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A i j Ir ~ !iorI b~~x ~i’ ~ . m oo; u p p ly i r u ’  u V 1’ ~ce o remove a l l

n :t r - ! par t i loo is use f t o  ~~~ t h e  t~r a n s r ni s s i r o ” an aeros~~1 w i t h o u t
I

vol ~t oe (T D 
) 0 0  i w i  h V i t  o . , ( T. ) A r u r n b o r  of ’ ob i n a t i o n s  of two

nn r er~ aerosols  woul  g iv e  a s i m i l a r  b e h a v i o r  and a s imple  way is

ooo wr  to d~~t r r e f o t  o u h  l a i r s .  A cu~ u l a t ive  sj ~~o d ; ; t  r i b u l  ion c A r v e

of f i n e  ;otrticles i t t .  t o  found g r a p h i c a l l y  w h i o h  w i l l  behave s i m ila rly

the t o t  ;ier sos .
N



The fine particles in an aerosol are arbitrarily taken to be those

smal i~ r than 5 x l0
6 cm in “radius .’ If the aerosol is brought to 100%

hum idity and then suddenly expanded , the air is cooled and the excess

water vapor forms water drops around each particle. While the fine

particles are submicroscopic , the water drops can be counted (or photo-

graphed ) by various means.

There has been some question about the formation of drops on hydro-

phobic particles. Liu reported that clean oil drops do not serve as

condensation centers but that in normal air their surface is contaminated

in a short time and water drops can form on them . The comparisons cf

iJu between the Pollak CN meter and his electrical device give a comforting

reassurance that the two independent method s check one another and that

both count all the partie~ es.

The great wonder in fine particle measurements is not that there are

occasional baffling inconsistencies but that there is so much that is

predictable even with outrageously over—simplified assumptions. In the

early kinetic theory similar assumptions were made and yet many phenomena

were rather accurately explained . In the kinetic theory it was reasonable

to expect the molecules of a gas to be the same. The assumption of a

spherical shape might not be quite right , but in any given test they

acted like a sphere of a certain size. A somewhat different size could

be found from viscosity, diffusion , etc .

1.



2.

The variety of shapes and sizes in natural aerosols is so great that

it is necessary to find some kind of an average for calculations as well

as a comprehensible description. Photomicrographs show a bewildering

variety of crystals , needles , lacy aggregates and occasionally a spherical

particle. The literature, more often than not, refers to an average radi us

without apolo~~r , and assumes that the reader realizes that this does not

mean the aerosol is spherical but rather that in the circumstances it

acts as spheres of that size would. It may not be a good practice , but

no bet ter way has been foun d, and there is a respectable precedent .

One of the first steps in any measurement problem is to decide what

use will be made of the results . A precision of 1 or 2% is desirable in

meas uring,  say , the loss in connecting tubing even though the accuracy

needed may be only 10 or 20%. The number or ’ particles car3 near a hi gh

t raf f ic  road will show such great variations in time and spac e that even

changes of 50% are without significance. A passion for accuracy per se

may be self—defeating or misleading. Accuracy and precision are instrument

characterist ics, but si gnificance is the result of intelligent use.

The so—called dirty air of a large city usually has less than 10

parts per hundred million of dirt by weight. The fine particles have

less than a tenth of this mass and are in lower concentrations by weight

than many gaseous pollutants. They have little effect on many of the

characteristics of air , such as density , viscosity , etc.

A clear concept of the reactions in a fine particle detector is more

important for most peop le than a scientifically impeccable explanation.

The following treatment is oversimplified in the details and overdetailed

in discussing concepts with the hope of easing the task of the newcomer

to the field.
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3.

For purposes of i l lustrat ion , it w ill be assumed that the ambient

t eroa ra tu re  is 200 C and the pressure 1000 millibars. The device will

be a tube, lined with a wet blotter, i n  w h i c h  the aerosol is confined .

A pis~ on is used to expand the volume . An axial light beam will be

‘~t t enu ated  by the cloud formed a f t e r  expansion and a li ght measuring

tevice is calibrated to indicate particles crn 3 . Several forms of

expansion are in use , but all can be converted to the p iston equivalent .

In Fig. 1 the Dee’ condensation diagram is shown . The grains of

water vapor per cubic meter at 100% humidity is plotted against the

air temperature going from 14.85 at 0
0 

C to 17.3 at 20
0 

C. The aerosol

at P1 
= 1000, T1 

= 200 C bar a volume V
1
. The piston increases the

vO1 Atfl ~ to (oV
1
) at or-essure and temperature F2, T~ .

1) P ‘ i . t 4 = P (aV )l~~l
d l 2 1

2) P
1
V
1
T
2 

= P
2
(aV

1
)T
1

= a~~~~P2

14) T
1 

= a o
~~~i 2

If T
1 

= :~~~°K and T2 = 273°K 0°C , a = 1.193

P
2 = 7 8 0 mb .

5) The water vapor densit .y at, F,), T2 
is 

~a 
= 114.5 gm

6 )  For T = 0°C , H = 1, p = 14.85 so the H = 114 .5/ 14 .85 = 3.0

This supersaturation f 3.0 means that the rate of molecules  leaving a

water drop at 0° C has been reduced in the proportion of 14.85/17.3 while

t.he bombardment of water vapor has decreased by only 114.5/17.3. The

air ‘~ )nt.ains i~~~ less wa te r va p or  than before expansion , not more water

iapor as t,he woo !;;A ie r ;o tfo r o f i on  :;ee m; - f imply. It may also be noted

0 , . . .I h ’- par t i c i e r  ri t e  at  20 m i t  tally and roe nly 814,~ humidity . The

-
~~~ r I T I 7 t ’ O I~~~’S ;t I 00 will r -tniII y cool he ~~ar f  id es; at about 17

0 C the

water V O t  r will start, : condense n l ie  l t i r ~~~r ’ p ar t Id es.

C - -~~~ ,~~~~~~~~~~~~- .~~~~- ‘— “- -- --  -~~
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14 .

For smal l part icles  that are or act l ike water drops , there is an

H and r where condensation starts
C C

1.1xl0 7
7) H exp( 

r

TABLE ii

r (cm) 10 7 2x10 7 5xl0 7 lO~~ lO~~ l0~~

H 3 1.7 1.25 1.12 1.01 1.001
H C

For the example given a ~~~~ particle would have to cool to air tempera-

ture (0
0 
C) to start growth, whereas a 2x10 7 particle would have to cool

to approximately 8°, and 5xl0 7 to about 13°.

The heat of condensation must be carried away by the air

• 
~~~~ 

= Mair x C~ x LmT ;  Mair = 12514 gm/m3 at 5°C

C
v 

= 0.1(1

Lv = 575 cal/gm

8) 
= 

12514x0.171 
= 0.373 gm

A line of t h i s  slope starts at 1 1 4 . 5  gin m 3 at 0°C to 9 .3 gm~~ at 114°C.

The intersection of this with the H = 1 curve is at ll.lA0and the total

water condensed = 114 .5~ 10.3 = 14.2 gin m 3 because at this point condensa—

tion stops.

These figures are for water drops. The particles may behave quite

d i f f e r e n t ly — a lacy structure would have capillary channels; the material

may be hydroscop ic or hydrophobi c so there can be lit t le dependence on

Eqn . 7 as a measurement of size . There is a high likelihood that the

devi °e descr ibed here would record down to 2x10 7 cm rad ius , but th~~-e

is going to be some uncertainty at the lowest level of detection .

The Wilson cloud chamber is essentially a condensation nuclei meter ,

but the condensat i on nuclei are ions rather than particles. These start

t ,~~ be effor t ive r n i en r at i o n  centers when H>14. At high values of H,
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5.

30— ailed spont ;tneous n u c l e at  ion n r c ’u r s .  Whe n H~8 it clean and (hopefully)

I ot t  f r e e  air , a fine ci ‘u t appear’s. For fine part. i ’les 11+14 is no high an

H as ~;ho t1 1 be ll sei . It will also be nn ’ed  ~hat in the example used here

h I ’  t c m r e r m t e- t ’  t e l l  o 00 ( H  3). Things are complicated eto.lCb with—

• - i t t  t o~~r t f u s~ • r  01’ vapor  r~~s s ; t r - - over Ir e  vs .  v :inor pressure over

water , so most eon or’ - i-tI u nits use 1 .2 as a max i mum exuar s ion. The
I

Pollak - ‘pun t er uses a S ~mewh a t l ow e r  e xp a n s i on  (:in i h i s  lab r u t  ;ry in

Dubi in war f r e~ u e n t t , ly  17 or i8° C ) .  These or e  r a the r  c o w a r - I l y  reasons for

n~ o p n i r ~ - or  1.2. A be t ter  reason is th at par ’. t r i e s  i the  rant~€- of l0~~

arid smaller wifl not los ’ 1n r ~~ i n  n a t u r a l  a i r , and t h e i r  losses in the

r ;e ’t ’ssai ’y r r r J n e r t i r ; o  t u b i n g ,  h’trr i J i f ~ er ’s , e L .  are  h i i ’h.  There i s  some

o i n h~ aI’ .~~ ;er .  h o t  ‘ h .’se SOrt I es ’ si 7,eS ‘ir E  t 00 ep hen;era I for

f i e l d  w rk , a l t t , ’t t ’h r o t - i t . or - s t o n e i n  fo11 w i n g  •h e  cor i v er s i  t ; of

cases t .o b I ‘ ‘ or  [ r i ot  Ii ’ i p t ; .

‘T h e  speo .l of I x 1 a n s i  - r is a t ” ; ’ ~ ~r’ , as well  as the amoun t  f t’:< para; ion .

w i t h  a s i w  - x p a n s i o r i , r r w ’ h  ot  - ir ’ S e a r l y  or ;  t h e  b i r t ’~er t [o~r id es and

t h e  ‘ r ; ler;. ’i’ l vapor  ot to ‘-s the  • ; t p e r s a t  u r at  i - n  t Sth ’h an e x t e n t  tha t

the  smal l e r  pa rt i c l e s  never  1 )  or 1W .

The 1)00 d i ;u~ran d e s  n ot  ~ ive i ni t ’~~~rnn  t I o, t he ra te  of’ growth of

wn er drops , h i t  i~ show ;; v i v i d l y  t h at  t he  i n i t i a l  t~rowt h does ri t .

deplete the v a [ .  r supp ly .  For he exam;  u se  here , i t ;  t o t  a l  C o n —

riens i b i t ’  water  ‘.“ ipor  is 14 .2 ~m ‘ ml  H = max i mum s ize  t ’ drops .

~R~ Z = l1 .;~t x l o~~3 m

H = .O iO0/Z h hl cnn
nfl

F. R = lOO /Z h /3 m icr on s

It . will be a convenience to exprf.ss t t i e  rop on los as a fraction of t h e

max m u m  r n  IS as where
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6.

10) B = GB cm drop radius

Here the condensed vapor is 14 1TG 3R 3Z = 14.2 G3 and the remaining vapor
3

114.5—14.2 ~~~~~~

TABLE II

C .9 .7 .5 .3 .1 ‘4

C 3 .73 .314 .125 .027 .001
I

l 14 .5~ 14 .2 G 3 11. 14 13. 114. 114.39 114 .1496

This is shown plotted on Fig. 1. It is noteworthy that a drop can grow

to 30% of its final size without reducing the water vapor by 1%. It is

also a fortunate circumstance , or the speed of expansion would be a far

more serious problem .

There are several stages in the growth of fine particles:

1. The particle cools to a point where condensation starts by

molecular bombardment of cool air.

- 

I 

2. Molecular deposition of water which warms the particle to a

poin t where heat of net condensation is equal to heat carried

away by air.

3. When the drop radius approaches the mean free path length , there

is a depletion of water vapor in the vicinity of the drop, as

well as a temperature gradient . The mechanism is now ruled by

diffusion and t hermal conductivity . It can be shown that stages

1 and 2 are fractions of a milli—second and little error will be

Introduced by assuming the diffusion—thermal conductivity regime

throughout the growth peri od.

ii) ~ç Z
m

I
~~
D(LiFt)(P

a
_l

d
) cal m 3 sec 1
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12) 
~ a = Z K(14

~
R)(T

d
_T
~~

= heat due to condensat ion

Z 1, par t i c l e s/m eter 3

L = latent heat at constant volume (575)

D = d i f f u s i o n  constant  water vapor in air  ( .2 9 14 )

H = drop radius

‘ - 1 ~a densit y of water vapor in air

dens i ty  of water  vapor at drop surface

K = thermal c o n d u c t i v i t y  (5 .88x l 0 5 )

Td = tempor;Itule of drop surface  ( °C)

T = t emp era tu re  ~ f the  aira

Sini e Q =

13) 
T T  = = .3148

K , L , a n d  D are f u nct i o n s  of emperature . The values used are for about

5
0 

C for reasons which will hec’~ me evident later.

0In the region of 11 C for  H = 1

ii.) p~ = 10 + .7 (T
d

_ I l )  3 PH + 0.7 Td

15) (114÷13) 
~a — 2.3 — .7 Td = .3 14 8 (T d

_ T )

This would riot apply strictly immediately after expansion , but the

behavior of G vs. T makes it reasonable to evaluate for T
a = 0 

~a = 114.5

Td
= ll.614°C

At t.he end of ‘;un i i fensationi cycle T
1 = 11.14

0 from Fi g. 1 , the  ev idenc e is

that the drop temperature does ro t, change much , if at all . If so, the

num erical coefficient of 13 should equal Eqn . 8: 0.3148 vs. 0.37 3 , or a

7% discrepancy. The approximations used here are not that good . The

(‘ Inderisat l on takes place over a range of 00C to 11.140 air temperature and

the n-op temperature over a narrow range around 11.140 C.
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I
The heat released by condensation is at a rate of L din calories/sec . =

L
~

Z ( ) 4 ’rnR2 )  
~~~~
. and the air carries away Z(I4IrRK)(T

d
_T
a) cal/sec .

16) I~ dR = K(T
d
_T )dt

T = ( 14~R
3z)/.373 = 11.3 R 3Za ‘~

-

T
d 

= 11.14 
~ (T —T ) = 1.15 R 3Z x l0 6
L a a

~~~ 1.15 ~

~hen R
3Z<<l

18) B2 = 2.3 x l0 6t

If t ~s say 0.02 secs R = 2.1 x l0 °~ cm and is independent of Zm

if Z <<1 . If B Z 0.01 Z = ~~~ - - i r t i r l e s/m 3 or 1000/cm 3
m 3 m  m

• When 14 mrR 3 Z = 14 .2  gm/rn 3 as here
3 

in

then  B = 1 arid Eqn . 17 in term s of C = H/B becomesm no m

19) H 

~ = 1.15 x l0 6 cdt
0

The solution of the integral is:

1 l+G+G 2 (2c+1)
= in 

(l
”
~~~ 

— .0101 (tan ’
~~ ____ — 30°)

TABLE I I I

0 .1 .2 . 14 .6 .8 .9 .95 .99

F . 005 .019 .0818 .198 .1422 .6148 .~~~~~ 1. 141

G2 .01 • Q14 .16 .36 .6 14 .8a

A substantial ly lin ear scale up t o 100 ,000 pa r t ic les/cm 3 is ob-

tained in the General Electric CN meter by limiting the growth to 0.02 sec. , 

-

‘Ihere are full scale values 100,000 ; 30,000; 10,000; 3,000; 1,000. Each
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sca le can be adjusted so the departure f rom lin earity from , say,  30,000

- , 
to 100 ,000 is not great . As the concentration increases and the available

water is used up, t he radius of the drops is proportional to Z 1/3 and

the Iiohn. scattering area per drop to Z 2/3 , and the total scattering

z 1 ” 3 .

In Ins t  rumer it s  such as Gardner and Pollak the condensat ion time is

n o t  l i m i t e d  (by design , at least ) a l though the air will warm up from the

• -
‘ 

11.140 . When t h e r e  toe few part icles  the t ime to grow to a given fraction

of final size increases ‘itid the warming from t,he 200 ambient may halt the

— or’ wth sooner than m d i  -~~t~~r1 here.

TABLE IV

Z/crn 3 to 3 i&~ 5 x l0~ l0~ 10 6

H I t  14.614 2.71 2.15 1.0 ~

• t 1.22 .26 .09 .056 .012 sec .

Size and Size Distribution

Size dis t ribution is a higher order of absurdity than size itself.

For purposes  of c a l c u l a t ion  or compari son w i t h  other aerosols , an imag inary

sphe r i ca l  aerosol of’ 1 or more compon en t s  is spec i f i ed  that w i l l  ar t  l i k e

the  aerosol under  test  in ‘o r t a in  s i t u a t i o n s .

The s i m pl e s t  case would be to f i n d  an imag inary spher ical aerosol

that  woul d have the  same d i f f u s i o n  loss as t ,he test aerosol under  the same

set i f  c o n dit i o n s .  The ideal case would be a curve of dZ/ dr . In most

m oos i t  is impossible to d e t e r m i n e  more than t ,hree component s before

‘ho,nges in t h e  aerosol c- r ise u n c e r t a i n t ie s  greater  t ,han the accuracy

f u r t h e r  measurements could ~ ive.
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Fuch 2 calculated t h e  response of f a m i l i e s  ~f’ log normally d i s t r i —

b-~~ed aerosols when subject  to variou s d i f f u s i o n  losses. With  the values

of three d i f f u s i o n  losses (one high , one low , one 1 4 0 — 1 4 5 % ) ,  a 1-ia” normal

d i s t r i b u t i o n  ‘auld be p icked out that would most nearly dupl ica te  the

• test aer-o s.:i. This is still on~; 3 points on a di s t~ril; tt,i ona curve , and

one cannot place any great depenience on those results for the larger

sizes. Megaw3 and others have shown the d i f f u s i o n  method does give

~‘o;5 results for the fine particles. The larger particles constitute

si ;’h a soaj i fraction of the total numbers that no accurate evaluation

of thei r effect can be made with a CII meter , and di ffusion losses are

small in themselves.

Again , this is not a criticism of gett in ;- representations of size

dist ributions; but familiarity with the ‘ej t ‘1’ a radius (as used

here and in the literature ) should not obscure the fact that aerosol

particles are not necessarily spheres .

Another size dependent parameter is the fraction r1~’i rp’ed when the

aerosol is in electrical equilibrium . Essentially this is an applica-

tion of Boltzmann ’s law suggested by Fuchs .

20) N~ = N exp(—

where e = electric charge , K = Boltzmann c’onstant , P = number of

electronic charges.

The results are shown in Fig. 3. For particles larger than 2 x 1o 6 cm ,

t he average energy per particle is ~ MT. The capacity of a sphere is

10
numer ica l ly  c- lil t1 to i t s  r a d i u s .  The charge  is 14 .8 x 10 p, so

e l e c t r ical  energy =
2r

Below 2 x 10 6, or what amou n ts t o  t h e  same th i  r i 1~ , for  s i n g l y

charged par t id es Boltsnannt ’s law falls off ; ttr r pl y ( h u t  ‘1 lines of

F i g u r e  
~). The assumption that the average -nergy is ~~. MT over the

_ _  _ _  - - -~~~~~- —--

~~~~~~~~~~~~

-— - . - -.- ‘
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vh le range c- f sizes gives results which seem t r u  give a reasonable check

with experirreni t , or more m nservatively, do not create marry obvi’ius

inconsistenci es.

21) F = —0.17 (r x 106) r<2 x 10 6

22) F = ;i.95/(r x 106)2 r<2 x l0 6

It’ at; ‘ter- sol is passed between two plates with an adequate notential

difference , only the uncharged particles will penetrate. If such a device

• is designed to have small diffusion losses , a high voltage will be required

which is a serious iisadvantage in the f’ielu where voltage breakdowns ‘ ii ;

• 
c-cur ’ in fom cm’  cc-nurensat ion u ’ o nd i t  ions. For some reap : ru , such a device

• 
I is called a denuder .

• If the plates of a diffusion box are insulated , the device  can be

used as a ;Ieauser. Applyin g a moderate voltage L u  alt ornate plates , a

combined diffusi un— lenruder is obtained that wi ll work on low voltage~~.

A diffusion box t hat has 50~ transmiss uon for a 10 6 cm particle will

require a d ow for 20 ~o 30 seconls to reach steady state conditions.

When voltar’e is app lied , stcady state requ i res only a few seconds. If

after this st- q ,~encu’ , the dit’fusion box is by—passed to get the unprocessed

air t • the CN meter ’, the t,hree read ings can be obtained rapidly. The

per ‘orot ‘r;tnsn:uiSsion through the diffuser is plotted in Fig. 14 against

the percen ’ transmission hrough the d i f f u s i o n — d e n u d e r .

In F it~. 
l~ a roorol ioper se aerosol w um l i  fall on the curve . For

exttmnpl~~, 1 1 ’ the ra rt iu ’les were all 1 x 10 6 cm radius , there would be

r 1 )~~ transmiss ion; for  ‘ h o  i i  f f u s e r— d e r iu d e r  used as an i l l u s t r a t i o n . The

fraction of 1 x 10 6 
1 ’ u r ’ t  id es tha t art- uncharged (and t,herefure could

~~IllII,kL • .  —~~~~~~~~ — — •_ .~~~~ ~~ _ , •  ~~~~~~~~ , , ,
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pass through the diffuser—denuder ) is 1— .l7 = .83 , or T
DD = ~1 .5.

-• S im i l a r l y ,  i f  the size were r = 3 x i0 6 , TD = d( , TDD 147 ( f r o m  F i r .  t).

i f  1Y~ of an aerosol were r = 1 x 10 6 , TD = .75 x 50 = 37.5

and 25% were r = 3 x 10 6 , TD = .25 x 36 = 21.5, or 
~
T
D 

=

DI ~~r r = l0 6 = .75 x 141.5 31.1 ET DD = 143

for r — 3 10 6 = .25 x 147 = 11.8

F 1oe that  t h i s  lies on a l i n e  from r = 1 to r = 3 and 75% of the di stani -e

from r = 3.

If an unknown aerosol read T
D 

= 59, T~~ = 143, then it w o o t d  a( ’t 1i~~e

a tvo component aerosol of 75~ of r = 10 6 and 25% of r = 3 x 10 6. A

c t ~ utative step function cu d this is shown i n the lower half of Fir . 5

w rkshoet, A curve b a l a n c i n g  the areas aroun d the step function is dr awn

in by eye.

A straioht line from r = 0.5 x l0 6 t~~ ough the 59, 143 ooint indicates

a Lw ‘-Drq-cr ;ent aerosol of 18%, 0.5 x lf~~ and 82% of 1 • g x l0 6 cm. The

• ;tep function is shown in the upper half of Fir . 5. A smooth curve again

balances the areas around the step function . The circled points are from

the 75~ 25~i two component curve .

There in; reasonably close agreement f’cr this exampl e but this distri-

bution is r;~~ necessarily t h e  actual distr ibution . From data available ,

there could have been either of th~ twn ‘amporu °t;t ‘ieros 15 as t h skew

l i rr t rjb j ’ i n i  •;hown , The skew li s t ribut i ort is far su re likely and a u~o r —

venier; nn ’t,t ;’h of ’  cornumari r;g ‘v ron- is , bun ’ th or  is very lit tie data

i nvolved out caution is i n h i e n tod in t a k i n g  t”i u ’ - v a t t ’~ results. Vito t hen’

c - i le of the ‘nm is that n o ” ’ ac ’u urni tc dir t rib uti nu s are “lore (‘o u t  ly -unu l

c,ne sh ri I n  have s nrc ‘ ‘m gi b u ‘ t r e  f’ n ho cu- re ‘ t u d u r t ’ r -  lata. 

~-• -~~~~~~~~~ -~~~~~~~~~ -~~~~~~~~~
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• 13.

- - F’uch ’ s book 5 c o n t a i n s  a wea lt h of inf ormat ion on li ffusion and

diffusion losses.  The Detlarcus equation is

T = .915 exp(—l .89ti ) + .059 exp ( — 2 : . 3 i j ) + . 026 exp ( — l 5 ; ti ) where ij =

D = d i t ’ f i s i o n  c o e f f i c i e n t  c’n 2/ sec

• x = len gt Ii in cm

h = h a l f  ; ; e r a r ’ ; t t  ion of plates in  cm
1 

U = average v e l o c i t y  in cm/sec

- The d i f f u s i on  r O n s u  art ” in apt ;’ ximr ;ri tel y

D = 
12 x 10 12 

—

This work was spon :;or ed by t h e  O f t ’ i u ’u ’  u f ’  Nava l  Research , ‘on t r n m ’ t

N .  N000l14 — 7 6—C—028~~.
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