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ABSTRAC'l' 

PURV A PRABHU 
Detenninatfon of particle s i:ze. dj stribution for aeroso~ generated by 

Lcchlcr":s ultrasonic aLorn il.Cr 
{Unideli' the di rection at Profess.or MICHAEL R. FLYNN) 

The paniclc· size dis•ribuJion of .aJ v~eurum pump od aerosol ,([nland-99) gcnerah.xJI by .an 

ulcnu;onic atomizer US I (fwc 710.070.16.SO, wolfking frequency 100 kHz). 

manufactured lby Lechler was m.easur,ed in this study using a gravitalional collection 

type Q solvent :md analyzed by microscopy. The spread factor was detenllim1ed lo find the 

rcl!alionsl1ip between lhe :tlauened diru'li1c1cr of sampled particles and the true spherical 

diamclcr of the particks gcnc,rntcd by the atorni~er. The mean sp1,cad fucllor for [nlana-99 

vacuum pump oil drops coUected. on NYEBAR type Q sulv~t lteated rri ioro:scope slide!!i 

"''as I . 31 with a standard acviation of 0.02 7. TI1.c par1icle size distribution was 

approximru.el)' lognorm~t The mean \•ttluc of the count mcdlian diameter for three 

repetitions \\'as 22.88 Jlm \\11th a s~audard deviamfon of 5.86 pih!l. Similarly, the mean of 

the geomclric sumdard dcvi.a•io.n was 1 .66 with a s1arui.ard deviation of 0. 15. 
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I INTRODUC rtON 

Productioo of test aerosols is an imponant part of aerosol science. These 

aerosols arc required to conduct research, calibrate instruments and to develop and 

test air cleaning and sampling equipments. Test aerosols can be generated by the 

process of atomization where liquid gets disintegrated into airborne droplets. There 

arc different types of a1omi1.ers, such as pressure atomizerS, pneumatic atomizers, 

rotary atomizers, ultrasonic atomir.ers, and electrostatic atomizers. Compressed-air 

atomizers arc types of pneumatic atomizers that arc most widely used to generate 

aerosol. These atomizers generally produce particles with mass median diameters les.s 

than 10 µm. The vibrating-orifice aerosol generator and spinning-disk aerosol 

generators are another type of atomizer that can produce particles up to I 00 µm 

(Hinds 1999). Ultrasonic atomizers can be used to generate aerosols over a wide 

range or sizes from a rew mic-rons up to about 150 ~un (Lefebvre, J 989). 

A human can inhale paniclcs up to size of IOOµm (ACGlH 2002). Thus, 

studies to dctcnnine the fate of the inhalablc. particles require the gc-ncralion of 

aerosol over a wide range of sizes with maxiinu,n diameter up lo 100 µm. One such 

study is being conducted in the Baity l-al)Qr;ttory, University of Nonh Carolina at 

Chapel Hill. The purpose of this research was to generate test aerosol for the above­

mentioned srudy and detennine its paniclc size distribution . 



As <iis.cusse:.-d above, vibrnting on Hee aerosol generntor, spmnnin.g-dmsk aerosol 

gcric,,..-rdtor and .11111 ultrasoni(: atomi..:er l:an genetame par-tides up tu l 00 µm. Becalliie o f 

fun-ctioning di ffi i;;ul tic:5 ,,,•itn a ¥ihrali111g mi fi cc;: at:rn5i~I g:t.c-n crator am] ~pinn ~Db'-<li:d;. 

aerosol gc..-n1,;rato1, an ullrasoqic atnm_-i;,r,.er US ~ (Type 710.070.16.:50. working 

frequmcy 100 krl2:), 1i11a.,;,ufach.1red b:y tc-chler (SL Charles, IL) 'il;•as. :selected to 

generate the me.st .aerosol. Lcchtcr·s ~nomfz.cr gcncrntcs pol.yc.hSpcrsc particks with 

diamclers ran,ging. from 2-100 µm . The objective of this r,esearch was ro determine 11ll.e 

pl.Otide size distribt .. ion of a vacuum pump oil (lnhmd-99. Chu.rchvi Ile. NY) aerosol 

J:l.enerated hy th is .iuomi7..er. 

1.1 Uftrason'ic «iomizcr 

''An ultrasotlic anmniz.er ll,em:rntes aerO$iOl~ with.out llte u..ote of high pn;s.surcH1:r 

atomizing air, Tbc pam1ic:les leave the n.ou:lc ,1,'ith no feed veloc~ly and d1e:tr fall ms 

aff t.'lCled by only g,ravity and ambjcnL air ,r;iondilions. Air assisted iJ.Jniils ar~ availabl~ 

which ha\•e lilO funct~on in tile al.Ornizati on b1Jt ~kly in assmsting witb control of the 

spray p:1ltem .. ('f PS Jue.~ .2003 ). The pri11dple of atomi2:a1io11 fot Leich1er' .s. u l1.ira.i;upic 

arornizeli's. is ava.ilable from the manufocturo and i!i !<lttachcd mn Appendix A. 

Ultrasonic amomizrnfon is bas.ically a capillary wa\·e phenomen.cu-11. I lcre capi Hary 

waves ~c formed on the surface of a liquid on a vibrating. surface. As the rrequency 

of excitation increa:;cs. the peak of mke ,,·11.ve is ,cut into a dr,oplet. Tite mean si1..e of 

I he drops is r~lated to the ,,1a,,e1eng1h of the ca.pal I ary wa,,.c.s . The capillary 

wavelengmh ,. is given by the foHow~ng equation (Mercer 1973). 
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where 

( )

1/J. 

l - 8n-,~ 
p(J)" 

i... = capi Uary wavch:.m~th 
u = surface tension. dyneslci-n 
p = detui.ty of the liquid~ g/em? 
(J) = freq 1.tcncy of,., ibrnlion. Hz 

(1) 

T~c above uUrnsonic lhcory LS s.uppmted hy c<. ~rh-nenml results cam ed out 

by \'atrious scientists. One such development of capillary ·wsave lheory was given :irn 

Lefebvre ( 19&9). It prcoicl'S mean drop si~ prod uccd by u1Lrnsorric atomlizatton lhat is 

given by fo1Jowing e);.pre~ion. 

where 
D - mean clrop diameter, cm 

surf.ace tensim,. dynes/cm 
= dcruity of the liquid. g/cm 
= fir.Cq!.lc;..-n,cy of vihr.1.tiori, r"'di ans.rscc 

(2) 

TI1e me:a111 drop dmmucmer of .aerosol produced! by the Lechler .almnizer was 

compared with EqualtOn 2. 

lnfom:1ation about the partic[e size disuibutioD :for a.ems.ols genera1ed by the 

r cchler atomizer is avamlabJe frorn diLG manufacturer. These data am b:as-ed on 

:atomizing water, which has denshy of 1 g/cmJ, v1soosity of l .0 k. 10-2 P~ and surface 

tension of 72. 7 dynelc:m under lalbornrory conditions. The data arc .summarized in 

TaMe I. ·rhe operaling liquid! Oow rate range i:s given as 1.67- 16.67 ml/min. The 
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manufoctuer used a Phase Doppler Particle Analylc-r 10 measure the pnrticb size 

d istribu1ion o f 1he water aerosol. 

1.2 Set,crio11 of fluid 

Jnland-99 vac:.uum pump oil was selec1ed for these studies based on iu low 

toxicity and case of clean up. This oil has a dcnshy of0.86 gtcm ' , viscosityof0.2408 

Pat 40 C. and a surface tension of 34 dyne/cm (Tan 2000). 

Tt:e size distribution or 1.nland oil aerosol gcnera1cd by Lcchlcr's a1omizcr 

was expected to be different from that of water because of the physical differences 

between 1he Inland oil and water. The higher surface tension and the higher density of 

water is expected to rcsuh in a larger mean diameter than the oil (Equation I) . 

1.3 SelectiQ,r of appropriate meit,od for meas11renumt of particle siu dlt.trib11tio11 

One of1he most import.ant factors in the selection ofins1mmc-ntalion for 

aerosol mcas.urcmcnt is the size range of the aerosol. The atomizer produces a water 

aerosol with the range from 2 to 90 µm. Based on some preliminary analyses, the size 

range generated by the atomizer for Inland 99 vacuum pump oil was bctwc<.'fl 2 and 

150 µ m. 

Tlv:rc. arc two general approaches to aerosol measurement: (a) direct reading 

ins1rumen1S and (b) collection and analysis 1cchniques . 
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Ori~ of the, ,::ti-t1eet re~d1ns inf,il'\lm~n•~ i$ eho Ac,Ms.l1.c-r (TSl, Minneapoljs, 

MN). The 1\erosizeJ" is a "Lime of lligJu·· instrumeni 1hac can provmdc real tiimc. nigh­

rc.s-0l1Jtion rncasun.mt;;nl.S over ot1 si11.e range of 0.5-200 µm ,(Tsa.i et al., 1997}. There 

are lllnitations to the use of the Aero sizer for measuring wide rmtgc:s o,f I ~c1uid 

pa:ri.ieles. E'.11'.trdetion wid Lr-at1spon of an aerosol consisting of large liquid droplets arie 

di ffk ult due to aspiration losses and adhesion of the pru1icles on the- inside surface- of 

lho smnplin,g probe. After air rc-.ac:bcs the sonic nozzle, hJ.rg<: hquid pa.rtiele.s may 

impact ,.,.,,th the nozzk \.\,'a-11 before c~ifo1; into the measurement n;giion d.u:e t.o s\!lper­

s.oriic c-0:ndit~ot1s within lh-e no,1:zk (Th.omburg; el al., 1999). '111e.11e liquid partic.fes 

then slick to the- nozzle "rail resulting in !osS-cs. These c:ondi1io111s :r~sult in size 

:measurement errors du.r.; to the removaJ of la.r~e pa11ic::I~-. frun'i mhe ~mpled aerosol. T 11 

additton, particle deformation ,of a liquid aerosol in the sensing zone has. caused 

1.mdericstimation of lhc ttc lm1l aerodynamic diamcEer (Tsai ct· al .• 1997). 

Phase Dopp1cr Panich: An:ailyar (AER. TSI. Minneapolis, MN) and Particle 

Dynamics Analyzer (P'DA. Danlec tnc., Skov1unde, Denmark) are in-situ !:i-Cn!i.i.ng 

ins•rnmcnls t.hal can be used to size droplels between 0.5 IJ!rn and l .O cm (Baron .and 

WiUckc, 2001 ). Thcs.c instruments use phase Doppler mui1nometry mechr,iquc-, but are 

v,ery expeli\S°tve and were not >fl\•ail.11hle for 'l,l~C. 

The cascade ~mpac:1or is. a cu:Uection dcvi ce that is used •o dcteffllinc part[cJc 

size distdbuLions. The maximum cut drameler for a low-pre-ss:urre impactor fa 35 JJif'l1i 

(Baron at"Jd Willck~. 2001). Therefore, 1c would be -very dimeulc to quantify particle 
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size distributions for aerosols generated by 1his atomizer. Hence. this method was Mt 

selected. 

Because of these· problems, a gravitational collection and analysis technique 

was used. Partic1cs were eollecled on a sampling plane in a sett1ing chamber and 

analy,.ed by microscopy. Microsco1>ic analysis of aerosol particles pem1i1ted acc.urate 

measurements of particle diameters . 
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2 METHODOLOGY 

2. 1 Collcctio11 of particles 

Aerosol panicles generated by the atomizer were colloctcd in a vertical 

settling chamber of dimensions 60 cm x 60 cm x 60 cm. The top of the chamber was 

kepl open and the ultrasonic atomizer was centra11y positioned 60 cm from the bottom 

of the chambet, as shown in Figure I. 

To minimize the airflow in the vicinity of the experiments, the entire system 

was placed inside a closed wind tuMel. Prior to the beginning of each experiment, a 

fan was operated to gcnera1c airflow with a velocity of approximately 50 fprn for 15 

minutes to purge any aerosol from the wind tunnel. 

TI1c three connections at the top of the atomizer auached 10 1he liquid. air and 

power supplies. The Uquid flow was controlled using a Masterflex® USTM 

computerized drive pump (Cole-Panncr. Vernon Hill. lL). The calibra1ion for this 

pump is shown in Appendix B. The liquid flow rate was set at 1.84 ml/min with a 

standard deviation of 0.064 ml/min. Airflow was measured using a Ory Cal DC.Lite 

Primary flow meter (BIOS. DCL-M Rev. I.OS. Butler, NJ). Airflow was maintained 

at 2 1pm. The oscillator HF-power was set 10 the maximum . 



Particles smaJler than 5 µm diameter were not considered for measurement. 

The manufacturer's data for water indicate that particles below 5 ~tm account for only 

0.5% of total number and 0.001% of the total mass or particles generated by the 

atomizer. Because of the small contribution to both mass and count, and our i01erest 

in large s ized particles, particles smaller than 5 µ m \Vere not measured for our study. 

The settling lime of 15 minutes was selected to allow a 5 ~tm particle to fall 

60cm, the height of the-chamber. The time required for particle sen ling is a function 

of its sculing velocity. Settling velocity for 5 µin panicle was calculated using 

Equation 3. 

where 
Vrs 
JI 
g 
f)p 
Cc 
d, 

p,d! gCt 
V,s • ----

18µ 

• particle seuliog velocity 
= viscosity of air 
= gravitational aceclenuion 
• density of particle 
• Cunningham corre<:tion fac1or 
~ diameterofpanicle. 

(3) 

Tl1e experiment was co11ducted as fo llows. The atom ii.er was switched on 

first, and was followed by 1he air and liquid supplies. The liquid flow was run for ten 

seconds, as controlled by a timer. This run time was based on the generation of a 

sufficient number of particles without overloading 1he sampling s lides . 
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The s.euled panicles were collected on microscope slides coated witl1 2% 

Js.'YEBAR type Q solvent (NYE L,ubricaots Inc., New Bedford. MA). NYEBAR type­

Q solvent is an oil retardant that minimized the spread of droplets on lhc slides. The 

coated slides were dried for 24 hours to ev.:iporate the solvent. ·111e slides were 

covered with Alwninum foil to prevent contamination by airborne particles. Eigh1 

glass microscope slides were placed at the bottom of the chamber on a circ.ular 

sampling plane shown in figure 2. The lcx:alion of these sampling sljdcs was dccidf.-d 

as per Latin square sampling method (Feldman 1982). The circular plane are.a was 

divided into 8 concentric rings of equal area. The more the number of rings the less 

the radial variatio1~ ol particle density within each ring. In addition, sufliciem width 

of the ring is needed to place a microscopic slide. The maximum number of rings that 

can be fitted into a 60 cm diameter circuJar plane was 8. Division of this circle was 

then superimposed with 8 equal are.a sectors, resuhing in 64 equal area regions. A 

sector was randomly selected from each of these concentric rings, excluding sec.tors 

that were already selected. A slide was placed in the middle of each sek-c1cd se<:tor. 

TilUs, each ring was sampled ortce and each seetor was sampkd once and their 

combina1ion was random. Thus, the totaJ number of slides in each experiment was S. 

The slides were oriemed with the short axis along the radjus of the circle. To imprO\'C 

the precision ofres.ults. these tests were perfonncd three limes. 

2.2 Measureme11t of particle s ite distrib11tio11 

SJides were collected and analyzed on the same day using a Nikon Microphot· 

FXA microscope (2SOX) fitted with a c.a.mera arrangement. 11te carne.n1 fed pictures 
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lO a comp1ter. Spatial calibration was made using automatic image processing 

software. NJH Image (Research Services Branch, 2003), a.lld a stage micrometer. 

Twenty lieJds were selected randomly and examined along the centerline of each 

slide. 1·hc total number of particles from each experiment moged from 1377 to 2748. 

NT:i lrnage solhvare was used to analyze the pictures. images were-cnhanc.cd 

by using the density slice func1ion. The diameter o f each dror, i n the image field was 

then measured. Panicles touching edges were ignored in the analysis. 

Th: nattcncd diamctc,r of sampled particles was conv<..-ned to the acti.:al 

spherical drop diamclcr by using the measured spread factor for lnland·99 oil. 

Mcasurcrrent of spread fac1or is 1>resented 111 the next section. Data were aggregated 

for each cxpcrimen1 to dctcnninc the size distribu1ion generated by the atomi:tcr. 

2.3 1lfeasureme11t of tire spread factor 

Addilionul t<.'SIS were-conducted to determine the spread factor. Even with the. 

use of the oil s1>read retatda,11. droplets tended to naue.n on the glass slides due to 

i11tcrfacial forces. Therefore, the droplet diameter observed on the slide was greater 

than the diameter of the original airborne droplet The ratio of the apparent <rOplct 

diameter, d-0, as measured on a microscope slide., to the true diameter of a spherical 

drop, d,.. h defined as the spread factor, /J. 

P= d. 
", 

10 
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For these tests, droplets generated by the atomizer were collected on 

microscope slides coaied with NYEBAR type-Q so1ve.n1. Precautior\S were 1akcn to 

avoid overloading of pa_rticles. The side views of the drops were taken with a Wild 

Macro Scope fined with a camera (magnification 1 OOX-140X). The slides \Vere 

balanced on their edge and supported by a block in the viewing area of the Mac-ro 

Scope-. Photographs were taken of the J>articlcs that dCJ>OSited oear the sl idc's edge, 

and the stage micrometer was placed in the same focaJ plane as the drops for 

calibration. l11cse photographs were taken within a period of'two hours of sampling. 

Images of these drops were also analy-1.cd using NlH [magc son ware. The heigh 1, h, 

and flattened diamclcr. do. of1he drops were me.a.sured using the edge finding 

fml<:tioo. The spread factor, p, was calculated from ai1 equatioo given in OJan • 

Figuel'()a ( 1962). 

(5) 

A to1al of 41 drops were analytcd to dctcnninc. thc spread factor. 

To investigate the effect of time on the spread factor, the slides loaded with oil

drops were stored for 3 days under laboratory conditions and then reanalyzed. An 

investigation of the spread fac-tor on treated 2.0 Jtm pore size Nuclcporc® 

pol)·carbonate filters was also conducted . 
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3 RESULTS AND DISCUSSION 

J. J A 1ral)'!ie!i of tlle spread factor 

Figure 3 and Figure 4 reprcscn1 typic.al photographs or the side view of the oil 

droplets that collected on the NYEBAR treat(."() microscope slides and polycatbonate 

fihcrS, respectively. Height and nauened diameter of these drops were measured to 

get the spread factor. 

Spread factor for slides and fi llets 

The spread fuctor was measured lrom 41 airborne pa.niclcs whh siics from 25 

to 120 µm for both slides and filters. The mean value of the spread (actor for lnland• 

99 vac,uum pump oil drops collected on NYEBAR type Q solvent treated microscope 

slides was 1.31 with a standard deviation of 0.027. The-mean value for Nuclepore® 

polycarbonate filters was 1.31 with a standard deviation of 0.030. A Hest indicated 

that the spread factor did not vary with the sample collection medla (p = 0.83). 

Other research indicates this spre.ad fac1or is likely to be lhe same for particles 

smaller than whal we could measure. Liu and t>ui ( 1982) fou11d no apparent ,.,ariatio,, 

in spread fac1ors for 2 to 50 µrn oleic acid droplets (surface tension = 32.3 dyne/cm) 

collect<.-d on microscope slides using a similar fluorocarbon oleo phobic surfac1ant. 

Carlton and Flynn ( 1997) found a oonslant spread factor (1.34) for 3-1 ? µm com oil 



droplets (surface tension - 32.S dyne/cm) collected on polycarhonale filters tre:tted 

with Nyehar type K oil spread retardant For diameters largc.r than 17 µm. he assumed 

a constant spread factor because he measured 1.35 value for 400 µm particle. 

Therefore, the spread factor for paniclcs smaller than 25 µm for lnland.99 v1cuum 

pump o il was also assumed to be 1.31. 

Variation of spread factor with time 

The mean value of spread factor for slides that had been stored for 3 days '"'as 

1.34 wtm a stanctaro deviation oro.021. A t~tcst was performed 10 dctcnninc i f the 

mean value had changed over time. ·111e test confinned that the means were 

statistically diO"erent (p < 0.001 ). but the difference was small about 2.3% . 

Relationship between particle diameter and spread factor 

To invcstigalc the relationship between the spherical diameter or droplets and 

the spread factor, regression models were developed. These tests were performed to 

see whether the spread factor was con.st am over a range of25 • 120 ~lm. The data were 

aoalyted using the statistic.al package SAS (SAS Institute lnc., Cary, NC). The 

regression line plots are shown in Figures 5, 6 and 7. Figure 5 and Figure 6 represent 

!he spread factor da1a for the NYE BAR treated microscope slides and fi llers: 

respectively, which were analy·ted 1he same day as sampling. figure 7 represents the 

spread fa<:1or da1a fo r l\rvEBAR created microscope slides thal were ana1yad 3 days 

a Iler the s1mpling. In all throe cases. the slopes of the lines., fl,, at a 5% confidence 

level were not signilicamJy different from zero. These statistical tests indicate that the 
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spread fac-tor was not a function of particle size for our test raoge. The resulls are 

sununarii ed in Table 2. 

J.2 A mzlyses of particle sl:.e disrrib11tio11 

Figure S rcprt.';!:ients a lypical photograph of the vacuum pump oil droplets lhat 

(:ollccu .. -don the NVEBAR lr'eated. m icros:COJ)C slidc-s. Oat3 from thesC' imtgC'-S were 

aggrcgatfd for each of the three experimental runs to generate cumulative count size 

distributions. 

Dilla for the throe experimental runs were plotted on a log- probability plot, 

shown in Figure 9. Data for water aerosol as obtained from the manufac11Jrcr's 

manual was also included in the same graph. from the graph, it appears eac.h set of 

data approximates a lognonnal dis1ribu1io11. 

The count mean diameter, count median diameter (CMD), geometric mean 

diameter (GMO) and geometric standard devia1ion (GSO) were calculated. Similarly, 

the GSD was also detennined from the graph by using the following relationship: 

84. I 3%diametcr 500/odiameler 
(J = = 

• 50% diameter 1 S.87%diameter 
(6) 

From Table 3, il appears that the differences between die calcula1ed GSD 

values and 1hose oblaincd from the above relalionship arc less than 7%. Similarly. the 
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diffcrc:nccs l,etwcen CMD and GMO values are Jess than 7%, which indic:ate that the 

data approximate lognormal distributioos. 

Using Equation 2, the theoretical mean diameter for lnland·99 vacuum pump 

oil aerosol was calculated as 23.16 µm. The :we.rage of count mean diameter from 

three experimental nms was 2.S.12 µm wi1h a standard deviation or 5. 11 µm. Thus the 

experimental mean value was higher than lhat calculated using Equatioa 2. The 

difference may be due 10 variation in lhrceexpcri.mental ru.ns or the equation used is 

not directly applicable to the Lcchlcr's atomizer. 

The variation in count median diameters for the three experimental runs may 

be auributed to the liquid now variation a1:d atomizer stan u1> variability. The small 

variability associated with the liquid pump operation, as evidence.'() by 1hc. s1andard 

deviation of0.064 ml/min. can alTC<::l thc liquid Oow ra1c. Variation of the particle 

s ize-dis1ribu1ion wi1h liquid now was no1 investigated. The aerosol was sampled 

immediately after the atomizer was mmed on, and the run time was very short, i.e .• 10 

seconds. Any sputtering of the atomizer during the start up could have alTectf.-d the 

particle size distribution. More " 'Ork is nettled to address 1his issue. When the irnag.es 

were analy1.ed, particles touching edges were neglected. The probability of large size 

particles being ncglec1cd is more as compared to small particles. This may cause a 

bias in size distributio11 . 
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4 CONCLUSIONS 

T:le particle size distril:m1ion of vacuum pump oil aerosol genera.led by 

Lechlcr's ultrasonic atomizer was measured using a gravitational techllique. The 

ipre:id f~ tor w11s t•sed 10 c(mvert the mr.~s:ured d iameter of flattened droplets into 

airborne spherical diameter. The me3Jl value of the spread factor for lnlar.d-99 

vacuum pump oil drops collected on both NYEBAR 1ypc Q solvent tre3t«i 

microscope slides and filters was 1.31. The spread fac,tor was constant for particle 

diameters ranging from 25 µm 10 120 µm. A sig.nifica,u increase of the sr,,read factor 

was found when the samples were stored for 3 days relative to those analyzed the 

s.ame day. 

The particle size d islribution of lnland-99 vacuum pump oil aerosol generated 

by Lcehler's US-I atomizer approxirnates a lognormal distribution. The mean value 

of the CMD was 22.8.8 µm with a standard deviation of 5.86 ilm. Similarly, the mean 

of the GSO was 1.66 with a standard deviation of O. IS. 

F11rther study is rlooded 10 minimize the variation between experiments. 

Future work should include the investigation of the atomizer slan up issue and the 

enec.ts of the liquid and the air now rates on the particle size distribution . 



5 REFERENCES 

ACCIH, 2002. ThrRsliold Limit Values/or Clu::mical Subsumces a11d /'Jiy1ical Agents 
& Biological Exposure l11dices, ACGJH, Cincinnati. (2002). 

Daroo, P. A., and Willeke, K. (2001). Aerosol Me,,surement Prf11ciples. Teclmlq11C$ 
mtd App/;c(l[fo11s. Jolm Wiley & Sons. lnc. New York, p.231. 469-472. 

Carltont G. N .. and Flyim M. R. (1997). Influence of spray painling parameters on 
breathing zone pa11icle size dislributions. Applied OtX1tJX1lio11al and 
Er1virom11e11tal Hygiene. 12( l I) : 744-750. 

Feldman, H. A. Econom)' in sampling. Presented ,n the conference on the Problems 
of Modemi1.atio11 and Occupational HeaJth, Shanghai, July, 1982. 

Hinds, W. C. (1999). Aerosol Tec/1110/ogy, Properties. Behavior. Aird Measurement of 
Airbonre Portie/es. John Wiley & Sons, Inc. New York, p.432. 

Lefebvre, A.H. (1989). Atomi.zati<m mu/ sprays. Hcrnisphetc. New Yotk,p.266. 

Liu, B. Y. H., and Puj, O. Y. H. ( 1982). Drop size measuremen1 of liquid aerosols. 
Atm osp}l(;'ric En"ironm(mt . 16(3): 563-567 . 

Mc.'f'CCr, 1. T. (1973). Aerosol Technology hi Haw rd Evohmlio11. Aeader:nic pre$$. 
N~w York, p.347. 

Ohm-Fig11croo. E., McFarland, A. R.. and Oniz. C. A. (1982). Flaucningeocfficienls 
f<.»" DOP and olcic acid droplets deposited on 1rea1ed glass slides. American 
lntl11s1rial Hygiene A,f,·sociatitm Journal. 43(6): 395-399. 

Research Services Branch, National Institute of Mental Health, National Institute of 
N-eurological Disorders and Stroke. http://rsb.info.nih.gov, (accessed April 02, 
2003), path: NIH lmage/ lmageJ. 

Tan. Y. (2000). The lmpact of trnn.sfcr efficiency on worker exposure during spray 
P*inting. Ph.D. thesis. University of North Caroli11a at Chapel Hill, Chapel 
Hill, NC. 

TI1omberg, J., Cooper, S. J., and Leith, L. (1999). Counting efficiency of :he API 
Aerosizcr. Joumal of Aerosol Science. 30:479-488. 

TPS Inc. Fluid pr<>duc1s. )111p://www.nuidm'Oducts.com, (accessed March 21, 2003), 
p~Lh: Noulc:;s!Ultrasonic Noz.:cles . 

17 



Tsai, C. J., Chcio. H. M., Chang, S. T., and Kuo, J. Y. (1997). Pcrfonuru1c:e 
evaluation of an API Acrosb~ci"'1• Jmm1t1/ of Aerosol Science. 29:839-853 . 

18 



 

Table I. Size distribution pammclcrs of aetosoli.zed water for Lechler's atomizer 

UJtrasonic Opcrnti11g Count median Geometric Mean diameter (µm) 
atomizer frequency diame1er (µm) stanchml 

(kHz) devia1ion 
Manufoctuter' Mam1facturer's Manufacturer's Eq (2) 

s data data data 

US I -T)pC LOO 24.35 L.62 25.62 28.37 
710.070. 16.50 

Table 2. 51a1is1ical analysis results for regression between spread factor ru1d droplet 
diameter: Spread Factor = Po+ Di• Diameter 

Case# ~. p-valuc R 

Slides analytcd same day 0.000300 0.1009 0.067l 
F:hers analyzed same day 0.000075 0.7205 0.003) 

Sliclcs analyzed after 3 days 0.000370 0.0872 0.0731 

Table 3. Size distribulion parameters of the aerosol produced by the ultrasonic 
atomizer. 

CMD, Glv!D, d, GSD. " • GSD, o, 
dso ~un (From i:,aehl (from 

µm (from dy.,/ <4..1,I Avg (ds.i.1,t calculati 
colculotion) d 1,M1 d ,o d1s.81) ,o,,) 

Experim,;,nt 1 29.03 27.73 l.58 l.40 1.49 l.49 1.59 

Experim>!nt 2 22.26 21.21 l.79 l.60 l.70 1.69 l.73 

Experiment 3 17.36 17. 13 l.83 1.74 1.79 1.78 1.78 
Manufaaurcr's 24.35 22.82 1.68 I.SJ 1.61 1.60 1.67 
data W3\CT 
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figure l . Schematic view of the experimental apparatus . 
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Figure-2. L.atin square sampling plane 
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1 ou"microns 

Figure 3. Side view of lhc-oil drops collected on microscoJ>e slides viewed with Wi Id 
M3cro Scope . 

100 microns 

Figure 4. Side views of the oil drops collcc.ted on polycarbonate fi lters viewed with 
Wild Macro Scope . 
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Figure 6. Regression line for spread factor of lnland-99 oil drops colleclcd on 
polycatbonate fillers. 
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Figure 8. Oil droplets collected on treated microscope glass slides viewed with Nikon 
Microphot-FXA microscope 
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6 APPENDIX A: PRINCIPLE.S OF ULTRASONIC ATOMIZER 

The following paragraph., wr:iuen by Lothar Bendig of LecMe.r, GmbH, briefly 

describes the principles of ultrasonic atomizers (TPS Inc., 2003). 

'"The atomization of liquirls with Lechle(s ultrasonic nozzles is based on the effect of 

producing capillary waves on the surface of a liquid on a vibrating surface. Contrary 

to gravitational waves., lik¢ in the oceans where gravity causes the restoring forces, in 

capillary waves the surfac~ tension of the liquid is responsible for the development of 

waves. These SJ>ecial waves O(.CUr in the range of a small wavelength and a high 

frequency. l11at is why the surface tension has a s ignifican1 innucncc. on the 

atomization characteristic of ultrasonic 1101.1.les. During a1Ctl'li2a1ion. capillary waves 

arc transformed into dropl:ts by increasing the amplitude u11til the peak of the wave is 

cut into a droplet Each o f these droplets then becomes pan of the spray. Since the 

wavelength is a funct ion of vibra1ion frequency. the droplc:; size is de1em1incd by the 

frequency, whjch means tl1at a high vibration frequency of the ultrasonic nozzle leads 

to fine droplcls and a low ;TC(Jucucy results in coarser droplets. The atomization 

process has a limited efficiency. which depends mainly on the viscosity of the liquid'' . 
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7 APPENDIX B: CALIBRATION CURVE FOR LIQUID PUMP 

The. Master-Ocxf> us TM computerized drive pump manufactured by Cole-Parmer was 

used to s upply lhc li<1uid to the atomizer. Tygon fuel Md lubricant tube of size 14 was 

used fo r liquid discharge. The calibration of the pu.rnp was done us ing a graduated 

cylinder and a balance (Mettler PM34-K DcllaRange~. The calibrotion curve is 

shown in the figure below. 
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20 30 40 
Frequenc;y (RPM) 

Figure 10. Calibration curve for liquid pump 

. 

50 80 

After perfom1ing a regression aoaJysis, lhe equation of Lhc caJibration curve was, 

Flowra1e = 0.1477 • frequency +0.5844. R' " 0.995 

While conducting the experiments. the speed of ro1a1ion of the pump was 9.78 RPM, 

which co,rresponded 10 2.03 mVmin accordinS to the calibration curve. As this value 

of rotatioo was a l the lower end of calibration curve. five sets of me.asu:rcmenls al the 

speed of9.78 RPM were pcrfom1cd. TI1c mean value 1.84 mVmin with a standard 

deviatio11J of0.064 mVrnin . 
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8 APPENDIX C: SPREAD FACTOR DATA 

SlidM analyzed s.ame <my Slides anstyzed after 3 days Fittc,s analyzed same day 

di Sph7ical Spread tae1or 
Spherical Sl)fead factor Spherical Sprnad 

ame er, ~lm diameter, µm diameter, i,m tae101 

101.68 1.32 62.21 1.35 67.48 1.32 

53.92 1.31 46.29 1.36 29.21 1.30 
57.68 1.33 37.93 1,31 46.33 1.31 

59.94 1.31 28.83 1.33 49.32 1.28 
42.49 1.35 33.38 1,37 37.26 1.29 
50.83 1.32 26.56 1.37 64.46 1.34 
53.87 1.3 1 34.90 1.31 69.49 1.35 
49.37 1.28 29.59 1.36 63.47 1,32 
28.08 1.29 50.83 1.32 25.18 1.31 
43.25 1.28 42.49 1.35 64.46 1.34 
27.40 1.26 33.38 1.37 36.29 1.33 
40.90 1.30 22.00 1.30 55.41 1.33 
50.85 1.32 39.45 1.36 29.2 1 1.30 
27.32 1.26 41.73 1.33 27.12 1.31 
55.39 1.33 25.80 1.33 75.52 1.38 
69.49 1.35 32.63 1.35 68.50 1.33 
73.53 1.28 34.14 1.29 32.23 ·1.26 

50.38 1.31 31 .13 1.29 93.7 1 1.33 
33.24 1.30 35.66 1.34 77.66 1.34 
73.52 1.35 41.73 1.33 63.59 1.32 
54.39 1.31 45.54 1.34 68.50 1.33 
62.45 1.30 51.60 1.33 90.66 1.29 
70.51 1.30 56.89 1.38 75.54 1.31 
33.24 1.30 36.43 1.37 66.54 1.30 
59.42 1.32 78.90 1.36 118.88 1.32 
46,35 1.32 50.07 1.37 95.69 1.30 
58.43 1.30 79.66 1.37 112.8 1 t.26 
55.39 1.33 62.21 1.35 79.58 1.31 
4029 1.26 68.28 1.34 80.57 1.32 
45.33 1.29 77.38 1.38 69.49 1.35 
92.64 1.37 61.47 \ .34 56.40 1.26 
44.34 1.26 73.61 1.32 77.57 1.28 
70.51 1.37 91.81 1.31 33.39 1.29 
77.55 1.28 79.66 1.37 102,74 1.28 
85.67 1.33 7$.1 1 1.35 89.64 1.27 
95.87 1.30 53.88 1.31 77.55 1.28 
62.52 1.30 45,53 1,34 52-37 1.26 

113.86 1.27 9 7.1 1 1.38 63.47 1.32 
108.79 1,31 77.39 1.33 60.43 1.34 
99.71 1.30 37.95 1.31 82.60 1.29 
121.92 1.31 46.28 128 51.36 1.24 
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9 APPENDIX 0: ST ATISTICAL ANALYSIS FOR SPREAD FACTOR 

Compariso,i of spread fat·:or between slides a11djilters 

t•Test: Two-Sampfe Assuming Equal variances 

Vatiablo 1 vatrable 2 

Mean 
Varlanoe 

1.306357 1.307737 
0.000766 0.00092 

Observations 41 41 
POO:ed vartanoe 0.000843 
Hypothesized Mean Difference 0 
df 80 
t Stat -0.21527 
P(T<=t)one-tail 0.415054 
t Critical onc,..tail 1.664125 
P(T<=t) two•tall 0.630107 
t Critical two-tail 1.990065 

Vori111io11 of spread factor will, time 

t-T&St: Two-Sample A$$umln9 Equal Variances 

Variable 1 variable 2 
Mean 
varianc:c 
Obse<vation.s 
Pooled Variance 
Hypothesized Mean Difference 
df 
I Stat 
P(T <=t) onc.1ail 

1 Critical one-tail 
P(T <=t) two-tail 
1 Critical two-tail 

1.aooa~1 1.34110s 
0.000766 0.000715 

41 

0.000741 
0 

80 
·S.78126 
6.87E·08 
1.664125 
1.37E-07 
1.990065 
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Re fa,ion$l:lp between porriclc diameter anti spread fiu:tor 

Slide Spre:ul Factor - Same day tma/)'sis 

Sourc~ 
p 

¥.odel 
0 . i.009 ~rror 
con·•cted Total 

variable 

Intercept 
Oiamete!' 

OF 

l 
l 

The R£G Procedure 
Model: MOOSL1 

Ocper.dcnt Variable: SpreadFactor 

AnalysiA ot varianeo 

OF 
St.~ ot 
Square& P value Pr > 

l 

40 

0 . 00201 0.00207 2.82 
39 0.02858 0 . 00073.181 

0 . 0306S 

Root >ese 
Dependent kean 
C'oe!! var 

P;,'U'.;)ffi8tOr 

8sti1Mite 

1 . 28862 
0 . 000297S4 

0 . 02101 
1,)0707 
2 ,07108 

Para:eter Estimates 

Standard 
Error t. Value 

0 . 01111 109 . S2 
0.0001?707 l.68 

Q. 0675 
0,0436 

Pr ' I< I 
(.0001 
0.1009 

Filter Spuad Fac1q,- -Sg111e da y g11p_l'};W, 

Source 

• 
Kodel 
o . nos t:ror 
Conected Total 

~ 1e RF.O ?r occd\lre 
Model : MOOBLl 

Dependent var1ablei SpreadFaetor 

Sumo! Mt:ar. 
OF Square• Square P val\!e Pr > 

l 0 , 00011967 ,. 
•• 0.0360S 

Rooi. MS~ 
Dependent t-:ean 
Coe!! var 

0. 00011967 0.13 
0.0)593 0.00092126 

0.0)0)5 
1 .30707 
2.)l2 1S 

R-Square 
Adj R•SQ 

). 00)3 
• ),0222 

Parameter Satimates 

31 

• 



Variable 

Intercept 
Di .:amcter 

OF 

l 
l 

Parameter 
Rstimote 

1 , )0118 
0 . 0000?11?0 

Standard 
Error 

o.01437 
0 . 0 0020 1:p 

90 . '1 
0 . 36 

Pr > l tl 

<. 0001 
0. ?205 

Slitle Spread F(lC(()r - a(jer 3 davs gnalv.~i ... 

So-urcc 
> F 

MO<!el 
0 . 0872 

t:rror 
Corrected Tot .:al 

Variable DP 

Intercept l 
Diameter l 

The REG Procedure 
Model: MODOC:1..1. 

Ottprmrl,_n~ varhbl e: SpreadFaetor 

Sum ot 
OF Sqv.1' res F Value " 

l 0.0 0214 0 . 0021•1 l , 08 

39 C+.0271S 0,00069627 

•• C+ . 02930 

Root ~S8 
Dependertt ,..an 
Cocff Var 

Panmcter 
Bat 1ll'lclte 

l.JiH6 
0.00037080 

0 . 02'39 
l, 34024 
1 . 91:i881 

R- Squ.sre 
Adj R• Sq 

Parameter Estimates 

su1.ndord 
&rror t Va lue 

0 , 01141 JtS . 17 
0.00021135 1 ,75 
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0 . 0494 

Pr > l<I 

< . 0001 
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