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THERESA RENEE ANTHONY. Factors that Affect the Size Distribution of

Nebul i zed Fl ui d.

Abstr act

Atest nebulizer was developed to evaluate the effect of altering nebulizer geometry
and flow conditions upon the size distribution of the droplets produced. An Andersen
| moactor was used to collect the dried residual particles of a methylene blue dye and
sodi um bi carbonate sol ution. Residual particle mass was determned by colorinetric
anal ysis in a spectrophotoneter. Droplet size distributions were calculated fromthe
amount of methylene bl ue dye collected on each impactor stage, the cut sizes of the
Andersen impactor, the nebulized solution's concentration, and the residual particles
density. The effects of air velocity, liquid velocity, air nozzle diameter, and nebulizer
baffle position on droplet size distribution were evaluated. Linear regression was used
to develop an enpirical relationship between key parameters and the mass nedian
droplet diameter, do, as well as djg and dgd. The model indicates that the median
diameter increases from9 to 22 /*mwith decreased kinetic energy loss, decreased air

nozzle exit area and, surprisingly, decreased distance separating the baffle and air

nozzl e.
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Li st of nonencl at ure

Aflowarea of upstreamatomzing airstream m
e concentration of the nebulized solution, g/cc
di6 16%of droplets are |ess than this diameter, "m
d50 median droplet diameter, as formed, "m

dg4 84%of droplets are [ess than this dianeter, /xm
da aerodynamc dianeter of the dried droplet, *m
dd droplet diameter, "m

dp diameter of the dry particle, ;nm

Da air nozzle dianeter, cm

O liquid nozzle dianeter, cm

Drean nean particle dianeter of aerosol, /*m as used by Nukiyama and Tanasawa
and by Wgg,

h height of air annulus, cm

L distance between air nozzle face and the liquid nozzle centerline, cm
WD mass nedian diameter of aerosol, /"m as used by Kimand Mrshal
Q air flowrate, L/sec

Q liquid flowrate, L/sec

Pa air density, g/cc

p| density of nebulized liquid, g/cc

pp density of the dry residual particle, g/cc
Pl liquid density (gl/cc)
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LI ST OF NOVENCLATURE, CONTI NUED

ffg geonetric standard deviation

ffj liquid surface tension (dyne/cm

AL dynamc liquid viscosity (poise)

V Iiquid kinemtic viscosity, centistoke

Vg air velocity leaving the air nozzle, msec

V] liquid velocity leaving the liquid nozzle, nfsec
V] relative velocity, nfsec

W air mass flowrate, g/sec

W liquid mass rate, g/sec

X di stance between air nozzle face and the baffle, cm

y radius of jet at distance x fromnozzle, cm
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Factors that affect the Size Distribution of Nebulized

Fl ui d

backgr ound

a nebulizer is a droplet generator that draws liquid froma reservoir through an
orifice due to a lowpressure region created by high-velocity air. Nebulizers are used
in medical and scientific research to generate msts froma bulk solution. The Laskin
CoUi son, DeVilbiss, Wight, Retec, and Lovelace nebulizers are most widely used.
However, [ittle information is available on the size distribution of the droplets
nebulizers generate. Liquid paraneters, such as viscosity, density, and surface tension,
influence the droplet size distribution (Lefebvre, 1980). In many applications, these
fluid parameters are fixed because aerosolization of a specific fluid is required.
Furthermore, the air flow rate through nebulizers for inhalation therapy nust remain
withinacertain range to provide optimmpatient benefit. Wth the fluid
characteristics and the flow fixed, there is no convenient vay to adjust nebulizers to

alter the size distribution of the aerosol produced

Nukyi ama and Tanasawa (1939), Gretzinger and Marshall (1961), Wgg (1964),
Kimand Mrshall (1971), MiUnger and Chigier (1974), Yang and Chin (1990), and
others have eval uated other types of aerosol generators to determne the relationship
between atom zer dinensions and the mean droplet diameter aerosolized. Air-blast

atomzers, also called pneunatic nozzles or twin-fluid atomzers, are used extensively
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In the combustion industry. The most basic aerosolizer of this type is the plain-jet
atom zer, which has separately controlled liquid and air flows through concentric
nozzles. The liquid streamis shattered by its interaction with a high-speed gas stream
Several different nozzle configurations including prefilmers, internal mxing chambers,
and concentric double air nozzles have heen devel oped to achieve optimally sized fue
droplets for the conbustion industry. Nukiyama and Tanasawa (1938), Wgqg (1964),
and Kimand Marshal | (1971) have devel oped nodel s to estimate the average droplet

size generated by this nebulizer type. Lefebvre (1980) has summarized these and ot her

nodel s.

Nuki yama and Tanasawa:
Dean= (585/Vr)*(<rifpi)0-5 + 597011/ (a i*p j) 0-5] 0.45*(i000Q Q" 1.5 (1)
W gg:
Drean= 200% ("' ) AWO0. L(H W/ V&) 0-5hQ-1 (1 {2 Al [p 20-AV M (2)
Ki m and Marshall:
MND=5. 36*10- 3 ai 0. 41%4] 0. 32) /[ (**V 12) 0.57a0.36 p ,0-16]  -f-
3. 44%10-3M 2/ (ffi*pj)] 0.17 *(wMW)nt(Vj)-0.54 (3)

whereme-1i f W/ W <3

nF0. 5i f W/ W >3

The units for the terms in these dinensional equations are given in the nonenclature
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These nodel's indicate that the average droplet diameter decreases by decreasing the
|Tquid surface tension (eri), decreasing the liquid viscosity (m, or increasing the liquid
density (pi). This dianeter also appears to be related to aratio of liquidtoair flows,

either volumetric or mass, raised to a power. The physical characteristics of the
atomzers do not appear to affect greatly the mean diameters, as only the height of the

annulus (h) and the flow area of the upstreamatomzing airstream(A) appear in these

nodel s.

Although concentric nozzle configurations are used widely in the conbustion
industry, nost nebulizers in medical and aerosol research applications have
perpendicular air and [iquid streans. This study was undertaken to eval uate the effects
of altering the air velocity, liquid velocity, air nozzle diameter, and baffle position of a
nebulizer with perpendicular air and |iquid streans on the size distribution of droplets
the nebul i zer produces. Since only one liquid solution was nebulized, the effects of

liquid density and surface tension were not eval uated

Appar at us

Figure 1 presents a schematic diagramof the nebulizer used here. The nebulizer
was conmprised of two fluid nozzles set perpendicular to each other. A baffle was
placed perpendicular to the axis of the air jet and downstreamof the [iquid injection
port to separate large droplets fromthe aerosol. This baffle vas either the wall of the

drying conpartnent or flat disk placed closer to the atomzation point
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Baffl e
Alr Nozzle

Li qui d Nozzle

Figure 1. Nebulizer Schematic
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Nozzl e diameters were based on the dinensions of a Laskin nebulizer as reported by
Drewet al. (1978). Three interchangabl e air nozzles were eval uated, the smallest

dianeter being roughly half and the largest being twice the diameter of the Laskin

nozzle, 0.089 cm The liquid nozzle diameter was fixed at 0.178 cm

The position of the air nozzle relative to the liquid nozzle was determned by jet
theory and experimentation. Theory states that the centerline velocity of ajet is 98%
of the velocity at the jet face when L=4.44Da (Baturin, 1974). Here, the L/D" was
hel d constant so that with changing nozzles simlar dynamcs were ensured for each
nozzle; thus, the L dimension was changed as different nozzle diameters were
evaluated. The resulting L/D" values for the small, base, and |arge nozzles were 3.47
3.57, and 3.57, respectively. The centerline velocities at these distances were
essential [y the sane as the jet velocity as it exited the nozzle. Since velocity, and
hence kinetic energy, of ajet is maximmat its centerling, the two nozzles were

aligned so that the air nozzle centerline would lie flush with the tip of the [iquid nozzle

Flat circular disks were used as baffles and were set at distances fromthe air nozzle
of ten and twenty tines the air nozzle dianeter, x=10Da and x=20Da. The val ue of
x=10Da was taken as a reasonable upper limt for the distance between an inpaction
jet and target according to Mercer (1973), whereas the value of x=20Da represents a
val ue beyond this lint, for which the effect of inpaction should dininish. The

diameters of the baffles were based onjet theory. The radial distance (y) that the jet of
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air spreads as it leaves the orifice is given by y/Da=2.2 for x=10Da and y/Da=4.5 for
x=20Da (Baturin, 1974). Here, baffle radius was set to a mninumof twice the jet

radius. Table 1 provides the x/Da and baffle radius values used for this study. In

addition, the effect of no baffle was determned. In this case, the distance between the

nozzle face and the closest perpendicular surface was 12 cm the distance to the wall of

the drying chamber

Table 1
Baffl e Design
Da (cm x/ Da radius (cm
0. 046 10 0.244
20 0.476
0.089 10 0.476
20 1. 746
0.178 10 1.746
20 1.746

The chanber volume was selected hased on estimted drying time of the aerosolized
droplets. According to Geen and Lane (1964), a 30 nmwater droplet will evaporate
in 19.2 seconds at 20*'C and 80%relative humdity, and according to Lefebvre (1980),
a 10 /tmoparticle wll evaporate in 1 second in 90%relative humdity. Since the
experiments in this study were conducted at tenperatures betveen 20 and 22°C and at
relative humdities between 12 and 46% drying times |ess than 19.2 seconds were
expected for the maxinmumadroplet size expected. For anair flowof 28.3 Lpmand a
chamber volune of 13.8 L, average residence tine was 29 seconds and should have

been sufficient to dry the droplets to particles
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Experi nent s

Table 2 summarizes the conditions under which tests were run. Seven conditions

were tested for each of the three baffle positions, with at [east one duplicate run for
each condition. Onl'y one of the three variables (D", V*, Vi) was varied in each run

while the other two were held at the base val ues. The values for the velocities were
established by deternining the operating ranges of the system Maximmair velocity
was set to the highest value possible through the smallest dianeter nozzle limted by a
maxi mum pressure of 15 psig through the system Mnimumair velocity was

determned by the |owest value through the largest nozzle that woul d nebulize the Iiquid

stream

Figure 2 shows the setup of the nebulizer and chanber. The nebulizer was
connected to conpressed air and the liquid fed to the apparatus using a syringe punp.

The nebulizer was contained entirely by the drying chanber with Tygon connections

pl unbed through the chamber walls.

The base liquid velocity was determned by the amount of liquid that was naturally
aspirated by the base nozzle at the base air flow This natural |iquid aspiration rate was
0.18 cc/sec; the corresponding Iiquid velocity was 0.052 misec. Velocity was then
decreased and increased by a factor of 2.7 to 2.8. Slower liquid flows could have been

achi eved since the [iquid was netered into the apparatus via a syringe punp.
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Vacuum
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Rotameter  Filter Ander sen
| npact or
Conpr essed
Air J
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Dryi ng Syringe Punp
Chanber
Make-Up Air
Inlets

Figure 2. Experinental Set-Up
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Table 2

Experimental Conditions for Each Baffle Position

Run Da (cm L (cm Va (m'sec) VM (nsec)

1 0.089 (Base) 0.318 (Base) 125 (Base) 0.052 (Base)
2 0.089 (Base) 0.318 (Base) 75 (Low) 0.052 (Base)
3 0.089 (Base) 0.318 (Base) 200 (H gh) 0.052 (Base)
4 0.089 (Base) 0.318 (Base) 125 (Base) 0.019 (Low)
5 0.089 (Base) 0.318 (Base) 125 (Base) 0.149 (H gh)
6 0.046 (Low) 0.159 (Low) 125 (Base) 0.052 (Base)
7 0.178 (Hgh) 0.635 (H gh) 125 (Base) 0.052 (Base)

However, the range of liquid flows used better represents the flow that woul d occur if
the nebulizer siphoned [iquid froma reservoir. The reservoir nethod of [iquid delivery
was not attempted because a known Iiquid flow was desired; further, the effect of
concentrating solution in the reservoir was avoided. Significant anounts of the [iquid
were not nebulized but rather ran down the side of the nozzle, primarily at the high
metering rates. The nebulized liquid was an aqueous solution of 14 g of sodium

bicarbonate and 1 g of methylene biue dye in 1000 nt of deionized water.

The nebul i zer was usually run for six mnutes; however, |onger aerosolization tinmes
were required with small [iquid flows, and shorter tines were necessary with [arge
liquid flows. After the aerosolization period, the liquid and air flows to the nebulizer

were stopped, but the flow through the inpactor continued for another six mnutes to
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purge the chanber of all residual particles. This allowed more than 12 air changes in

the chanber and was sufficient to collect all residual particles.

A seven stage Andersen inpactor was inverted and attached at the top of the
chanber; the inpactor fitted tightiy and was sealed to the chanber with clay to ensure
that all air entering the inpactor would come fromthe drying chanber. The plates
used in the inpactor were coated with approximately 0.8 nl of a 1:100 silicone grease
in hexane solution to reduce particle bounce. Used plates were removed fromthe
impactor, placed in petri dishes, and washed with a known volume of deionized water
to dissolve the methylene blue particles. The solution was analyzed with a
G | ford/ Beckman spectrophotoneter at 660 nm Froma calibration curve, the
concentration was related to the absorbance (concentration=0.079*absor bance,

R2=0.998) and used to deternine the mass of particles on each plate

To determne the droplet size distribution, an analysis of dried particles was
performed simlar to the method of Gretzinger and Marshall (1961). The dianeters of
residual particles collected on the inmpactor were defined by the cut dianeters of each

stage. Then, with know edge of the concentration of the nebulized sol ution and the

density of the residual particles, the size of the generated droplets was determ ned using

(Mercer etal., 1968):

dd=da [c]-i/3[ppl-1/6 (4)

10
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These cal cul ations assune the collected particles were solid spheres. The flow of 28.3

Lpmwas drawn through the inpactor by vacuum Since the air flows through the
nebulizer were between 1.2 and 18.6 Lpm two 1 cmholes were drilled in the chamber

to provide make-up air to the system

Cumul ative size distribution curves for the generated droplets were used to

determne the mass nedian diameter (650); d*g and d84 were used to analyze the spread

of the distributions.

Resul t s

Table 3 summarizes the di5, dso, and d84 values for each run. Figure 3 provides
the cumulative size distribution for the Run 1 condition (Base D", Base Va, Base Vi) at

a baffle position of [0D", representative of the tests performed

Di scussi on

Terms of interest in evaluating the size distributions included those fromEgs. (1-3)
The 10ss of kinetic energy, a function of YAKI+W/W, appears in several equations
for the nean and nedian droplet diameter (Wgg, 1964). As kinetic energy increases
more energy is available to break the liquid into droplets; hence, one would predict
smal ler droplets with more kinetic energy. The \eber nunber, a dimensionl ess

paraneter (Ve=Pa \Vj2 d" /ai, with Wf=relative velocity and 6"= dropet diameter)

11
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Baffle

None:

at 20Da

at 100"

The duplicate run for this condition was an outlier and was not used.

Run

()] A w0 N N~ o o~ W N

N ow N

(o2}

Table 3

Experimental Results

di6 anm

7, 5.5,
6.2, 6.2

28.5, 9.4, 9
4.7, 3.7, 4.6
5.9, 5.6, 8
5.8, 6, 6.2
9.5 10
5.4,5.4

7.9%

7, 1.5
5.8,5.8
5.3,5.2

7,5.9
11, 11.2
4.6, 4.4

12, 9.5
12, 13.5
8, 6.2, 6.2
11, 12, 12
9.8, 9, 7.5

11.5, 11.5, 11.5

6.5 7

12

dso (jim

12.5, 10.5
12,12

17, 16, 17.5
10, 7.5, 9
12, 11.5, 14
10.5, 12, 12
15.5, 16.5
9.4, 9.4

15.5*
15, 17
14.5, 14.5
16, 13.5
17.5, 16
17.5, 18
9, 9

20, 17
19, 19
19, 12, 14
22, 22.5, 20.5
16, 14.5, 14.5
18, 17, 18.5
14, 14

ds4(/*n

20.5, 16.5
19, 19

23, 23, 18
18.5, 15.5, 18
20, 16.5, 25
14.5, 16.5, 16
23,24
14.5, 14.5

24. 5%
24,25
22,22
36, 26
29,31
24.5, 25.5
19, 18

35, 27
28, 27
40, 18, 24
46, 42, 36
25, 21.5, 22
28, 25, 25
20, 21.5
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Figure 3: Replicate Experiment for Cumulative Size Distribution for the Base D', Base
Va, Base V Condition at Baffle Position at | OD"
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relates the droplet diameter to velocity squared. Wth the nebulizer, the relevant
velocity is that of the air, so dso was evaluated as a function of VA", Another
paraneter eval uated was obtained frominpaction theory, which suggests that
d50=f (E)"a' " Q)" "- Additional parameters evaluated include the ratio of nozzle
dianeters (D'/Dj), the ratio of baffle distance to air nozzle dianeter (x/D"), and the

mass flowratio (W/\W).
Thus, the following values were hypothesi zed to affect dso and were investigated:

dso = f[(Va2/ (I+W/W, -2, (D"3/Q)0.5* DD, x/D', WIW, @, Q]

Medi an Di anet er

Since the same fluid was used throughout this study, the effects of fluid properties
such as viscosity, density, and surface tension were not considered. Furthermore, the

liquid nozzle dianeter was fixed at 0.178 cmthroughout the study, so that the DM D

term depended only on D"

Linear regression was used to devel op a relationship between the paraneters studied
and the nedian droplet diameter. Both l[inear and exponential nodels were
investigated. The ternms that had the best agreement between neasured and estinated

ds0 included the kinetic energy loss term (Va'/[1+"i /W), the air nozzle diameter

14
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and the baffle position term(x/DJ.  Optimzation of this nodel was perforned to

determne the exponents for these terms that maximzed r2. The best equation vas:

050=(17. 3+0. 7)- (47. 8+7. 6) [ Va2l (1 +W | V&)] A7 -(132+33) Da2+(54+6. 4) (Dalx)
R2"j =0. 742 (5)

wth d50 in/xm VMinmsec, D" and x incm

Figure 4 is a plot of expected versus measured dso- The ranges of values for terms
inthis nodel are in Table 4. The equation states that the mass nmedian dianmeter of
generated droplets is a function of the loss of kinetic energy to the 0.5 power, the area

of the air nozzle, and the inverse of the distance between the baffle and the nozzle.

Tabl e 4
Range of Values in dso Model

Term 47.8{Va2/ (1 +W/\&)}0-5 132072 54( Dal x)
Range investi gat ed
inthis study: 0.33-1.16 0.28-4.17 0.2-5.4

The first termstates that as nore enerqy is available the liquidis broken up into
smaller droplets. This termhas a mniml affect on the dso in that its magnitude and
spread of its contribution is relatively small, as seen in Table 4. Wod reported that
the mean aerosol diameter was related to the square root of (1+W/Wa)/Va2

(unpublished research, quoted by Wgg, 1964), as was found here.

15
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Figure 4. Estimated versus Measured dso
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Gretzinger and Marshal | (1961), Wgg (1964), and Caire (1954) have found that the
nozzle diameter does not greatly affect the size of the droplets generated by air-hlast
atomzers. In contrast, MuUinger and Chigier (1974) stated that increasing Da results
inanincrease in spray size. However, this study found that the particle diameter
decreased with increasing D'. The variability in the contribution by this termis greater

than that of the kinetic energy term

The effect of baffle positionis counter-intuitive. One would expect the baffle to
remove the larger droplets while the smaller droplets woul d pass the baffle unaffected
thus, one would expect d*Qto decrease as x decreased. However, liquid collected by
the baffle flowed to its outer edges where the [iquid may have been re-entrained or re-
atomzed. The closer the baffle, the more pronounced this effect. Thus, the smallest
d50 val ues were achieved when re-atomzation and re-entrainnent were |east, nanely

when the baffle was the farthest away. Results might have been different if the baffle

had a different shape.
Spread of the Distribution

The cunul ative size distributions were not |og-normally distributed. Wen plotted
on | og-probability paper, the cunulative distributions appeared to have two |inear
portions (Figure 3). Agreater slope was found for the smaller particles indicating a

smal | er geonetric standard deviation, and a smaller slope was found for |arger particles

indicating a |arger geonetric standard deviation,

17
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To address the spread of the distribution, d*g and d84 were evaluated as a function
of dso- First-order power functions were fit to the data to develop equations for dg

and d84:
dl 6=0. 534*d50 «”"g) Lower =1. 88 (6)

d84=1. 62 *d50 <”g) Upper= 1-62 (7)
Figures 5 and 6 are plots of expected versus measured d*y and d84

Mercer et al. (1969) state that the geonetric standard deviation of a nebulized
aerosol has little variation. The best correlation between the experinental conditions
and di6 or d84 was hetween these diameters and the median dianmeter, d5o. Like
Mercer et al., this study found Iittle variability in the dispersion of droplets produced

by atomi zati on.
CONCLUSI ONS

The study reveal ed that decreasing the diameter of a droplet produced by a nebulizer
can be acconplished by increasing the kinetic energy of the system increasing the air
nozzle diameter, or noving a flat baffle further away fromthe point of aeroso
generation. The nebulizer was capabl e of producing droplets with mass median

diameters ranging from9 to 22 urn without altering the liquid nebulized

The work reported here is relevant to nozzle sizes and fluid flows appropriate for

smal | nebulizers and can be useful for nedical work, aerosol research, and ot her

18
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applications where small droplets nust be produced. The flow dynamics of an
encl osed nebul i zer would be different than the open systemevaluated in this study, and
the effect of the parameters evaluated here mght be different.

Additional work shoul d be undertaken to eval uate the effect of baffles with different

shapes, for exanple spheres, cones, or tear-drop shapes. The flat circular baffle tested
inthis study created a source for generation of larger droplets at the edges that mght

be elinminated by using a baffle of a different shape
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Appendi x

Cumul ative Size Distribution Curves
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Appendi x

Cunmul ative Size DI STRI BUTI ON

Thi s appendi x contains the sunmary size distribution curves for all of this study's
experiments. The conditions of the experiment are provided in the title by the code
whi ch identifies the nozzle diameter, air velocity, liquid velocity, and baffle position
respectively. For exanple, B, HB-10 refers to the test condition with base nozzle
diameter (0.089 cnm), high air velocity (200 msec), and base liquid velocity (0.052
msec) with the baffle position at | 0D Replicates of each run condition are included

on the same graph, with the legend indicating the sanple identification. The dsg, dg

and d84 droplet sizes were taken fromthese curves
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Curul ative Size Distribution for B, B, B-No
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Cunul ative Size Distribution for B, B, L-20d
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Cunul ative Size Distribution for B, H B-10cl
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Currul ative Size Distribution for B, H B-No
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Cunul ative Size Distribution for B L, B-10
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Cunul ative Size Distribution for B, L, B-20d
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Cunul ative Size Distribution for B, L, B-No
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Curmul ative Size Distribution for L,B, Br10d
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