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FOREWORD 

Systematic research in air electricity at Tartu University 

has been going on over forty years. An English-language 

survey of the history of the Air Electricity Laboratory (AEL-) 

and a bibliography of publications up to 1885 (761 titles) 

can be found in the book [Ионизация, аэрозоли, электро­

метрия . Библиографический указатель научных публикаций Тарту­

ского государственного университета за 1946-1985 гг, - Тарту, 

1986]. A greater part of the scientific results of AEL has 

been published in Russian and in publications relatively 

little known to the scientific community at large. Since 1990 

the results of AEL are published mainly in English. Most of 

the recent results are to a significant extent based on earl­

ier publications and without this information several ques­

tions might arise in reading the recent papers. 

To remedy the situation AEL has decided to publish a col­

lection of English-language translations and summaries of its 

earlier papers which have originally been published in Rus­

sian. However, the present collection dealing with air ion 

and aerosol science does not reflect the whole range of re­

search carried out in AEL. 

The collection contains two types of papers: unchanged 

translations, and surveys written specially for this volume. 

A respective note can be found at the end of all translated 

articles. It is recommended to refer to the1 original publica­

tion in the cases of unchanged translations, and to this vol­

ume in other cases. 

The collection also contains a bibliography of AEL's 

recent titles, which is a sequel of the above book. As in the 

above book the Estonian and Russian titles are provided with 

English translations. Differently from the above book only 

papers on air ions and aerosols are listed. 

The editor wishes to thank Mati Limberg for his help in 

translating the articles and Karmen Veldre for her typing. 

Tartu, February, 1992 

•Jaan Salm and Hannes Tammet 
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MODELING OF THE EVOLUTION OF SMALL TROPOSPHERIC IONS 

A. Luts and J. Salm 

Introduction 

Researchers have been interested in the chemical composi­

tion of small ions since the first quarter of the 20th cen­

tury [1]. Experimental study of the chemical composition of 

ions in the troposphere is a complicated task. Measurements 

of ion electric mobilities give only approximate information 

about the masses and sizes of ions [2]. Mass-spectrometric 

studies in the troposphere were carried out only since 

1983 [3] and data obtained contained but limited informa­

tion: only the masses of the cores (more stable parts) of 

the ions were found out. This explains the interest in theor­

etical modeling of ion evolution. The modeling has been 

carried out mostly en the basis of the methods of chemical 

kinetics: proceeding from the known ion-molecular reactions 

and the chemical composition of the troposphere, respective 

differential equations are composed, and the temporal changes 

of ion concentrations are calculated till the steady state is 

reached. 

The foundation of the modern conception of the evolution 

of tropospheric small ions was laid down in [4], where the 

possible transformation processes of ions have been dealt 

with mainly qualitatively. The importance of ion-molecular 

reactions has also been pointed out. However, when the paper 

[4J was published, only a relatively small number of rate 

constants of ion-molecular reactions were known. 

Subsequent research of major importance has been concern­

ing quantitative modeling of ion evolution up to an age of 

1 ms [5,6]. 05(H20)n were found to be dominant negative ions 

and H30*(H20)k dominant positive ions. These results were 

supported by experimental results. The steady state of nega­

tive tropospheric ions has been computed in [7]. In compari­

son with the paper [5] considerably more ion-moleen 1 ar reac­

tions and neutral compounds have been taken into account. It 

has been found out that in the steady state the cluster ions 

N05<H20)k(HN03)m are dominant, there are less clusters with 

the cores HS04 . It should be noted that, ions of the same type 

have also been measured with a mass spectrometer I Ml. 
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Ion evolution with a considerably expanded number of re­

actions and neutral compounds has been modeled in the papers 

[8,9]. Below we will mainly summarize the results of these 

papers. 

1. Description of the method 

1.1. Characterization of the system of equations and 

previous methods of solution 

The formation, evolution, and decay of small tropospheric 

ions can be mathematically described by the following system 

of differential equations: 

dY 
— = AY - BY + Q , (1) 
d t 

where Y is the vector of ion concentrations, 

A is the matrix describing the rates 

of iori-molecular reactions, 

В is the matrix describing the decay of ions, 

Q is the vector of the rate of ion generation. 

The elements я.)к of matrix A are products of the rate 

constants of the respective ion-molecular reactions (where an 

ion with the number к becomes an ion with the number j) and 

the concentrations of the neutral compounds participating in 

the reactions [5,6]. In the modeling of small tropospheric 

ions the concentrations of neutral compounds are usually 

considered to be constant, in this case matrix A = const. 

By the decay of ions we understand both recombination with 

the small ions of the opposite sign and attachment to aerosol 

particles. In both cases the small iori is lost. Thus the el­

ements of matrix В can be expressed by 

bj k = б j k ( <377 + ßZ), (2) 

where 6Jk is the symbol of Kronecker, 

a is the coefficient of recombination, 

n is the total concentration of small ions, 

ß  is the effective coefficient of attachment 

to aerosol particles, 

J is the concentration of aerosol particles [7,10]. 

Evidently ^ 
n - 2  у л( > >  < 3 >  

where yj( t )  are the concentrations of particuJar ion species. 
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For the modeling of ion evolution the system (1) is to be 

solved. In principle this could yield both the evolution and 

the steady state, but the solution is complicated by the fol­

lowing reasons: 

the system (1) is large (the number of equations in the 

order of magnitude of 100), 

the system (1) is nonlinear even on the assumption of 

constancy of matrix A, 

the system (1) is stiff as the elements of matrix A 

differ from one another up to 1011 times. 

Due to the solution difficulties, the system (1) has been 

solved partially. In [5,6] only the linear system 

dY 
— = AY (4) 
dt 

has been solved using the Runge-Kutta method. The Runge-Kutta 

method is widely used for the solution of differential equa­

tions, but it is not suitable for the solution of stiff equa­

tion systems in the case of a long domain of integration. 

The Gear method has been used for the solution of stiff dif­

ferential equations in the work [11], but the experience of 

the authors of that work and of the authors of the present 

paper shows that difficulties arise also with Gear method. 

In the paper [7] only the steady problem 

dY 
d" = ° <5) 

has been solved using a method based on the theory of signal 

flow graph. This method makes it possible to find out the 

steady concentrations of ions and additionally to evaluate 

the relative importance of different reactions, whereas it 

does not give information about the evolution of ions. 

The authors of the present paper have developed a method 

suitable for modeling the ion evolution and the steady state 

[10]. The next section gives a short summary of the method. 

1.2. The computation method for the evolution of ions and 

the steady state according to the paper [10] 

Assuming that matrix A of the problem (1) is constant, 

the solution of the problem (4) can be written as 

Y = Y0eA6 , (6) 
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where Y0 is the vector of initial concentrations. It is 

reasonable to choose Y0 to be parallel with vector Q. The 

solution method of the problem (4), using the peculiarities 

of the shape of solution (6) has been elaborated in [12]. 

The solution (6) corresponds to real processes as far as 

the recombination has not become important, i.e. up to an age 

of ions of about 10 s, but this fact does not hinder the use 

of the solution (6) in the computation of the steady state. 

Having solved the problem of modeling the ageing of ions 

(4), we will deal with the problem of the steady state (5). 

The concentration of small ions corresponding to the steady 

state /jSt is constant and can be found from the equation 

q - anz
st + ßZn3t_ , (7) 

where 9 = 2 is the summary rate of ion generation. 

In accordance to the equation (3) 

лз t = 2^-st ' (8) 

Thus in the steady state matrix В (see equation 2) is also 

constant. 

According to equations (1) and (5) 

AYst; - BatYst +9 = 0 (9) 

and 

Yat = (Bat - A)_1Q . (10) 

In principle the steady concentrations of ions could be 

found by the formula (10), but first, the finding of the in­

verse matrix in the case of a stiff system may be complicated 

and second, the finding of a large inverse matrix is time 

consuming. 

The paper [10] presents and proves another possibility of 

finding the steady concentration. As we already have the 

solution in the shape (6), we are looking for steady concen­

trations in the shape 

Y -BG, t 
— e dt , (11) 

where Q0 is the matrix whose elements are determined by the 

formu la 

9o, j к ~ 6jk9 , 

Y is the solution (6), 

|Y0! - is the norm vector Y0. 
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In paper [10] the identity of equations (10) and (11) has 

been proved (не will not repeat the proof here). 

Matrix Bst is to be computed according to equations (2) 

and (7), i.e. 

bat.Jk = 6•,„{&? + [(AJ)2 + 4ag]1/z}/2 e 6Jkbgt (12) 

The computation is organized as follows. First the solu­

tion (6) is found and it is obtained in the shape of the 

table ( £j ; yk,j ). Then equation (13) is used for the ap­

proximate computation of the integral (11): 

n о — 1 

9 tj f l- t j . ~ 11 j - bs t tj + j 
^St:.k-|Y I 2 . J ® + J'k.jtl6 ) (Id) 

j = l 

where к = 1, . .., N0 (N0 is the number of concentrations), 

nD is the number of the points where the solution (6) 

has been found. 

If the solution (6) is found, then the time spent for the 

solution of the problem (5) on the basis of equation (11) 

or (13) is negligible. 

1.3. Separation of nore important variables. 

To decrease the number of differential equations in the 

system (4) dY/d t = AY before starting to find the solution 

(6) we separated more important reactions, ions, and neutral 

compounds before each solution. The procedure of the separ­

ation of important data is described in detail in [13]. The 

set ot' the obtained important data depends on the concentra­

tions of neutral compounds used in the particular problem. 

This way it is usually possible to decrease the number of 

equations two times. 

2. Data for the modeling of ion evolution 

Data necessary for formulating the problem (1) птг the 

description of ion-molecular reactions , the с on с en trat, ii i nf 

neutral compounds participating in ion-molerular react j 

the vectors of initial ion concentrations Y0 (equation 6) »: 

the quantities a . ß , Z , g (equation 7), characterizing i 

formation and recombination. 

ti 
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Preferences among existing data on ion-molecular reactions 

cannot be made randomly. The preliminary determination of the 

concentrations of neutral compounds also causes problems, as 

the concentrations of many compounds are not known. Paper 

[13] contains a more detailed description of the method of 

forming the set of ion-molecular reactions, and the con­

centrations of neutral compounds considered natural in the 

present paper. Here we will only point out that the model 

describing the kinetics of positive ions contains 1044 reac­

tions, 198 ions and 131 neutral compounds, and the model for 

negative ions contains 474 reactions, 143 ions and 106 

neutral compounds. 

As the shape of the solution (6) does not depend on vec­

tor Y0, the norm of vector Y0 can be taken equal to 1. The 

real concentrations of ions are included in the computation 

of steady concentrations according to equation (11). The 

values of elements ya,j of vector Yn are presented in [13]. 

The intensity of ion generation in natural troposphere 

(near the ground) is about g я 10 cm"3s"1 . In our studies 

g - 14 cm~3s-1 . The value of the coefficient of mutual 

recombination of small ions is taken to be nearly independent 

of particular ions, in the troposphere its value would be 

a - 1.6-10"® cm3s-1 [7]. As there are numerous measurement 

data on the equilibrium concentration of ions in the tropos­

phere (n about a couple of hundred of ions cm"3), the value 

of the quantity 0Z can be estimated by formula (7). In our 

studies 0Z - 0.04 s"1. 

3. The evolution of positive ions 

The basic diagram of the reactions with positive ions has 

been presented in Fig. 1. The main routes of the evolution of 

ions are depicted by the continuous lines, the less important 

routes by the dashed lines. The term "route" may denote di­

rect or mediated (through ions which have not been mentioned) 

transformation process. 

The formulae surrounded by frames signify final ions, the 

rest are transitional ions. The formulae of ions which are 

formed in smaller quantities than the main ions are in 

brackets (e.g. less CH3 ions are formed than N* ions). 
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N5 VNJ (CHI, СНЭ(Г, CH^TT, CH5N-) 

I 

сн 

H3S- HCN 

CH5-NH 

tig. 1. Diagram of the evolution of positive ions. 

3.1. Modeling results for natural concentrations of neutral 

compounds 

The evolution of positive ions during ageing is presented 

in fig. Z. The percentages of the dominant ions in the steady 

state art? given in Table 1. 

As tan be seen in Figs. 1 and 2 , the initial ioris (mainly 

N;7 and Oj ) are transformed into the ioris H30*(H20)k in 

10 ~a s. The latter achieve their equilibrium concentrations 

a I an age nf about 1U us, and this state remains nearly tin -

1'hangej up to an aiüe of about 1 я. 'I'he final ions st.art to be 

formed from t tie 1 fins Ha0*(H20)k. 

Tile domi nance of the ions H a0 * t H 20 ) k at. an age of about 

1 mr: ngriffis with experimen to I results 16). 
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у: cm 
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" \  

-5 

кг11 10 100 IQ 

t: s 

Fig. 2. Time variation of the evolution of positive ions. 

According to-the modeling results the final ions have 

cores NHJ. As can be seen from the first column of Table 1, 

the ions НэО+(Н20)к, and not. final ions are dominant in the 

steady state at natural concentrations of neutral compounds. 

It is to be pointed out that this does not agree with the 

measurement results. According to the paper [14] the steady 

state of the troposphere should not have a significant amount 

of the ions H3U+(H20)k . There are two explanations of this 

discrepancy with the modeling results. First, according to 

seoti on 3.2. Second, measurement data indicate that alongside 

with the ions NH^-X-Y many other not exactly identified ions 

are significant in the troposphere. For instance, clusters 

with pyridine basis are suggested as such unidentified ions 

j it [ 14 I . Due to the absence of data about relevant reactions 

tne f-irinat ion of such ions cannot be mode J Rd . And in this 

с as*-, it does, hot to em necessary to pay too serious attention 

5 ? 



tu я great number of the ions H 30 * (H 2Ö ) k in comparison with 

empirical dala. We will handle this excess as a measure of 

iм--«:-дрleteness of the present data, the more so because in 

view vt the fact a "correction' of the rate constants of some 

гeav.:t iuns has made it possible to significantly decrease the 

n-imber uf the ions H30~iH20;k. 

Table 1 

К vi lati ve weights of ions in t he steady state, 

i и per en ts 

1-1Q13 

1 

NU.., X • i  2> 6 4 3  98 

The influence of the variation of some important rate con -

ž:t aiit-п nn the behaviour of the model deserves a separate 

i r:'',aiwp'n i. . Our experience shows that by relatively small 

-»f the rate constants of the reactions it; is possible 

1" adjust the model in several necessary directions. In the 

mode I uwde r discussion we did not use ' correct ions' , mainly 

1' v r the re as га» that we do not know all the reactions whir h 

fouk •• .i I p~iss i bie to simulate the formation of all the с J. us-

• ptes^iited vn empirical data. 

Л . Л . The dependence of the evolution on the concent,ra11ons 

of neutral compounds 

%?».- Ьяvc mode 1 ed tue influence of the changes in •' ii* • .;r»n-

. r-n i'H t i ons of i 1 e, following •compounds on the evulu- .i ».ум of 

Positive ions • NH3, CHgOH, C\\4 . CH3NH г, CHnN02, Ou:.; H2V., 

» ( Vli3 )2S , S.F$ . CH^VH , C2hf3 , CH2CF2 , C2H3F . CJUC J , 
"И,-.К,. C2H5C 1, C2.H2 , C2h4 , СяНб . С3Hd , C3Hfl, N2> м-, , li-.'N . 

',/S2 , V2H3N , NO2 , «'"".ii3 ;2NH , Haü;>, VH3CüuH , ! ; ;и*;... 

•"H.jiVsO.-jH.jr. CĤ -HO, I. !>л . It appears that only t'.e г.-.чк *•?> r. i on 

NH., has a strong? influence on evi.-j ui if..n.. wij^re-v-r; v. «Ц,•• 

тП- is oxer t-wi by ОЦОМ . CI!., , VI'LaUH.. , ;%1!ü , 

о И., .'. . Tiie change »-,t r hes • •ouuen t »•??; i.>;» ..$ t !-• r v 

: '*•••.. . .??-{ -I.1-- i - у at j er» s: t 1' '-.л i f pr*-r« • J1 d iv.: -r v r- L- „ 



The influence of the change of the concentration of NH3 is 

presented in Table 1. If the presumably natural concentration 

of this compound (4•1011 cm"3) is diminished 4 times, then 

the ions H30""(H20 )k become dominant in the steady state. If 

we increase the concentration 2.5 times, the content of the 

ions H30""(H20)k in the steady state is roughly equal to the 

content of final ions NHj-X-Y. If the concentration is fur­

ther increased, then the ions NHj-X-Y become dominant instead 

of the ions H30^(H20)k. Thus, if we suppose that the concen­

tration of NH3 considered natural is too low, and that the 

concentration of NH3 should be increased, then the simulation 

results agree better with experimental results (where the 

ions HH^X'Y are dominant). In this case the modeling results 

agree with the measurement data according to which the compo­

sition of positive ions is independent of the concentration 

of NH3 [15]. Indeed, if the concentration of NH3 exceeds a 

certain critical limit, then the composition of ions is not 

influenced any more by the further increase of its concentra­

tion. 

Due to the influence of the other compounds that have an 

effect on the evolution of positive ions new final ions are 

formed instead of the former final ions NH^X-Y (see Fig. 1). 

The reactions of the formation of the new final ions are the 

slowest in comparison with the reactions of the formation of 

the ions NHj-X-Y. Thus in the case of a thousandfold in­

crease of all the above compounds, the relative weight of the 

new final ions will be below 5%. 

4. The evolution of negative ions 

The general diagram of the reactions taking place With 

negative ions is significantly more complex than the diagram 

of the evolution of positive ions. An example of this dia­

gram can be found in [7]. In the case of natural concen­

tration of neutral compounds it is still possible to separate 

from the general diagram a part depicting the main routes of 

transformation. This part is depicted in Fig. У. 

The solid lines denote the more important, and the dashed 

lines the less important transformations. The i oris n>>t sur­

rounded with frames are of lesser importance in йишрагis'wi 

with the ions surrounded with frames. 
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HC 105 СИ, SF" C2H2N", CH2N0£ , Cl~, Br" 

"1 
cor 

~ ~1 

Cl~, Br" 

0" 

HSOg (H20)k <• 

N05(HN0a)„(H20) 

Fig. 3. Diagram of the evolution of negative ions. 

4.1. Modeling results for natural concentrations of the 

neutral compounds 

The evolution of negative ions in their ageing is shown in 

Fig. 4. 

The ions 02(H20)k, к > 0 are formed of the initial ions 

(mostly o;). The former achieve their balanced concentra­

tions at ages below 1 us. The ions CO^(H20)k, which in 

their turn are in balance with the ions 02(H20)k are, in 

the case of a normal concentration of C02, a couple of 

hundreds of times less numerous than the ions 02(H20)k . 

This state is practically unchanged till an age of about 

0.1 s, when the formation of the ions of the next stage 

starts. The result that at an age of about 1 ms the ions 

02(H20)k are dominant agrees with experimental data. At an 

age of about 0.1 s the reactions with the participation of 

15 



-3 у: cm 

N0;<HN03)(Hz0)/ 

- 6 

-4 

- 2 

cr 

0.1 1 

£: s 

Fig. 4. Time variation of the evolution of negative ions. 

three neutral gases become important. First, N02 partici­

pates mostly in the transformations 02( H20 )k --> N02 • X • Y. 

Second, NO participates in the transformations 02(H20)k > 

--> NOg-X-Y . Third, ozone participates in the transforma­

tions 02(H20)k --> 0J(H20)k . Generally, the final ions 

NO3 X Y are formed directly through the chain 02(H20)k 

--> N02•X•Y NOg-XY. However, if the concentration of 

ozone is sufficiently high, or the concentrations of NO and 

NQ2 are sufficiently low, the formation of the final ions 

through the ions CU^(H20)k becomes important, whereas the 

ions CO3(1I20)k are then formed in a considerable amount. 

The ivns N05<HH03 )„(H20)k generally do not have the time 

to be transformed iri t.о the ions HSO4 • X • У and NOg • HCl, i.e. in 

natural conditions this transformation becomes important not 

earlier than at an age of a couple of hundreds of seconds. 

The relative weight of the ions НСОз(НяО >k will at. a normal 

von cent г,4 f I и i1 if water be below 1%. 

1H 



According to the modeling results, in the steady state 

of negative ions there are about 85% of the ions 

N03( HN03 )„( H20 )n, 103! of the ions NOJX-Y, 2.52 of the ions 

0J(H20)k. The result that the ions N05(HN03)„(H20)n are domi­

nant agrees with experimental data [14]. However, too many 

N02•X•Y ions are formed according to the model. In principle, 

it could be possible to eliminate the discrepancy by changing 

the rate constants, but as there would be other discrepancies 

left (as will be explained in section 4.2), we 'did not worry 

about the small superfluous part of the ions N02X-Y. 

4.2. The dependence of the evolution on the concentrations 

of neutral conpounds. 

In the case of negative air ions the dependence of the 

evolution on the concentrations of H20, 03, NO, H02, HN03 , 

S02, H2S04, H20, CH4 and chlorine compounds has been modeled. 

The results are presented in the Tables 2 and 3 and in the 

numbered passages of the following text. State A in Tables 2 

and 3 denotes the case where the concentrations of neutral 

compounds were natural. 

1. An increase of the concentration of water shifts the 

balance of the ions 02(H20)k towards larger ions. But as 

the final ions are formed mostly from the ions 02(H20) and 

02(H20)2, the formation of the final ions is slowed down. 

Rows B1 in Tables 2 and 3 present the results for the con­

centration 4.41017 cm-3. 

On the other hand, a decrease of the concentration of 

water speeds up the formation of the final ions (rows B2, 

[H20] = 1. 3 • 1017 си-3 ) . 

We can see that the model is rather sensitive to the 

concentration of water. This result agrees with experimental 

data [16]. Indeed, on the basis of this paper we can also say 

that an increase of the concentration of water slows down the 

formation of the final ions. 

2. The concentration of ozone influences the formation of 

the final ions through the chain 0J(H20)k --> 03(H20)k --> 

--> C03(H20)k N03(H20)k. It appears that this chain is 

quite important in the formation of the final ions. If we in­

crease the concentration of ozone 4 times in comparison 

with the normal concentration (rows CI, [03] = 3•1012 cm-3), 

the formation of the final ions is significantly sped up. 

On the other hand, a tenfold decrease of the concentration 

3 17 



Table 2 

The abundances of negative ions (on age of ions 

1 s) , on various concentrations of neutral gases, 

in per cents 

Ions N03 • N02(H 20)k CO i(H20)k N03HC1 S03 

N\4 ( H N O g ) „ •  Cl-(H20)k S04 

State* '(H20)n• о;<н2о)к hso; NO2SO2 

A 60 8 13 17 1 

B1 44 4 50 - -

B2 86 12 - 0,5 1 

CI 90 2 - 6 - - -

C2 14 14 66 - -

D1 55 - 20 16 -

D2 56 44 - - -

D3 68 6 10 10 -

El 82 6 12 - -

E2 25 10 24 37 -

F 21 9 18 16 35 -

01 58 8 14 18 1 

G2 58 8 14 18 1 

HI 22 14 16 - 46 
H2 65 6 14 14 -

LI 37 11 40 11 1 

L2 58 8 14 18 1 

M 21 - 14 17 - 46 1 

* The states, presented in Tables 2 and 3 , are: 

B1 [H20] 
= 
4 4•1017 cm 3 . B2 [H20] = 1.3-1017 cm"3; 

CI [Оэ] = 3 1  12 cm'3; C2 [03] = 8 I O 1 0  cm"3; 

D1 [NO] = 1 6 IO10 cm"3 [N02 
] = 2 2-109 cm-3; 

D2 [NO] = 1 6-10е cm"3 [N02 
] = 2 2-1011 cm-3; 

D3 [NO] = 1 6 10la cm"3; El [HN03] = 1-1012 cm"3; 

£2 [ H N O g ]  
= 1- 10s cm-3; F [ H 2S04] = 4 • 1012 cm"3; 

Gl [CH4] 3. 9•IO10 cm" 3 G2 [CH4] = 3.9-1011 cm"3 

H I  [S02] 
= 3-1013 cm-3; H2 [S02] = 3-109 cm"3; 

LI [N20] 
= 1 IO10 cm"3; L2 [N20] = MO11 cm"3; 

И [ H C l ]  
= 

1 2 • 1014 on" 3  [Cl2 ] = 2•1014 cm"3 

[HBr] 4 1011 cm"3 [Clj = 4.4-1013 cm"3. 
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Table 3 

The abundance of negative ions in steady state, on 

various concentrations of neutral gases, in per cents 

Ions n o ; - N02(H 20 )k 

1 n
 

0
 

0
 (H20> k N05HC1 so; 

(HN03)m• Cl-(H20)k SO* 

State •<H20)n 0; (H20)k hso; N05S02 

A 88 9 2 1 - -

B1 89 5 6 - - -

B2 91 8 - - 0.5 0.5 

CI 95 4 - 1 - -

C2 48 41 10 - 1 0.5 

D1 94 2 2 1 - -

D2 55 43 1 - 1 0.5 

D3 88 10 1. 5 1 - -

El 96 3 1 - - -

E2 74 14 3 5 1 2  0.5 

F 19 9 3 1 67 2 -

Gl 88 9 2  1 - -

G2 88 9 2 1 - -

HI 44 24 2  - 0.5 0.5 

H2 87 8 2.5 1 - -

LI 84 11 5 1 - -

L2 88 9 2  1 - -

M 14 - 2  1 83 -

of ozone (rows C2, [03] = 8-10 10 I cm"3) is accompanied by 

slowing down of the formation of the final ions. At the 

same time, in this case more NO 2  X •Y ions are formed, as the 
transformation process 02(H20)n --> NO;-X -Y --> NO;-X •Y be­

comes more important. The influence of ozone on the behaviour 

of the model is more significant than the influence found in 

the experiment [15,16]. 

3. The influence of the concentrations of HO and H0 2  on 

the evolution of ions is also rather significant. NO mostly 

influences the rates of the transformations 0;(H20)k --> 

--> N03'XY and C0;(H20)k —> N02'XY; H02 influences the 

rates of the transformations 05(H20)k --> NOJXY and 

C03(H20)k > NO3XY, and also the balance of the ions 

N05-X-Y and N03-XY. 

3* 
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If we increase [NO] 10 times and decrease [N02] 10 times 

([NO] = 1.6-Ю10 cm"3, [N02] = 2.2*10* cm"3), then in the 

region of Is age ion formation is slowed down, whereas at 

the same time summarily it is sped up (see rows D1 in Tables 

'£ and 3), On the other hand, if we decrease [NO] 10 times and 

increase [N021 10 times, then the loss of the ions 02(H20)k 

is sped up, but at the same time a significant amount of the 

ions N02-X'Y is formed, as the former balance of the ions 

N02-XY and N03-XY is shifted. 

If we increase only the concentration of NO 10 times, then 

the evolution of the ions is near to that of the normal state 

(see Tables 2 and 3, rows D3). 

Indeed, the concentration of N02 influences the evolu­

tion of negative ions also according to the experimental re­

sults [15]. At the same time the influence of the concentra­

tion of NO should not be noticeable. 

4. The concentration of HN03 influences the balance of 

the ions N03(HN03 )e(H20 )n, and also the formation of these 

ions of the ions C03(H20)k. If [HNOa] is higher then the ions 

NO3X-Y are larger, which also decreases their transformation 

into the ions HSO4 and NO^-HCl. If [HN03] is lower, then the 

ions NOg-XY contain more smaller ions, which are capable of 

being transformed into the ions HSO4 and NO3-HCI. 

The concentration of HN03 influences mainly the compo­

sition of the ions of 1 s age, the influence on the ion com­

position of the steady state is weaker. Even if we decrease 

[HNO3] a hundred times in comparison with the normal state, 

the steady state remains relatively unchanged, whereas the 

part of Is final ions is significantly decreased (.Tables 2 

and 3, rows E2, [HN03] = 1-10® cm-3). If we increase the r>nn~ 

centration of [HN03] 100 times in comparison with the normal 

c o n c e n t r a t i o n ,  t h e n  t h e  p a r t  o f  t h e  f i n a l  i o n s  i s  w e a k l y  i n ­

creased (Tables 2 and 3, rows El). The fact that the rcwven-

tration of HN03 in general inf luences the i-i.mpdüit ion of 

1 s ions agrees with experimental data I'lo] 

5. Due to the influence of H2S04 the normal final innr^ 

NOs (HN03 )m( H20 )n are transformed into the i-uis HSU* However, 

the influence of changing the concentration is rather we>k 

If we want the part of the ions HSOJ to become important, .it 

is necessary to increase the concentration 1114 times (see 

Tab] es 2 and 3, rows F, where the concen trar i.-ri of H2S04 is 

equal to 4-10 12 cm"3). 



There are no experinental data confirming the influence of 

the change of the concentration of H2S04. On the other hand, 

it is known that in the steady state of the troposphere, 

alongside with the ions HOj-XY, there is a snail amount of 

ions with the core HS04 [3]. 

6. A hundred-fold change of the concentration of CH4 did 

not have a significant influence on the evolution of ions. 

This agrees with experimental data [15]. 

7. If the concentration of H20 is increased a hundred times, 

then at an age of 1 s there are more 05(H20)k ions and less 

C0;(H20)k and N0;(HN03 )„(H20)n ions. The steady state remains 

practically unchanged. A hundred-fold decrease of the concen­

tration of N20 does not have significant influence on the 

evolution of ions. 

The result agrees with experimental data, where H20 also 

belongs to the group of compounds having a weak influence on 

the evolution of ions [15]. 

8. Due to the influence of S02 the ions HC0;(H20)k (there 

are generally few such ions) are transformed into the ions 

HS0;(H20)k , also SO; ions are formed, which can be trans­

formed into the ions NOjX-Y, thus creating one more channel 

of formation of final ions. The influence of changing the 

concentration of S02 is weak. A decrease of the concentration 

has practically no influence, whereas a hundredfold increase 

of the concentration generates a certain amount of SO; ions 

(Tables 2 and 3, rows Hl, [S02] = 31013 cm"3). 

The computational influence of the concentration of S02 is 

weaker than it could be on the basis of the results presented 

iri [15]. 

9. An at least thousand-fold increase of the concentrations 

of chlorine compounds (HCl, Cl2, freons) has the remarkable 

influence on the evolution of ions. This result generally 

agrees with experimental data [ 15], which predict an 

extremely strong influence in the case of these compounds, 

but the influence obtained by computation is too weak. 

Conclusions 

In the present paper and in papers [8,9] an attempt has 

been made to compare the behaviour of a model based on 

chemical kinetics with the measurement data obtained by mass 
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and mobility spectrometry. The ions of 1 s age and the in­

fluence of adding neutral gases to them have been studied 

only with mobility spectrometry. 

Thus, the ions of an age of about 1 ms are similar on the 

basis of both measurements and modeling. The same (with 

certain reservations presented in sections 3.1. and 4.1.) is 

true of the ions of the steady state. However, it is not 

possible to conclude that the model is sufficiently correct. 

Namely, certain discrepancies appear between the measurement 

results and modeling in the case of 1 s ions. First, the 

influence of many admixtures found to be very important in 

[15] (HCl, CC13C00H, (CH3)2NH, CHC13 , etc.) could not be 

modeled. Second, the model predicts a strong influence of 

ozone on the evolution of ions; on the basis of measurements 

such a strong influence should not exist. 

At the same time there are many results coinciding with 

the measurements of Is ions. Indeed, in modeling, as in 

paper [16], a higher concentration of water slows down the 

formation of final ions. Indeed, the model is sensitive to 

the concentration of N02 and HN03, and weakly sensitive to 

CH4 and N20 in the case of negative ions and to most gases 

in the case of positive ions. 

Finally, we have to point out that though our models have 

used a relatively large quantity of data and the results 

agree with relevant measurement results in many respects, a 

lack of data about several important reactions is still 

evident. 
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ТНК EFFECT OF PYRIDINE AND ITS HOMOLOGUBS OH MOBILITY 

SPECTRA OF POSITIVE SMALL AIR IOHS 

T. Parts and J. Sain 

Introduction 

Natural air contains permanent gases (N2, 02, Ar, Ne, He, 

Kr, H2, N20, Xe), and variable components (H20, C02, CH4, CO, 

03, NH3, NO, N02, S02, H2S, hydrocarbons, organic compounds 

containing oxygen, nitrogen, and sulphur, element-organic 

compounds, etc.) [1, 2]. The concentration с of unpermanent 

gases in the troposphere varies between traces (с < 1 ng) to 

several microgrammes (in the case of H20 to several granges) 

in юэ [2, 3]. Biosphere is the largest source of organic 

emissions into the troposphere. These emissions include also 

pyridine bases, i.e. mixtures of heterocyclic organic com­

pounds (pyridine, picolines, lutidines, collidines). Pyri­

dine bases are formed also in combustion processes of fossil 

fuels, oil shales, turf, and in the incineration of wood and 

bone [4]. Mass-spectrometric measurements confirm their 

presence in natural air [5]. 

In addition to neutral molecular components the air also 

contains a certain amount of radicals 0, OH, H02, CH302, etc. 

(IO4-109 molecules in cm3), and air ions (small air ions of 

an order of 102-103 pairs in cm3). Cosmic irradiation and 

radiation of radioactive compounds cause the formation of 

primary ions (N2, 02, H20^, COj, 02, 0", OH-, etc.) from neu­

tral molecules. In ion-molecular reactions with molecules the 

primary ions are transformed into small air ions. The com­

position of the latter in the troposphere has not been final­

ly established. 

It is known that the mobility spectrum of small air ions 

is sensitive to a number of admixtures in the air [6, 7]. The 

difference between urban and rural spectra of positive small 

air ions [8] may be connected with the differences in the 

chenical composition of the air Pyridine and its homologues 

may influence the composition of positive small air ions [5]. 

The present paper will consider the influence of pyridine, 

2-picoline, 2,3-, 2,4-, 2,5-, 2,6-lutid ine and Г-collidine on 

the mobility spectrum of small air ions. 
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Objects and eethods of the investigation 

The objects of the investigation are ordinary urban air 

in a relatively clean laboratory of 50 ms, and admixtures: 

pyridine, methylpyridine, dimethylpyridines, trimethylpyri-

dine. Table 1 presents certain physical-chemical properties 

of the latter and of NH3 and H20 [9]. Water and ammonium have 

an important role in the formation of positive air ions [5]. 

Table 1 

Physical-chemical properties of some 

pyridines, NH3 , and H20 

Molecular Boiling Proton 

Compound Formula mass point affinity 

aou •c eV 

Pyridine CaHsN 79 115.3 9. 6 

2-picoline CH3CBH4N 93 128 9. 75 

2,4-lutidine (CH3)2C0H3N 107 157 9. 83 

2,6-lutidine (CH3)2C0H3N 107 143 9. 83 

Z-collidine (CH3)3C0H2N 121 172 10 

Ammonium NH3 17 -33.5 9. 4 

Water H20 18 100 7. 3 

In the laboratory room people worked only in the case of 

extreme necessity (adjustment of apparatuses). During the 

measurement the room was empty. The floor of the room was 

made of glazed plates. The walls and the ceiling were painted 

with pentaphtal paint which is a relatively slow gas ab­

sorber. There were very few pieces of furniture in the room 

and most of them were metallic. Smoking was prohibited in the 

laboratory and in neighbouring rooms. 

The measurement was carried out with an air ion spectro­

meter UT-7509 [8,10] which was slightly rebuilt and supple­

mented with an Iskra 226 computer. The program KAIS used for 

spectrometer control and data collection was compiled by 

H. Tammet. The program executed the measurement and recording 

of the mobility spectrum of small air ions of both polarities 

in 64 points located logarithmically uniformly by mobility. 

The background spectra were measured in maximally clean 

room. After that some certain chemicals in very low concen­

trations were added to the air. 
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The concentrations presented in this paper were roughly 

estimated. Actual measurements of concentrations were not 

made. The concentrations were calculated by the estimated 

volume of the admixture evaporating from a surface of 1 cm2 

at T = 295 K, p - 10° Pa. The time of evaporation and the 

distance of the admixture dish from the spectrometer were 

taken into account in the calculations. 

Bxperinental results 

The background spectra of one-second small air ions in 

laboratory air have a typical form (Fig. 1). 

У 

3 

2 

1 

2 1 1.5 

к: cm2/(V•s ) 

Fig. 1. Mobility spectra of small air ions. 1 and 1' -

- background spectra, monthly average (March 1986); 

2 and 3 - traces of pyridines in the room (2 - the 

next day, 3-  week after the experiments). The 

ordinate у of the spectra is in arbitrary units. 

After the experiments with pyridine and its homologues and 

airing of the room, the mobility spectrum of positive air 

ions always contains three peaks, whereas 1.05 cm2/(V•s) is 

dominant. Pyridine, picoline, lutidines, and collidine in­

fluence the mobility spectrum of small positive air ions 

(Figs. 2-4). They do not influence the spectrum of negative 

air ions. On the wide background peak 0.7-1.6 cm2/(V•s) there 

are evident peaks 1.05 cm2/(V-s) (background after all pyri­

dines), 1.2 cm2/(V•s) (2-picoline, 2,6-lutidine, collidine), 

and 1.4 cm2/(V•s) (2,3-lutid ine, 2,4-lutid ine). In the case 

of pyridine the peak is widened towards higher mobilities. 
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н 

1.5 к: 0Bz/(V•s) 

Fig. 2. The influence of pyridines on the spectrum 

of positive air ions. 1 - pyridine, 2 - 2-pico-

line, 3 - 2,3-lutidine, 4 - collidine. 

•I 

1.5 k: CB Z / (V•s) 

Fig. 3. The influence of diiiethylpyridines on the 

spectrum of positive air ions. 1 - 2,3-lutidine, 

2 - 2,4-lutidine, 3 - 2,5-lutidine, 4 - 2,6-luti-

dine ( с и 10~2 ug/ii3). 

Fig - 3 presents the mobility spectra of various diiiethyl­

pyridines: 2,3-, 2,4-, 2,5-, and 2,6-lutidines. The nobility 
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spectra of 2,3-, and 2,6-lutidine have discrete peaks of 

1.4 cm2/(Vs) and 1.2 cm2/(V•s) respectively. The mobility 

spectra of 2,4- and 2,5-lutidine are in an intermediate posi­

tion, and have two peaks whose relations depend on the con­

centration of the admixture. 

У 

3 

2 

1 

1.5 1 

Fig. 4. The dependence of the spectrum of positive small 

air ions on the concentration of 2,4-lutidine (t?3 > 

> c2 > cx > c0, ca = 1СГ1 ug/n3, c0 s 10~3 4g/m3). 

Discussion 

In recent studies of air ions in the troposphere using 

mass spectrometry and gas chromatography it is supposed that 

(H20)n are the final dominant positive air ions in natural 

air, however the composition of positive air ions is in­

fluenced by organic admixtures always present in the tropo­

sphere [5] . 

In addition to dominant air ions the atmosphere also con-

tains 0^(H20)n, H0-(H20)n, H30+(H20)n, NHj(NH3)„(H20)n, 

etc., depending on temperature, pressure, humidity, age of 

ions, and the particular admixtures of the air. 

The main parameters that determine the mobility of an ion 

in a gas are its mass and effective dimensions. The mass of 

an ion is determined by its chemical composition, the dimen­

sions are determined by composition and other physical-che­

mical properties of the ion. 

An increase in the concentration of an admixture or the 

appearance of new admixtures in the air leads to a change in 
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the composition of air ions on account of their collisions 

with the molecules of the admixture. As a result air ions 

with new chemical compositions are formed. Masses and dimen­

sions, and consequently also mobilities of the ions are 

changed. 

Our measurements show that in some cases admixtures with 

remarkably different molecular masses ( CH3CSH4N, (CH3)2CSH3N 

and (CH3)3C5H2N ) give mobility peaks in one and the same re­

gion 1.2 cm2/(V•s) (Figs. 2 and 3). 

Pyridine, picoline, lutidines, and collidine have higher 

proton affinities than ammonium (Table 1) and they easily 

enter the reactions of proton transfer (Table 2) which take 

place at a reaction rate of about 10~® cm3 -s-1 [5]. 

Table 2 

Proton transfer reactions with pyridines 

Initial Final 

compounds products 

C5H5N + NHi(H20)n --> C5H5NH*(H20)n + NH3 

CH3C5H«N + NHj(H20)n —> CH3CoH4NH-(H20)n + NH3 

(CH3)2C5H3N + NHt(H20)n —> (CH3)2CsH3NH-(H20)n + NH3 

(CH3)3CsH2N + НЩ(Н20)п —> (СНэ)эСвН2тГ(Н20)п + NH3 

Changes in the spectra may be connected with the above 

reactions, but other reactions are also possible (e.g. decay 

of complexes, changes of hydration rates, etc.). Measurements 

of mobility spectra of small air ions show that pyridine and 

its homologues manifest individual physical-chemical pro­

perties both in the reactions of proton transfer and in the 

reactions of cluster formation - decomposition. 

Conclusions 

1. Pyridines as nucleophilic chemical reagents have a 

strong influence on the mobility of positive snail air ions 

of one-second age, whereas they do not influence the nobility 

of negative ions. 

2. The form of the mobility spectrum of positive small air 

ions depends on the concentrations of the admixtures injected 

into the air, but on very low concentrations the effect is 

similar: a peak at the mobility 1.05 cm2/(V•s) is induced. 
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3. Lutidines (dimethylpyridines) have a characteristic in­

fluence on the spectrum of positive small air ions. The mobi­

lity spectrometry of one-second small air ions makes it pos­

sible to identify 2,3-, 2,4-, 2,5-, and 2,6-lutidines at 

their low concentrations in air. 
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MEASUREMENT OF AIR ION MOBILITY SPECTRA 

IN A WIDE RANGE 

J. Sain and M. Reinart 

The main purpose of this research was to obtain informa­

tion about the mobility spectrum of air ions in indoor (lab­

oratory) conditions. The article also deals with the testing 

of a relatively modern air ion spectrometer. 

A ten-channel air ion spectrometer UT-7914 was used for 

the measurements, a short description of the device is pro­

vided in [1]. The general design of UT-7914 is quite similar 

to that of its prototype [2]. The nain differences between 

the new spectrometer and the prototype are the reduced number 

of channels, the use of individual smallsize electrometers 

[3] for each channel instead of commutated electrometers, the 

control unit built of nodern microchips, and the use of a 

unit of analogous indication of the signals from separate 

channels. The spectrometer has two aspiration measuring ca­

pacitors with divided effective capacitance. Thus there are 

10 limiting mobilities with a logarithmically uniform dis­

tribution: 0.00048; 0.001; 0.0022; 0.0048; 0.01; 0.022; 

0.048; 0.1; 0.22; 0.48 cm2/(V • s ) . 

For the computation of the mobility spectra H. Tammet has 

written programs for NAIRI computers on the basis of the 

piecewise linear spectrum model [4]. The present paper em­

ploys the program yielding the so-called X-spectrum which is 

composed of 9 values of the conductivity function X(k) for 

the above mobility values к - 0.00048; 0.001; 0.0022; 0.0048 

etc. up to 0.22 cm2/( V • s ) , and of the concentration of small 

air ions which have conventionally been given the mobility of 

1 cm2/(V•s). The values of the conductivity function at к -

- 0 -48 cm2/(V•s) are a priori taken to be zero. The program, 

alongside with the values of spectra, also yields the re­

spective estimates of random errors. 

The spectra were measured during 6 months from November 

1981 to May 1982, as a rule, the measurements were conducted 

on weekdays from 17:00 to 18:00 (Moscow time). The measure­

ments were carried out in laboratory without special sources 

of air ions and aerosols. One person servicing the spectro­

meter was in the room during the recording of spectra. The 

ventilation window was closed. In the whole measurement 
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period 630 negative and 665 positive air ion spectra were 

obtained. Before the calculation of average values the data 

were checked and in two cases some parts of it were not used: 

1) if the computer issued a special symbol indicating the in­

exactness of the computation due to strongly anomalous data; 

2) if the negative values of the spectra (in principle im­

possible) in their absolute values at least two times ex­

ceeded the estimate of the mean square error in the same 

fraction. In the first case the whole spectrum was rejected, 

in the second case the anomalous value and two neighbouring 

values on the right and on the left were rejected. The latter 

rule is based on special mathematical experiments which show 

that the deviance of the signal in one spectrometer channel 

causes error in several neighbouring fractions of the spec­

trum . The rejected values of the spectra were distributed 

roughly uniformly between the two above criteria. 

The above rejection procedure left 4172 values, i.e. the 

average of 417 spectra for negative air ions, and 4805 

values, i.e. the average of 480 spectra for positive ions. 

The averaged X-spectrum for the whole measurement period is 

presented in Table 1 and Fig. 1. 

Table 1 

Air ion spectra in laboratory conditions 

Mobility к 

cm2/(V•s ) 

Values of the spectral function 

X(*): e/cm3 Mobility к 

cm2/(V•s ) 

Negative air ions Positive air ions 

0.00048 1005 1534 

0.001 1522 1927 

0.0022 397 438 

0.0048 287 376 

0.01 120 239 

0.022 15 120 

0.048 28 -1 

0.1 -1 4 

0.22 1 1 

1 181 196 

The resulting spectrum demonstrates that the maximum value 

of the spectral function is about 10~3 cm2/(V•s) and that 
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ions are practically absent in the nobility range fron 

0.05 cm2/(V-s) before snail ions. 

1000 

\(k): 

2000 

Fig. 1. Air ion mobility spectrum 

in laboratory conditions. 

The spectral distribution of small air ions has not been 

specially studied in the present paper, however, according 

to existing data, small air ions are located approximately in 

the range fron 0.5 to 2.5 cm2/(V•s) [5, 6]. Thus, the nobi­

lity spectrum has a large gap approximately in the range from 

0.05 to 0.5 cn2/(V•s). 

The a priori zeroing of the spectral function at к - 0.48 

cm2/(V s) turned out to be justified: in the opposite case 

there would have been a significant value of the function at 

к = 0.22 cm2/(V• s ). The fact that almost all papers on air 

ion spectra published up to now do not show such a gap, can 

probably be explained by low resolution of the equipment and 

by significant measurement errors. The gap can be explained 

5 
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by the diffusion charging model of intermediate and large air 

ions, considering the ultra-low probability of the appearance 

of charged particles in the range of radii approximately from 

1 to 3 nm (which correspond to the mobility range from 0.05 

to 0.5 cm2/(V•s >) [7]. 
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SPECTRUM OF ATMOSPHERIC IONS IN THE MOBILITY 

RANGE 0.32-3.2 cn2/(V s) 

H. Tammet, H. I her and J. Salm 

Introduction 

The authors have carried out continuous measurements of 

ion spectra in the mobility range from 0.32 to 3.2 сю2/(V•s), 

whereas the whole range was logarithmically divided into 10 

intervals. The spectrum was represented by a corresponding 

set of fraction concentrations. Instruments and methods used 

are described in [1]. The present paper presents preliminary 

conclusions from the results of measurements carried out from 

04.06.85 to 10.06.85 in the city of Tartu, Estonia, and from 

10.06.85 to 15.09.85 at Tahkuse village, Estonia. In 1984 

systematic measurements of mobility spectra of small ions of 

one-second age were carried out at the same village [2]. The 

measurement point at Tahkuse was situated in a typical 

sparsely populated rural region 27 km to the north-east of 

the city of Pärnu. 

In the measurement point at Tahkuse the spectrometers with 

the sensors were located in the attic of a one-storeyed 

country house. The air was sucked in through an opening in 

the vertical frontone of the attic at a height of about 5 m 

from the ground. The house was surrounded by tall trees and 

there were fields nearby. The computer, controller, and the 

sensor of pressure were situated in a room with a microcli­

mate of normal living premises. 

The measurements were carried out round the clock, inter­

ruptions were due to technical failures and power cuts. All 

the measurements were controlled by the conputer program 

described in [1 ] . 

Processing of results 

The results were first recorded on a compact cassette and 

subsequently rewritten on a hard disk of Iskra-228 computer 

with the help of the system described in [3]. Further pro­

cessing was carried out by Iskra-226 computer using Basic-02 

programming system. 

The first stage of processing included technical recoding 

of information and elimination of all the data where at least 

one overloading of at least one electrometer had occurred. At 
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the second stage fraction concentrations of ion spectra were 

сопри ted and the times when measurement precision had failed 

to neet certain criteria, were eliminated. The method of the 

computation of spectra is presented in [1]. The elimination 

of results is described in Table 1. The eliminated times were 

not uniformly distributed over the whole day; a heightened 

probability of insulation failures was observed in high-hu-

midity morning hours. Similarily, the probability of failures 

arid noise in power input was increased in the morning hours. 

Table 1 

The extent of measurements 

No. of hrs. 

Place Time Place Time 

(Moscow, Summer) pos­ actual passed passed 

Beginning End sible stage 1 stage 2 

Tartu 04.06.85. 10.06.85. 
18:00 7:00 133 102 91 90 

Tahkuse 10.06.85. 15.09.85. 
19:00 19:00 2328 2025 1763 1700 

The results obtained at stage 2 were the basis of all the 

statistical conclusions. No further elimination of results on 

the basis of quality was carried out. 

It can be hypothesized that the apparatus matrix proposed 

in [1] is designed on the basis of an overly modest estimate 

of apparatus smoothing of the spectrum and leads to syste­

matic "undercorrection" of spectra, especially in the 

conditions of strong turbulence. The apparatus matrix can be 

improved after further experiments in the laboratory. As it 

is, we have considered it best to stick to the lower limit of 

the estimate of apparatus smoothing, as "overcorrection" 

would lead to even more considerable distortions of results, 

than the retention of residual apparatus smoothing in the 

case of "underсorrection" . 

At the second stage of processing, an additional cor­

rection was used for the adsorption of ions on the input grid 

of the measurement capacitor. According to a semi-empiric­

al' estimate [4] the adsorption is about 4% for a mobility 

of 2 cmz/(V • s). 
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The fore of the spectrum and the classification of ions 

according to their mobilities. 

To determine the average spectra of snail air ions on the 

basis of 1700 hours of measurements at Tahkuse, only the 

hours where none of the four main parameters exceeded the 

interval x ± ox (neither for positive, nor for negative 

ions) were chosen. There were 443 such hours and they were 

more or less uniformly distributed over the whole period of 

measurement. The respective spectra were averaged arithmeti­

cally. The results are presented in Fig.l. 

mcd 
+ 0.5 

о 
и ю ffl Ь 

2 cma/(Vs) - 0.5 

Fig. 1. Average spectra of small atmospheric ions. 

Henceforth the fractions will be indicated in the 

descending order of numbers and ascending order of 

the mobilities. The number of ions/cm3 is indicat­

ed at every column. The limits of mobility inter­

vals are: 0.32; 0.40; 0.50; 0.63; 0.79; 1.00; 

1.26; 1.58; 2.00; 2.51; 3.16. 

The standard deviation of random error of the measurement 

of fraction concentrations in an one-hour spectrum was about 

several ions in cm3. Random errors in the average spectra in 

Fig. 1 were much lower. However, considerable systematic er­

rors which do not diminish in averaging are not excluded. One 

of the possible sources of errors is residual apparatus 

smoothing of the spectrum. It is very likely that positive 

results in the mobility interval over 2.5 cmz/(Vs) are only 

a result of smoothing, and that actually there are no such 

ions. Results pointing to the existence of high-mobility ions 
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in the atmosphere have been published for several times, e.g. 

[5, 6]; however, in all these cases it cannot be excluded 

that the apparent presence of such ions has been caused by 

low resolution of the instruments and resulting smoothing of 

spectrum. 

The presence of low-mobility ions in the results cannot be 

explained by apparatus distortions. Such ions that are not 

always present, are of special interest. 

In the spectra with a clear-cut "heavy tail" a minimum is 

observed in the mobility ranee 0.5-0.В cm2/CV's). The minimum 

is observed also in the average spectra (Fig. 1). An analysis 

of a set of spectra creates an impression that the physical 

nature of ions changes at the limit 0.5-0.6 cm2/(V-s). It 

seems that in the case of high mobilities the ions couli be 

considered as molecular clusters, whereas in the case of low 

mobilities the properties of macroscopic particles are 

dominan t. 

The above regularity confirms the correctness of using the 

boundary 0.5-0.6 cm2/(V-s) for the classification of ions. 

Henceforth, in accordance with numerous other studies, we 

will use 0.5 cm2/(V-s) as the standard value of the border, 

whereas only ions with higher mobilities will be called small 

ions. Ions with lower mobilities will be classified as inter­

mediate ions. In the following discussion of the intermedia­

te ions we will consider only the ions with mobilities 0.32-

-0.5 cm2/(V-s), recorded during the measurements. 

Intermediate ions are mostly distributed symmetrically by 

polarities. However, there are cases where intense formation 

of intermediate ions takes place only for one of the polari­

ties. Respective examples are presented in Fig. 2, the exam­

ples are extreme also with a view to relative proportions of 

intermediate and small ions. 

These examples permit to hypotesize that at the division 

of ions into small and intermediate according to their physi­

cal nature it is necessary to consider the respective mobili­

ty intervals as partially overlapping. For instance, positive 

ions with the mobilities 0.63-0.8 cm2/(V-s) in the spectrum 

(Fig. 2a) are likely to be intermediate ions physically. 

In the spectrum of small positive ions at the achieved 

resolution always only one maximum is discovered, whereas its 

location is highly variable. In the spectrum of negative ions 

often two peaks were observed (see Fig. 2b). In ordinary 
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Fig. 2. Examples of extreme spectra. 

a - at 3 a.m. 13.06.85; b - at 5 p.m. 05.09.85. 

Estimates of standard deviation of random errors 

are less than 3 ions/cm3 for any fraction. 

2 cm2/(V•s) 

conditions the more mobile peak 

in the spectrum is strongly do­

minant and there is no interme­

diate minimum. Fig. 3 presents 

an extremely narrow spectrum. 

This sample also demonstrates 

an extremely high average mobi­

lity and a rather low concent­

ration of small ions. 

Fig. 3. Extremely narrow 

spectrum of small negative 

ions. Midnight 30.08.85. 

39 



Our results concerning the fore of spectrum agree well 

with an example by Yunker [7], with the observations of 

Hisaki et el. [8], and also with the results of [9]. 

Parameters of the spectrua 

For statistical analysis it is necessary to describe the 

basic properties of the spectrum by means of a small amount 

of numeric parameters. The following set of parameters is 

based on the above conclusion about the expedience of divid­

ing the whole spectral range into a subrange of small ions 

with mobilities over 0.5 cm2/(Vs) (8 first fractions) and a 

subrange of intermediate ions with mobilities below this 

limit (2 last fractions). The main parameters are de­

termined and denoted as follows: 

e 

1. Concentration of small ions л = 2 
J = i 

2. Average mobility of small ions for standard conditions 

e 

Ti - 2 Aj /л, where кл is geometric mean of boundary 
J = i 

mobilities of the fraction. 

3. Relative width of the spectrum of small ions 

s = 2 ki *J/n ~ Я2)/*-

4. Fraction concentration of intermediate ions 

* = f, + fio 

Natural average mobility of small ions is viewed as a sup­

plementary parameter. 

I 101325 Pa Г \ 

1 p 273.15 К I 

Statistical averages and distributions 

Average values and standard deviations of the parameters 

of all 1700 pairs of spectra recorded at Tahkuse are present­

ed in Table 2. 

By way of comparison it can be pointed out that in summer 

1984 on the island of Vilsandi it was found that k+ = 1.35 ± 

± 0.49 cro2/( V • s) and A-. = 1.59 + 0.44 cm2/(Vs) [10]. These 

values were obtained using an integral aspiration counter and 
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Table 2 

Average parameters of spectra at Tahkuse 

Parameter Polarity Average Standard Unit of 

deviation measurement 

n + 408 145 

n - 359 136 

m + 24 16 

m - 24 20 

к + 1.31 0.10 

5  - 1.47 0 .13 
к' + C

O
 

C
D

 
0 .10 

к' - 1.56 0.13 

s + 0.305 0.022 

s - 0.317 0.033 

respectively higher random errors of measurement are re­

flected in the high estimates of standard deviations. 

Average conductivities X* = 9.20 fS/m and X_ = 9.12 fS/m 

are nearly equal; this is evidence of the suppression of t.he 

electrode effect under tall trees. The presented values do 

not include the conductivity caused by ions with mobilities 

below 0.32 cm2/(V•s). 

The statistical distribution of hourly averages of mobi­

lities is described by Table 3. 

Table 3 

Distribution of hourly averages of 

small ion mobilities at Tahkuse 

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 

12 235 584 577 234 53 5 0 0 

2 41 135 321 463 475 196 65 2 

К 0 28 294 652 520 179 25 2 0 

kL 0 5 47 150 324 487 457 188 41 

Mobilities below 1.1 cm2/(Vs) occurred only when ions 

which were intermediate according to their physical nature. 

formally fell into the mobility range of small ions. The 

Sherman distributions [11] differ from those in Table 3 first 

of all in their greater width. A possible explanation is the 
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effect of random measurement errors. 

The statistical distribution of the average mobility is 

rather close to normal distribution. The distribution of 

small ion concentration has a noticeable positive asymmetry 

and a large excess. The distribution of intermediate ion 

concentration is significantly different from normal dis­

tribution: the coefficient of asymmetry exceeds 9 and the 

coefficient of excess is 180 (see also Table 9). 

The distribution of the coefficient of unipolarity is 

shown in Table 4. 

Table 4 

Distribution of the unipolarity coefficient 

л+/л_ at Tahkuse. The first line contains 

the values and the second line the frequencies. 

0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 

4 66 440 747 353 72 12 3 

Daily variation 

The daily variation of main spectral parameters is weakly 

expressed. The data are presented in Table 5. 

The strong daily variation of the concentration of small 

ions in inhabited locations is caused by the daily rhythm of 

anthropogenic pollution of the air. The concentration of 

small air ions is determined by both the intensity of ion 

formation and aerosol density. In a relatively sparsely in­

habited rural location variations of both factors evidently 

cancel each other. 

The nightly maximum of the concentration of small ions was 

caused by rare cases ot anomalously heightened concentration 

exceeding л + 3on. None of these anomalies was accompanied 

by anomalies of unipolarity. A likely reason of high concen­

trations is an anomalously low concentration of aerosols 

which occurred only at night. If to eliminate 2% of the data 

on the basis of the criterion of high ion concentration, then 

the average daily variation is strongly suppressed - peaks of 

л» at 23:00 and 3:00 fall to 418 cm-3. 

The daily variation of the average mobility is closely 

connected with the daily variation of temperature which will 

be dealt with separately. 
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Table 5 

Daily variation of spectral parameters at Tahkuse. 

First column - beginning of the interval by Moscow 

Summer Time, v - number of days covered, 

t - temperature in °C, 17- correlation ratio. 

« t л*. *>+ h К л_ л_ к. kl 

0 78 14 3 441 23 1 332 1 406 396 23 1 .'481 1 562 

1 74 13 6 443 23 1 338 1 409 391 22 1 500 1 579 

2 75 13 0 437 22 1 343 1 410 384 20 1 510 1 586 

3 73 12 5 452 28 1 343 1 409 392 21 1 514 1 588 

4 72 12 3 440 23 1 355 1 419 380 22 1 516 1 588 

5 71 11 6 437 23 1 356 1 417 376 21 1 526 1 595 

6 72 11 5 406 24 1 354 1 414 350 22 1 528 1 597 

7 67 11 9 399 23 1 347 1 410 344 20 1 526 1 598 

8 57 12 5 307 23 1 336 1 401 341 22 1 504 1 578 

9 52 14 5 401 27 1 298 1 371 348 24 1 462 1 546 

10 58 15 8 391 26 1 299 1 380 336 2i 1 463 1 554 

11 61 16 9 385 25 1 293 1 377 334 25 1 467 1 562 

12 66 16 0 396 28 1 267 1 354 347 31 1 431 1 544 

13 70 18 9 399 29 1 262 1 352 348 30 1 441 1 544 

14 72 19 3 382 26 1 269 1 361 343 28 1 460 1 566 

15 74 19, 7 389 27 1 265 1 360 341 30 1 449 1 557 

16 76 19. 8 379 27 1 266 1 361 334 30 1.435 1 543 

17 77 20. 0 381 26 1 263 1 358 338 35 1 424 1 532 

18 75 19. 7 373 23 1 278 1 373 331 24 1 4^1 1 548 

19 75 18. 9 381 21 1 281 1 373 340 21 1 443 1 547 

20 78 18. 7 387 21 1 285 1 376 344 20 1 438 1 540 

21 78 17. 7 400 20 1 297 1 384 364 19 1 436 1 532 

22 75 16. 5 420 21 1 307 1 389 381 19 1 443 1 534 

23 74 15. 4 444 23 1 309 1 387 405 23 1 444 1 530 

17 - 64X 17X 17* 32* 23* 17* 19* 26* 19* 

dependence of nobility on teeperature 

The dependence of mobility on temperature is described in 

Table 6. 

In the case of ions with stable structure the increase of 

temperature leads to the growth of natural mobility which is 

inversely proportional to the density of the air. Actually, 

6* 
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Dependence of average mobility 

on temperature at Tahkuse 

Table 6 

°C К h Al k-

0-5 1 .52 1 .48 1 .71 1 .63 

5-10 1 .45 1 .40 1. .62 1 . 55 

10-15 1 .40 1. .33 1. . 57 1 .49 

15-20 1. .38 1 . 29 1, ,54 1 .46 

20-25 1. ,34 1. .24 1, .51 1 .41 

25-30 1, .32 1 .21 1. ,52 1 .39 

V 33% 48% 26% 35% 

natural mobility decreases with the growth of temperature. 

This gives evidence of the dependence of the structure of 

ions on temperature. This dependence may partially be caused 

by the growth of the concentration of air trace-gases to­

gether with the temperature. 

The data in Table 6 can be taken to pose a problem of the 

reduction of mobilities proportionally to the density of the 

air. To obtain more information, the dependence of the 

reduced mobility on air pressure was computed. The results 

shown in Table 7 demonstrate a lack of a linear tendency, at 

the same time a non-linear tendency is evident. 

Table 7 

Dependence of average reduced 

mobility on air pressure 

Pressu re 995-1005 1005-1015 1015-1025 1025-1035 hPa 

k+ 1. 35 

О
 

CO 

1.30 1.36 cm2/(V • s ) 

Frequency 66 785 669 158 

The investigation of the mobilities of one-second aged 

ion:; did not reveal a dependence of the reduced mobility on 

temperature [2]. It seems that the dependence on temperature 

is caused by admixtures of such low concentrations that the 

relaxation time of their reactions with ions is substantially 

over one second. 
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Linear correlations 

The estimate of linear statistical correlations in the set 

of basic parameters is presented in Table 8. Disregarding the 

problem discussed above, the data in Table 8 do not contra­

dict the accepted understanding of the regularities of the 

behaviour of air ions. 

Table 8 

Estimates of the coefficients of linear correlation 

r for the whole period of measurement. Number of 

realizations is 1790, and the 99% confidence level 

is r9S = 6X. 

г: X t К л_ Я- L 

t + 100 -12 -7 -49 -10 + 2 -39 

-12 + 100 + 20 -23 + 97 + 15 -28 

-7 + 20 + 100 -24 + 17 + 63 -23 

h -49 -23 -24 + 100 -24 -28 + 86 

л_ -10 + 97 + 17 -24 + 100 + 20 -33 

ID- + 2 + 15 + 63 -28 + 20 + 100 -37 

It. -39 -28 -23 + 86 -33 -37 + 100 

Ionization and aerosol formation 

The formation of intermediate air ions is one of the most 

frequently discussed mechanisms of atmospheric aerosol gene­

ration. Especially interesting is the condensation on ions of 

substances other than water which can form stable particles. 

Some mechanisms of this process are known [12]. The results 

of the present measurements clearly demonstrate and quantita­

tively describe the formation of intermediate ions in the 

atmosphere which makes it possible to draw several conclu­

sions about aerosol formation. 

In earlier measurements of the spectra of one-second aged 

ions at Tahkuse intermediate ions were not discovered [2]. In 

a special experiment (22:00. 09.06.85) with the air of the 

city of Tartu a weak radioactive substance was used, this 

increased the concentration of small ions to 1500 cm™3 but 

did not lead to the growth of the concentration of inter­

mediate ions which remained at a level of 20 cm™3. This 

indicates that the concentration of intermediate ions does 

45 



not grow together with increased ionization rate, but is kept 

at a certain low level by some limiting factor. This factor 

can be the concentration of certain trace-gases in the air 

which is necessary for the formation of intermediate ions. As 

the effect of intermediate ion formation is almost always 

saturated at the level of natural ionization rate, it is 

understandable that artificial ion formation in laboratory 

conditions does not lead to intense aerosol formation. 

The air component controlling the formation of intermedi­

ate ions cannot be water, as the amount of water in the air 

cannot be responsible for the effect of saturation. According 

to measurement data the concentration of intermediate ions is 

not any function of humidity. Spectra with and without inter­

mediate ions can be accompanied by both foggy and fair 

weathers. Examples of strong charge asymmetry presented in 

Fig. 2 point towards the existence of different trace-gases 

capable of forming intermediate ions of either one or the 

other polarity. The chemical nature of such trace-gases is 

presently unknown. The task of identification of these trace-

-gases would be easier, if it were possible to find condi­

tions where intermediate ions are generated with stability. 

According to [18] it can be supposed that such conditions 

were in the caves of Carlsbad, USA where average mobilities 

+0.35 cm2/(V•s) and -0.50 cm2/(V•s) were recorded for a sum 

of small and intermediate ions, whereas the concentrations 

were above 600 000 cm"3. 

In Tartu the average я» = я_ = 57 cm-3 was observed from 

04.06.85 to 10.06.85 (for Tahkuse the respective figure was 

24 cm-3). The limited measurement period in the city (90 hrs) 

does not make it possible to draw any conclusions about the 

increased concentration of intermediate ions in the condi­

tions of higher anthropogenic air pollution. 

A quantitative description of statistical distribution of 

concentration of intermediate ions and charge symmetry are 

presented in Table 9. On the background of low concentrations 

detailed in Table 9 there are some conspicuous samples. Some 

of those are the samples depicted in Fig. 2, where /a, 

achieves the value 394 cm™3 (a), and m_ 510 cm-3 (b). 

Above it was assumed that intermediate ions are formed as 

a result of condensation of substances on small ions. How­

ever, there is another hypotesis which claims that particles 

are formed in a neutral state and only subsequently charged, 
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Two-dimensional distribution of concentrations of 

intermediate ions of different polarities with 

mobilities from 0.32 to 0.5 cm2/(V • s) at Tahkuse 

jTj t • я_ <10 10-20 20-30 30-40 40-50 50-60 >60 2 

<10 22 39 7 3 0 0 0 71 

10-20 109 375 106 27 4 1 0 622 

20-30 28 232 291 70 16 2 6 645 

30-40 2 27 66 70 31 10 4 210 

40-50 1 2 6 21 21 15 11 77 

50-60 0 0 0 1 7 13 17 38 

>60 
1 

1 1 0 2 5 27 37 

2 163 676 477 192 81 46 65 1700 

as a result of diffusion of small ions to particles similarly 

to large ions. The nobility range 0.32-0.5 cm2/(V•s) corres­

ponds to the diameter range 2-2.7 nm. According to the most 

reliable of the available results [14] the mean probability 

of the presence of charge of one polarity for this range is 

about 0.007. If л = 500 (see Fig. 2), then in one cm3, there 

should be about 70000 neutral particles of the size 2-2.7 nm. 

Data in [15] show that the average concentration of such 

particles in air does not exceed several hundreds in cm3 

which leads to the formation of several intermediate ions in 

cm3. The hypothesis of intermediate ion formation from 

neutral particles also runs into difficulties if it has to be 

used to explain the observed cases of charge asymmetry. 

Be that as it may, the above-said cannot be taken to re­

fute conclusively the hypothesis that a certain part of in­

termediate ions is formed from neutral particles. It is pos­

sible that both mechanisms have their own role in the real 

atmosphere. The sample in Fig. 2b could have the following 

hypothetical explanation. Particles arise due to rapid growth 

of negative small ions. These particles are neutralized in 

recombination with positive ions and this causes the emer­

gence of an anomalously high quantity of small neutral par­

ticles. Due to the diffusion of positive ions to the neutral 

particles positive ions with the mobility 0.32-0.5 cm2/(V s) 

emerge (see Fig. 2b). 
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On the basis of the above measurement results and specula­

tive argumentations a double classification of atmospheric 

ions can be proposed. The traditional classification distin­

guishes small, intermediate and large ions on the basis of 

nobility. The conditional limit 0.5 cm2/(V•s) between small 

and intermediate ions found empirical proof in this investi­

gation. To increase the exactness of the formal limit further 

measurements are necessary. 

The other classification is based on the physical nature 

of ions: - cluster ions - particles with the properties of 

clusters, 

- condensation ions - particles with the properties 

of macroscopic bodies, emerging from cluster ions 

by a growth of their size. 

- aerosol ions - particles emerging as a result of 

adsorption of cluster or condensation ions to 

aerosol particles. 

The difference between the physical properties of molecular 

clusters and those of microscopic bodies has been dealt with 

e.g. in [16]. 

The mobility ranges of different groups of ions overlap. 

If to accept the above explanation of the spectra in Fig. 2b. 

it can be said that negative ions with mobilities 0.32-0.5 

cm2/(V•s) are condensation ions in this particular case but 

positive ions in this same mobility range are aerosol ions. 

To check the proposed hypothesis and to find out about the 

role of atmospheric ions in the balance of atmospheric aero­

sol it is necessary to carry out systematic measurements of 

atmospheric ion spectra in a wider mobility range. 
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THB DEPEHDEHCE OF SMALL AIR IOH MOBILITY SPECTRA 

IH THB GROUND LAYER OF THE ATMOSPHERE 

OH TEMPERATURE AND PRESSURE 

J. Sain, H. Tammet, H. Iher and U. Hõrrak 

First, we will consider the theoretical side of the prob­

lem of dependence of mobility on temperature and pressure. In 

the formula of ion mobility in the first approximation of the 

Chapman-Enskog theory which in our conditions is sufficient­

ly exact, the inverse proportionality of mobility and gas 

density is clearly expressed [1]. This relation is easy to 

prove if the gas is sufficiently rarefied, so that the pro­

cesses of transport are determined only by paired collisions 

of particles, and the strength of the electric field is suf­

ficiently weak. Therefore it is generally accepted to reduce 

the mobility to standard conditions with the equation 

p 273.15 
к - к' , (1) 

101325 Г 

where к' is the natural mobility, 

P is the pressure in Pa , 

T is the absolute temperature in К. 

In addition to that, mobility depends on temperature also 

at constant gas density. This dependence is determined by the 

character of the interaction of ions and neutral particles. 

Unfortunately, for our conditions the character of this 

interaction is not sufficiently investigated. Indirectly it 

can be estimated that for ions of stable structure the de­

pendence of the reduced mobility on temperature can be char­

acterized by a power with the absolute value below 1/2. The 

experimental data show that this dependence is considerably 

weaker. Proceeding from the data in the range 300-500 К, we 

obtain the relative change of the reduced mobility which does 

not exceed ±2* for 10* change of the absolute temperature 

[ 1 , 2 ] .  
We have carried out a systematic recording of the mobility 

spectra of small air ions (together with the small fraction 

of intermediate ions) in natural air [3]. Temperature, press­

ure, and relative humidity of the air were recorded at the 

same observation point. Below we will analyze the dependence 
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of the mobility spectrum of small air ions on temperature and 

pressure during a one-year observation period (10.06.1985 -

02.06.1986), and the dependence of the same on humidity dur­

ing a three-month period (10.06.1985 - 15.09.1985). 

Fig. 1 presents average spectra for different temperature 

ranges. The spectra have been created by plotting the frac­

tion concentrations on a graph and connecting the respective 

points with a smooth curve. As spectral change at tempera­

tures below -4°C is relatively weaker, we present an average 

spectrum for these temperatures, above these temperatures the 

intervals are 6°C. 

As can be seen in Fig. 1 the rise of temperature is gen­

erally accompanied by the increase in the concentration of 

small air ions, whereas the mobility decreases. The form of 

the spectrum of negative air ions undergoes considerable 

changes. To clarify these conclusions Fig. 2 graphically 

presents the dependencies of the concentrations of л_ and , 

average mobilities of small ions *_ and k+ and also the rela­

tive widths of the respective spectra s_ and s* on tempera­

ture. At first concentrations increase together with tempera­

ture and then, achieving a maximum at about 10-12°C, they 

start to decrease. The average mobilities are initially al­

most stable, later they start to decrease with temperature. 

The respective estimates of the coefficients of linear corre­

lation are rc_t = -51%, Лс+t - -46%. According to Fig. 2 

the average mobility of air ions decreases about 14% for the 

growth of temperature by 10%. This can be explained only by 

the rise of air ion clusters in proportion with the growth of 

temperature. The relative width of the spectrum of negative 

ions grows about 10% for the rise of temperature by 10%, in 

the case of positive ions it is almost stable. 

The statistic correlation between the relative width of 

the spectrum and the average mobility is similarly asym­

metrical (r8-= -70%), in the case of positive ions there 

i s  n o  c o r r e l a t i o n  ( -  -4% ) .  

A partial justification for reducing the mobilities to 

normal conditions with formula (1) is the fact that the right 

sides of the spectra on Fig. j. coincide rather well. A si­

milar justification was found also on the basis of the measu­

rement of spectra of one-second air ions in natural air [4]. 

A comparison of the present results with the preliminary 

results of a three-months period of the same observation 
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Fig. 1. Mobility spectra of air ions in different temperature ranges. 

Fraction boundaries are designated at the abscissa axis (10 

fractions kj + i/kj = %/~2). 



series [3] shows that in summer in the temperature range of 

0-30°C the reduced average mobility falls even more sharply 

with the growth of temperature, especially in the range of 

0-15°С (see fig. 2). 

1 . 6  

1. 5 

1.4 

1.3 

1 . 2  

500 

400 

300 

200 

0.36 

0.34 

0.32 

0.30 

5: от2/(V • s) 

Fig. 2. The dependence of the parameters of air ion 

spectra on temperature. The dotted line 

designates the values of к in summer. 

On tVie basis of the above material it can be concluded 

that air ion clusters grow in accordance with temperature. 

growth accelerates when temperatures above 0°C are achieved, 

for negative air ions it happens sooner, for positive ions 

later. The reasons for this phenomenon have not. yet been pro­

posed. The role of air humidity seems negligible here The 

coefficients of correlation with absului.r- humidity frr aver 

•ge mobilities ara rp_ A = -18* <nd гц = • lix. I f to 
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eliminate the influence of temperature in linear regressions, 

the correlation coefficients will be positive rj A/t = 0.15, 

•''k+A/t = 0.25. The coefficients of correlation for relative 

humidity are also positive (r^_ R - 0.39, = 0.49) which 

can easily be explained by the indirect influence of tempera­

ture . 

It is likely that some kind of trace gases, the content of 

which in the air is correlated with temperature, may also 

play a role in cluster formation. Temperature, in its turn, 

is correlated with the intensity of solar radiation, and also 

with various biological processes and with the activity of 

man. These factors can hypothetica1ly be viewed as supple­

mentary in the change of the composition of the air. On the 

one hand, temperature is closely connected with the hours of 

the day, on the other hand, biological processes and human 

activity are also correlated with the hours of the day. It is 

known that the concentration of ozone and many other small 

components in the atmosphere have a strong daily variation 

which is correlated with temperature [5, 6]. 

During a one-year period temperature varied between 

257.5 К and 296 К in 95X of the cases, i.e . ±7% in re­

lation to the average. The variability of pressure is weaker: 

985.5-1035.5 mbar, i.e. ±2.5%. The dependence of the mobi­

lity spectrum of small ions on pressure was studied with 

similar procedures as were applied in the case of temperature 

and it was found that the dependence was noticeably unmono-

tonous. Fig. 3 presents the dependence of the parameters of 

the spectra and averaged temperature on pressure. 

The highest concentrations and the lowest average mobi­

lities are located in the region of average values of pres­

sure (about 1017 mbar). The concentration decreases arid the 

average mobility increases almost symmetrically in accordance 

with the distance from the extreme. This dependence does not 

havw a direct physical explanation. However, during the con­

sidered one-year period there was a strong non-linear statis­

tical dependence between pressure and temperature which can 

be a peculiarity of this particular period of observation. 

The average temperatures for the fixed pressure values are 

also presented in Fig. 3. It seems that the observed statis­

tical dependence can be explained as a secondary effect due 

to a physical dependence of mobility ori temperature and a 

statistical dependence of temperature on pressure. 
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Fig. 3. The dependence of the parameters of the spectra 

and averaged temperature on pressure during 

the period of observations. 

We can draw the following conclusions. The results of the 

observations coincide with the acknowledged statement that 

ri*r\;ral mobility of small air ions with stable structure is 

inversely proportional to the density of the air and the 

mobility reduced to normal conditions is independent of pres­

sure and almost independent of the temperature of the air. 

The spectrum of small air ions created on the basis of 

mobilities reduced to standard conditions is significantly 

dependent on tie temperature of the air which can be explain­

ed by the dependence of the structure of air ions on tempera­

ture and on factors statistically dependent on temperature. 

The average reduced mobility of small air ions decreases 

together with the rise of temperature which indicates the 
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growth of clusters together with temperature. The dependence 

of the concentration of small air ions on temperature is un-

monotonous with a maximum at the temperature 10-12°C. 

The dependence of average reduced mobility of air ions on 

temperature cannot be explained by the effect of air humid­

ity. It can be assumed that the rise of temperature leads to 

the growth in the concentration of some kind of trace gases 

in the air, and this in its turn causes the formation of 

larger clusters. 

The quantitative dependencies of the mobility spectra on 

temperature are significantly different for negative and 

positive ions. 
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ATMOSPHERIC ELECTRICITY AT THE PROSPECTIVE BOROVOYE 

BACKGROUND MONITORING STATION 

M. Arold and R. Matisen 

In the framework of the international program of environ­

ment pollution studies "Monitoring", a worldwide system of 

background stations is created. The concentration of pollu­

tants at these stations should not depend on local sources, 

but rather reflect their global concentration, i.e. the back­

ground . 

The authors of this paper have participated in pilot 

studies of atmospheric electricity at a background station. 

The location of the background station is the conservation 

and hunting area at Borovoye, Kokchetavsky region, Kasakh-

stan. The height of the location of the station is about 

300 m above the sea level. 

Atmospheric electricity measurements were conducted with 

three air ion counters UT-7502. One device was used to 

measure the air ion spectrum, the two others were used for 

uninterrupted 24-hour measurements of the polar conductivity 

X± (at the limiting mobility ka = ±2.0 cm2/(V s). The re­

sults were registered with automatic recorders. 

The potential gradient of the electric field of the atmo­

sphere dv/dh was measured with S50 static voltmeter provided 

with a radioactive collector. 

The measurement period was 16-31 August 1976. 

As Borovoye is situated in a weakly polluted region of the 

subcontinent, of Eurasia, a high conductivity of the air could 

be expected. This expectation was confirmed (see Table 1). As 

can be seen in the Table 1, the total electric conductivity 

of the air exceeds the mean for the Earth approximately 

4 times. Accordingly, the potential gradient was found to be 

very low. It should be kept in mind that the mean value of 

dv/'dh is taken to be 130 V/m. The content of Table 1 is ob­

tained by the statistical processing of hourly means of the 

measurement results corresponding to fair weather. 

The discovered positive correlation between small (л„+ п.) 

and large Л'. * jV_) air ions is of special interest. The 

limiting mobility was 0.5 cm2/(V-s) for the small ions, 

and 0.U01 cm2/(Vs) for the large ions. The correlation co­

efficient between these concentrations was +42%. The critical 
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Table 1 

Positive Negative Mean value 

Local mobility mobility of the 

P О V еП и 18i 1 

time No.of mean stan- No.of mean stan- gradient 

mea- dard nea- dard 

sure- devia- sure- devia-

ments fS/m tion ments fS/m tion V/m 

0-1 4 89 7 5 78 8 42 

1-2 5 88 5 5 79 2 -

2-3 5 91 5 5 79 3 23 

3-4 4 92 7 5 83 8 21 

4-5 3 89 2 5 80 6 -

5-6 3 83 1 5 77 8 -

6-7 4 92 6 4 81 11 15 

7-8 6 81 21 5 68 16 -

8-9 8 58 19 6 52 21 -

9-10 8 31 5 7 27 7 64 

10-11 8 25 4 7 21 3 48 

11-12 7 23 4 7 20 3 58 

12-13 6 23 4 6 20 3 -

13-14 7 23 5 7 21 5 69 

14-15 7 23 5 7  2 1 4  68 

15-16 7 22 5 7 21 4 68 

16-17 7 23 4 7 22 5 60 

17-18 8 25 4 8 23 4 58 

18-19 6 27 3 8 27 5 57 

19-20 7 43 11 7 40 8 41 

20-21 4 62 11 4 50 13 36 

21-22 7 72 14 8 60 12 -

22-23 7 75 11 7 68 13 24 

23-24 7 83 13 7 73 10 22 

Total: 145 51 29 149 46 26 46 

value of the correlation coefficient for checking the hypoth­

esis of independence against the bilateral alternative is 29% 

on a 95% level of reliability [1]. The other computed values 

included the correlation coefficients of the concentrations 

of air ions with the air pressure, with the relative humidity 
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of the air, with the temperature, with the solar irradiation 

(units were 0 or 1) and with the potential gradient; also all 

mutual correlation coefficients between all the above para­

meters. On the basis of these data the correlation of (л»+ 

+ л_) and (#,+ VL) was found, whereas the influence of other 

listed meteorological parameters is excluded. In this case 

the correlation between small and large ions was low as ex­

pected. Consequently, these parameters are not connected 

causally, but are both dependent on the meteorological para­

meters. A possible explanation of the discovered phenomenon 

can be a hypothesis of positive correlation between the in­

tensity of ion formation and the aerosol content of the air. 

Let us try to explain this hypothesis. In the daytime con­

vection mixes the lower layers of the air which have higher 

conductivities with the higher layers of lower conductivi­

ties. Assuming that in the nighttime the preterrestrial layer 

has an inverted or similar height distribution of the tem­

perature, then the convection is either absent or negligible. 

Due to this (according to the known mechanism [2]) both, the 

electrical conductivity of the preterrestrial air and aerosol 

concentration in it, increase. This is completely understand­

able, but in all locations the authors have studied except 

Borovoye, the ion absorption by atmospheric particles domi­

nates over the growth of conductivity. 

Thus, from the point of view of atmospheric electricity, 

Borovoye is an exceptional place, and as any exception, is 

to be carefully studied on the basis of a special program. 
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AIR ION COUNTERS AND SPECTROMETERS 

DESIGNED IN TARTU UNIVERSITY 

R. Matisen, F. Miller, H. Tamroet and J. Salm 

Counters 

Air ion counters are used for measuring the concentrations 

of air ions in atmospheric physics research as well as for 

various applications of air electricity in medicine, indus­

try etc. Air Electricity Laboratory of Tartu University has a 

long experience in the design and use of various air ion 

counters. The paper presents a short survey of the design of 

the counters. 

The first counter designed and built in Tartu University 

was a stationary integral counter with a mechanical electro­

meter for the measurement of small and large air ions. The 

counter was built in university workshops by engineer A. Susi 

under the supervision of J. Reinet in 1950 [1]. In the end of 

the 1950s this counter was substantially developed by 0. Saks 

who applied a vibrating reed electrometer for the measurement 

of low currents [2]. In the 1950s and at the beginning of the 

1960s several portable integral air ion counters with a 

mechanical electrometer (model SS-2M) were designed [3]. 

In 1963 J. Salm designed the first portable integral 

counter with a vibrating reed electrometer [4]. Theoretical 

research connected with the design of air ion counters was 

started in 1956 by Я.Tammet [5]. Development of portable air 

ion counters of the series SAI-TGU was started under his 

supervision in 1964 [5,6,7]. Universality and high sensitiv­

ity of these counters were achieved by the use of a vibrating 

reed electrometer. The counters were equipped with a measur­

ing capacitor which took into account and minimized such dis­

torting factors as turbulence, edge effect, and ion adsorp­

tion in the inlet device. The counters SA1-TGU-86 were pro­

duced for about fifty research institutions in the Soviet 

Union and Eastern Europe. 

In 1960-1980 research in air ion applications was highly 

active. This motivated the design of new air ion counters, 

whereas the increase of reliability was considered as the 

main aim of improvements. Several counters were designed ac­

cording to special requirements. The examples are the counter 

UT-7001 with a small-size probe-like measuring capacitor and 
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a low-inertia counter UT-7004 with a measuring capacitor 

working at high pressures (up to 5 atm. ) 

With the air ion counter UT-0814 an attempt was made to 

create a highly reliable device suitable for industrial pro­

duction . In this counter, and later in UT-7406, ventilation 

of the inner volume with dried air while maintaining a low 

superpressure in the inside of the case was used [8]. An at­

tempt was made to improve the electrometric commutator of the 

measurement ranges. In the counter UT-6914 a needle switch 

was used, however, its design turned out to be unreliable. 

In the later developments UT-7406 and UT-7714 commercially 

manufactured magnetically controlled "hereon" contacts were 

used. They were abandoned due to the poor insulation prop­

erties of the glass shell, as even insignificant contamina­

tion brought about a large bias current. 

Up to 1977 the laboratory-made dynamic capacitors [10] 

were used in all counters. The commercially made dynamic 

capacitor DRK-3 was introduced only in the last counter of 

Tartu University UT-7714 designed with the vibrating reed 

electrometer. The other improvements of this counter were a 

digital display and output to an automatic data acquisition 

system. 

After 1977 solid state electrometric amplifiers were used 

in all new counters. This was facilitated by the appearance 

of new MOS-transistors with low bias currents. Due to the 

introduction of MOS-electrometers the design of counters was 

significantly simplified. In the case of selected MOS-tran­

sistors KF-305 the guaranteed bias current is about 10~15 A. 

A necessary stability of zero level is ensured by thermo-

-compensatory elements of the circuit and by the use of the 

transistor near the thermo-stable point [11]. The first 

counters with HOS-electrometers were UT-7905 and UT-8Z17. 

The next model in the family of Tartu University air ion 

counters is UT-8401, designed to meet high technical require­

ments including maximum reliability, easy operabi1ity, mini­

mum size and weight. The inner volume of the device is venti­

lated with dried air, a superpressure of 10-20 mm water 

column is maintained in it. The insulator of the measuring 

capacitor is protected by ventilation with dried air. Im­

provements are made in the commutation of measurement range 

and in switching on/off of the operation mode. A built-in 

flow-chart recorder or a pointer instrument is available as 
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indicator. 

The main parameters of UT-8401 are as follows. 

1. The limiting mobility from 3.2-10"4 to 2 cm2/(V•s). 

2. The range of concentration from 102 to 6.4- 10a e/cm3. 

3. The size of the counter 250 x 335 x 525 mm. 

4. The weight depending on the type of built-in recorder 

is 12-16 kg. 

5. The power consumption is below 50 W. 

The counter UT-8401 was produced for over a hundred insti­

tutions in the Soviet Union. 

All the above counters are designed to measure both small 

and large air ions. If to give up the measurement of large 

air ions, the design of the counter will be essentially 

simpler. Such counters will be described below. They are de­

signed to indicate small air ion concentration and/or elec­

trical conductivity of air, because the technical require­

ments at the measurement of small air ion concentration and 

air conductivity are identical. 

Building and testing of an aspirational air conductivity 

measurement device with a modulating measuring capacitor was 

completed in 1980 [12]. Such a measuring capacitor is es­

pecially reliable in field conditions as its main insulator 

is not sensitive to humidity and contamination. Requirements 

set to the electrometric amplifier are relatively lax and 

there is no need for zero adjustment. One conductivity meter 

on such a principle was built in 1984 by the order of the 

Institute of Experimental Meteorology of the Soviet Committee 

of Hydrometeorology and for a long time it has been used for 

field measurements. 

About 198Ci a reliable conductivity meter making it poss­

ible to estimate also the concentrations of small air ions 

was built for a workshop of physics students [13]. 

F. Miller introduced an original measuring capacitor with 

an inner collector electrode and an electrometer inside the 

electrode [14]. The whole system requires only one high-ohmic 

insulator which can be optimized from the electrometric point 

of view and is sufficiently protected from pollution. The de­

vice consists of separate measurement and ventilation blocks. 

The measurement block consists of two measuring capacitors 

and a power source. The device makes possible simultaneous 

measurement of positive and negative conductivity. The size 

is 180 x 150 x 340 (measurement block) and 150 x 180 x 200 mm 
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(ventilation block). The total weight is less than 9 kg. 

A small-size air ion meter for the measurement of air con­

ductivity UT-8510 was designed by H. Tammet [15]. The device 

is meant for conductivity measurements in the range 1-1000 

fS/m and has an original construction of the sensor with a 

plane collector electrode. Automatic zero correction is used 

for the suppression of measurement errors. The air ion meter 

has a modular construction and consists of three blocks: sen­

sor, fan, and controller. The modular principle makes it 

possible to use different sets of equipment, whereas the uni­

versal air ion sensor is not modified. The size of the sensor 

is 160 x 100 x 23 mm, weight 0.27 kg. 

The latest development is a small air ion meter UT-9007 

with a digital display and remote control. The limiting mobi­

lity of the device is 0.5 cm2/(V•s) . The measuring capacitor 

and the electrometer of the air ion meter are similar to the 

construction described in [12]. The limits of the measurement 

of air ion concentrations are from 10 to 2•10° e/cm3. 

Spectrometers 

In general air ion spectrometers are similar to air ion 

counters but they are specially adapted for getting more de­

tailed information about the mobility spectrum of air ions. 

Therefore, as a rule, they also have a more complicated 

structure than the counters. All the ion spectrometers use a 

static or quasistatic electric field as a basic factor for 

air ion classification. They can be divided into two large 

groups: spectrometers with motionless (still) air called 

drift tubes [16] and spectrometers with flowing air (aspir­

ation spectrometers) [5]. The choice of a drift tube is rea­

sonable when: 

- the volume of air under investigation is limited, 

- there are only small ions to be measured, 

- the concentration of air ions is sufficiently high. 

The choice of an aspiration spectrometer, in its turn, is 

reasonable when the volume of air is nut limited. Aspiration 

spectrometers can be used in the case of low air ion concen­

tration and there are no limitations with regard to the re­

gion of mobilities. 

Air Electricity Laboratory of Tartu University has a long 

experience in the study, design, and use of aspiration 

spectrometers. The basic principles of mobility spectrometry 
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have been published in the monograph [5]. Later the principle 

of multichannel spectrometry has been elaborated, the prob­

lems of resolution have been specified, the automation of op­

eration and digital data processing have been introduced. 

The first multichannel automatic air ion spectrometer 

(model UT-7205) was built in 1972 [17]. This spectrometer was 

designed on a parallel principle: all the spectral intervals 

in a wide mobility range were measured simultaneously. The 

spectrometer has two independent measuring capacitors, the 

outer cover of either is divided into 25 well insulated 

measuring electrodes. Adjusting properly the regime of opera­

tion, it is possible to measure the mobility spectrum simul­

taneously as maximum in 50 intervals which can cover up to 

three orders of magnitude of mobility. Using various regimes 

it is possible to expand the range from 0.0001 to 3.2 

cm2/(V•s). The spectrometer has a built-in automatic control 

unit: one has to choose the desirable regime on the keyboard 

and to push the starter button. After the selected measure­

ment period the device puts out the measurement data on a 

punched tape, ready to be fed into a computer. 

The shortcomings of the described spectrometer were main­

ly of technological origin and resulted often in technical 

failures of the instrument. 

The further development of that same spectrometer was 

influenced by the problem of electrical analysis of aerosols. 

A special charging chamber for aerosols was joined with the 

intake of the spectrometer [18]. This chamber enabled to give 

definite charges to aerosol particles by means of an unipolar 

corona discharge. The mobility spectrum of the particles 

charged in this way was measured by means of the above spec­

trometer and after that the size spectrum of aerosol par­

ticles was calculated on the ground of the mobility spectrum. 

Further development of this principle resulted in the design 

of a special mu 11J channel electrical aerosol spectrometer 

[19]. Aerosol spectrometry was established as a separate 

field of research in laboratory and it is not considered in 

the present paper. 

The further development of air ion mobility spectrometers 

continued with the design of the multichannel spectrometer 

ÜT-7914. The control unit of this spectrometer was designed 

in a modern engineering level. The basic technical character­

istics of the spectrometer UT-79.14 are as follows: 
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- mobility range 0.00048-0 .48 cm2/(V-s) is logarithmically 

divided into 9 main intervals and a supplementary inter­

val 0.48-m cm2/(V-s) provided for small ions; 

- the spectrometer has two measuring capacitors each of thee 

with 5 measuring electrodes; one capacitor is fitted for 

measurement of more mobile and the other for measurement 

of less mobile air ions; 

- each measuring electrode is connected with an individual 

small-sized MOS-electrometer [11]. Such an electrometer in 

the structure of the spectrometer guarantees the measure­

ment of concentrations of air ions beginning from about 

10 cm™3 in intermediate ions mobility intervals and from 

50 cm™3 in large ions mobility intervals. 

The design of the spectrometer UT-7914 was accomplished in 

1987. Special preliminary capacitors for the realization of 

second-order apparatus differentiation have been installed on 

the intakes of the measuring capacitors [21]. In 1988 the 

spectrometer has been put into a continuous exploitation in 

the Air Ion Observatory Tahkuse. 

An interest in the detailed study of the mobility spectrum 

of small air ions in natural conditions occasioned the design 

and building of a six-channel air ion spectrometer (model 

UT-8415) [22]. The measuring capacitor has a divided air flow 

and six outer measuring electrodes. By switching the voltage 

it is possible to measure mobility spectra in 10 logarithmic­

ally distributed mobility intervals in the range 0.32-3.16 

cm2/(V-s). The measurement of the mobility spectra at both 

polarities in this range takes as minimum a period of 5 min. 

A particular class of spectrometers is represented by 

scanning-voltage one-channel air ion spectrometers, which are 

provided for investigations of the effect of chemical micro-

admixtures on mobility spectrum. The first spectrometer of 

this class (model UT-7509) was built in 1975 [23]. This spec­

trometer is equipped with a corona point for unipolar ioniz­

ation of the air under investigation. The air flow passes the 

corona point, runs through a coaxial electrofilter and enters 

the measuring capacitor, which has one narrow (outer) measur­

ing electrode. By scanning the voltage the mobility range 

0.6-2.4 cm2/(Vs) is run through in 75 s. 

The next spectrometer of this class (model UT-7801) was 

finished in 1978. This spectrometer is similar to the above 

model UT-7509, but an extra effort has been made to raise the 
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spectral resolution [24,25]. The invention [26] was used to 

avoid the errors due to the incomplete sedimentation of air 

ions in the entrance filter. 
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UNIPOLAR CHARGING OF INITIALLY CHARGED AEROSOLS 

J. Salm 

The general pattern of unipolar charging has received a 

fairly detailed treatment already in [1]. For initially neu­

tral aerosols the equations of kinetics are written as (with 

minor alterations in symbols): 

dN0 
• IaNn , 

di 

dtf, 
~ = -Го"о -

d 
-— = I1N1 - I2N2 

d 
= J,-!»,-! - I4N„ , 

d t 

where is the partial concentration of aerosol particles 

of a given radius and charge number g, 

t is time, 

74 is air ion flux for a particle of a given charge 

number. 

The initial conditions for charging of initially uncharged 

aerosol are: 

Nq ( £ = 0) = 8Q , 

tf4(t = 0) = 0 , g > 1 . 

This system of differential equations is also known as the 

equations of generation. They can also be used for the de­

scription of radioactive transformations of elements [2]. 

The solution of the system is written as: 

AL(t) = aD 

П 
m=0 

q 
k=0 IL=0 
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where 1) П* is product with one exception: in the case of 

equality of indexes the respective factor is 

always equal to unity; 

2) in the case g = 0 the product 

q-1 

г н  = 1  

k=0 

Thus 

jV0( t) = aDexp( -I0 t) , 

„ exp(-/0 i) exp(-7i i) 
Ifi( t) = SqZJ 

^2^ t) - aO-To^*l 

Xo ~ -^1 

exp(-J0 t) exp(-J1t) 

(Ji-JoXJa-Io) (JD 

exp(-J2 t) 

Actually atmospheric aerosol is never completely neutral, 

therefore it is better to allow for an initial charge dis­

tribution of partial concentrations. Let us suppose that in 

the initial moment we have both negatively and positively 

charged aerosol particles with the concentrations a«, , where 

q is the charge number. 

In normal atmospheric conditions the charge distribution 

is probably close to the stationary distribution, i.e. aq 

differs from zero in a certain interval g„ln < g < g„ex sym­

metrically in relation to the point g = 0. For instance, in 

the case of the smallest particles only the initial concen­

trations a_i, ac, at are taken into account. With the growth 

of the radius a_2, a2, etc. appear. In any case, there is 

some minimum charge number g„ln, below which a^ = 0. 

In such a case the system of equations of charge kinetics 

looks like as follows: 

- _ r N , , ~ ^qmin^qnin > 

dyVq 

d t 
Jqmin iTq min 
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diV. qmln+2 _ 

d t 
= л qmin+ l''qBiin+ 1 1 q m ln + 2 irq m in + 2 

d/L 
—a z 
d t 

with the initial conditions: 

t = 0) = a4 , g„in S g < ; 

#,(t = 0) = о , g„in > g > g„.x • 

This system of equations consists of linear differential 

equations in relation to time. The solution of the first 

equation can be found when the initial conditions are speci­

fied, and it is possible to try to write the solution in a 

general shape for an arbitrary equation: 

1) Я - 9та1п 

tfqmln = Sq-inexp(-jqmlni). 

2) Я = 9= in +  1 q m l n+l 
exp(-JLt) 

^qmin+l"^qmin+le^P("^qmin+l^)^^qmin^qinln ^ ̂ ~ ~ ™** 

k-Qmin I j *( -^L ) 

®^min 

3) Я = Qmin + 2 q„ln + 2 

exp(-i 
"qmin + 2::aqmin + 2exP^"^qmln + 2t)faqmin+l-'qmln+l / ^ Qmin + 2 

L^„ln+1 Jm-JL) 

exp( - JL t) 
Г2 

m=q m in + l  
qmln+2 

2exp(-JL t) 
. Q 

4»li.t<! 

L"qmin * (im-II) 

1П ""4m in 

Using mathematical induction the solution can be written 

for an arbitrary partial concentration 

q , q - 1 q 
' 4 x - exp(-JLt) 

2 4  П-*- 2  q 
j=q»in \ k=j 4-5 p|*(7„-Jb) 

m-j 

Analogously to what was presented above: 1) П* denotes the 
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product in which the factor with equal indexes is equal to 

unity, 
q-l 

2) the product Г1 I* = 1, if q = g„ln. 
k=j 

Thus, proceeding from the initial distribution ad and the 

air ion fluxes JL , it is possible to find the distribution 

of partial concentrations at any arbitrary moment of time 

JVq( t). To be more precise, an explicit two-dimensional dis­

tribution by charges and radii tf4-r(t) is obtained proceeding 

from the initial distribution ал T and the fluxes /L _ r. The 

radius г enters all the expressions as a supplementary argu­

ment (parameter). 

According to the above suppositions it is necessary for 

the calculation of charge distributions to know the air ion 

fluxes for particles of different charges and radii. 
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GENERATION OF A NARROW BIPOLAR CHARGE 

DISTRIBUTION ON AEROSOL PARTICLES 

I. Peil, E. Tamm and P. Zubchenko 

Electrical classification. Requirenents to input aerosol. 

Monodisperse aerosols are necessary for the calibration of 

aerosol measurement devices as well as for experimental in­

vestigation of physical processes in aerosols. Currently, the 

method of electric separation is used for the generation of 

such aerosols, especially in the submicron range [1,2,9,10]. 

A narrow fraction is separated from particles which carry 

one elementary charge e (positive or negative). Multiply 

charged particles which are carried to the outlet of the 

separator widen the size spectrum of the separated aerosols. 

To estimate the suitability for electric separation of a 

particle charge distribution it is expedient to use two 

quality criteria. 

2-, 
j =2 

( 1 )  

So = "i/N • (2) 

Here n 3  denotes the numeric concentrations of the particles 

carrying j elementary charges of one polarity, N - the total 

numeric concentration of particles. The growth of S is ac­

companied by a decrease of the risk of widening of the 

output aerosol spectrum on the account of multiply charged 

"alien' particles; the growth of £o leads to an increase of 

the concentration of the output aerosol. The criterion 5 is 

a reciprocal of an analogous criterion £ proposed for the 

estimation of the quality of separated aerosol in [1]. 

For electrical separation usually aerosols with a statio­

nary charge distribution are used, such a distribution occurs 

when the value of the charging parameter [3] 

A<±,(t) dt (3) 

72 



is sufficiently large for the ions of both polarities. Here 

jk<±) is the polar conductivity of the air, tQ - the time the 

aerosol is in a bipolar ionic atmosphere, б 0 - the electric 

constant. The stationary distribution arises independently of 

the initial state of the aerosol; for particles which are not 

very small (radius r £ 0.2 um) the stationary probability 

distribution is similar to the Boltzmann distribution [1]. 

The stationary distribution is rather wide and thus the 

values of the criteria 5 and 5о are relatively small and de­

creasing with the increase of particle size. In an initially 

uncharged or weakly charged aerosol it is possible to obtain 

a narrower particle charge distribution. For this purpose 

it is necessary to guarantee small values of the parameters 

~ a_ in the charging device.This is possible in a charger 

with an ionizer which can be switched off. At some initial 

moment in such a charger an initial concentration v0 of ions 

of both signs is created. This concentration will then fade 

due to the recombination of ions of both signs with one 

another and with aerosol particles. After the consumption of 

all ions the elementary processes of charge exchange cease 

and the resulting charge distribution of aerosol particles 

will be maintained. We will call this distribution the output 

distribution of the charger. 

Theory of the charging process 

Following Fuchs [4] we will designate with рл the proba­

bility that a particle which carries j elementary charges, 

catches one ion of the same sign in a unit of time at the 

unit concentration of these ions; дл will be used to de­

signate the probability of such a particle catching an ion of 

the opposite sign under the same conditions. Then, assuming 

t hat p3 = p_j , <7j = <}_j and that the initial concentrations 

of the ioris of both signs are equal i)Q = v о = ч>0 which 

ensures the symmetry of the charge distribution of particles 

at any on о moment, the process of particle charging can be 

described by the system (4) of kinetic equations. In this 

system z?j denotes the concentration of the particles carrying 

j elementary charges (according to the above assumption 

"I - /?.- j ), a is the coefficient of mutual recombination of 

ions. and e is the aerosol electric density [5]. Theoreti­

cally m > " , at practical solving of the system it is 

necessary to choose a sufficiently large value. 
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d Пд 

d t 

d л 

dt 

d n. 

dt 

d v 

dt 

v (2n1ql - 2n0pa ) , 

Л _ 
- "jPj " пз Я j + ! ), 

J = 1, 2, .... и - 1, > (4) 

^<Л И_1Р И_1 - Л тр т  " Л к  q m) , 

= - ЯГ - £•%>. 

The aerosol electric density takes into account all 

processes of ion loss due to their adsorption to particles; 

it can be calculated by the equation 

в 
6 
' 2 Л

-j ( PjJ + g-J ) ' < 5 >  
j=l 

The system (4) was solved numerically on a computer using 

the method of Runge-Kutta for the particle radius г - 0.6 цт. 

The values pd , gä неге calculated according to the theory 

of Fuchs [4], the values a - 1.6-10" m/s and m = 5 were 

used. The solution shows that the output distribution of the 

charger is fully determined by the ratio v0/VV ; if vQ/N >. 50, 

then this distribution is practically stationary. Tabj e 1 

compiled on the basis-of the results of solving (4) presents 

the dependencies of the criteria 5 and 5 0 on the ratio v0/W. 

The difference of the obtained final distribution from the 

Boltzmann distribution can be explained by the low selected 

value of m = 5. 

Table 1 

Dependence of the calculated values of 

>5 and 5o on the ratio v a/N 

N>0/tf 1 0 2 0 3 0 3 3 6 7 10 0 20.0 67 

! 
1
 
 

1 
о
 

i 
о
 

Bo 11zm. 

5 66 2 63 1 71 1 54 0 85 0 68 0.56 0.53 0.53 0.4«; 

So 0 18 0 22 0 22 0 21 0 18 0 17 0. 15 0. 15 0 . 15 0. 14 

The solution makes it possible to estimate the time t of 
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the formation of the output distribution of the charger. At 

VD/W « 50 when this distribution is far from stationary, the 

above time is practically independent of V0 but is decreasing 

in inverse proportion to N. E.g. assuming the equality v 0 = 

= N, the dependence of t on N can well be approximated with 

the equation 

10 1 1  

t / s /  r  ~T7̂ 7 ' < 6 )  

The formation time of the stationary distribution in the case 

of la/H >, 50 is independent of N and decreases approximately 

in inverse proportion to v0. a » 1.4 was found to be the 

condition of the formation of the stationary distribution 

by the charging parameter a. 

Experimental testing of the charging theory 

The idea of experimental testing of the above theory can 

be described as follows. A symmetric bipolar ionic atmosphere 

with an adjustable initial ion concentration vD is created in 

an aerosol with maximally monodisperse neutral particles of a 

known concentration N. The aerosol is given a relaxation time 

sufficient for the decrease of ion concentration to the natu­

ral level, and the charge distribution of aerosol particles 

at the outlet of the charger is measured. A detailed block-

diagram of the experimental set-up is presented in Fig. 1. 

DOP aerosol from the condensation generator AG arrives at 

the in let of the mixer-re laxer M-R with the flow rate Фг 

through the electric filter EF (for the removal of charged 

particles). Ions from the corona ionizer CI are flown out by 

a sonic jet of filtered air flowing around a needle before 

the nozzle (flow rate ). A high mixed voltage is applied to 

the needle point relative to the nozzle from sequentially 

switched on sources of AC and DC. 

Bipolarily ionized air comes into the mixer through the 

tube 'Г of adjustable length L (for the adjustment of the 

initial concentration of ions at the inlet of the mixer). 

CI, T, arid M-R together form the charger with an ionizer that 

can be switched off. 

The aerosol particle concentration N at the inlet to the 

mixer was determined with a photoelectric counter PEC model 

A"- ö Due r,o the low dynamic range of PEC it was necessary to 

.j i ,1 иLe tbe ы-тово 1, for this purpose electric dilutors £D] 



Measurement of the in­
itial ion concentration 



and ED2 [6] were used. Charge distributions of the particles 

were determined with a trajectory spectrometer TS [7]. Photos 

of the particle tracks were processed with a semi-automatic 

coordinate measurement device KM [8] operated on-line with an 

microcomputer MC (model Elektroniks 03-28). 

The device depicted in Fig. 1 (below) was used to deter­

mine the initial ion concentration v0 in dependence on the 

length L of the tube T where ion concentrations fall be­

cause of their mutual recombination. Bipolarily charged air 

from the tube T enters the measuring capacitor, in the 

electric field of the capacitor ions are separated according 

to their sign and precipitated to the covers. The polarity of 

the capacitor voltage is commutated and the electrometer EH 

is used alternately for the measurement of ion currents of 

both signs on the cover of the capacitor. vQ is calculated 

through the current and the flow rate Фх. To suppress noise 

ensuing from the instability of the power source the measur­

ing capacitor was connected into a. bridge circuit balanced 

by AC. 

The constructional and regime parameters of the ionizer 

were selected so that by changing the length L from 0 to 

430 mm, the initial concentrations of ions of both signs in 

M-R (taking into account the dilution by Ф2) were adjusted in 

the limits (1. 0 • ID11-!.0•10ls) m"3. The average error of the 

determination of ч>0 is 15%. The equality Vq - is achieved 

by the selection of the direct component of the voltage on 

the point. 

The experiments were conducted with DOP aerosol with an 

average particle radius of 0.6 um , the particle concentra­

tion in M-R was kept constant: N - (1.0 ± 0.5)-1012 m-3. The 

accuracy of the determination of N is low due to the low 

precision of PEC (the same PEC was used for the deter­

mination of dilution coefficients of EDI and ED2). 

The charge distribution of particles was measured for five 

values of the ratio v
0/iV . In every case tracks of 200-300 

particles were processed. Fig, 2 graphically exemplifies some 

experimental distributions, as a comparison Fig. 2 presents 

theoretical curves for similar values of the relation -J0/N 

and the curve of the Boltzmarin distribution. The shift of 

the modes of the experimental curves towards negative charges 

can be explained by the fact that if - $~a , then, due to 

the inequality the nobilities s-f i one of differ*-u signs, 
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EXPERIMENT 

THEORY 

BOLTZMANN 
DISTRIBUTION 

Fig. 2. Comparison of experimental and theoretical dis­

tributions. /Jj - the number of particles with 

the charge je, n - the total number of particles. 

the probability of a particle catching a negative ion is 

higher than the respective probability for a positive ion. To 

simplify the task this is disregarded in equations (4); in 

the Boltzmann equation [1] it is reflected in the inequality 

of polar conductivities. If to shift the theoretical curves 

so that the mode coincides with the mode of the respective 

experimental distribution, then the experimental points would 

coincide with the theoretical curves within the confidence 

limits. Confidence limits of relative frequencies rij/л are 

calculated using unsymmetrical estimation formulas. 

Conclusions 

The satisfactory coincidence of experimental and theore­

tical distributions makes it possible to use the data in 

Table 1 for the selection of the operational regime of a 

charger with an ionizer that can be switched off. For 

particles with an average radius of 0.6 um the optimum value 

of the ratio V 0/N can be considered to be 2. The dependence 
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of the optimum value of this ratio on particle size needs 

further investigation. 
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CORONA DISCHARGE AS A GENERATOR 

OF NANOMETER-RANGE MONODISPERSB AEROSOL 

E. Tamm, A. Hirme and Ü. Kikas 

Introduction 

The generation of aerosol particles in corona discharges 

has been known for a long time [1,2], but their size spectrum 

and physical-chemical nature have not been thoroughly studi­

ed . The reason is a low development of methods and equipment 

for the measurement of particle spectra at the beginning of 

the nanometer size range (particle diameter D я 1-20 nm) 

which includes particles generated in corona discharge. The 

aim of the present paper is the study of the regularities of 

the evolution of the spectrum of these particles. The paper 

also has an applied aim - to study the possibility to use 

"corona' aerosols as calibration aerosols in the above size 

range where to date such aerosols do not practically exist. 

Design of the experieent 

The experimental set-up is shown in Fig. 1. 

1/ 

±u 
to spectrometer 

Fig. 1. Diagram of the experimental set-up. 

An unipolar corona discharge is produced in the charger 1 in 

I.he point-to-cylinder discharge gap. In the present invest.i-

'.iyri Sn rod was used, but analogous results have been ob­

tained with Ft and Fe rods. The corona current was varied 

a t lie limits I -40 и A by V he selection of voltage V„. the 
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current was controlled with a micro-ampermeter. 

The air (air flow *x) filtered with a high efficiency 

fibre filter was blown through the charger. The air with the 

corona products was directed into a cylindrical relaxation 

chamber 2. Chambers of two different shapes were used (Table 

1), the relaxation tine was controlled by changing the air 

flow 

Table 1 

Configuration Material of Diameter Length Volume 

chamber walls cm cm cm3 

I Al 2.4 60 260 

II PCV 0.6 200 60 

Before injection into the spectrometer the aerosol was 

nixed with filtered air (air flow Фа) in the nixer 3, this 

was done to avoid further changes in the particle spectrum 

and to bring the general air flow rate to the value required 

by the spectrometer. 

The measurement of the particle spectrum 

To measure the nanometer-range spectrum of aerosol 

particles we used an electric aerosol spectrometer (EAS) of 

Tartu University [3]. EAS nominal measurement range (particle 

diameter 10 nm-10 цт) turned out to be unsuitable and the 

spectrometer had to be modified. We used only one measuring 

capacitor (with a diffusion charger). The measurement limits 

(2.4-17.8 nm and 0.7-5.6 nm) were achieved by decreasing the 

voltage on the acceleration electrode. In the EAS the aero­

sol particles were charged in the corona charger with small 

air ions. As the ions of the EAS charger fell into the first 

part of the range (0.7-5.6 nm), the real lower limit of the 

measurement was 1.8 nm. At this limit an empirical correction 

had to be introduced to eliminate the distorting influence of 

the ions. 

The particle spectrum was computed using the least squares 

method [4]. The apparatus matrix was computed theoretically 

by the formula presented in [5]. The technical parameters of 

the EAS were considered to be known, the size and the elec­

trical mobility of the particles were linked with Milliken's 

formula. It was assumed that in the EAS charger, the 
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particles obtain maximally one elementary charge, the proba­

bility of particle charging hae been computed by И. Noppel on 

the basis of the theory by Fuchs [6] taking into account the 

equation of Salm [7] and using the ion parameters presented 

in [8]. 

The influence of the space charge of the ions of the char­

ger was taken into account by the correction of the EAS tech­

nical parameters on the basis of an extension of the record­

ing of charger ions in comparison with the recording of low 

concentration air ions injected from the outside in the case 

of a switched off charger. Diffusional particle losses on the 

walls of the inlet device of the spectrometer were not taken 

into account, as they only have a value of about 20% for the 

lower limit of the range, and quickly decrease with the 

growth of particle size. 

A very strong dependence of particle mobility on their 

diameter in this size range made it possible to use a 

spectrometer with heightened resolution power. The above real 

measurement range was split into eight fractions uniformly in 

a logarithmic scale. The limits of the fractions were (in nm) 

1.8; 2.4; 3.2; 4.2; 5.6; 7.5; 10; 13; 18. 

The possible particle generation in the corona charger of 

the EAS was specially investigated. At the injection of fil­

tered air to the inlet of the spectrometer, the numerical 

fraction concetrations in the calculated spectrum (100-200 

on-*) were found to be in the limits of measurement inter­

ference. Only inthe first fraction (1.8-2.4 nm dia) a 

heightened particle concentration was observed. This could be 

caueed by shift in the regime of the charger (the absence of 

precipitation of ions to particles), or it could be a trace 

of very "young" particles of the charger. 

Results 

The aerosol generated by the system of discharge gap and 

chamber turned out to be monodisperse with a geometric stan­

dard deviation аш к 1.2...1.3. The other two parameters of 

the spectrum - the average diameter and the numeric particle 

concentration - are clearly dependent on the regime par­

ameters of the system. Most illustrative was the pres­

entation of the results as a dependence of the average di­

ameter and the productivity (the total number of particles 

generated per second) on the corona current and relaxation 
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tine (Table 2). The productivity was computed as a product of 

the sum of the measured fraction concentrations on the total 

air flow rate (Фг + Ф2)• 

Table 2 

The dependence of the productivity N and 

the particle diameter D on the time of 

relaxation T (air flow rate Фг) and the 

corona current I 

A. Negative corona, configuration I 

Фх: cm3s_1 44 22 11 

T: s 6,3 12, 5 25 

ЛМ0"7 D N- 1СГ7 D N-10~7 D 

I: цА s-1 nm a"1 nm s"1 nm 

2 - - 3,7 2,0 3,2 3,7 

4 - 1,8 7,4 2,9 7,2 5,7 

10 22 2,4 - - - -

13 31 to
 

C
D

 

- - 25 9,0 

24 45 3,6 - - 32 14,5 

36 64 4,2 46 7,5 46 18,0 

В. Negative corona, configuration II 

Ф1 = 44 em's'1 T 1.35 s Фх = 11 cm"-в"1 T 5.4 • 

I: цА N10'"'--e'1 У: nm I: цА N- Ю-7: в-1 D: nm 

19 - 2 1 - 2 

2 1.7 3.5 

30 19 3.0 4 5.6 4.8 

9 22 

О
 

OD 

36 28 3.5 14 36 

О
 

О
 

н
 

25 48 11.0 

41 36 3.9 30 48 12.5 

39 56 14.5 



С. Positive corona, configuration II 

= 11 en's"1 T = 5.4 s 

I: цА tf-lO-^s"1 D: nm 

4 1.0 2.9 

9 6.1 4.1 

14 18.4 8.5 

19 38.0 10.0 

24 52.0 13.0 

The analysis of the data presented in Table 2 shows that 

in the case of a negative corona the productivity N is 

linearly dependent on the current /_ of the corona and near­

ly independent of the relaxation time: 

H - I. . (1) 

Deviations from the law (1) are well explicable by diffusion 

losses on the walls of the chamber. The dependence of the 

particle diameter D on the regime parameters has a more com­

plex character and is in good conformity with the law 

D ~ T /77 , (2) 

where T is the average relaxation time. It appears that the 

coefficient of proportionality in (2) depends on the configu­

ration of the chamber. In the present case for configurations 

I and II (Table 1) the difference is about fourfold. 

There are less data from the experiments with positive 

corona (Table 2C), but even these are sufficient to show that 

here the dependencies are somewhat different: 

(3) 

(4) 

In all the cases the percentage of charged particles turn­

ed out to be small and comparable with the percentage of 

charged particles at bipolar equilibrium charging. 

A threshold of particle generation by the corona current 

was not detected. If the current was decreased, the average 

and 

H ~ Iя 

T-I+ 
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particle size gradually faded out of the measurement range. 

No sharp changes were observed. 

It is interesting to consider the results of the study of 

laboratory air. A minimum in the particle spectrum was 

observed near 5 nm (fraction concentrations of the order of 

500 cm-3). Large temporal aerosol concentration changes were 

observed, especially in the range of smallest sizes. These 

changes can probably be explained by fluctuational pro­

cesses of the generation and coagulational particle growth. 

The results of our experiments (in the limits of measure­

ment error) confirmed the lack in the air of ions with mobi­

lities higher than 2 cm2/(V-s), though it is likely that 

there are neutral particles of equivalent sizes. This demons­

trates a radical limitation of the electrical method of aero­

sol particle size measurement which presupposes an obligatory 

joining of a small ion to a particle. The resulting particle 

cannot be "smaller" than a small ion. 

Discussion 

We designed a model of the process on the basis of the es­

tablished regularities (1), (2), (3) and (4). 

The independence of the productivity on the relaxation 

time points to the condensation mechanism of particle growth. 

Also, a small width of the particle spectrum (cr, « 1.2) is 

characteristic of a condensation aerosol. 

Coagulation as the main mechanism of particle growth is 

rejected by the fact that this growth is not accompanied by a 

sharp decrease of the number of particles. Furthermore, small 

width of spectra is not characteristic of strongly coagulat­

ed aerosols. 

It is known that the change of the diameter of particles 

at the condensation of vapour on them takes place according 

to the proportionality 

dD _ A(t) 

Here it has been assumed that the pressure of the saturating 

vapour at the surface of a particle is zero, and that the 

pressure in the distance is proportional to the concentration 

of the vapour A . Let us assume that this concentration de­

creases according to the equation: 

85 



Ж t) = 40exp(-t/r), (6) 

where г is an equivalent tine constant. Let the corona dis­

charge produce В molecules of vapour in a unit of time, then 

A0 = B/*! , where Фх is the air flow rate, and 

AD 1 В 
exp(- t/r) . (7) 

dt D Ф1 

After integration and square rooting we obtain: 

D( t) = lAr -f- T [1 - exp(- t/r)] . (8) 
V Фг 

Here it is assumed that D( 0) = 0 , and the coefficient of 

proportionality has been expressed through К . In the expe­

riment the particle size was determined through the relaxa­

tion time T which is connected with Фх by the relaxation 

-ilume V (see Table 1): 

*! = V/T . 

We get: 

/ В T ' 
D = \]K — — [1 - exp(-Г/г)] • T . (9) 

For low Т/T the expression (9) can be written as: 

If to assume that the number of the nuclei of future 

particles and the mass of vapour produced in a unit of time 

are both proportional to the corona current, i.e. 

N ~ I and В ~ I , (11) 

then formula (10) agrees with the experimental relations (1) 

and (2) for negative corona. If to assume that 

N ~ Iz and В ~ I2 , (12) 

then the case of positive corona is described (experimental 

formulas (3), (4)). 

The dependence of the shapes of the functions N - N(I) and 

В = 6(1) on the polarity of the corona can be explained by 

the difference of the physical nature of the discharge for 

86 



different polarities. Negative corona has pulse character 

with a nearly constant amplitude and duration of current 

pulse. An increase of the average value of the current is 

achieved by a proportional increase of the frequency of puls­

es. This explains the proportionality of the vapour produc­

tion rate to the average current. Positive corona has a con­

tinuous character. A detailed explanation of the shape of 

function (12), as well as of the dependence of the production 

of vapour on the pulse amplitude at negative corona, are out 

of the scope of the present investigation. 

Comparing Table 2B with Table 2C at the same air veloc­

ity it can be seen that a relation between the productivity 

and the diameter is evident. This is possible if И ~ B, i.e. 

the sign of the corona does not influence the proportionality 

between the number of nuclei and the amount of vapour. This 

indicates that the nuclei are formed together with the vapour 

generated by the corona discharge. 

Now we will consider the influence of the shape of the re­

laxation chamber on the proportionality coefficient in for­

mula (2) for average particle diameter. Formula (10) showe 

that the relation of the values of this coefficient for two 

shapes is to be equal to the square root of the relaxation 

volumes. From Table 1 we obtain: УVz/HZI = 2.16. The diffe­

rence between the obtained estimate of the relation of coef­

ficients and the experimental value cannot be explained by 

experimental errors. Also it was not possible to get the 

estimate of т which would have made it possible to estimate 

the diffusion coefficient of the particles of the postulated 

vapours and thus to decide about its nature. The above facte 

point to the necessity of further development of the model 

and of further experimental Investigations. 

Conclusions 

The proposed model of the generation of aerosol particles 

in the corona discharge adequately describes the experimen­

tally established general properties of the phenomenon. A 

number of details require further investigation. 

Simple adjustment of the average size and good replicabil-

ity of the particle spectrum makes it possible to use the 

corona discharge as a generator of a nanometer range calibre-

tion aerosol. 
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DI SPURS ЮН OF DROPLET STREAM IH VIBRATIHG ORIFICE 

AEROSOL GEHERATOR 

V. Tanne 

Berglund-Liu vibrating orifice aerosol generator is a 

suitable device for generating liquid and solid aerosols in 

the size range 0.5-50 цв. 

This generator has been used for thorough investigation of 

the conditions for generating monodisperse droplets. These 

investigations have been based on the theory of break-up of 

cylindrical liquid jets and experimental data [1,2]. 

By direct microscopic measurement of several thousands of 

droplets and statistical analysis it has been proved that the 

size distribution of primary droplets is very narrow (geo­

metrical standard deviation oe is below 1.01) [3,4]. 

On the basis of the experimental data of Berglund and Liu, 

Wedding et al., and Tamme and Koppelmaa [1,2,4] it can be 

claimed that a correct choice of the dispersion parameters 

makes it possible to completely exclude the generation of 

the so-called satellite droplets which are smaller than the 

primary droplets, however, it is not possible to rule out the 

generation of the so-called multiplets which are larger than 

primary droplets. 

The multiplets can be defined as compound-droplets formed 

in the coagulation of two or more droplets, the diameter of 

such compound-droplets can exceed that of a primary droplet 

1.26; 1.59; etc. times. In the best dispersion mode the main 

droplets are accompanied only by doublets forned in the co­

agulation of two primary droplets [4]. 

Statistical processing which, in addition to the primary 

droplets, takes into account the multiplets yields a wider 

size distribution and aa is in the range 1.038-1.1 [4,5]. 

Using an optical aerosol counter Berglund and Liu [1] have 

studied the relative multiplet content of aerosols in depend­

ence on the consumption of dispersion airflow. They demon­

strate that the content of multiplets in the output aerosol 

depends strongly on the consumption of dispersion air, but 

it is not indicated, how it would be possible to choose the 

optimal consumption which would ensure maximum quality of the 

output aerosol (minimal multiplet content). 
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Fig. 1, 2 and 3. Droplet size distribution. 

v - 45 cm/s, 111 cm/s and 186 cm/s. 
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Fig. 4. Graphic dependence of the disintegration 

of the jet on the Reynolds number. 

Tamme and Koppelmaa [4] have made an experimental study 

of the change of spontaneous jet dispersion, if the jet 

is submitted to low-amplitude axis-symmetrical mechanical 

vibrations. This investigation was based on the study by 

Ohnesorge [6] and showed that the use of mechanical vibra­

tions turns the size spectrum into a discrete entity, i.e. 

there are separate peaks for primary droplets, doublets, and 

triplets (see Figs. 1 and 2). This made it possible to con­

nect the peculiarity of the droplet spectrum with the hydro-

dynamic and geometrical parameters of the dispersion process 

(e.g. the Reynolds number Fe and the jet diameter D. ). 

In the experiments an aerosol generator with vibrating 

orifice designed at Tartu University was used to study the 

influence of the relative speed of the dispersion air and the 

jet (distilled water) on the percentage of multiplets in the 

stream of monodisperse droplets. The jet diameter D3 - 25 um, 

the voltage on piezoelectric ceramic Uc - 20 V and 50 V, the 

relation of the disturbance wavelength and the jet diameter 

was X/Pj = 4.5. In these conditions a stream of monodisperse 

droplets was produced . 

In the experiments the droplets were collected on Petri's 

disks covered with a thin layer of vaseline oil, shortly 

after that the disks were photographed. The measurement and 

91 

1 2 *  



counting of the droplets was done on a film using a semi­

automatic coordinate digitizer UT-7603 [7]. 

The speed of the air in the nozzle was computed according 

to the classical method [8] using the measurement of static 

and total pressures in the atomizing air. The results of the 

experiments are summarized in Table 1. 

Table 1 

Comparison of Z/c (ceramic voltage), v , Re, 

ca and the relative multiplet content for 

different velocities of atomization air. 

No. of Uо V Re Multi­ »s No. of 

expe­ plets fig­

riment V m/s % mm ure 

1 50 4 94 - 1.26 104. 1 

2 50 45 1090 - 1. 19 76.5 Fig. 1 

3 50 70 1688 2.5 1.04 66.6 

4 20 108 2596 11. 1 1. 10 69.8 

5 50 111 2660 5.6 1.09 71. 1 Fig. 2 

6 50 114 2729 6.7 1.09 68. 1 

7 20 152 3645 6.9 1. 22 62.7 

8 20 186 4455 - 1.76 69.9 Fig.3 

For some dispersion modes figures depicting the size distri­

butions of droplets are added. 

Conclusions 

From Table 1 the results of the experiment have been 

transferred to Ohnesorge's graph [6] (Fig. 4). For the liquid 

used (distilled water) and the jet diameter Dj a line 

parallel to the abscissa is formed. The discrete change of 

the size distribution of the droplets makes it possible to 

observe clearly the transition from region II to the region 

of complete dispersion (III) (see Fig. 3). The most mono-

disperse dispersion mode is in region II. 

Consequently, it can be said that Ohnesorge' s graph makes 

it possible to determine optimal linear velocities of the 

atomizing air in a Berglund-Liu type device for several 

dispersed agents and orifice apertures 0A. 

The ratios of Dk/D3 are linear and range from about 

0.84-0.96 for jet velocity range of 7 m/s to 25 m/s [3]. 

92 



Thus in addition to the parameters X , D3, £/c [1] the 

region of monodisperse dispersion is determined by the para­

meters 

vD.p u 
Re = —— and Z - —, where v - relative 

ц VpaDi 

speed of liquid and air jet, D3 - jet diameter, p - liquid 

density, u - dynamic viscosity of the liquid, a - surface 

tension of the liquid. 
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OH THE TBCHHIQUBS OF AEROSOL ELECTRICAL GRANULOMBTRY 

H. Tamnet 

Symbols and units 

All equations in the paper are in SI. Alongside with the 

units of SI, also practical measurement units, which are 

multiples of SI units, are used. Below, the symbols of 

physical quantities are followed by a practical measurement 

unit or a SI unit. 

d - particle diameter, 1 nm = 10-e n, (dc - critical 

diameter, dD - characteristic diffusion diameter, 

dg - characteristic field diameter), 

e - 1.602-10~1в С - elementary charge, 

h - thickness of the charging layer, 1 cm = 10-z m, 

к - air ion mobility, 1 cm2/(V•s) = 10-* m2/(V•s), 

Aet = 1.5 cmz/(V-s) - conventional standard mobility 

of small air ions, 

n - concentration of small air ions, 1 cm-3 = 10е л"3, 

г - particle radius, 1 nm = 10-B m, 

t - time, s , ( - particle charging time), 

q - particle charge, С , 

A - dimensionless coefficient of relaxation 

of diffusion charging, 

С - electric capacitance, F , 

Б - electric field, 1 V/cm = 100 V/m 

(Ea characteristic field of particle charging), 

F - air flow rate 1 cm3/s = 10-e m3/s. 

К = 1.38•10-23 J/K - Boltzmann's constant, 

R - electric resistance, Ö , 

T - temperature, К , 

U - electric voltage, V , 

a - dimensionless coefficient of charging intensity, 

(5 - coefficient of nonuniformity of charging 

conditions, 1 cm/s = 10~2 m/s, 

jf = g/e - dimensionless particle charge, 

Л) - dimensionless coefficient of nonuniformity 

of charging level, 

£ - dimensionless relative permittivity 

of aerosol particles, 

tQ- 8.86 pF/m = 8.86•10"12 F/m - absolute permittivity 

of the air, 
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j - FC - tine constant, s , 

из - dimensionless electrostatic coefficient, 

0 - dimensionless coefficient of nonuniformity of the 

charging process, 

Introduction 

Electrical aerosol granulonetry is proved to be a 

promising technique of aerosol analysis in practice. The most 

important contributions to the field have been made by the 

laboratory of aerosol technology of the University of 

Minnesota [1]. Despite the practical success it should be 

said that the technique of electrical granulonetry is but at 

the start of its development and far from perfect. 

The process of electrical granulonetry can be divided into 

three stages : 

- charging,of aerosol particles, 

- separation and registration of the particles, 

- calculation of size spectrum of the particles. 

All three stages are equally responsible for the correctness 

of the results and the efficiency of the measurenent method. 

Different methods can be used at every stage. Therefore the 

technology of the process as a whole makes possible numerous 

modifications. 

The present paper will deal only with two first stages of 

the process of electrical granulometry. Some considerations 

of the author concerning the third stage can be found in [2] . 

Of the numerous possible methods, the paper will consider 

only the unipolar charging of particles in a flow of small 

air ions, and particle registration by the electric current 

in the same measurenent capacitor where particles are sepa­

rated. The paper does not attempt to develop the charging 

theory of aerosol particles, it concentrates on the tech­

nique of granulometry, whereas the mathematical model of 

particle charging is considered only with the narrow aim of 

establishing the dependence of granulometer properties on the 

charger. The treatment is limited to a fairly rough mathe­

matical model proposed by Mirzabekyan [3]; new improvements 

in the theory of particle charging have not been taken into 

account. It is assumed that the particles are spherical. Only 

the average charge of a particle is estimated and the 

statistical dispersion of the charges is ignored. This does 

not mean that the mathematical model simplified to such an 
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extent is taken to be sufficient at the stage of cal­

culation of particle size spectra. Here, evidently, none of 

the known theories of particle charging can be viewed as 

totally reliable. It is better to describe particle charging 

with a semi-empirical formula which would take into account 

the statistical dispersion and loss of charged particles in 

the charger. Semi-empirical formulas contain theoretically 

indeterminate constants which should be determined by cali­

bration of the granulometer by test aerosols having known 

particle size distributions. 

The charging paraneter a 

The traditional parameter of diffusion charging of aerosol 

particles is the product of small air ion concentration and 

the time of charging. It arises from the assumption that 

small air ions have fixed mobilities. In the opposite case 

the intensity of charging is proportional also to the average 

mobility of the air ions. Sometimes also the change of small 

air ion concentration over time is to be taken into account. 

In view of the above, instead of the traditional product n t4, 

the charging parameter 

is introduced, where Л= ekn - conductivity caused by small 

air ions. Permittivity of the air is included in order to 

obtain a dimensionless quantity. 

For air ions with a conventional standard mobility of 

1.5 cmz/(Vs) and a steady concentration over time, we have 

Electrostatic dispersion of air ions 

Let us consider air containing monomobile small air ions 

of only one polarity, and follow a point moving along the 

trajectory of an air ion. In such a point the space charge 

density decreases according to the law of electrostatic 

d ispers ion 

Matheeatical models of particle charging 

( 1 )  

( 2 )  

96 



which is valid also in external electrostatic field and in 

moving air [4]. A general solution of the equation can be 

written as 

л = . 

where the moment ta is determined by the initial conditions. 

Let us henceforth agree to take into account tine in 

accordance to concrete conditions starting fron the moment 

t0. Then tQ - 0 and 

X = • (5) 

For t -» 0, we have Л -» со . t = 0 can be assumed at the 

beginning of an air ion trajectory on the point of the corona 

discharger. The time counted from the moment t0 is henceforth 

called the conventional age of small air ions. 

For small air ions with standard mobility t = 1 s gives 

us n = 369000 cm-3. 

An ideal transversal charger 

The design of the charger is schematically depicted in 

Fig. 1. 

small air ions 

aerosol 

UiU Ш1Ш1— 

— t 
—h 

'777777777mr77T777777777T7777777777777fa77r 

output 

of the 

charger 

H и 
time t„ 

Fig. 1. Longitudinal section 

of an ideal transversal charger. 

A uniform flow of air passes through the charger from left to 

right. An air layer of a certain limited thickness h is used 

as the output of the charger. Influenced by the external 

electric field, the small air ions move approximately cross­

wise to the air flow. Compared to h , the charging zone is 
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relatively ...ig, the- time of air flow through thisjzone is 

. Due to electrostatic dispersion, the conductivity is bet-

'.u- in the layer« which are nearer to the air ion source and 

worse at the bottom side of the charger. Let us denote the 

valuer .1 the parameter a on the upper and lower limit 

of t.ie charging zone with amex and aHln . Non-uniformity 

of the charging proecfif csr be described with the parameter 

( 6 )  

wher 

( 7 )  

is the :v»rage value "f th-$ г hi rging parameter a . 

The 'lev Li iu fiöiri in aa traasrei sa • charger 

A certain aerosol particle passes through the charger at 

a cer tin height where ch# conductivity has a certain value. 

Then с - Л r,j/c= nni3 according to (5) we have 

о = «•„ / t , (8) 

where t - t: conventional age of air ions at the considered 

might. Using . it is easy to find that 

e  =  e s  /  s  ,  ( 9 )  

where õf = 4 
n - the time of the flow of snail air 

ions through the cha/fi Jone, and S = \/sm,x£»in ~ the 

average нее of small air ions in the charging zone. Let us 

now determine the average intensity of the electric field in 

the charging zone so that 

h 
— - Sk . ( 1 0 )  
öt 

Now it is possible to write the basic relation 

h 5 
S =  .  ( 1 1 )  

8 tq к 

From this result it follows that the average intensi of the 

electric field in a transversal charger is limited from below 

by the permitted nou -uniformity of the charging process. 
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The parameter of charger ß 

If to fix the parameter a and the mobility к , then, ac­

cording to formula (11), the field intensity in the charger 

depends on the design of the charger only through the factor 

/i/et4 . This factor is denoted by ß: 

h 
ß = — (12) 

8 i, 

and viewed as the second basic parameter of the charger. The 

parameter ß has a dimension of velocity. It is proportional 

to the average velocity of small air ions in the charger. 

ß = -у- Šk. (13) 

The larger the parameter ß, the stronger is the influence of 

the mechanism of field charging of aerosol particles in the 

electric field. 

Example 

Let an ideal transversal charger have the following cha­

racteristics : 

n = 3-10® cm-3, к - *et, tq = 1 s, h - 1 cm, 8 = 20%. 

These data unambiguously determine the intensity of the elec­

tric field in the charger. Using the above formulas, we ob­

tain 

a = 8.14 , ß = 5 cm/s , Б = 27 V/ею . 

If to decrease the electric field, then the parameter of non-

-uniformity ß will correspondingly grow. 

Hon-unifornity of the charging in a real transversal charger 

As a rule, the parameters of a real device are worse than 

those of an ideal device. In the case of transversal charger 

there are exceptions to the above regularity. An ideal trans­

versal charger presupposes a uniform profile of the air flow. 

If the air enters a real charger through a long channel, then 

the profile will be close to parabolic. Then the time ta is 

longer in lower and shorter in higher layers of the air in 

the charger. This compensates for the non-uniformity of 

conductivity and lessens the value of the parameter в in 

comparison with an ideal charger. This effect can be fairly 
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significant, In devices with relatively short inlet channels 

the profile of air flow velocities is close to uniform and 

the above effect is weak. 

In relatively short chargers a phenomenon of longitudinal 

widening of the air ion flow from the top to the bottom is 

observed. This also compensates for the non-uniformity of 

conductivity. 

There can also be some deviations fron the ideal condi­

tions which cause the deterioration of the parameters of the 

charger. The biggest danger is spatial non-uniformity of the 

source of small air ions. However, a good design makes it 

possible to reduce the non-uniformity of charging when 

compared with the theory of ideal transversal charger. 

Hirxebekyan's aodel 

Hirzabekyan [3] demonstrated that the charge of the 

particle gD , acquired on the account of the diffusion mecha­

nism, and the charge of the particle g, , acquired on the 

account of the field mechanism, are simply added in the first 

•pproxination and the particle charge is 

9 = 9D + • (14) 

To calculate the charge gD , Hirzabekyan proposes the equa­

tion 

—f B1 ( Яи" ) - ln(—Яо" ) - 0,5772] = ntQ , (15) 
e* L Uittdr/rrJ Unl0rKT> J 4 

and for the charge , he proposes the Pauthenier equation 

„ s 4„.(, + 2 ±JL1) Er* . (16) 
^ X t * 2' 4nta + itirent. 

Below Hirzabekyan s model will be presented in a shape which 

is easier to interpret. For this purpose it is necessary to 

determine certain supplementary quantities. 

The relaxation coefficient and electrostatic coefficient 

Equation (15) can be written as: 

m A" 
2 = a . (17) 

л=1 ял! 

The quantity 
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A  =  —  ( 1 8 )  
4nt0rKT 

is considered as a dimensionless coefficient of the 

relaxation of diffusion charging. 

In the interval a = 3...300 with an error less than 0.1, 

the approximate equation is valid 

А к ln(l + a*/a). (18) 

To keep the Pauthenier formula short we will use a special 

denotation for the electrostatic coefficient 

1 t -1 
=  -  +  .  ( 2 0 )  

2 1 - 2  

The values of this coefficient are in the interval 1±0.5 . In 

the examples w = 1 will be considered as the standard value, 

the corresponding permittivity € = 4 . 

Characteristic sizes and electric field 

Let us determine the characteristic size of diffusion 

charging 

do = — — . (21) 
2*t«,jrr 

the characteristic size of field charging 

(22 )  = ̂  ̂7 = \j~i > i 2itt„ 

and the characteristic intensity of the electric field 

Ba = XT/d^e . (23) 

At a temperature of 18°C we have: 

do - 115 nm , S0 = 2185 V/cm. 

If to assume к - Aet. and u = 1 , then 

6570 nm 
dB = — . 

: (cm/s) 

The equation of particle charging 

The above characteristic quantities allow us to describe 

Mirzabekyan s model using the expressive equation 
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or an equivalent equation 

d UJ Б [ d\2 

X = A — + — I (25) 
db 1 + 4/a Б0 [dv/ 

In the case of snail particles у < 1 , this indicates that 

many particles are uncharged. The electric nobility of the 

particles is dependent not on the average charge of all 

particles у , but on the average charge of charged particles 

j- . Evidently ft is never less than a unit. For obtaining the 

first approxination the following equation can be proposed 

t = + г • (26) 

The electric nobility of particles 

At the description of the movement of spherical particles 

the Hell-known Millikan equation is acknowledged to be suffi­

ciently precise over the size range we are concerned with. 

Let us express the numeric value of the diameter in nm 

through d', then the Millikan equation will acquire the shape 

. ч c"2 

к - (9.44/d) l+(165/d)(l+0.336exp(-d/'153)) -1СГ3 . (27) 
V • s 

Here it has been assumed that the temperature is 18°C and the 

atmospheric pressure is 1000 mb . 

The dependence of particle mobility on the size is illus 

trated in Fig.2. The four upper curves correspond to four 

typical combination of charger parameters a and @ . The 

fifth curve will be explained in the second part of the 

paper. 

Critical particle diaaeter 

We will call the diameter at which particle mobility is 

minimal the critical diameter. Usually the critical diameter 

is of an order of цт . In the case of nicronetric particles 

the exponential nenber of the Killikan fornula aay be ignored 

and у = f can be assumed. Let us assune that the nobility of 

small air ions is and u> = 1 . Then 
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Fig. 2. The dependence of the nobility on particle 
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( — + -
\ 115 С 

aß:(CD/S) , \ / 165 
—  d ' J ( !  +  —  ( 2 8 )  

I l+4/a)65702 J\ d' 

This expression achieves a minimum at the diameter 

,, (1+4/a) ln(l+a4/3) 
d- = / • 7870 nm . (29) 
" aß:(cm/s) 

Some values of the critical diameter are presented in 

Table 1. 

Table 1 

Critical diameter in nm for different values 

of the parameters a and ß:(cm/s), according 

to formula (29) 

a \ ß 1 3 10 30 

10 5200 3000 1640 950 

30 3260 1880 1030 600 

100 1990 1150 630 360 

300 1260 730 400 230 

Near the critical diameter granulometers lose the ability to 

discriminate particles by size. In the case of large values 

of dc we will speak of a regime of dominant diffusion charg­

ing; in the case of small values, of a regime of dominant 

field charging. 

Criterion of the quality of the charging law 

Tamm [5] has proposed the following criterion of the 

quality of analytic particle charging 

! = — , (30) 
cr 

where cr - the standard deviation of radii at the mobility 

considered. The criterion | depends on the coefficient of 

variation of the mobility of particles of one and the same 

size and on the law of average charging. These factors can be 

taken into account separately 

f = * f . (31) 

Here ae = */crk - the criterion of the quality of mono-

disperse particle charging and 
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,, J- Id Ar I 
f = T — (32) 

j t  I d r l  

i s  t h e  c r i t e r i o n  o f  t h e  q u a l i t y  o f  t h e  c h a r g i n g  l a w .  

T h e  p a p e r  [ 5 ]  c o n t a i n s  a l s o  a  g r a p h i c  a n a l y s i s  o f  t h e  d e ­

pendence  o f  t he  c r i t e r i on  o f  t he  qua l i t y  o f  t he  cha rg ing  l aw  

on  pa r t i c l e  s i ze  and  cha rg ing  r eg ime .  I n  F ig .3  t h i s  ana ­

l y s i s  i s  r epea t ed  fo r  ou r  sy s t em o f  cha rge r  pa rame te r s .  The  

cu rves  i n  F ig .3  exac t l y  co r r e spond  t o  t he  cu rves  i n  F ig .2 .  

S imi l a r ly  t o  F ig .2 ,  t he  f i f t h  cu rve  w i l l  be  exp l a ined  be low.  

Spatial non-uniformity of the aerosol charge 

The  c r i t e r i on  в descr ibes  the non-uni formi ty  o f  the 

charg ing process .  In prac t ice ,  the most  in te res t ing i s  the 

reg ime of  dominant  d i f fus ion charg ing where the non-uni form ­

i t y  i s  l eve l l ed  ou t  due  t o  t he  e f f ec t  o f  s a tu r a t i on .  The re ­

fo re  o the r  c r i t e r i a  shou ld  be  de t e rmined  fo r  t he  desc r ip t i on  

o f  t he  non -un i fo rmi ty  o f  t he  r e su l t  o f  d i f fu s ion  cha rg ing  

. 6 A 
0  = —  .  ( 3 3 )  

I n  t h e  f i r s t  a p p r o x i m a t i o n  

•i a cM 
-  = .  (34 )  
8 A da 

Using  t he  app rox ima t ion  (19 )  ,  we  ge t  

^  "  3(H-a" ' 4 / a )  l n ( l+a* / 8 )  6  '  ( 3 5 )  

In  t he  r eg ime  o f  p r ac t i ca l l y  i n t e r e s t i ng  va lues  o f  t he  pa ra ­

me te r  a  ,  t he  c r i t e r i on  V i s  25 . . . 50*  o f  t he  c r i t e r i on  в .  

Devices for particle charging 

The Whitby charger 

Let  us  eva lua te  the fea tures  o f  the most  we l l -known granu-

lometr ic  aeroso l  charger  descr ibed in [в ] .  I t  i s  a  typ ica l  

t ransver sa l  charger  where the a i r  ions  a re  l e t  in through a  

gr id  mainta ined a t  a  cer ta in potent ia l .  The authors  o f  the 

charger  present  the fo l lowing data  :  

1 4  
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h e i g h t  Л 

length 

t  ine t q  

vo l tage 

ntQ 

1.43 ci 

0.95 CD 

0.21 s 

100 V 

10 7  CD aS . 

On the basis of these data it is easy to calculate : 

a - 27 

ß = 4 cm/s 

e = 1.75 

0 = 50* 

de = 1.8 um 

These values enable us to doubt the ability of the device to 

discriDinate fractions in the size range in the neighbourhood 

of 1 UD. Our calculation points out the simplest way to io-

prove the parameters of the charger - the length of the 

charger and charging time should be increased. Then 0 and -5 

are proportionally decreased. After the achievement of a 

sufficiently low value of the criterion 0 , voltage can be 

decreased on the account of further increase of the time ; 

this makes it possible to increase the critical particle 

size. 

Me do not have sufficient data to evaluate modifications 

of the Whitby charger built after the device [6]. 

The nays of widening the size range 

The range of particle size for a granulometer using a 

regime of dominant diffusion charging is limited from above. 

The only effective way to expand the measurement range to­

wards large sizes is the use of the regime of dominant field 

charging. Two chargers are necessary : one with a high value 

of critical size, and the other with a low critical size 

Three basic technical solutions can be pointed out : 

1. Design a "double" device with parallel measuring 

capacitors, whereas one capacitor is used in the regime of 

dominant diffusion charging and the other in the regime of 

dominant field charging. 

2. Make the granulometer to alternate the regimes of 

dominant diffusion and dominant field charging. 

3. Provide the granulometer with a double charger so 

that the main charger would work in the dominant diffusion 

regime and the subsidiary charger in the dominant field 

regime with polarity opposite to the one of the main charger. 
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T h e  m e t h o d  o f  c o m p e n s a t i o n  c h a r g i n g  

The third technical solution could be called the method of 

compensation charging. There is no correct and rigorous 

theory of charging compensation. Rough estimates can be ob­

tained by adding the charges taken into account separately 

for main and subsidiary chargers. In such an approximation 

the lowest curve in Fig. 2 is taken into account; this curve 

provides a good illustration of the practical effect achieved 

by the method of compensation. The symbols with apostrophes 

at the curves indicate the parameters of the subsidiary 

charger. Fig. 3 also includes the curve of the quality of 

average charging for the compensation method. As can be seen, 

the criterion of the quality of average charging still has a 

rather deep minimum in the neighbourhood of one-micrometer 

sizes. 

If the electric field strength in the subsidiary charger 

exceeds the critical value 

1 + 4/a' aß 
S'a = , (36) 

1 + 4/a к 

then large particles are recharged to the other polarity. In 

the formula the symbols without apostrophes refer to the main 

charger and the symbols with apostrophes to the subsidiary 

charger. 

In practice slight exceeding of the critical field 

strength is permissible, as the recharging of particles whose 

sizes are beyond the measurement range does not have negative 

consequences. The curves illustrating the compensation charg­

ing in Fig. 2 and 3 are drawn for a charger with parameters 

J'e = 2200 V/cm and E' = 4000 V/cm . 

A shortcoming of the compensation method is the low 

mobility of large particles which significantly complicates 

their registration. Technical difficulties may also be caused 

by the necessity to ensure extremely high stability of the 

chargers. 

Deac t iva t i on  o f  t he  a i r  by  oppos i t e  cha rg ing  

As a rule, the differential method of mobility spectrum 

measurement is used in granulometers. Then the air flow 

entering the measuring capacitor is divided into two parts. 

One part with the air flow SF contains the investigated 

aerosol. The other part with the air flow F - 6F should be 
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i n a c t i v e .  T h i s  i n a c t i v i t y  m e a n s  t h a t  t h e  a i r  d o e s  n o t  c o n t a i n  

p a r t i c l e s  w h i c h  w o u l d  c a u s e  s i g n a l  a t  t h e  o u t l e t  o f  t h e  

g r a n u l o n e t e r .  U s u a l l y ,  t h e  a i r  i s  d e a c t i v a t e d  b y  c o n d u c t i n g  

i t  t h r o u g h  a  m e c h a n i c a l  o r  e l e c t r i c  f i l t e r .  A  s i g n i f i c a n t  

t e c h n i c a l  d i f f i c u l t y  a t  t h i s  p o i n t  i s  s u f f i c i e n t  f i l t e r i n g  o f  

t h e  a i r .  I n s t e a d  o f  f i l t e r i n g ,  d e a c t i v a t i o n  c o u l d  b e  c a r r i e d  

o u t  b y  u n i p o l a r  c h a r g i n g  t o  t h e  p o l a r i t y  o p p o s i t e  o f  t h e  

p o l a r i t i e s  o f  t h e  m e a s u r e d  p a r t i c l e s .  T h i s  s i m p l i f i e s  t h e  

d e s i g n  o f  t h e  g r a n u l o m e t e r .  D u r i n g  d e a c t i v a t i o n  w i t h  o p p o s i t e  

c h a r g i n g ,  i t  s h o u l d  b e  c a r e f u l l y  c h e c k e d ,  i f  t h e  s p a c e  c h a r g e  

o f  t h e  o p p o s i t e l y  c h a r g e d  a e r o s o l  d o e s  n o t  c a u s e  i n t e r f e r e n c e  

i n  t h e  m e a s u r i n g  c a p a c i t o r .  I f  n e c e s s a r y ,  t h e  s p a c e  c h a r g e  

c o u l d  b e  s u p p r e s s e d  u s i n g  a n  e l e c t r i c  f i l t e r .  

The effect of focussing 

I n  t h e  g r a n u l o m e t e r s  o f  t h e  U n i v e r s i t y  o f  M i n n e s o t a  t h e  

g e o m e t r i c a l  p o s i t i o n  o f  t h e  l a y e r s  o f  t h e  a i r  i s  n o t  r e t a i n e d  

d u r i n g  t h e  p a s s a g e  f r o m  t h e  c h a r g e r  t o  t h e  m e a s u r i n g  c a p a ­

c i t o r .  In  t h i s  ca se  t he  non -un i fo rmi ty  o f  cha rge  i ndub i t ab ly  

causes  de t e r io r a t i on  o f  t he  d i s c r imina t ion  power  o f  t he  

g ranu lome te r .  

Howeve r ,  t he  geome t r i ca l  pos i t i on  o f  t he  a i r  l aye r s  can  be  

r e t a ined  du r ing  t he  pas sage  f rom the  cha rge r  t o  t he  measu r ing  

capac i t o r .  I n  t h i s  ca se  t he  mu tua l  r e l a t i ons  o f  t he  p roces se s  

i n  t he  cha rge r  and  t he  measu r ing  capac i t o r  become  e s sen t i a l .  

I f  cha rg ing  i s  abso lu t e ly  un i fo rm (  -0  =  0 ) ,  t hen  t he  p l aces  

o f  p r ec ip i t a t i on  o f  t he  pa r t i c l e s  o f  t he  same  s i ze  a r e  s ca t ­

t e r ed  t o  t he  ex t en t  de t e rmined  by  t he  r e l a t i on  o f  a i r  f l ows  

6F/F. I f  i )  i 0  and  t he  pos i t i on  o f  l aye r s  i s  r e t a ined ,  t hen  

t he  e f f ec t s  o f  t he  s ca t t e r i ng  caused  by  non -un i fo rmi ty  o f  

cha rg ing  and  t he  f i na l  r e l a t i on  o f  t he  a i r  f l ows  i n t e r f e r e  

w i th  each  o the r .  I f  t he  pa r t i c l e s ,  en t e r ing  nea re r  t o  t he  

co l l ec to r  e l ec t rode  o f  t he  measu r ing  capac i t o r  a r e  cha rged  

more  s t r ong ly ,  t hen  t he  i n t e r f e r ence  i nc rea se s  t he  s ca t t e r ­

ing .  I f  t he  pa r t i c l e s ,  en t e r ing  nea re r  t o  t he  co l l ec to r  

e l ec t rode  a r e  cha rged  more  weak ly ,  t hen  t he  i n t e r f e r ence  

weakens  t he  s ca t t e r i ng .  In  t he  l a t t e r  ca se  cha rg ing  non -

-un i fo rmi ty  i s  u se fu l .  Th i s  e f f ec t ,  t hough  desc r ibed  a l r eady  

in  [ 7 ] ,  ha s  been  somewha t  f o rgo t t en .  

We c an  imag ine  a  cha rg ing  non -un i fo rmi ty  whe re  t he  d i s ­

t ance  o f  t he  spo t  o f  p r ec ip i t a t i on  f rom the  i n l e t  o f  t he  

measu r ing  capac i t o r  i s  abso lu t e ly  i ndependen t  o f  t he  po in t  o f  
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entrance of the particle into the granulometer. Then we can 

apeak of perfect focussing of particles. 

The use of the effect of focussing makes it possible to 

select the ratio 6F/F in the measuring capacitor to be 50X, 

and simultaneously to guarantee an apparatus function of the 

granulometer which would be characteristic of a good diffe­

rential spectrometer. This means a combination of the high 

sensitivity on integral measuring capacitor and the high dis­

crimination of в differential measuring capacitor. 

An inner charger for a measurement capacitor 

with an inner collector electrode 

Fig. 4 presents a diagram of one of the possible designs 

of an axial charger 

ll'll — 
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Fig. 4. Diagram of an axial inner charger for a 

measuring capacitor with an inner collector electrode. 

A corona discharge is used for generation of small air ions. 

Special design makes it possible not to use a partition grid. 

The field strength and air ion flow are controlled by the 

depth of insertion of the positive corona points into the 

inner tube. A subsidiary charger of negative polarity makes 

it possible to carry out compensation charging. The intensity 

of compensation charging is adjusted by the width of the 

slit. Opposite the slit is an electrode which gets voltage to 

achieve sufficient field strength. At the same time the 

negative charger has the function of the deactivation of the 

air passing through the inner tube with the rate F - 6F . 

In a device of this type the non-uniformity of the charge 

increases the scattering of the particles on the collector 

electrode in the measuring capacitor. 
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An outer charger for в measuring capacitor 

with an inner collector electrode. 

To achieve the effect of focussing in the case of an inner 

collector electrode it is necessary to direct the novenent of 

snail air ions towards the axis of the charger. A possible 

design of such a charger is presented in Fig. 5. It is nore 

Fig. 5. Diagran of an axial outer charger for measuring 

capacitor with an inner collector electrode. 

complicated to ensure the independence of local charge in­

tensity from the angular coordinate. It is also complicated 

to use corona discharge as a source of small ions. A compact 

design can be achieved by the use of a-rays or weak 0-rays 

for the generation of small air ions. 

The radioactive preparation should be uniformly spread on 

the inner surface of a cylindrical electrode. In the describ­

ed charger a method of deactivation of the air by opposite 

charging is applied, an inner corona charger is used for it. 

Compensation charging is carried out similarly to the charg­

ing in Fig. 4. An outer ballast layer of air flowing past the 

measuring capacitor serves to insulate the radioactive prepa­

ration and to improve the parameters of the charger. 

An inner charger for a aeasuring capacitor 

with an outer collector electrode 

The arrangement "inner charger and outer collector elec­

trode" does not ensure good discrimination of the granulo­

meter. The arrangement "outer charger and inner collector 

electrode" should theoretically ensure high discrimination 

and sensitivity, but the design of an actual granulometer 

according to this arrangement would run into serious diffi­

culties. High discrimination can be combined with construc­

tional simplicity as shown in Fig. 6. Here the outer cover of 

•mm 
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t h e  m e a s u r e m e n t  c a p a c i t o r  s e r v e s  a s  t h e  c o l l e c t o r  e l e c t r o d e  

w h i c h  i s  r e a s o n a b l e ,  i f  i t  i s  n e c e s s a r y  t o  d i v i d e  t h e  e l e c  

t r o d e  i n t o  s e v e r a l  r i n g s  i n s u l a t e d  f r o m  o n e  a n o t h e r .  

Fig. 6. Diagram of axial inner charger for a 

measuring capacitor with an outer collector electrode. 

Fig. 6 does not include the device for the deactivation 

of the air and the subsidiary charger for compensation 

charging. In the case of this arrangement compensation 

charging is more complicated than in the two preceding cases. 

Therefore the arrangement "inner charger and outer collector 

electrode" is most suitable for two-capacitor systems where 

one measuring capacitor has the regime of dominant diffusion 

charging, and the other has the regime of dominant field 

charging. 

N u m e r i c  s y n c h r o n o u s  d e t e c t i o n  

a n d  t h e  n a t u r e  o f  t h e  m o d u l a t i o n  m e t h o d  

We speak of the modulation method when the transformation 

coefficient of the measured signal undergoes periodic varia­

tion and the output signal of the device is formed as a 

result of detection, most frequently synchronous detection. 

In aerosol measurements it is reasonable to carry out 

modulation by periodic switching on/off of the measured 

signal. Here we will not to consider the method of signal 

modulation inside the amplification circuit. 

The optimum period of modulation depends both, on the fre­

quency characteristics of the noises of the measurement 

system, and on the transition characteristics of the 

modulator of the air ion flow and the measuring capacitor. 

For the measurement of small air ions it is useful to have a 

modulation period ranging from some tenths of a second to 

ou te r  co l l ec to r  
e l ec t rode  

* .  i nne r  
e l ec t rode  

ba l l a s t  
a i r  

The  modu la t i on  me thod  i n  ae roso l  g r anu loae t ry  
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s o n e  s e c o n d s .  I n  a e r o s o l  g r a n u l o n e t r y  a i r  i o n s  o f  l o w  

n o b i l i t i e s  a r e  r e c o r d e d  a n d  t h e  m e a s u r i n g  c a p a c i t o r  h a a  a  

l o n g  t r a n s i t i o n  t i m e .  A  n o d u l a t i o n  p e r i o d  o f  s o n e  t e n s  o f  a  

s e c o n d  o r  l o n g e r  m a y  b e  o p t i n a l .  C e r t a i n  d i f f i c u l t i e s  o c c u r  

i n  t h e  a p p l i c a t i o n  o f  t r a d i t i o n a l  a n a l o g  e q u i p m e n t  o f  

s y n c h r o n o u s  d e t e c t i o n .  

I n  t h e  r a n g e  o f  l o w  m o d u l a t i o n  f r e q u e n c i e s  i t  i s  p o s s i b l e  

t o  d i g i t i z e  t h e  s i g n a l  i n  e a c h  h a l f - p e r i o d  o f  n o d u l a t i o n .  

D e t e c t i o n  i s  t h e n  e x e c u t e d  w i t h  a  c o m p u t e r .  N u m e r i c a l  p r o c e s ­

s i ng  o f  t he  s i gna l  i s  ca r r i ed  ou t  on - l i ne .  In  t h i s  ca se  t he  

p roces s  o f  measu remen t  i s  ou tward ly ,  r a the r  s imi l a r  t o  t he  

p roces s  o f  measu remen t  w i th  an  ana log  synch ronous  de t ec to r .  

I f  i t  i s  no t  pos s ib l e  t o  u se  t he  compu te r  on  l i ne ,  t he  s i gna l  

o f  eve ry  ha l f -pe r iod  can  be  r eco rded  on  magne t i c  o r  punched  

t ape ,  o r  o the r  s t o r age  med ia ,  and  t he  compu ta t i ons  can  be  

execu t ed  l a t e r .  Then  t he  p rocedu re  o f  measu remen t  i s  

ou tward ly  d i f f e r en t  f rom the  u sua l  p rocedu re  w i th  an  ana log  

synch ronous  de t ec to r .  I t  cou ld  be  a rgued  t ha t  t h i s  i s  no t  t he  

nodu la t i on  me thod ,  bu t  a  pe r iod i c  ze ro  co r r ec t i on  t o  ob t a in  

da t a  fo r  t he  co r r ec t i on  o f  r e su l t s  du r ing  t he  p roces s ing  o f  

measu remen t  da t a .  Th i s  a rgumen t  ge t s  fu r the r  suppor t ,  i f  f o r  

t e chn ica l  r ea sons  an  amp l i f i e r  o f  d i r ec t  cu r r en t  i s  used  f o r  

t he  ampl i f i c a t i on  o f  t he  s i gna l .  Howeve r ,  t he r e  i s  a  deepe r  

d i f f e r ence  be tween  t he  me thods  o f  modu la t i on  and  pe r iod i c  

ze ro  co r r ec t i on .  In  t he  modu la t i on  me thod  t he  pe r iod  o f  

modu la t i on  i s  a t  t he  same  t ime  a l so  t he  min imum pe r iod  o f  

measu remen t .  I n  t he  pe r iod i c  ze ro  co r r ec t i on  me thod ,  t he  

pe r iod  o f  measu remen t  i s  sho r t e r  t han  t he  pe r iod  o f  z e ro  

co r r ec t i on ,  whe reas  t he  r a t i o  o f  t he  pe r iods  can  be  r a the r  

l a rge .  The re fo re  we  cons ide r  i t  app rop r i a t e  t o  speak  o f  t he  

modu la t i on  me thod ,  i f  t he  s i gna l  i s  ampl i f i ed  w i th  an  

amp l i f i e r  o f  d i r ec t  cu r r en t ,  t he  pe r iod  o f  modu la t i on  l a s t s  

s eve ra l  minu te s ,  and  synch ronous  de t ec t i on  i s  pos tponed  un t i l  

t he  phase  o f  da t a  p roces s ing .  

Modulation with a charger 

In  a i r  i on  measu remen t  dev i ce s  modu la t i on  i s  execu t ed  by  

t he  swi t ch ing  o f  t he  a i r  f l ow ,  t he  vo l t age  o f  t he  measu r ing  

capac i t o r ,  o r  t he  vo l t age  on  a  spec i a l  p r e l imina ry  capac i t o r .  

A l l  t he se  me thods  can  be  u sed  i n  ae roso l  g r anu lone t ry .  How­

eve r ,  t he r e  i s  a  s imp le r  me thod  o f  modu la t i on  t h rough  

pe r iod i c  swi t ch ing  on /o f f  o f  a  un ipo l a r  a e roso l  cha rge r .  
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The method of modulation with a charger has all the ad­

vantages of the method of modulation with a preliminary 

capacitor. Special attention should be paid to an advantage 

specific for granulonetry. In charger modulation the flow of 

residual air ions in the air which should be inactive is not 

modulated. This suppresses measurement errors connected with 

possible imperfection of the device of air deactivation 

making it possible to simplify the design of this device and 

there appears a possibility to realize the differential 

measurement method without the device of air deactivation. 

For instance, in the device depicted in Fig. 6, the inactive 

air could be replaced by an uncharged variant of the aerosol 

which is being analyzed. Modulation here is carried out by 

periodic switching on/off of high voltage on the corona 

point. 

RC-reg ine  o f  t he  neasu renen t  o f  cu r r en t  s t r eng th  

Let us consider the task of measuring the strength of 

direct current of air ions in a measuring capacitor and 

denote the duration of the measurement cycle through 6 . Let 

the transition process of the measuring device be a simple 

exponential process with the time constant т 

Two measurement regimes are widely spread : 

- the regime of measurement of the voltage drop on the 

resistance or R-regime where т < б , 

- the regime of charge cumulation on the capacitance or 

C-regime where т » 6 is assumed. 

As is known, R-regime is characterized by a lowered sensi­

tivity, and C-regime requires periodic commutation of the 

input circuit of the electrometric amplifier. Two variants of 

C-regime are known: 

- the variant of fixed zero, 

- the variant of floating zero. 

In the case of fixed zero the charge generated by the 

electrometric commutator will be included in the measurement 

result as noise. Therefore the electrometric commutator 

should meet rigorous requirements, and the sensitivity of the 

electrometer will not be significantly higher than in 

R-regime. Floating zero makes it possible to realize the 

highest theoretically possible sensitivity. However, 

complicated equipment for signal commutation and registration 

would be necessary in this case. 

15 
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In practice, for reasons of technical simplicity, R-

-regine is the most wide-spread one. Therefore the improve­

ment of the sensitivity of R-regime is especially signifi­

cant. The sensitivity of the electrometer in R-regime to 

current strength is growing together with the ratio т/б . At 

т/б > 1 the sensitivity is approaching that of the electro­

meter in C-regime. However, a systematic measurement error 

called the error of inertia occurs, if the condition т > 6 

is not satisfied. The error of inertia depends on the voltage 

on the electrometer at the end of the previous cycle. If this 

voltage is known, then the error of inertia can be unambigu­

ously established and the measurement results can be cor­

rected computationally. In the case of computational correc­

tion of the error of inertia, a measurement regime with 

T в 8 is quite acceptable. This regime might be called 

RC-regine. 

The cor rec t ion of  the iner t ia  

Let us consider the measurement of the strength of the 

current in a modulating granulometer. The process in an 

electrometer with RC-regime is illustrated in Fig.7. 

Fig. 7. The process in an electrometer with RC-regime 

at a rectangular modulation of the measured current. 

Let 6 , T , U1 , and t/2 be known. For the correction of the 

measurement error we need a computation formula for the level 

of Ua which would be valid for any period of modulation, 

independently of the history of the process. It is easy to 

derive such a formula from the equation of the transition 

process, according to which 
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ио - U2 - (Ua - Ux) exp(- Cg " *-) . (37) 

The correction formula will be 

о», 
1 - exp(-о/т) 

It is expedient to carry out the correction together with 

synchronous detection. As the factor in formula (38) is an 

apparatus constant, the correction is simple to execute also 

if analog synchronous detection is used. 
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PRINCIPLES OF THE GRADUATION OF AN ELECTRIC 

AEROSOL GRANULOMETER 

H. Tammet and M. Noppel 

The measuring block of a granulometer or an electric 

analyser of aerosols gives direct information about the 

particle size spectrum in the form of a set of channel 

signals 4* = { ti, f„]. The particle size spectrum 

is also described by a set of numbers у - {flt ~p2• fn) 

(e.g. fraction concentrations of particles). For a measure­

ment method based on the primitive mathematical model of the 

measurement process, the estimate of the spectrum is obtained 

through the scale transformation 

and graduation is reduced to determining the constants of aj. 

If a modified primitive mathematical model is used, then a 

preliminary transformation of the primary channel signals у' 

to secondary y" is admissible (e.g. using the formula 

Yj" r v'j - v'j-i). This mathematical model is used as the 

data processing basis of the well-known device TSI-3030, how­

ever, the use of the primitive model sets strict requirements 

to the design of the granulometer, whereas these requirements 

can be met only approximately. 

According to the general linear mathematical model the 

channel signals are dependent on the size spectrum according 

to the linear apparatus equation iyj = Z H3 kyk or 

where the table of coefficients H is called the apparatus 

matrix. 

The size spectrum of particles is calculated by solving 

the apparatus equation using the least squares method. 

The general linear mathematical model excludes strict re­

quirements to the equipment and makes it possible to avoid 

simplifications and approximations which cannot be avoided in 

the case of the primitive mathematical model. The primitive 

model is a special case of the general model and it demands a 

diagonal structure of the apparatus matrix. If the general 

linear mathematical model is used, then the graduation of the 

granulometer is reduced to the determination of the elements 

4>d = ajVd ( 1 )  

У = H\f, ( 2 )  
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of the apparatus matrix Н л  k .  

For the graduation of the granulometer information from 

various sources may be used. We will consider four methods of 

graduation different in the kind of information used: 

absolute, etalon aerosols, analysis of aerosol deposit, and 

complex methods. 

In absolute graduation the granulometer is viewed as an 

absolute measuring device which is graduated by theoretical 

calculation on the basis of the measurement of geometrical 

and electrical parameters of the device. A general outline of 

absolute graduation is presented in [1]. 

The apparatus matrix is calculated according to the 

formula rk 

H. 
dk r„ 

/<k>(r) 2 rPt,(r)6J(*l.(r))dr, (3) 

^ /<k)(r)dr гь-х 

rk-l 

where в - the elementary charge; <?j - the apparatus function 

of the measuring capacitor; index j - the channel number; 

Pt(r) - the probability of getting into the capacitor 

of particles with the size r and charge fe; r) - the mobi­

lity of a y-times charged particle calculated by the 

Stokes-Millikan formula. 

In formula (3) for the sake of simplicity the fraction 

model of the particle size spectrum has been adopted 

•rk 

/<г) = Ь/к,(г)/ Sf<k)(r>dr, (4) 
к ^k-i 

whereas the function k>( r) is considered to be defined, and 

the experiment is to determine only the value of f . If under 

the integral sign in equation (3) the function is smooth and 

the fractions narrow, then the apparatus matrix is practi­

cal ly independent of the concrete shape of the function 

/*к3(г) and those functions can be chosen arbrltrarily. In 

the general case the values of fk are viewed as the coordi­

nates of linear expansion of the particle size spectrum by 

elementary spectra k>( r) 

Ar) = 2 Yk/<k>(r). (5) 
к 

Electric aerosol granulometer can be viewed as an absolute 

device only if the function (r) is known. In practice, the 
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function of particle charging P^(.r) is sufficiently well 

known only in the case of a steady bipolar particle charging. 

The latter gives the devices with a bipolar charging a cer­

tain advantage. However, those devices are significantly less 

sensitive than devices with unipolar particle charging. 

The research in the charging of aerosol particles shows 

that the charge distribution of particles depends on the 

field strength Ea and the quantity knat in the charging zone, 

where na - the ion concentration; к - the ion mobility; and 

t - the time the particles stay in the charging zone. The 

above distribution depends also on the initial distribution 

the influence of which decreases with the increase of knat. 

Let us denote this distribution, normed to a unity, through 

Px^(r/kn0t,E0}. This function describes aerosol charging in 

an ideal charger which guarantees identical values of E0 

and knat for all aerosol particles. In real chargers aerosol 

particles pass through zones with different values of E0 and 

knat. Particles may also be precipitated in the inlet of de­

vice and the charger. Let us denote the probability of a 

particle passing through the inlet of device and the charger 

in the zone with a known value of E0 and knat through 

f2( knat, E0 , r). Then 

If the ion flows onto a particle are known, then 

Application of this formula for the range of large sizes 

causes substantial difficulties [3]. Therefore an approximate 

method for the determination of Р±^ has been proposed for 

aerosol particles which are much larger than the mean free 

path of air ions [4]. In this case Рг^ is described by the 

following equation 

Pt(r) = Plt(r/kn0t,E0)P2(.kn0t,E0, r) . ( 6 )  

Plt(r/kn0t,E0) are determined by an equation proposed in [2]. 

1 X'  .2 

Px* r of УН 
exp(- —){1 + —(•*•' 

2 6 
3x) + 

t - X 
x - , 

CTr 

where у - the average particle charge, - the standard de-
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viation, Vi - the coefficient of asymmetry and v2 - the co­

efficient of excess. On the basis of this formula a system of 

four differential equations has been formulated, there depen­

dencies of j , o{, Dj , vz on knat are wanted. This system of 

differential equations was solved with the method of Runge 

-Kutta for diffusion charging taking into account the ion 

flow onto a particle (formula in [5]). The dependencies 

j (r, kn0t), af (r, kna t), <г(г, knat), v2(r, kna t) are 

represented as polynomials. Using the above methods for the 

determination of г/kn01, E0) for charging in the electric 

field, the ion flow onto a particle is to be determined. For 

this purpose it is necessary to solve the differential 

equation of charging which simultaneously takes into account 

the diffusion of ions and their directed movement in the 

summary electric field created by external surface charges 

and the charged and polarized particle itself. On the basis 

of numeric solution of this equation approximate formulas of 

the ion flow to conductive particles have been found. For 

instance, for 7 £ U < 130 and 0 < ц < 2.4 У + 3.87 the fol­

lowing formula can be used 

^ : 3*(l - —Y + 
dr \ 3 HI 

+ exp J^-4.567 { АД* - tfj)2 + O.OU59-ln(3»0 + 0.02006 + 

+ (— - 1)) - 0 . 04162 • ln( 3 /У) + 1.198], 
3 ¥  J  

where V - - the non-dimensional strength of the elec 
KT 

(Г®2 
trie field, ц = - the non-dimensional charge; 

4ft larKT 

ekn0 t 
г - — - the nondimensional time, e_ - the electric con-

4 Co 

stant, T - the absolute temperature, К - the Boltzmann con­

stant. To determine y(r) for particles with radii coincid­

ing with or less than the mean free path of air ions, the 

above-mentioned equation [2] can be used and the necessary 
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values of the ion flow can be calculated according to the 

theory of Fuchs [6]. 

The shape of the function Рг( knat, E0, r) depends on the 

design of the charger and is to be determined for every par­

ticular case. Charging conditions in effective unipolar 

chargers are non-uniform and there are no sufficiently pre­

cise methods to establish the field distribution in a real 

charger. Theoretical calculations do not ensure the precision 

necessary for calibration, therefore in making up an appa­

ratus matrix some free parameters connected with constructio­

nal and physical parameters of the device are left into the 

matrix; these parameters are to be established empirically. 

Theoretically the most simple is a calibration method 

which is based on the use of test aerosols with spectra pro­

portional to separate elementary spectra of expansion (5). 

Then an element of the apparatus matrix is determined di­

rectly as the signal of the j-th channel at the k-th separate 

elementary spectrum. However, practical difficulties occur 

here, connected with the generation and attestation of the 

test-aerosols for the whole range of particle sizes covered 

by the electric granulometer. 

Calibration of an electric granulometer by the distribu­

tion of precipitated particles has been proposed in [7] . It 

is assumed that 

the precipitation coefficients of the particles of each 

group in the analyzer were determined independently of the 

described procedure of calibration; 

the particles precipitated in the analyzer stick to the 

electrodes and could be measured with an electron or optical 

microscope separately in each measurement channel; 

the electric mobilities of the particles precipitated 

in each measurement channel are limited to certain intervals, 

and their means k* are known. 

There are two possibilities for the calibration: firstly, 

a polydisperse aerosol with approximately spherical particles 

the sizes of which cover the whole calibrated range is sucked 

through the granulometer, or, secondly, only an aerosol 

covering one sub-interval of the size range is used, and 

subsequently aerosols covering the next subintervals are 

used in a successive order. The precise size distribution 

of the particles may be unknown. At the stage of pre­

liminary analysis of the calibration observations, the sizes 
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of the particles gathered on the electrodes of different 

channels are measured, then, on the basis of the initial size 

table, particle size spectra by channels fj(r) are 

calculated. These functions /d(r) may be approximated by 

expanding them by the elementary spectra of the adopted model 

of the spectrum: 

( r) = Z (9) 

Information presented in the table of coefficients /jL is 

sufficient for the calibration of the granulometer. 

Elements of the apparatus matrix are calculated according 

to the equation 

fji = j 1'( r)d r)/( kT |fkI), (10) 

where F - the aerosol flow, kx - the average particle mobi­

lity, - the channel sensitivities, i.e. у j = ~ 

the current of charged aerosol particles in the j-th channel. 

The most exact results are ensured by a complex calibra­

tion of the granulometer. In this case all sources of infor­

mation are used, i.e. the theoretical model, the measurement 

results of etalon aerosols, and the analysis of the precipi­

tation gathered on the channel electrodes. Let us consider 

one possible method of complex graduation. In this method the 

theoretical model is used, first and foremost, for the para-

metrization of the apparatus matrix. Let us denote the para­

meters of the apparatus matrix with (A)i, (Л)2, •.(Л)т- On 

the basis of the results of the measurement of geometrical 

and electrical parameters of the measuring capacitor and the 

chargers, absolute estimates of the parameters of the appa­

ratus matrix are calculated; these estimates make up the 

vector hA. In order to use this particular estimate for com­

plex graduation, it. is then necessary to estimate the stan­

dard deviations of possible errors of these estimates (crA)j , 

and also the correlation between the errors (<jA)Jk- On the 

basis of these data a covariation matrix of absolute gradus-

tion CA with the elements <CA)Jk = (aA)d(aA)k (?A)Jk is set 

up. The vector hA and the matrix CA contain the whole 

information about absolute calibration. 

By the results of the measurement of the etalon aerosols 

an independant estimate is made of the parameters of the same 

theoretically founded model of the apparatus matrix. The re­

sult is formulated as some other vector of th*:- est i\.at e of 
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parameters and as the respective covariation matrix of 

estimate errors C^. The same course of action is followed in 

the case of the data obtained in the analysis of the precipi­

tation of particles by channels. The respective estimate is 

denoted with 1 and Cd • Let us suppose that the estimate 

errors of the parameters of the apparatus matrix have a nor­

mal distribution, and that hA , are particular 

estimates of maximum probability. Then the particular func­

tions of probability are written as 

£,(Л/Л.) = const. exp(-%(A - A,)TC~I(/i - Л,)), (11) 
? i S ? t 

where £ denotes the index A , L , or d . As all the in­

formation sources are independent, the joint probability 

function is 
£0 = Ал Ad • 

This function is described with the vector ha which is 

the most probable complex estimate of the parameters of the 

apparatus matrix, and the covariation matrix C0 which de­

scribes the precision of the estimate. It can be simply shown 

that 

C0 = (Ca-1 + Съ'1 + С,,"1)'1, (12) 

Ao = С* (Са-1/>А + + С<Г1Ла). 

The above method, despite its apparent complexity of rea­

lization guarantees maximum reliability in the graduation of 

electric aerosol granulometers. 

Translated from: 

Таммет Х.Ф, Ноппель М.Г. Принципы градуирования электри­

ческого гранулометра аэрозолей // Методы и приборы контроля 

параметров биосферы. Мехвуз. сб.,- Л., 1984,- С. 21-28. 

References see below. 

APPENDIX 

to the article translated above 

As was pointed out in the article, direct empirical gra­

duation of an electric granulometer directly on the basis of 

test aerosols is a technically complicated task. Despite 

that, a modified version of direct empirical graduation was 
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carried out by Mirme [8]. In Hirnes paper the spectra of the 

test aerosols did not coincide with the elementary spectra 

but were expanded by the elementary spectra. A sophisticated 

test aerosol generation equipnent [9] nade it possible to get 

experimental information sufficient to obtain an acceptable 

condition number of the equation systen connecting the set 

of granuloneter records with the known spectra of the test 

aerosols. This makes it possible to calculate the unknown 

elements of the apparatus matrix from the system'. 

A detailed algorithm for one method of conplex graduation 

of a granulometer is presented in [10]. According to this 

algorithm the parameters of a theoretical nodel of the elec­

tric spectrometer are determined by the fitting of theoreti­

cally calculated quantities to the respective empirical quan­

tities obtained in the measurement of etalon aerosols and the 

analysis of aerosol precipitation gathered on the channel 

electrodes. A necessary precondition here was the formulation 

of a preliminary algorithm for a quick computation of 

particle charge distribution in any condition of unipolar 

charging [4, 11, 12] . 

The approach to the graduation of aerosol granuloneters 

described in the above article was also used for the analysis 

of the properties of the well known TSI-3030 [13, 14]. The 

apparatus matrix of the device was calculated according to 

the above-mentioned algorithm from the data of test aerosol 

measurement. Mathematical modeling demonstrated that 

traditional processing (the scale transformation method) of 

the TSI-3030 records of a unimodal spectrum of atmospheric 

aerosol leads to the appearance of two peaks. This points to 

a danger of considerable misinterpretations of measurement 

results. This danger can be avoided if the results are 

processed in accordance with the principles presented in the 

above article. 
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SPECTRA OF NEAR-GR0U8D ATMOSPHERIC AEROSOLS 

Ü. Kikas, V. Kimmel and A. Hirme 

Introduction 

Aerosol particles cover a wide size range from a couple of 

nanometers to some tens of micrometers. Their size distribu­

tion is one of the most important characteristics of atmos­

pheric aerosols. The spectra of number, surface or mass con­

centrations contribute significant information about the 

character of processes in the aerosol. 

Various shapes of particle number distributions are en­

countered in measurements. A monomodal spectrum is character­

istic of stratospheric aerosol but it has also frequently 

been measured in near-ground unpolluted air [1, 2, 3] . Since 

Whitby [4] many authors support the multimodal model of 

number distribution of atmospheric aerosols. According to 

Jaenicke [5] a multimodal distribution is typical of both 

countryside aerosol and tropospheric background aerosol. The 

measurements of Hoppel [3] in the central part of the Atlan­

tic Ocean showed clearly bimodal distribution functions of 

marine aerosol. A dropping spectrum with monotonously 

descending number concentrations towards larger particles is 

mainly described for urban areas [6]. 

The identification of different types of spectra in 

natural measurements is connected with the variety and pecu­

liarities of atmospheric processes during measurement. Par­

tially, as suggested by M. Noppel [7], it may be conditioned 

by the use of different equipment and methods by different 

authors. 

The present paper gives a survey of atmospheric aerosol 

spectra measured at different locations of Baltic region in 

different conditions, but with the same equipment. The paper 

focuses on the density functions of the distribution of the 

number concentration. 

Models of atnospheric aerosol spectra 

Classically, the number distribution of over 0.1 дт dia 

particles is described by Junge's formula 

N(. r) ~ r~b . (1) 
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f(r)r 

Most measurement results in the atmosphere have agreed with 

the formula satisfactorily, whereas the power b is about 4 . 

V.l. Smirnov [8] has specified the distribution function 

of the particles of 0.1-20 дт radius. As a result of an ana­

lytical solution of the coagulation problem he has obtained 

a distribution function which can be presented by two power 

functions. 

( 2 )  

where r" is the transition radius between two functions. 

For normal atmospheric conditions У к 1.01 um . Unfortunate­

ly, relevant literature does not contain data on the compari­

son of measurement data with formula (2). 

The picture of the distribution of particle sizes below 

D.l um is considerably less clear. Junges and Smirnov's 

formulas are not suitable for the description of the spectrum 

in the region below 0.1 дт. They yield an unlimited growth of 

the number of particles when the sizes of the particles 

decrease. The measurements, however, show a decrease or only 

a slight increase of the number concentration towards finer 

particles. 

Several empirical distribution functions have been pro­

posed for the description of the spectrum of the number con­

centration in a wide size range from 0.01 to 20 дт. A good 

survey of the models can be found in H. Tammet [9] who also 

proposes a new 4-parameter KL model distribution: 

/it(r) = = ( 3) 
(r/rx)K + (rx/r)L 

where лг(r) = dN(r)/d( In r). One of advantages of this dis­

tribution is a good physical interpretability of the par­

ameters К and L, respectively, are the slopes of the right 

and the left asymptotes of the distribution, whereas rx and A 

are the coordinates of the intersection of the asymptotes. 

Depending on whether L < 0 or L > 0, the KL formula describes 

a monomodal or a dropping spectrum. 

The multimodal spectrum is usually described by near? of 

the sum of the log-normal distributions 
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The measurement conditions 

The analysed spectra have been obtained as a result of 4 

measurement series carried out in the Baltic region. The 

measurement locations are: the city of Tartu, Estonia (July 

1987 and January 1989 - Tartu.JU, Tartu.JA), the clean air 

field station at Voore in Estonian inland (August 1987), the 

coastal field station of Preila on the Kura Peninsula, Lithu­

ania (August 1989). The measurements were carried out round 

the clock with intervals 5 min (15 min at Preila). Host of 

the spectra are those of a fair weather; rain, thunderstorm, 

fog, haze or snow were observed in about 20% of the measure­

ment time. The height of the measurement place from the 

ground varied between 3 m and 6 m. The length of a series of 

measurements did not exceed 11 days, thus the seasonal chang­

es are not represented in the data. Total of about 5400 spec­

tra has been analysed. 

The diversity of the measurement conditions makes it 

possible to conjecture that the analysis gives a picture of 

the aerosol spectra occurring in the Baltic region. 

In all series a Tartu University electrical aerosol spec­

trometer EAS was used. The spectrometer gives a 12-fraction 

representation of the spectrum in the region 0.01-10 um. 

The frequency of occurrence of different types of spectra 

All three above-mentioned shapes of spectra were present 

in the analysed spectra. Fig. 1 presents examples of types of 

spectra. 

The frequencies of occurrence of spectra of different 

shapes are presented in Table 1. Those differ strongly at 

different locations. 

Location No. of spectra dropping monomodal bimodal 

Table 1 

Frequencies of occurrence of different 

types of spectra in X 

Voore 

Preila 

Tartu.JU 

1612 

861 

1695 

1228 

7.8 

6.7 

38.5 

1 2 . 8  

85.9 

49.6 

61.4 

43.9 

0 . 1  

0.5 

6.3 

Tartu.JA 86.7 
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Fig. 1. a - dropping spectrum (Tartu, July 10, 

8:30-9:30 (the mean of 12 spectra) 

b - monomodal spectrum (Voore, August, 

average of nighttime (603 spectra) 

с - bimodal spectrum (Preila, August 20-21, 

23:00-16:00 (the mean of 64 spectra). 

It can be seen that the dominant spectrum is monomodal one 

at all the measurement locations. It is explained by the case 

when the generation of small particles from the gaseous state 

does not fully compensate their transformation into larger 

fractions. 

Numerous bimoda1 spectra were observed only at Preila. It 

may be a general property of the coastal aerosol, or a pecu­

liarity of the weather during the measurement period. The 

data do not enable to unambiguously decide for either of the 

explanations. At Preila, the occurrence of the bimodal spec­

tra was connected with haze (Fig. 2). On four days when the 

hollow spectrum occurred almost throughout the whole sunny 

period, haze or low fog clouds were observed. On the other 

hand, only few bimoda] spectra occurred in clear sunny days 

when the UV-radiation of the sun contained a high proportion 

of shortwave radiation. The clear peak of bimodal spectra was 

present in fractions 3, 4, or 5, i.e. in the diameter range 

0.03-02 um and the Fine particles peak below 0.01 um. 
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e 1 2 3 4 5 6 7 8 9 16 

Time, days 

Fig. 2. The time of day of the occurrence 

of the bimodal spectra at Preila. 

Dropping spectra неге in significant amounts observed only 

in urban air in summer. The formation conditions of this kind 

of spectrum are an intense generation of fine particles on 

the one hand, and their relatively slow passage into the 

larger fractions on the other hand. The results of Tartu.JU 

confirm the hypothesis that the intensity of particle gener­

ation is determined by the amount of polluting gases and by 

the photochemical processes in these gases: the frequency of 

occurrence of dropping spectra (Fig. 3.1) corresponds to the 

daily variations of solar irradiation (Moscow time two hours 

ahead the local time is used) and to the life rhythm of city. 

TARTU.JU dropping TARTU.JA dropping VOORE dropping 

Time, hours 

Fig. 3. Daily frequencies of occurrence of dropping 

spectrum: 1. Tartu. July; 2. Tartu, January; 

3. Voore, August. 
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Somewhat unexpectedly, in winter Tartu.JA series, there 

are few dropping spectra and their daily frequency variation 

(Fig. 3.2.) does not correspond to the variation of solar 

irradiation. Father, it is similar to the frequency distribu­

tion at Voore (Fig. 3.3) where dropping spectra occur mainly 

in the evening or at night. Ir, most cases their appearance 

is connected with increased air humidity. The high concentra­

tion level on the one hand and the dominance of the monomodal 

spectra shape on the other hand can be explained by the in­

tensive precipitation of fine particles to submicron and 

coarse particles which occur more often in the winter spec­

trum (Table 2). 

The average spectra, total number, and mass concentration 

are presented in Table 2. 

The dominance of monomodal spectra at Voore can be expect­

ed . At a location investigated with an aim of setting up a 

regional background station we really observed a low inten­

sity of the generation of new particles, the monomodal shape 

of the spectrum and generally low particle concentration. 

Table 2 

Average number concentration spectra 

Frac. Limits Tartu.JU Tartu.JA Voore Preila 

Ho. um cm"3 cm-3 cm"3 cm"3 

1 .010-,018 3688 2685 625 1520 

2 .018-,032 3584 3852 1144 1420 

3 .032-056 2074 2405 1191 1321 

4 .056-,10 1210 1345 985 1229 

5 .10-.18 600 731 763 1028 

6 .18-.32 217 295 327 552 

7 .32-,56 62 112 102 194 

8 .56-1.0 23 40 35 46 

9 О
 

1 00
 

9.8 13 8.7 6.8 

10 1.8-3.2 2.7 3.1 1.4 1 , 1 

11 3.2-5.6 .55 .61 .27 .35 

12 

О
 

о
 

1 
со ю
 0.5 .06 .03 .08 

Total number cm"3 11600 11500 5207 7318 

Total mass ug•cm"3. 67 87 48 63 
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The mean spectra are not in all locations of the nonomodel 

type: in summer in Tartu, July and at Preila they are dropp­

ing . At Preila this effect is created by the simultaneous in­

fluence of the dropping and bimodal spectra, in Tartu, July 

the reason is the influence of relatively few spectra with 

very high concentrations of fine particles. 

Approximation of atmospheric aerosol spectra 

with model spectra 

An aerosol spectrum obtained with an electrical spectro­

meter is actually a 13-parameter model of the real spectrum, 

whereas the spectrum is described as a superposition of 13 

triangular elementary spectra. In many cases the description 

of the spectrum in such detail is not necessary and a model 

with a smaller number of parameters may be used. To study the 

use of model spectra, the average spectra of measurement 

series have been compared with above described models. 

Table 3 presents the powers of the power function approxi-

Table 3 

Approximation parameters of average spectra 

for a power function or the KL-function 

Approx. func. rf(r) = rbJ rf(r) - = — 
(r/rx)K + ( гх/r) 

Approx.1imits:цт .1-10 .1-1 1-10 .01 - 10 

Parameter bx bz b3 К 

Locat ion 

Voore -2.5 -1.8 -3.2 2.2 

Tartu. JU -2.2 -1.9 -3.0 2.0 

Tartu. JA -2.2 -1.7 -3.1 1.7 

Preila -2.5 -1.8 -2.5 3.2 

Junge (1) -3* - -3 

Smirnov (2) -1.5* -3.5* 

* The powers in formulae (1,2) and in the Table 5 are dif­

ferent by 1 because different representations are used. 
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mat ions of average spectra and A'-parameter of the KL-appro-

ximation, comparing them to the parameters of the respective 

Junge's (1) or Smirnov's (2) formulas. It can be seen that 

in the region 0.1-10 цт the approximation of the spectrum 

with two power functions according to (2) is fully justified. 

Selecting r* x 1 дт we obtain a good agreement with the 

parameters of Smirnov's formula. 

An exception among the agreeing parameters f>2 
and t>3 is 

b3 at Preila. Also correlation analysis for Preila showed 

that the range of particles over 1 цт behaved practically 

independently of the rest of the spectrum. Supposedly an in­

dependent source of large particles formed by seaspray was 

active there. As can be seen in Table 3, Junge's two-

parameter model does not make it possible to identify such 

peculiarity in the spectrum. 

In Table 3 the parameter К of the KL-model fluctuates more 

than Junges or Smirnov's parameters. This is caused by the 

dependence of К on the position of the maximum of the spec­

trum. Thus, the KL-approximation is not useful when only de­

scription of the spectra of large particles is needed. 

The KL-model makes it possible to approximate monomodal 

and dropping spectra in a wide size range. Thus, bimodal 

spectra (in the present case about 13X of all spectra) were 

left out of the description. Table 4 presents the parameters 

of the KL-model of the average spectra of the measurement 

locations. An original computer program compiled by H. Tammet 

was used for the approximation. 

Table 4 

Parameters of the KL-approximation 

of average spectra 

Parameter A rx К L 

Locat ion 

Voore 4068 

Tartu. JU 9394 

Tartu.JA 12259 

Preila 1935 

47 2.2 0.6 

19 2.0 -0.2 

17 1.7 0.8 

134 3.2 -0.1 

Generally, the KL-parameters 

pondence with the 13-parameter 



the pairwise comparison of the daily variations of the para­

meters of two models was done. Some more pronounced examples 

are presented in Fig. 4. 

\  1 (X 10866' 

— Total conc. 
I. ParaBeter A 

4 и 24 29 8 12 U 4 ß 

Tine, hours 

2 

—- Parameter L 
I n2/n3 

+} 1.5 

0 8 12 4 20 24 it 

T ime, hours 

Fig. 4. Daily variations of the KL-model and the measured 

spectrum parameters: 1. KL-parameter A and the 

total particle concentration S, 2. KL-parameter 

L and the ratio of fine particle fraction concen­

trations N3/Nz, Voore . 
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It can be seen that the average daily variations of 

KL-parameter A and of the total particle concentration N 

(Fig. 4.1) have quite similar walks. 

The parameter L and the ratio of fraction concentrations 

N3/describe the slope of the left wing of spectra and 

characterize the rate of particle generation: the higher L 

and N3/Nz the smaller the generation rate of fine particles. 

The average daily walks ( Fig. 4.2) of the above para­

meters are similar before 16.00. The oscillation of the 

parameter L in the evening-time can be explained by its de­

pendence on the spectral mode, which changes together with 

relative humidity of air. 

Conclusions 

Analysing the number concentration spectra of atmospheric 

aerosol measured during about 900 hrs at different times and 

at different locations, we met spectra of three different 

shapes: dropping (16.4% of the cases), monomodal (71.1%), and 

bimodal (12.7%). The frequency of occurrence of different 

types was significantly dependent on the measurement loca­

tion . 

The appearance of the spectrum of a certain type was not 

connected with quick fluctuations of the aerosol. Once 

arisen, a spectral type was usually maintained over several 

hours. The monomodal spectrum was more likely in regions with 

cleaner air, at night and in winter. The dropping spectrum 

was more likely in polluted air, in daytime and in summer. 

The bimodal spectra were frequent among the spectra of 

coastal aerosol on days with haze. 

In the approximation of the coarse part (d > 0.1 um) of 

the average spectra in representation rf(r) with power 

functions we obtained Junge's constant between -2.2 and 2.5, 

Smirnov's formula (3) constants between 1.7 and 1.9; -2.5 and 

-3.2, respectively. For the description of spectra the use of 

the Smirnov's formula is preferable, especially, when the 

independent coarse particle sources are acting. 

The fitting of atmospheric aerosol spectra by KL-model 

gives a good agreement with 13-parameter model for the 

dropping and monomodal spectra types. 
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COMPARISON OF MODEL DISTRIBUTIONS OF AEROSOL PARTICLE SIZES 

H. Tammet 

Introduction 

A model distribution is described by a mathematical ex­

pression containing free parameters which are used for fitt­

ing the empirical data. These parameters may be related in 

more or less complex way with common physical entities, e.g., 

average particle size, etc. A multiplier depending on 

integral particle concentration is considered as one of the 

parameters of the model distribution . 

In this paper the problem of creating model distributions 

will be considered without an emphasis on the physical theory 

of phenomena. It is presumed that the model will be used as 

a tool for the description of empirical data, and its main 

criteria of quality are the precision of fitting the data, 

interpretational simplicity, and mathematical convenience. 

Mathematical structure makes it possible to distinguish 

simple and compound model distributions. Distributions which 

cannot be reduced to a sum of independently analysable compo­

nent distributions are called simple. Compound distributions 

are sums of various simple distributions. The number of para­

meters of a compound distribution is the sum of the numbers 

of parameters of its component distributions. The following 

theoretical considerations are general and concern both, 

simple and compound distributions. However, the examples deal 

only with simple distributions. 

As a rule, a model distribution with a large number of 

free parameters, guaranteeing a high precision of curve fitt­

ing , is not distinguished by other criteria of quality. Prac­

tically, atmospheric physicists have been using simple models 

with one (distribution a/r3 of Junge) to six (Smerkalov's 

distribution [1] ) parameters. For different practical tasks 

there are different optimum model distributions depending on 

the subset of observations, on the requirements of precision, 

interpretabi1ity , and mathematical convenience. The present 

paper will study the criteria of quality of model distribu­

tions and the application of these criteria in the comparison 

of some well-known model distributions meant for the des­

cription of tropospher ic aerosols. A new model distribution 

(KL-d istr ibution ) will be described and investigated. 
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Liat of syebola 

Continuous distributions will be described using the fol­

lowing symbols: 

r - effective, e.g. hydrodynanic, particle radius, 

/f(r) - concentration of particles with radii below г , 

n0( г) = dN(r)/dr - function of distribution or spectrum 

of zero order, 

np(r) = r^rioir) - spectrum of the p-th order, 

/f4(r) = r"na( r)dr - (g-p)-th moment, of the spectrum of the 

p-th order, e.g., g-th moment of the spectrum of zero 

order, 

i-p = (Нр/Н0)1/Р - average radius of the p-th order, 

rp - modal radius of the p-th order, лр(гр) = mgx( лр( r)). 

The most popular tool for the representation of spectra is 

the function nx(r), as n1(r) = dff(r)/d(ln r). 

The nodel distributions considered 

The present paper will investigate only those model dis­

tributions which are meant for the description of troposphe-

ric aerosol spectra in wide size range. Expressions of the 

function л1(г) are presented in Table 1. For the sake of 

shortness abbreviations will be used to denote distribu­

tions. 

Table 1 

Model distribution for tropospheric aerosol 

Abbreviation Expression No of parameters 

MG ara exp(~brB) 4 

S1A ar~k exp(-br~") 4 

SIB a1(^1/r)k exp((*/s)(l-(r1/r)">) 4 

S2 ar"k exp(,-b/r - er) 4 

KLO a/(<r/r„)K + (rx/r)L) 4 

KL1 s,( K* L)/(L( r/rt )K + K(r1/r)vt 4 

SME n(exp(-A-( ! r-rx'i/r? ))/( r* + ! r-r, !v ) 6 

Table 1 does not include the log-normal distribution and 

Junges one-wing distribution a/rk, as they are used for the 

description of tropospheric aerosol only in a limited size 

range. 

An analysis of a model distribution usually starts with 
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the study of its asymptotes, whereas, certain theoretical and 

empirical premises are taken into account. For instance, ac­

cording to Smoluchowski's theory of coagulation growth of 

particles in the conditions of uniform nucleation the left 

asymptote (small sizes) conforms to the power law. On the 

other hand, Junge's empirical law points to the power depen­

dence for the right asymptote. 

Short comments to the distributions presented in Table 1 

are as follows. 

MG - well-known modified y-distribution with power asymp­

tote on the left strongly deviates from Junge' s law on the 

right wing. 

S1A - thoroughly described and analysed in [2] by V.l. 

Smirnov. 

SIB - obtained from S1A by elementary transformation of 

the set of parameters : 

гг = (bs/*)1/e, exp (-k/s). (1) 

The shape of curve and fitting precision by S1A is the 

same as by SIB and both distributions are called SI. The dif­

ference between the two variants becomes evident only in the 

analysis of stability. 

51 is obtained from HG by inversion of signs of the 

powers. Therefore the powers in the expressions of MG and SI 

are to be considered to be non-negative by definition. SI has 

a power asymptote on the right wing which makes it possible 

to consider SI as a generalization of Junge's law. 

Distributions MG and SI as special cases of one general 

distribution were defined by К. S. Shifrin [3]. 

52 has been proposed by V.l. Smirnov [4] as a component of 

a compound distribution. 

Distributions KLO and KL1 are related to each other simi­

larly to the relation of S1A and SIB. Their common denotation 

in KL. The transformation of the set of parameters is as fol­

lows : 

rj = (L/K)x/<K*I':>rlc , аг = a^L/cK-D^K/dc-D/^^) (2) 

L.G. Makhotkin [5] proposed the following estimate of the 

average spectrum of tropospheric aerosol : 



This is a good approximation to V.A. Smerkalov's estimate 

which has been presented in a more complicated form [1], KL -

distribution may be regarded as a generalization of distri­

bution (3). 

Model distribution SHE has been introduced in [1]. The 

expression of average spectrum of tropospheric aerosol pro­

posed in the presentation of SHE found recognition, but there 

have been no applications of the distribution itself as a 

tool of curve fitting. The reason is its evident mathematical 

inconvenience. 

Geometric and analytical properties of KL-nodel 

KL-distribution has power asymptotes both on the left and 

the right wing. All the parameters of the distribution have a 

simple interpretation at graphic depiction curve лг(г) in the 

logarithmic coordinate grid, presented in Fig. 1. 

1000 

1OOOnm 

Fig. 1. KL-distribution. a , rx - coordinates of the 

intersection point of the asymptotes, 

ai• - coordinates of the maximum point, 

L - ascent of the left asymptote, К - descent 

of the right asymptote. The values of the para­

meters correspond to Table 2. 

18* 
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Moments of distribution exist when -L < q < К and are 

expressed in elementary functions : 

(4) 

Integral particle concentration: 

(5) 

average radii: 

L L+p 
rp = {sin(rc—) / sin(n—-)} 

L+p 
( 6 )  

modal radii: 

IL - 1 + p \ 
Гр " \ К + 1 - p ) 

(7) 

Distribution KL1 is definite when К > 0 and i > 0 . The 

scope of KLO is limited only by the condition К + L > CI. 

Practically this is a considerable advantage of KLO as one 

often has to deal with empirical distributions which can be 

well approximated by KL at negative values of the para­

meter L. 

In atmospheric physics KL-distribution may be used in the 

size range from some nanometers to the upper limit of the 

applicability of Junge's law. 

Description of the precision of a model 

The precision of a model is determined by error of fitting 

of given spectra using the model. Let us describe a given 

spectrum with a column vector л which consists of the values 

of the function лр(г) over a finite set of radii гг, r2... . 

If the approximation of this spectrum with the model is a , 

then the error of the approximation is expressed by the 

vector e - в - л . The most natural scalar measure of 

approximation error is the probabilistic norm 

where D is the covariation matrix of the errors of measured 

points of the spectrum curve. 

Matrix D is to be given together with the test spectrum n. 

In the case of description of the precision of the modi? 1 as 

62 = eTD'1e , ( 8 )  
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such, it is necessary to determine the conditional standard 

form of the matrix D. The simplest way is to presume the 

independence of measurement errors of various points of the 

spectrum curve and proportionality of errors to the quanti­

ties measured. The coefficient of proportionality can have an 

arbitrary value. Let it be chosen so that = nf/k, where 

к is the number of the values of radii in the representation 

of the spectrum. Then 

and 6 is interpreted as a quadratic mean relative error of 

approximation. 

In the case of the set of 1 test-spectra, we denote the 

approximation error of the j-th spectrum through 6j If the 

weights of all test-spectra are the same, then the total 

estimate of the error will be 

This quantity is used as an "inverse" measure of the preci­

sion of the model. 

Loss of measurement information in the 

interpretation of measurement results 

It is said that the aim of measurement is not numbers, but 

understanding. The part of measurement information used in 

this understanding could be called useful information while 

the unused part could be called lost information. The 

cognitive role of a model in data analysis consists in its 

power to yield meaningful interpretations of the values of 

the parameters of the model. In a model representation the 

measurement information is given by: 

- values of the parameters, 

- estimates of measurement errors of these values, 

- estimates of correlation between measurement errors of 

the values of different parameters. 

A meaningful interpretation uses information given by the 

values and estimates of measurement errors of the parameters, 

whereas the information given by the estimates of correlation 

of errors is, as a rule, lost. This is illustrated by the 

example in Fig. 2. 

(9) 

(10 )  
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Ab 

1 -

Fig. 2. Results of repeated 

measurements of the para­

meters (a, b) of the same 

spectrum in a bi-para-

metrical model. 
Да —x a 

Every dot in Fig. 2 depicts the results of one measurement, 

the scatter of dots shows measurement errors. Fig. 2 presents 

simultaneously the ellipse of scattering at a certain confi­

dence level for a two-dimensional measurement result, and the 

intervals of scattering Да and Ab separately for every 

parameter. In the interpretation of measurement results the 

parameters are considered separately in accordance with their 

physical content. For instance, parameter a can be the con­

centration and b - the particle mean radius. The uncertainty 

of the results is described by the values Да and Дb ,and the 

information given by the narrow diagonal form of the ellipse 

of scattering is lost. This is equal to the replacement of 

the real ellipse of scattering in Fig. 2 by a wide ellipse 

shown in Fig. 2 by the indented line. The amount of lost 

information equals 

AI log — , 
Si 

( 1 1 )  

where and are the areas of the wide and the narrow 

ellipse. It is easy to demonstrate that 

Д /  
1 1 
- log 
2 1 - I 

( 1 2 )  

where R is the coefficient of correlation between the meas­

urement errors of the parameters a and b . 

The same amount of information will be lost, if we in­

crease by К times the measurement errors of every parameter 

where 

К = (13) 

The quantities ЛI and are formally equivalent and in 

practice the one giving a more comprehensible description of 

the loss of information should be preferred. 
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Description of the stability of the nodel 

It is said that a model has a poor fitting stability if 

small disturbances in the approximated spectrum cause large 

disturbances in the values of the parameters guaranteeing the 

best approximation. In such cases the ellipse of the scatter 

of parameter values is strongly elongated, whereas its area 

may be small. Therefore poor stability is accompanied by 

large information loss in the interpretation of parameter 

values. In computational mathematics stability is described 

by the condition number of the matrix of fitting problem. 

There are different definitions of the condition number. As 

there is no expressive interpretation, the use of this con­

cept in our problem is limited. This paper proposes to de­

scribe the level of model instability by the amount of 

information lost in interpretation or by the coefficient of 

equivalent amplification of measurement errors which are more 

expressive parameters in our problem. 

To generalize the results obtained in the preceding 

section, let us consider a problem of fitting the spectrum 

n using the model o(p), where n and m are finite vectors 

determined on the set of radii , гг , and p is a 

vector whose elements are the scalar parameters of the model. 

The dependence of the deviation vector e - в - n on the 

parameters p could be non-linear. Therefore stability is 

viewed as a local property depending on the spectrum. 

Let us study stability in the neighbourhood of the 

spectrum ш(p°) which is given by certain values of para­

meters p° Linear approximation of errors in the neigh­

bourhood of this spectrum is 

e = 5 (p - p°) , (14) 

where В - is the Jacobi matrix whose elements 

Ъв. 
Sji - — (15) 

о Pi 

are calculated in the point p°. Here the index i counts the 

radii and the index j scalar parameters. The fitting problem 

is reduced to the task of minimizing the error 5Z , re­

presented by formula (8) , and it is solved by the well-

-known methods of the theory of least squares. The solution 

can be written as: 
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С = (BTD~1B)~1 

(16) 

Неге С - the covariation matrix of parameter values if the 

spectrum n varies in accordance with the covariation matrix 

The size of the region of scattering of parameter values 

calculated by (16), is proportional to det С , which is jux­

taposed with the area of the narrow ellipse in Fig. 2 . The 

interval of scattering of the j-th parameter is proportional 

to CJJ If to ignore the correlations, the size of the 

scattering region of the parameters will be determined by the 

product уVCjj juxtaposed with the area of the wide ellipse 

in Fig. 2 . The respective amount of lost information is 

ДТ г - log ^ (17) 
2 det С 

and the coefficient of equivalent amplification of errors is 

l/(Zh) 

K = (L£Ü) 
\det Cl 

( 18) 

where h - number of scalar parameters. 

Other characteristics of the quality of a model 

The most important factor of the quality of a model is the 

cognitive value of its parameters. Unfortunately, there is no 

way of measuring this factor, and thus expert opinions are 

decisive. 

Practical use of the model depends also on its mathemati­

cal convenience. Here three aspects can be mentioned : 

1) analytical complexity of the model, 

2) complexity and laboriousriess of curve fitting using 

graphic procedures and simple calculations, 

3) complexity and laboriousness of a more precise curve 

fitting usually done by the method of least squares. 

There are, again, no exact criteria for the description of 

mathematical convenience. Jn this case, however, expert 

opinions can be supported by some procedures. To estimate 

analytical complexity, it is necessary to present the ex­

pressions of the moments of ilietributions and characteristic-

radii. To estimate complexity and laboriousness of an appro­

ximation, it is necessary to describe or point out the re­
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spective nethods and to determine the amount of computation 

on в standard set of test spectra. 

Test spectra for checking the precision 

and stability of the model 

Below in the examples of comparison of model distribution 

two sets of test spectra are used. The first consists of one 

spectrum 

a exp( -0 .42 il - 30nm/r| ° *y) 
n1(r) - r =— , (19) 

0.000416 + 10* ! r/nm - 30i® 

which is proposed in [1] as the average spectrum of tropo­

spheric aerosols. The second consists of 271 spectra and is 

obtained as follows. A. Mirme et al. [6] recorded 1661 spec­

tra of tropospheric aerosol near Zvenigorod in the summer 

1986. This set has been taken as a basis. All the spectra are 

presented in a seven-point grid of radii 5, 9, 16, 28, 50, 

89, and 158 nm, in the range of this grid the relative mea­

surement error in nearly uniform. 306 spectra turned out to 

be polymodal and were discarded. The rest were averaged by 

sets of 5 successively measured spectra. As a result, a set 

of 207 spectra was obtained, whereas most of them are 

averages over time interval of about 20 min. 

Comparison of the precision of model distributions 

The test spectrum (19) has exact presentation in terms of 

the model SHE. The error of fitting of this spectrum with 

other models is described by Table 2. 

Table 2 

Model Approximation of spectrum (19) at Average 

a = 1 relative error 

S1A 2.67 1016r-1'D<exp(-36.lr-0'316) 36X 

SIB 2660(18.4/r)" "exp(-36. lr"°-316) 36X 

52 3.06 107 г~г'4exp(-36,1/r - 0.00049r) 70% 

KLO 3100/((r/72)3'18 + (72/r)0'44) 7% 

KL1 2140 3.59/(0.44(r/42)3'16 + 3.15(42/г)0** IX 

Table 2 does not contain the model MG which in approximating 

spectrum (19) is inferior to the model SI. The formal pro­

cedure minimizing the error of MG-approximation approaches 
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the point of inversion where the distribution is not de­

termined and will be transformed into SI. 

The results of the comparison of models in the fitting of 

271 empirical test spectra are presented in Table 3. 

Table 3 

Precision of model distributions in the fitting 

of 271 empirical spectra on a 7-point logarithmic 

grid of radii from 5 to 158 nm 

Relative error Frequency of turning out 

Model average maximum as best of compared models 

MG 

51 

52 

KL 

12* 

16% 

13* 

8X 

48X 

40X 

36X 

18X 

22% 

10% 

19X 

48X 

In the execution of computations for Table 3 with MG the 

limitations ß > 0.1, and with Sl s > 0.1, were set up. 

Without limiting the polarity, the procedure of searching the 

best fit would "step over" the inversion, and reach SI in 1/3 

of cases, and MG in 2/3 of oases. The limitation of the ab­

solute value was used to avoid losses of computational pre­

cision due to the instability of absolute values of the para­

meter below 0.1. 

Comparison of the stability of model distributions 

Stability has been studied in the neighbourhood of the 

best approximations of test spectra (19) described in 

Table 2. In contrast to precision (which does not change in 

reversible transformations of the set of parameters of the 

model) stability is significantly dependent on the represen­

tation of the set. Stability is also dependent on the co­

variation matrix of the disturbances of the spectrum D. 

Computations have been executed on the assumption of a dia­

gonal structure of the matrix. Let us consider two variants : 

- variant of a constant absolute error D3i = const, 

- variant of a constant relative error D33 - const' /?!*( r3). 

The second variant is closer to real situations. Computation 

results are brought in Table 4. 
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Table 4 

Stability characteristics of the model distri­

butions in the neighbourhood of the average 

spectrum of tropospheric aerosols according to 

V.A. Smerkalov, computed on a 13-point loga­

rithmic grid of radii from 5 to 5000 пю. 

Constant absolute error Constant relative error 

Model Д/rbit A7:digits К t\I: bit A/:digits К 

Sil=j 11 .7 3 .5 3 .8 8 .9 2 .7 2 .8 

S1A 20 6 32 12 .6 3. .8 8 .9 

SIB 4 .3 1, .3 2 . 1 4 .0 1. .2 2 .0 

SI 10 .0 3. ,0 5. .6 4 .7 1. ,4 2 .2 

KLO 3 .2 1. 0 1. 7 3. .2 1. .0 1. .7 

KL1 2 .0 0. 5 1. .4 2. .2 0. .7 1 .5 

The reasons for poor stability can be studied by analysing 

the structure of the Jacobi matrix. For instance, in the 

case of the distribution S1A, the angle between the row 

vectors, corresponding to the parameters a and s is below 2°. 

The analysis of the structure of the Jacobi matrix also helps 

to make proposals for the transformation of the set of para­

meters in order to build more stable variants of model dis­

tributions . 

Comparison of computational complexity 

of model distributions 

Methods for the simplified fitting of spectra with the 

distributions MG and SI are described in [3] and [2], re 

spect ively. 

The simplified fitting using the model KLO can be carried 

out graphically on a logarithmic coordinate grid (see Fig.l). 

Straight linear asymptotes are easy to estimate with a 

transparent ruler. On the condition of uniform relative error 

the precision of this method is close to that of the numeri­

cal method of least squares. An additional guideline to prove 

the asymptotes is the condition nx(rx> = a/2. The para­

meters could be measured as is shown in Fig. 1. 

For an exact approximation by the method of least squares 

the models MG, SI, and S2 are considered on a logarithmic 

scale, whereas S2 will be linear in reference to all para-
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Beters, and MG and Sl retain non-linear dependencies on one 

parameter. The nodel KL gets the form : 

1/Л!<г) = pr* + gr*L, (20) 

which retains a non-linear dependence on two parameters. A 

necessary additional transforation is: 

rx = (g/p)1/CK-*L\ a = l/prx*. (21) 

The spectrum is to be transformed simultaneously with the 

estimates of measurement errors or the weights of points of 

the spectrum by the method of least squares. 

In the case of the linear parameters of the transformed 

model, the computational procedure uses the standard linear 

algorithm of the least squares method. In the case of the 

rest of the parameters, methods of the extreme problems are 

to be used; this takes a considerably greater computational 

effort. The productivity of an approximation of spectra given 

in 7 points was empirically determined by means of an 

Iskra-226 personal computer using a Basic interpreter. The 

results are presented in Table 5. 

Table 5 

Productivity of approximation on PC Iskra-226 

Model Spectra per min. 

MG 4 

51 4 

52 25 

KL 2 

The computational complexity of SME is significantly higher 

than that of the other considered models. 

Conclusions 

For a comparison of different model distributions it is 

necessary, on the level of expert decision: 

- to estimate the cognitive value of every model which is 

expressed in the interpretation of parameters; 

- to estimate the mathematical convenience of every model; 

- to determine the set of test spectra for the calculation 

of quantitative characteristics of the performance of 

models. 
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Characteristics of precision and stability of the model 

and of laboriousness of the approximation of empirical 

spectra could be determined on the level of quantitative 

calculations. 

Special attention in the comparison of models should be 

paid to the estimate of stability, as poor stability brings 

along not only computational difficulties but, more im­

portantly , large losses of measurement information at the 

stage of interpretation of results. 

A comparison of model distributions of tropospheric aero­

sols shows that KL-distribution suggested in this paper has 

the best quantitative characteristics among the considered 

models. 
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ELECTRICAL PARAMETERS OF AIR POLLUTION 

H. Tammet 

Electrical parameters of the air 

In the theory of electrical conductivity of the air, the 

electrical condition of the air is described by means of the 

distribution function or the spectrum of charge density by 

air ion mobility. The distribution function can be perfectly 

described only through an infinite table of values. Full 

determination of a function by measurement is impossible. 

In practical measurements не are to be satisfied with a 

finite-dimensional description of the electrical condition of 

the air. Sophisticated equipment used for laboratory investi­

gations makes it possible to measure partial charge densities 

for about ten mobility fractions. In ordinary geophysical 

observations it is possible to measure only few integral 

parameters. 

A question arises as to which integral air electricity 

parameters should be measured. Below it will be assumed that 

the parameters to be measured are to: 

1) give a maximum information useful in applications, 

2) measurable with simple and reliable equipment. 

Factors of the electrical condition of the air 

The average time of existence of a small air ion is only 

about one minute. Therefore the electrical condition of the 

air is in a dynamic balance and depends on some primary 

factors. The main factors are: 

1) ionizing radiation, 

2) aerosol composition of the air. 

The electrical condition of the air is somewhat dependent on 

the chemical composition of its gaseous phase. This, however, 

is reflected only in fine effects and will not be considered 

below. 

The primary factors of the electrical condition of the air 

are directly connected with air pollution, and therefore the 

electrical condition of the air can be considered as a 

pollution indicator. This points to an important application 

of air electricity measurements and is to be taken- into 

account already in the stage of the determination of the main 

integral electrical parameters of the air. 
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Small air ions 

Small air ions make up an isolated group in the air ion 

mobility spectrum. Due to their high mobility they determine 

the main part of the conductivity of the air. The measurement 

of small air ions is easier than the measurement of other 

fractions in the air ion mobility spectrum. 

Above the zone of the ground-layer electrode effect the 

concentrations of negative and positive air ions are nearly 

equal. Small air ions have relatively stable average 

mobilities and the concentrations of small air ions are in a 

nearly functional manner connected with the polar 

conductivities of the air. 

Let us assume that the concentration of both negative and 

positive small air ions is n. Then the rate of small air ion 

loss on the account of recombination is ал2 where a is the 

relatively stable coefficient of recombination. The rate of 

small air ion loss on the account of collisions with neutral 

and charged aerosol particles is gn, where the coefficient of 

adsorption g depends only on the aerosol composition of tho 

air. As a rule gn is considerably larger than an2. If 

ionizing radiations generate small air ions with the rate q, 

then 

dn 
= 9( t) - an2 - gn. (1) 

This differential equation determines the function n(t). The 

solution of the equation depends on the function q( t) and on 

the coefficient g. If the ion generation is constant, the 

balance q = an2 + gn is obtained. 

The ionization rate 

The ionization rate is determined by the intensity of 

ionizing radiations. A part of air ions, usually 10-20%, are 

generated by cosmic radiation, the rest are generated by 

radioactivity. As cosmic radiation is a stable factor, the 

ionization rate can be considered as an integral characteris­

tic of radioactive pollution of the environment. 

The traditional measurement unit of the ionization rate 

1J means that one pair of elementary charges is formed 

in 1 s in 1 cm3. The unit in SI is 1 A/m3 = 6.24-1012 J. As a 

practical unit 1 pA/m3 is acceptable. 

The ionization rate is the first integral air electricity 
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parameter that can be considered as an indicator of 

atmospheric pollution. 

Aerosol electrical density 

Integral aerosol density is defined by the equation 

vp = j p(r)/Xr>dr, (2) 

where f(r)dr is the numeric density or the concentration of 

aerosol particles with radii from r to r+dr, and p(r) is the 

weight function. When p(r) = l we get the numeric density, when 

p(r) = rz - the surface density, when p(r) = r3 - the volume 

density. A special weight function in equation (2) describes 

the optical density of aerosol. It is possible to determine a 

special weight function so that »p = g. Therefore the adsorp­

tion coefficient of small air ions g can be considered as 

aerosol electrical density. 

In comparison with other integral parameters, aerosol 

electrical density more completely characterizes the effect 

of aerosol in electrical processes. Supposedly, aerosol elec­

trical density is correlated with the effect of aerosol in 

some other processes. The range of application of the concept 

of aerosol electrical density expands over the limits of 

specific electrical phenomena. 

The measurement unit of aerosol electrical density is s"1. 

Aerosol electrical density is the second integral air 

electricity parameter that can be considered as a characte­

ristic of atmospheric pollution. 

Measurement methods 

The classical method of ionization rate measurement by 

means of an ionization chamber does not make it possible to 

create a simple and reliable measurement equipment. It is 

evident that for this reason in the practice of atmospheric 

electricity research the ionization rate is dealt with 

relatively seldom. 

Equation (1) points to a possibility of simultaneous 

measurement of ionization rate and aerosol electrical density 

using a simple device - a counter of small air ions. For this 

purpose the counter is to be supplemented by a generator of 

small air ions having a reasonable constant ionization rate. 

The concentration of small air ions л1 is measured at a 

switched-off and л2 at a switched-on air ion generator. Both 
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measured variables are dependent on the arguments g and g\ 

nx = fi(g,g) (3) 

п-г - f2(g,g) 

The parameters of the air ion generator are taken into 

account in the expression of the function f2. The system of 

equations (3) is solved in relation to the unknown members д 

and g. The function f2 is weakly dependent on the argument д. 

This ensures a well-conditioned system of equations and quick 

convergence of the iterations by numerical solution. 

Translated fron: 

Таммет X.Ф. Электрические параметры загрязненности воздуха 

// Уч. зап. Тарт. ун-та,- 1977.- Вып. 443.- С. 48-51. 
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MOTES О* THE I UTE RP RET AT ЮН OF AEROSOL ELECTRICAL DENSITY 

H. Tammet 

Concept of aerosol electrical density 

The tern "aerosol electrical density" has been proposed in 

[1] to denote the coefficient g in the balance equation of 

snail air ions 

dn _ 
—— - я - an - gn, (1) 

where n - the concentration of small air ions, 

q - the ionization rate, and 

a - the coefficient of recombination of small air ions. 

Equation (1) is written on the assumption of charge symmetry 

л» = n_ = n. 

The unit of measurement of aerosol electrical density is 

s~l. For the ground layer of the atmosphere the typical 

values are g- 0.01-0.1 s"1. In tabulating measurements it is 

useful to apply the unit ks-1, then the typical numerical 

values will be 10-100 and can be written as integers. 

The interpretation of aerosol electrical density from the 

point of view of atmospheric electricity and the study of 

electrical processes in the air is given directly by the 

determination of this value. Aerosol electrical density is 

the measure of adsorption of snail air ions by the aerosol. 

For the interpretation of aerosol electrical density from the 

point of view of other possible applications of the notion, 

it is necessary to determine the weight function we(r) that 

would make it possible to define aerosol electrical density 

as a particular case of the generalised aerosol density 

g  = ( we(r)/(r)dr, (2) 

where Ar) is the size distribution function of particles 

normed to the number concentration of aerosol particles 

N = f(r)dr. 

Equation of the weight function of aerosol electrical density 

To calculate the function «•„( r) the summand gn in equation 

(1) is to be expressed through the coefficients of attachment 

of small air ions by particles of a certain size and 

preliminary charge. 
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Let us use £5f(r) to denote the partial attachment coef­

ficient of a positive small air ion to a particle with the 

radius r and charge fe, where e is the elementary charge. On 

the assumption of charge symmetry, the coefficients of the 

attachment of a negative small air ion by a positively 

charged particle, and of a positive small air ion by a 

negatively charged particle ß_r) are equal. The attachnent 

coefficients are determined so that the flow of positive 

small air ions to a particle with the charge fe is 0j, л. 

Let us use pf(r) to denote the probability of the charge 

ye on a particle with the radius r. 

The concentration of particles with the charge ye and the 

radius r ... г + dr will be p^( r) A r)dr. The adsorption 

of small air ions by these particles is nß^(r)pf(r) A r)dr. 

To find total adsorption gn, the resulting expression is to 

be summarized by all charges and integrated over all sizes: 

gn Г)РГ( r) A r)dr. Cancelling л, we obtain the equation 

for calculating g. Comparing this equation with the express­

ion of generalised aerosol density (2) it оan be noticed that 

"e(r) =2 ßy(r)pf(r). (3) 

Approxination of the function ß (r) 

In the region of Knudsen small nunbers (r>100nn) the first 

formula of Fuchs [2] has a good theoretical and experimental 

foundation 

ß,( r) = 4nrD 
e 

where ( 4 )  

f 4Kt0rKT" 

К - the Boltzmann constant and Г - the temperature. The 

diffusion coefficient of small air ions is calculated by the 

Einstein formula 

KT к 
D = , (5) 

e 

where к - air ion mobility. At к = 1.210"* m2/V•s and 

T - 290 К we have к = £ (57.6 nm / r). 

The inadequacy of formula (4) in the region of Knudsen 

large numbers is demonstrated by the fact that instead of the 

experimentally confirmed limiting value fS_i(0) = a -
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= 1.4-1.8 • 10~12 n3/s, it gives a higher value 2.2-10~12 m3/s. 

The simplified molecular kinetic theory of White also gives 

an incorrect limit ß_i(0) = 0. Pui's well-known semi-

-empir ical formula is at г -• 0 reduced to White's formula and 

gives the same result. 

A correct molecular kinetic adsorption theory has been 

proposed by Natanson [5]. Unfortunately, Natanson has not 

specified the methods of calculating certain variables, the 

values of which are necessary for concrete calculations. This 

gap in Natanson's theory was filled by Hoppe 1 [6] who also 

carried out concrete numerical calculations. Due to the 

amount of computations involved the results are limited to a 

table of four coefficients ßj, ßD, ß_1; ß_2 for a certain set 

of sizes. On a different basis, the adsorption theory was 

developed by Fuchs [7] who proposed another fairly complex 

formula, Kojima [8] demonstrated that the discrepancy between 

Hoppel's results and the second formula of Fuchs does not 

exceed experimental error, and that experiment agrees with 

general theoretical results. He also proposed a simplified 

empirical formula which sufficiently well approximates 

experimental data of measuring PI(r). However, it is not 

satisfactory for approximating the function ß^(г) in the whole 

region of definition. In fact, Kojima's improvement streng­

thens, rather than weakens the conflict of formula (4) with 

experiment in the case of determining ß-j/O). 

Computerized search yielded a simple empirical formula 

which at r<100 nm'satisfaciorily approximates Hoppel's table 

and at r> 100 nm is quickly reduced to the first formula of 

Fuchs: 

0,(r) = 4itrD (1 - ——4 ). (6) 
t в -I 7+10j +r:nm 

Here * is determined by formula (4) and r: nm denotes the 

numerical value of the radius in nm. 

Calculation of the Height function 

of aerosol electrical density 

If the function ßf(r) is known, then the function pr(r) for 

uniform distribution can be calculated according to the known 

procedure. Let us denote partial concentrations of particles 

with the charge ft and the radius r . . . r + Ar with . 

The sum of flows proceeding from a fraction as a result of 
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air ion adsorption is equal to the sum of flows entering this 

fraction. The balance of the zero fraction gives ß0tf0 - ß-i^i 

and makes it possible to express Nx through N0. The 

balance of the i-th fraction makes it possible to express 

through . In practical calculations it is necessary to 

select an arbitrary value of Na, to calculate recurrently all 

significant 

N - J/-,! 
f ß-f * 

arid then 

Pf(r) = N(/(N0 + 2 ) . (7) 

The results of concrete calculations are depicted in the 

Figure by dots. 
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Fig. Approximation of the functions wa (r) and (r). 

The function we(r) in the region of large values of the 

radius approaches the straight line ve(r) = (r / 27 пи) 

•10~12 m3/s. This follows from the fact that all significant 

coefficients ß^, are simultaneously approaching the diffusion 

limit ß = AnrD which is independent of f , and that the value 

"e in accordance to formula (3) is viewed as a weighted ave­

rage of By by f. In the region r<10 nm, ив is approximately 

proportional to r1•10 If the particles with r<5 nm are 

negligible, then the function is approximated by the formula 
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"я(г) К —-— 10~12 m3/s, (8) 
27 nm 

where the value of the coefficient 27 corresponds to the 

assumption к = 1.2-1СГ4 m2/V - s. 

Comparative interpretation of large ion concentration 

An effective concentration of large air ions Nr where every 

particle is taken into account у times can also be represented 

as a generalised aerosol density: 

K, = j*,(r)f(r)dr. (9) 

As JFP F  (r)/(r)dr, then 

K.(r) = Z. fp ( r). (10) 
y=l f 

Results of the calculations carried out according to formula 

(10) are also presented in the Figure, This function cannot 

be approximated as simply as the function we. The simplest 

approximation is as follows 

w ( r) = «  

at г 5 25 no 
100 nm 

( 1 1 )  

at r 2 25 nm. 
400 nm 

This approximation does not ensure a simple mechanical 

interpretation of the concentration of large air ions as an 

integral characteristic of aerosol. 

Mechanical interpretation of aerosol electrical density 

In approximation (8) aerosol electrical density is propor­

tional to size concentration of aerosol particles. The size 

concentration vd is determined as a generalised aerosol 

density at the weight function w - 2r. It has an imaginable 

mechanical interpretation - the value of vd indicates the 

length of the chain composed of all particles in a volume 

unit. In approximation (8) we obtain the conversion formulae 

g = (0.0185 —) V a, Vd = (54 ^|) g. (12) 
ks ta 
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The values of vd = 540-5400 m~2 correspond to the values g -

- 10-100 ks~1 typical for the ground layer atmospheric air. 

vd = 1000 и"2 means that the length of the chain composed of 

particles in 1 вэ will be 1 km. 

The concepts of particle size concentration and aerosol 

electrical density are useful everywhere where the effect of 

aerosol particles is approximately proportional to their 

size. 
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