosol flow.

Results acquired in trachea for steady flow conditions lead to these conclusions:

* Velocity and turbulence intensity do not significantly depend on particle size in range 2 - 7 pum.

* Expiration velocity in the centreline is greater then in the position -4 mm and this difference
increases with flow rate. Inspiration velocity is similar in both points.

e Turbulence intensity is always significantly larger at expiration than in inspiration and the
turbulence intensity moderately decrease with flow rate.

Results for cyclic flow conditions show:
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* The turbulence intensity level in trachea is for all breathing conditions studied smaller in the
inspiration than in the expiration part of the cycle. The turbulence intensity holds relatively constant
value throughout both half-cycles with exception in the time instants where the droplet velocity
direction switches.
* The turbulence intensity level in B.l. is very low at resting conditions in both inspiration and
expiration parts. Increase in respiration activity leads to significant increase in turbulence intensity in
the expiration phase.
* Bigger turbulence intensity is seen in trachea during both cycle phases compared to turbulence
intensity in B.l. It correlates with Reynolds numbers and it is also related to the laryngeal jet present in
the trachea.

Turbulence intensity in the inspiration phase of the cyclic flow regimes is very similar to the
turbulence intensity in the steady flow regimes. Turbulence intensity in the expiration phase of the
cyclic flow regimes is systematically higher than the turbulence intensity in the steady flow regimes.
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INTRODUCTION

Nucleation is process leading to formation of stable nuclei from supersaturated, or supercooled, mother phase
(vapor, liquid). During nucleation it is necessary to form new interface, which is energetically disadvantageous
process. That 1s why one needs to overcome some energy barrier called nucleation barrier. As a consequence 1t
1s necessary to have sufficiently high supersaturation (supercooling) to occur phase transition process. Critical
supersaturation, at which formation of nuclei starts, depends on the volume of the system (Pruppacher, 1995).
Critical supersaturation is usually determined from the condition that stationary nucleation rate (i. e. the number
of nuclei formed in unit volume per unit time) is equal to 1 in cm ™ per second. The aim of this work is to
determine the critical supersaturation from the condition that the first nucleus will be formed within system, 1. e.
the critical supersaturation follows from the size distribution of nuclei.

MODEL

For the sake of simplicity we consider homogeneous melt crystallization. The work of formation of clusters
within capillarity approximation is given by:

W = —iAp + ~ai?/3, (1)
where 7 1s number of molecules i cluster, o 1s the interfacial energy,

Al
Ap="TEAp )
T'r

is the difference in the chemical potentials of both phases, Ahg is the heat of fusion, T denotes the equilib-
/3 is the
surface area of the cluster, and ~ denotes shape factor. We have solved numerically kinetic equations describing

rium temperature of melting, AT = Tg — T is the supercooling, T denotes absolute temperature, ~i

nucleation kinetics based on Becker-Doring model (Becker and Doring, 1935). The initial and boundary condi-
tions were modified (Kozisek and Demo, 2005) for the case of constant number of molecules (closed system).
Attachment frequency of molecules, k:r for melt crystallization can be expressed by:

l;;r = 09" i2/3 exp (_k;%) exp (—q’ig%) . (3)

where Ag; = Wity — Wi and g = 0.5[1 + sign(Ag;)]. Above, pg is the surface density of atoms on nucleus
surface, kp i1s Boltzmann constant, and /i is Planck constant. The size distribution of nuclei increases with time
to some stationary value, Fl-S_ We have selected supercooling by such a way to get Fis = 1 for some cluster size
i. In small initial volumes of the melt, Vp, one needs higher supersaturation and the stationary size distribution is
not reached (Kozisek and Demo, 2009). In that case we set supercooling to be maximum of the size distribution
equal to 1, 1. e. max[F;(t)] = 1.

RESULTS AND DISCUSSIONS

In our computations we have selected three different types of the work of formation of clusters — see Fig. 1. It
is seen that various Ahg and o parameters leads to various work of formation of clusters. Critical size of nuclei
is depicted by thin full line. One can reach the same critical size of nuclei with different nucleation barriers —
compare full and dashed lines. On the other hand, for the same nucleation barrier we can obtain various critical
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sizes from the condition Figy = 1 — compare full and dot-and-dashed lines. We have selected these three cases
to determine the difference in chemical potentials as a function of cluster size from condition F’ 1%00 = 1-see
Fig. 2. Squares in Fig. 2 correspond to the volumes under which the numerical computation has been performed.
It 1s clear that difference in chemical potentials and also supercooling [see Eq. (2)] increases with decreasing
volume of the system.

Aj.l (in kKT units)
o

Work of formation of clusters

0 10 20 30 40 50 60 70 80

Cluster size

Figure 1: Work of formation of clusters as a function of  Figure2: Difference in chemuical potentials, Ay, deter-
their size. Full line coresponds to Ahg = 60000 Jmol !,  mined from condition F3;, = 1 as a function of initial
o = 0.080 Jm—2, dashed line to Ahg = 90000 Jmol=1,  volume, Vj, Full. dashed. and dot-and-dashed lines core-
o = 0.120Jm=2 and dot-and-dashed line to Ahrp = sponds to the same parameters as in Fig. 1 for the same
34200 Jmol=!, o = 0.055 Jm~2, Thin full lines denote  type of curves. Squares correspond to volumes at which

critical sizes. numerical computation was done.

Tetus note that stationary size distribution depends only on thermodynamic parameters (Ah g and o). Nucleation
rate depends moreover on the kinetic barrier of nucleation, £, and thus does not say how many nuclei is formed.
It seems to be reasonable to determine critical supersaturation directly from the size distribution of nuclei. This
selection better corresponds to experimental situation, when crystallization temperature 1s determined by cooling
of the system under consideration.

CONCLUSIONS

We have determined the critical difference in chemical potentials (resp. critical supercooling) from the size
distribution of nuclei. Critical supercooling corresponds to the conditions, when the first nucleus will be formed.
It is shown that critical difference in chemical potentials increases with decreasing initial volume of the system.
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ABSTRAKT

V praci je zkoumana homogenni nukleace vody z pfesycené vodni pary ve dvou statickych difiznich
komorach. V kazdé z komor je rychlost nukleace stanovena jinou metodou. Byl nalezen zptsob
upravy vnitinich povrcht komor, pfi kterém voda tyto povrchy smaci. Byl proméfen rozsah rychlosti
nukleace od 5x107 do 5x10* #/cm’/s na nékolika izotermach pocinaje 290 K a konée 320 K. Vysledky

Tvvr

UvVOD

Nukleace vody je jednim ze zadkladnich procesti umozinujicich zivot na Zemi. Piesto tento proces stale
neni dostate¢né dobfe popsan, a to ani teoreticky, ani experimentalné. Rozpory v dosud ziskanych
experimentalnich datech jsou jednou z pri¢in branicich dosahnout pokroku v teorii.

Z tohoto diivodu se nase dvé instituce spolecné rozhodly znovu pfeméfit kinetiku nukleace vody ve
dvou statickych difuznich komorach. I kdyz obé komory pracuji na stejném fyzikalnim principu,
experimenty se liSily ve zplisobu, kterym byla urcena rychlost nukleace. Obé komory maji také
podobnou geometrii, vnitini objem komory je vymezen dvéma paralelnimi kovovymi deskami
odd€lenymi sklenénym prstencem. Rozméry a nékteré charakteristické prvky obou komor jsou
uvedeny v nasledujici tabulce.

komora prumér | vySka | Efektivni | Regulace teploty desek: | topeni | Materidl desek
mm mm pomeér spodni / horni stény
1 175 43 4.6 termostat/termostat 4 draty nerez ocel
11 160 25 6.7 el. topeni/termostat 6 dratt dural

Matematicky model jednorozmérného soucasného ptenosu tepla a hmoty v komote jiz byl popsan
jinde (Katz, 1970), pozdg&ji byl upraven pro konkrétni parametry nasich komor (Zdimal a kol., 1994).
Vlozime-li do modelu znamé teploty desek komory a celkovy tlak, ziskame jako vysledek intenzity
toku tepla a hmoty mezi deskami a také vertikalni profily teploty, parcialniho tlaku a piesyceni
kondenzujici slozky. Pro zpracovani vysledki z obou komor byl pouzit stejny kod pouze
s ptihlédnutim k malym rozdiliim v geometriich komor a dalSich provoznich parametrech. V jiné praci
(Stratmann a kol., 2001) jiz bylo ukazano, Ze pouzity model dostatecné presné popisuje transportni
procesy v komofte, za ptedpokladu Ze provozni parametry jsou vhodné zvoleny.
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Obrazek 1: Zavislosti sledovanych veli¢in na relativni vysce komory (zleva doprava): teplota,
parcialni tlak a tlak sytych par kondenzujici slozky, pfesyceni, a rychlost homogenni nukleace.
Vaznym problémem dosavadnich praci zabyvajicich se nukleaci vody v difiznich komorach bylo jak
dosahnout, aby voda smacela vnitini vodorovné povrchy komory. Pro provoz statické difizni komory
v ustaleném stavu je totiz tfeba, aby para kondenzujici slozky kondenzovala na horni mirn€ koénické
desce ve formé filmu, ktery pomalu stékéd ke krajim komory a poté ve formé praminkd po sklenéné
stén¢ zpét do filmu na desce spodni. V ptipadé vody je velmi obtizné tuto podminku splnit kvili
jejimu vysokému povrchovému napéti vedoucimu ke kondenzaci kapkové. Vzniklé velké vodni kapky
pak padaji ze stropu pfimo na spodni film, tim naruSuji jinak klidné probihajici transportni procesy a
omezuji platnost pouzitého transportniho modelu.

V duralové komofe bylo filmové kondenzace dosazeno peclivym vycisténim povrchid a jejich
mechanickou upravou, po které se porch samovolné pokryl vrstvou oxidu. V komote z nerezové oceli
byla horni deska pokryta vrstvou z vodivé keramiky o tloustce mens$i nez 0.1 mm (Schrage, GmbH). 1
v tomto piipadé¢ byla keramicka vrstva, tvofend hlavné Al,Os, velmi dobfe odolna proti vode a ptitom
dobfe smacela.

V kazdé z komor byla rychlost homogenni nukleace urcena jinou metodou.

POPIS METOD
Metoda I Integralni
V integralni metod¢ (viz obr. 2) je komora osvétlena
laserovym svazkem ve tvaru tenké pasky (o tloustce asi
0.4 mm a Sifce 2 cm) prochazejici komorou ze strany
tésn¢ podél jejiho dna. Pii prichodu kapek laserovym
svazkem dochazi na kapkach k rozptylu svétla, které je
zaznamenané fotondsobicem. Vysledkem je po upraveé
integralni hodnota intenzity toku kapek, vzniklych v
komote nukleaci, méfena poctem kapek za jednotku

, . L ¢asu na jednotkovou plochu.
Obrazek 2: Schema integralni metody

Pro porovnani s teoretickou predpovédi je ale tfeba urcit hodnotu rychlosti nukleace jako pocet kapek
vzniklych v jednotce objemu za jednotku ¢asu. Pokud jsou splnény piedpoklady uvedené v praci
Hunga a kol. (1989), je mozné vypocitat hodnotu experimentalni rychlosti nukleace J.,, ve vysce, kde
je teoreticky piedpovézena rychlost nukleace Ji, maximalni podle vzorce:

Vzorec uvadi lokéalni hodnotu rychlosti nukleace Je\, (#/cm?/s),

J. (2)dz kterou lze vztahnout k lokalnim hodnotam teploty T a poméru
Jexp(max) =L = J,,(max) nasyceni S, vypoltenym pro stejnou vertikalni polohu v
IJ w(2)dz komote. Ziskana hodnota J(T,S) se pak d& pfimo porovnat s

teoretickou piedpoveédi.

“Cerveny”
fotonasobi¢
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“zeleny”

V této metodé je tieba co nejpfesnéji urcit plochu fotondsobi’

laseru na které jsou kapky detekovany. V této praci
jsme pouzili metodu koincidence signalu (viz obr. 3):
K pocitani byly pouzity dva He-Ne lasery, Cerveny a
zeleny, s vlnovymi délkami 632 nm a 542 nm. Svétlo
rozptylené kapkami bylo detekovano soubé&zné
dvéma fotonasobiCi opatfenymi interferen¢nimi
filtry, jednim pro Cervenou a druhym pro zelenou
oblast vlnovych délek. Byl vyvinut software, ktery
umozioval zapocitavat pouze kapky, které daly
soubézny signal na obou fotonasobicich, a tedy které
prochazely oblasti pldorysného pruniku obou
laserovych svazkii.

Cerveny las

zeleny laser

Obrazek 3: Metoda koincidence signalu

Elektronika diskriminatoru byla stejna jako v piipadé “jednobarevného” pocitani. V tomto piipadé
byla detekovand plocha presné urcena ze znalosti polohy a §itky dvou laserovych svazki. Intenzity
toku kapek urcené metodou koincidence signdlu lze porovnat s hodnotami intenzit urenymi pii
pouziti pouze jednoho laseru a jednoho fotonasobic¢e. Pomér téchto dvou hodnot udava pomér ploch,
na kterych jsou kapky detekovany. Pokud tedy v dalSich experimentech zachovame geometrii, je
mozné po kalibraci ploch metodou koincidence provadét rutinni méteni v obvyklé “jednobarevné”
konfiguraci. Metoda koincidence také umoznila potvrdit homogenitu podminek uvniti komory
vzajemnym posuvem laserovych svazkll a ur€ovanim intenzit tokd kapek v riznych oblastech komory.
Ukazalo se, Ze kapky vznikaji v komote rovnomérné kromé oblasti t€sné u stén komory. Experiment
potvrdil pouzitelnost obvyklého “jednobarevného” zapojeni, tedy pocitani kapek s jednim laserem
a jednim fotonasobicem.

Metoda II Fotograficka

Obrazek 4: Schéma fotografické metody Obrazek 5: Typicky snimek trajektorii

V tomto piipad¢ se opticky systém skladal z He-Ne laseru opatieného sadou valcovych ¢ocek a CCD
kamery (obr. 4). Zplostély svazek laseru osvétloval komoru opét ze strany, ale tentokrat nastojato.
Trajektorie kapek vzniklych uvniti svazku byly zaznamenavany CCD kamerou umisténou ke svazku
kolmo (obr. 5). K uréeni lokalnich hodnot rychlosti nukleace byly pouzity metody analyzy obrazu.
Kamera byla softwarové fizena, coz umoznilo provadét dlouhé série snimkd v ustaleném stavu pii
moznosti prubézné menit parametry expozice. Pracovni teplota Cipu kamery byla -5 °C, takze Sum
elektronickych obvodl kamery byl zcela zanedbatelny ve srovnédni se Sumem optickym (odrazy).
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VYSLEDKY

Meteni rychlosti nukleace v obou komorach
" jsou shrnuty v obr. 6. Pfi ur€ovani izotermnich
zavislosti rychlosti nukleace na ptresyceni byly
teploty desek komory upravovany tak, aby
teplota v mist¢ maximalni rychlosti nukleace
zUstavala stale konstantni (viz obr. 1).

Obrazek 6: Izotermni zavislosti rychlosti nukleace J
na presyceni S ur¢ené metodami I a I

Vys8i rychlosti nukleace (0.5 - 5x10 #/cm’/s)
byly méfeny fotografickou metodou (komora
II, prazdné symboly), zatimco rychlosti nizsi
(5x107 - 5x10° #/cm?/s) byly ziskany metodou
integralni (komora I, plné symboly). Provedené
experimenty pokryly rozsah izoterem od 290 K
do 320 K.

Na tfech nejvyssich izotermach bylo dosazeno rozumné shody, pficemz integralni metoda udava
zhruba o tad vys$i hodnoty rychlosti nez metoda fotografickd, a to na kazdé z téchto izoterem.
Nejnizsi izoterma 290 K urcend integralni metodou je naopak o 2-3 tady niZe neZ stejna izoterma
ziskana fotograficky, také smérnice obou jsou velmi odlisné. Pfic¢inou tohoto rozporu je skutecnost, ze
pfi integralni metod¢ pouzité v komote I byla horni deska komory pfi experimentech na izotermé 290
K u bodu tuhnuti vody, a tedy pokrytd filmem ledu, takze hodnota teplotni okrajové podminky na
horni desce nebyla ur¢ena spravng.

ZAVERY

Staticka difuzni komora se v poslednich desetiletich stala standardnim néstrojem nuklea¢niho
vyzkumu. K tomu, aby bylo mozné kvantitativné méfit izotermni zavislosti rychlosti nukleace na
pfesyceni v presycené vodni pafe vSak bylo nutné metodu znaén€ vylepsit. Za prvé bylo potieba
uspokojiveé vyiesit otazku smacivosti kovovych desek komory, a za druhé podstatné zlepsit techniky
urcujici vlastni nukleaéni rychlost.

V této srovnavaci studii uvadime vysledky méfeni kinetiky homogenni nukleace vody provedené
nezavisle ve dvou laboratofich, a tedy dvou riiznych statickych difuznich komorach. V kazdé z komor
byly pocty ¢astic vzniklych nukleaci urceny kvalitativné odliSnou metodou.

N e

optickymi omezenimi, ale také kvuli nutnosti provést naslednou analyzu obrazu. Rozhodujici vyhodou
metody je jeji nezavislost na nukleacni teorii a také moznost kontrolovat kvalitu ustaleného stavu
detailni analyzou trajektorii kapek, jejich tvaru a rozdéleni.

Integralni metoda umoznuje experimentatorovi ziskat vysledky rychleji, a poskytuje mu proto
rychlejsi zpétnou vazbu. Metoda koincidence signalu pouzita v této praci dava moznost zkontrolovat
homogenitu rozdeleni kapek v komote. Hlavni nevyhodou integralni metody je skutecnost, Ze
vyhodnoceni nuklea¢ni rychlosti do ur¢ité miry zavisi na pouzité nukleacni teorii. V této praci je
ukazano, ze kdyz se spravné urci plocha viditelna fotonasobicem, vysledky ziskané integralni metodou
jsou v podstaté shodné s vysledky ur¢enymi metodou fotografickou.
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Detailni prehled dosud naméfenych dat o homogenni nukleaci vody ziskanych jinymi autory
s pouzitim vSech dnes dostupnych experimentdlnich technik udavd Brus a kol. (2008) zaroven
s analyzou téchto dat a srovnanim s pfedpovéd’'mi vybranych nukleacnich teorii.
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INTRODUCTION

The mechanism of nanoparticle formation by deposition from a gas phase is of interest for different
kinds of atmospheric processes and processes of modern technology (e.g. manufacture of
nanoparticles). Condensational growth of the particle is defined by condensation of vapor molecules
on the particle surface and evaporation of molecules from the particle. The influence of the particle
size on phase transitions in aerosol systems with nanoscale particles is usually related to the Kelvin
effect that refers to molecule evaporation. However, the condensation coefficient in the general case
also can depend on the size of the nanoscale aerosol particles (Levdansky, 2002; Okuyama and Zung,
1967) that affects phase transitions in aerosol systems. The paper deals with a theoretical study of the
influence of the size effects on phase transitions in aerosol systems with nanoparticles.

RESULTS AND DISCUSSION

Let us consider the influence of the size effect on the trapping of vapor molecules by small aerosol
particles. We assume for simplicity that the condensation coefficient for the plane surface o.. is equal
to the evaporation coefficient a. and the gas-particle system is isothermal. Taking into account the size
dependence of the condensation coefficient a. according to (Okuyama and Zung, 1967), the trapping
coefficient of vapor molecules by the particle §, which is defined as the ratio of the density of the
resulting flux of vapor molecules into the particle to the density of the flux of vapor molecules
incident on the particle surface, in the free molecule region is given by

60 V,, [0 _l IOUV
g = epo T Hl DH
(D

where d is the particle diameter, 0 is the surface tension, V,, is the volume per molecule in the
particle, k is the Boltzmann constant, 7 is the temperature, S is the saturation ratio.

The condition = 0 corresponds to the critical diameter of the particle d... The equation (1) gives the
following value for d,:

_ 100V,
“ kTInS

2)

that is two and a half times greater than the value of the critical diameter corresponding to the classical
Kelvin equation. The increase in the critical cluster size due to the size dependence of the
condensation coefficient leads to the increase in the free energy of the cluster formation and
accordingly to the decrease of the rate of homogeneous nucleation.

It is known that in the general case surface tension depends on the particle size and Tolman length 6.
Here we use the dependence ¢ on d and ¢ proposed in (Rekhviashvili and Kishtikova, 2006). Figure 1
shows the dependence of § on the diameter of the water drop.
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Fig. 1. Dependence of the trapping coefficient of vapor molecules by the water drop on the drop
diameter at o, = a.= 1, T=273 K, § =4 and J = 0.2 nm; solid lines: o = o(d); dash lines: o = 0,_.;
1,2: a.= 0= 1; 3, 4: a. = ad).

It is seen that the value of § (and accordingly the particle growth rate) decreases with the reduction of
the particle size. The size dependence of the condensation coefficient leads to the lower trapping
coefficient of vapor molecules in comparison with the case when the condensation coefficient is
assumed to be independent of the particle size. The size dependence of the surface tension leads to the
increase of the trapping coefficient for both above-mentioned cases.

It is worth noting that the pre-exponential term in the equation for the rate of homogeneous nucleation
is assumed commonly to be proportional to the frequency factor for impingement (Hirth and Pound,
1963) which in turn is proportional to the condensation coefficient and does not include evaporation of
molecules from clusters. It is possible to consider the influence of molecule evaporation on the
frequency factor if to use the trapping coefficient instead the condensation coefficient in the definition
of the frequency factor.

CONCLUSIONS

It is shown that the dependence of the condensation coefficient on the particle size influences the
trapping coefficient of vapor molecules by growing particles (clusters), critical size of aerosol particles
and the rate of homogeneous nucleation.
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INTRODUCTION

It is known that many physicochemical processes taking place in aerosol systems and in aerosol
particles themselves depend on the particle size (e.g. formation of nanoparticles by condensation from
gas phase, their coagulation and coalescence, trapping of vapor and impurity molecules by particles,
chemical reactions in nanoparticles, etc.). Some questions related to size effects in condensation of
vapor on small aerosol particles were considered in (Levdansky et al., 2006). Below we discuss the
possible influence of size effects on the coalescence of nanoscale particles.

RESULTS AND DISCUSSION

The coalescence of nanoparticles in the general case depends on the activation energy for atom
diffusion in particles. This activation energy is related to the vacancy concentration in particles. The
last value can be higher in nanoparticles in comparison with the bulk matter due to a decrease of the
vacancy formation energy in small particles (Qi and Wang, 2004). In turn, the vacancy formation
energy in small particles is related to their melting temperature. We use further the following relation
between activation energy for diffusion of atoms and the melting temperature (Jiang et al., 2004):

£y
E,

e

d

: (1

23

00

where £y and T4 are accordingly the size-dependent activation energy for atom diffusion and the
melting temperature, E, and T are the same values for the bulk matter.

Taking into account (Hawa and Zachariah, 2006; Rekhviashvili and Kishtikova, 2006) and equation
(1) we can write for the solid-state diffusion model following equation for the characteristic
coalescence time 7 allowing for the size dependence of the surface tension and activation energy for
atom diffusion:

. 3kTN

, @
H i d @

641D, 0 , ex H—Dl ex H
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where k is the Boltzmann constant, 7 is the temperature, N is the number of atoms in the particle, D..
and o, are accordingly the diffusion coefficient of atoms and surface tension for the bulk matter, d'=
d/o, d is the particle diameter, o is the Tolman length.

Figure 1 shows the dependence of the dimensionless value of the characteristic coalescence time '=
647D..0..t/(3kTN) on d' for silicon nanoparticles. The value 447 kJ/mol was used for the activation
energy for diffusion of silicon atoms in bulk silicon (Cherniak, 2003).
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Fig. 1. Dependence of the dimensionless coalescence time 7' for Si nanoparticles on their
dimensionless diameter d'. 1, 2: T=1400 K; 3, 4: T=1200 K; solid lines: o = o(d), dash lines: 0 = 6.
As shown in Fig. 1, the size-dependent diffusivity of atoms in the particles leads to the decrease of 7’
with the reduction of the particle size. The size-dependent surface tension increases the value of 7’ in
comparison with the case of the size-independent surface tension. It is pertinent to note that the
coalescence process can be realized in the case when the sticking of particles in their collision takes
place (i.e. coagulation of particles is realized). In turn, the sticking probability in collision of small
particles can decrease with the reduction of the particle size (Yu and Turco, 1998). Thus, size effects
in coalescence of small aerosol particles can both promote and prevent the coalescence process.

CONCLUSIONS

Size effects in coalescence of nanoparticles related to the size-dependent surface tension, the
activation energy for atom diffusion in particles and the sticking probability of particles was
considered. It is shown that above-mentioned factors can affect the coalescence in opposite directions.
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