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On the enhancement of probability of ion induced nucleation on partially
wettable, water insoluble planar substrate
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The nucleating behaviour of partially wettable, water insoluble planar substrate has been studied.
The rate and probability of nucleation were found to be enhanced in ion induced nucleation. It is
found that there exists a threshold for angle of contact above which the effect of ions is dominant.
The effect of ions is more pronounced at low supersaturation ratios and low temperatures for the
material of large angle of contact W.r.t.water.

1 Introduction
The supersaturations necessary for the forma­

tion of water drop nucleus about the foreign par­
ticles, such as dust particles, ions etc. (heterogene­
ous nucleation) are much less than those required
for pure water vapour (homogeneous nucleation).
Supersaturations as high as several hundred per
cent, which would be necessary for drop forma­
tion via homogeneous nucleation, do not occur in
nature, but that typically supersaturations remain
below 10% and most often even below 1%. This

indicates that drop formation in the atmosphere
occurs via heterogeneous nucleation involving
aerosol particles (AP). The AP which are capable
of initiating drop formation at the observed low
supersaturations are called cloud condensation
nuclei (CCN).

Also, cloud glaciation generally begins at tem­
peratures much warmer than required for the
homogeneous freezing of water. Mossop et a/.!
observed ice crystals in a long lived cumulus
cloud whose top was probably never colder than
- 4°C, and which was not seeded with ice parti­
cles from clouds at higher altitudes. Such behav­
iour indicates that some fraction of local AP also
can serve as ice forming nuclei (IN).

Classical water drop nucleation theory was ap­
plied by Fletcher2 to planar as well as spherically
convex surfaces of various sizes and discussed the
effect of size. Me Donald3 explained the depend­
ence of critical supersaturation ratio on the radius
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of the spherical insoluble substrates. Fletcher4
considered various shapes of AP for the produc­
tion of a crystalline phase. Mahata and Alofs5
modified the heterogeneous nucleation theory of
Fletcher2,4 to consider nucleation on a water in­
soluble, partially wettable, spherically concave
substrate. The distribution of water insoluble aer­

osol particles with diameters in the range 3-60
pm has been studied by Rosinski et a/.6 as a func­
tion of hailstone radius for a collection of large
hailstones ingested by a storm, indicating an ac­
tive role of AP, in the development of the em­
bryos.

Further, Mason7 has mentioned the water con­
densation on ions. Varshneya8, in an attempt to
detect the ionizing radiation through supercooled
liquids, demonstrated that really the ice nucleus
formation on ions was possible. Later he gave the
theory of homogeneous condensation and ice
nucleation on ions9• The ions are produced in the
lower atmosphere by radioactivity and galactic
cosmic rays. The effect of ions in water condensa­
tion and ice nucleation had been studied 10.11 to

show that ion induced nucleation takes place at
much lower supersaturations than those required
for homogeneous ion-free nucleation.

In the present paper we consider the nucleation
on a charged aerosol particle and examine the en­
hancement in the probability of nucleation on
partially wettable, water insoluble AP. Unfortu­
nately, little is known about the contact angle of
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2 Theoretical considerations

Table 1 - Contact angle of water on selected solid surfaces in
air18

water on insoluble AP, except for some experi­
ments of water against certain silicates(Table 1).

2.1 Water vapour condensation

The cases of homogeneous nucleation and the
heterogeneous nucleation on water soluble hy­
groscopic salt particles have been treated in detail
by many workers12-15.Intermediate between these
two opposite cases are the insoluble particles
which can nucleate at moderate supersaturations
depending on their size and extents to which their
surfaces are hydrophobic or hydrophilic, non­
wettable or wettable. Ions are also known to en­
hance the process of nucleation.

In nucleation process taking place on partially
wettable, water insoluble aerosol particles, water
embryo assumes the shape of a cap. In this case
the angle of contact is the main controlling factor.
Angle of contact depends on the relative nature
between the substrate and water. It differs from
one pair to another. Joany and Gennes16 dis­
cussed the contact angle hysteresis and obtained
formulae for 'advancing' and 'receding' contact
angles in terms of the distribution of chemical de­
fect strength and defect sharpness in case of
chemically heterogeneous planar substrate. The
substrates are known to have a variety of shapes4•
Although no direct observations of the shape of
water nucleus are available, some experimental
justification for the spherical cap assumption has
been provided 17.In the classical models of drop
formation the Gibbs' function has been taken into

consideration. However, it has been shown that
the Helmholtz free energy' is the proper thermo­
dynamic potential and the Gibbs' function is only
its approximation12,13.For practical purposes, the
resulting difference turns out to be negligible.The
Helmholtz free energy of the systemis givenby18.

~Fp=[ -(4n~fvolr~I3)+4naw/vr~]f(mw/v) '" (1)

where,

f(mw/v)=(2 + mw/v)(1- mw/j/4

~!vol= (PwRT InSv.w)/Mw, the Helmholtz free
energy per unit volume of condensate

mw/v= cos 8.

Here suffix 'p' stands for planar substrate; Pw is
the density of condensate (water), R the universal
gas constant, T the temperature of the system in
K, Sv.wthe supersaturation ratio, Mwthe molecu­
lar weight of water, and (J the contact angle of
drop surface with the surface of aerosol particles,
rp the radius of embryo about planar substrate
and aw/vthe surface tension of water-vapour in­
terface.

If the aerosol particle is charged, it provides ad­
ditional electrostatic energy. The electrostatic en­
ergy term ~FpE has been given9 to be
~ FpE = 3 Q21 5r;

= 3(Ze)2/5r; ... (2)

where Q= Ze, the charge on the ion, Z the charge
number and e the electronic charge.

In the above expression the dielectric constant
of water has not been included, because it is be­
lieved that the embryos have already been formed
with their structural configuration of the con­
densed phase. Its inclusion, however, does not
lead to more refinement in the calculations. The
presence of ions thus modifies the Helmholtz free
energy of formation of the nucleus. The modified
expression is givenby

tJ. Fp' = [- (4 ntJ./vOlr;313) +4 .7raw/vr'~

+ 3 (Ze)2/5 rp']f(mw/v) ... (3)

where r~is the new radius of the drop.
Eq. (3) can be written as

~Fp'= [ - Ar'/ + Br~2 + C/rp']f(mw/v) ... (4)
where A. Band Care arbitrary constants with

A = 4 ntJ./vo/3
=(4 npw RT In Sv.w)/3Mw,constant for a

giventemperature and supersaturation ratio

B=4naw/v

C=3(Ze)2/5

The curve of ~ Fp peaks for a particular value
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For the charged droplets, the free energy mini-'* .
mum at rp = rIp IS

!'! F;~ = [- (4.nt::. /vOlr'1~3 13) + 4.n aw/.r~~2

+ 3 (Ze)2/(5 r;~ )Jt(mw/y)

and the free energy maximum at rp= r;~is

t::.F2~ =[ -(4.n!'!/vo,r;;313)+4.naw/yr;~2

+ 3 (Ze)2/(5 r2~ )]f(mw/y) ••• (10)

the free energy barrier between the most stable
and critical state is, therefore, obtained as

!'!F* =!'! F* -!'! F*p 2p Ip

The corresponding rate of surface nucleation of
uncharged water drop is

Jp = [.1l Zsesat.wr; 2/(2.n mwkT )1/2]

x Chexp[ -t::.Fp*lkT]

between most stable and the critical state. The
higher the supersaturation ratio, the lower will be
the nucleation energy barrier (Fig. 1) with r~;in­
creasing and r;; decreasing, while r; (without
charge) is also found to decrease (not shown in fi­
gure). At a supersaturation ratio of about 3.5 at
300K, r~; and r;; become approximately equal
and the free energy barrier to nucleation of
charged planar substrate vanishes, and all the
charged particles are nucleated. Similarly, Fig. 2
exhibits the variation of Helmholtz free energy of
formation of nucleus with radius as a function of

temperature. The higher the temperature, the low­
er will be the nucleation energy barrier with r;;
decreasing.

Substituting the radius of a critical drop from
Eq.(5) in Eq. (1), one gets the Helmholtz free en­
ergy of drop formation as follows.

t::.F*p = [16 .nM;a://3 (PwRTln Sy.w)2]f(mw/y)

.,. (8)

16 24

RADIUS (rpl, 1
Fig. 2 - Same as in Fig. 1 except at Sv.w = 1.5 as the function

of temperature
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Fig. I - Variation of the Helmholtz free energy with radius of
an embryo about charged planar substrate at T= 300K as the

function of supersaturation ratio

of rp' If the size of the condensed drop is more
than the above value of rp' the drop increases in
size, otherwise it evaporates. This critical size of
drop is obtained by setting i3(!'!Fp)l i3rp equal to
zero. Thus the critical size of uncharged drop (r;)
for cloud nucleation is given by

r*p = 2 aw/vi !'!/vol ... (5)

However, the critical sizes of the charged drops
(r'r*) could not be obtained directly. It has been
obtained numerically. Setting i3(!'!F;,*)1i3r~ = 0, Eq.
(4 ) reduces to

-3Arp'*2+2Br;*-(Clrp'*2)=0 ... (6)

or -3Ar'*4+2Br'*3_C=0 [" r'*""O], p p ,. p

... (7)

The resulting equation [Eq. (7)] is a fourth order
equation. It gives at least two real roots, r'1~ and
r;~. Figs 1 and 2 represent the variation of !'!Fp'l
f( mw/vl with the radius of the embryo as the func­
tion of supersaturation ratio and temperature, re­
spectively.

In the case of charged particles, the free energy
curve usually features a minimum and a maxi­
mum. The minimum corresponds to the most
stable state with the largest percentage of pre­
nucleation embryos. The maximum corresponds
to the unstable equilibrium, or critical state, and
once a charged ion-substrate cluster passes this
maximum, it grows to a droplet size. Radii r;;
and r;; correspond to the minimum and maxi­
mum free energy, respectively. The corresponding
free energy barriers are !'!FI~and !'!F;;. The en­
ergy barrier for controlling nucleation is repre­
sented by the difference !'!F~* ( = !'!F;; - !'!FI;),
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and for charged drops is

J~=[JlZsesat.w r;;2/(2 JlmwkT f2]

X C1'Sexp[ -!!..F;*/kT] ... (13)

where k is Boltzmann constant, Zs the Zeldovich
factor for surface nucleation which is a function

of !::J.Fpand the temperature, Cj.s, the concentra­
tion of single water molecules adsorbed on the
surface, esat•w, the saturated vapour pressure of
water and mw, the mass of a water molecule.
Fletcher2 estimated the prefactor to the exponen­
tial term in Eq. (12) to be of the order of 1024_
1027 cm - 2 S - I at O°e. However, for our purpose
we divide Eq. (13) by Eq. (12) to obtain the ratio

Rp=J~/Jp

= (r'*2/r ~)2exp[(!!..F*p -!!.. F*p)/ kT] ... (14)

Though the Zeldovich factor Zs is a function of
(!!..Fp*)1/2, we have not considered its variation
with the state of ionization. For all practical pur­
poses the influence of Zeldovich factor on the va­
lue of Rp is negligible.

Table 2 shows the variation of Rp with the con­
tact angle for different typical values of supersatu­
ration ratio Sv.w. It is evident from Table 2 that
the rate of nucleation of charged drops is very
high for low supersaturation ratios. At a given
angle of contact and temperature, as the supersat­
uration ratio increases, the value of Rp decreases.
For example, at 0= 30° and T= 273K, the value
of InRp decreases from 1.50 to 0.72 for an in­
crease in supersaturation ratio (Sv.w)from 1.3 to
3.0. Similarly at a given Sv.w and 0, increasing
temperature decreases the value of InRp. For ex-

ample, at 0= 30° and Sv.w= 1.3, InRp decreases
from 1.65 to 1.50 for a temperature increase
from 250K to 273K. Also, at a temperature
300K and supersaturation ratio of 3.0, lnRp is
positive only above a contact angle of 26°. Thus
one may assume that at Sv.w= 3.0, the nucleation
of charged drops is ineffective compared to the
uncharged drops. However, above about
Sv.w= 3.5, the value of Rp remains always less
than 1 and the nucleation on uncharged drops is
dominant. The supersaturation ratioI9 in a cloud
is typically around 1. Thus one may conclude that
the nucleation in a cloud is dominant on ions and

charged aerosol particles.
The critical angle Oc above which the value of

lnRp is positive (i.e. above which the nucleation of
charged drops is dominant) increases with in­
creasing supersaturation ratio. The value of Oc de­
creases with decreasing temperature. This shows
that the nucleation of charged drops is more ef­
fective at lower temperatures. Table 3 gives the
critical angles of contact at some arbitrary values
of temperature and supersaturation ratios.

Strayer and Donnelly20 experimentally deter­
mined the probability of nucleation by an ion for
a Vortex ring in He-II. The probability of nuclea­
tion on an uncharged insoluble planar substrate is
the exponential part of Eq. (12). Le.,

Pp=exp[ -!::J.Fp*/kT] ... (15)

and, in the case of charged drops [Eq. (13 )],it is

P; =exp[ -!!..F;*/kT] ... (16)

Thus, the ratio of the probabilities of nucleation

Table 2 - Natural logarithm of the factor of enhancement of nucleation rate (In Rp) about charged to uncharged planar substr-
ate at 250 K and 273 K as a function of supersaturation ratio~Sv'w) and angle of contact (8)Sv.w

In Rp at an angle of contact (in deg)

10

20304050607080

At temp 250K1.3

0.0180.3401.654.8710.8420.1032.6047.13

1.5

0.0150.3211.574.6210.2919.0830.9645.33

2.0

-0.0150.2561.364.079.1016.9027.4440.18

2.5

-0.0650.1771.173.598.0915.0724.5035.90

3.0

-0.1420.0750.963.127.1513.3921.8132.00

At temp 273 K1.3

0.0150.3071.504.419.8418.2329.5843.30

1.5

0.0070.2821.404.169.2717.1927.9040.84

2.0

-0.0230.2181.203.618.0815.0224.3935.71

2.5

-0.1060.1050.973.087.0113.0921.3231.26

3.0

-0.218-0.0340.722.555.9711.2718.4227.07

141



INDIAN J RADIO & SPACE PHYS, JUNE 1990

.-,-

Sv.w = 1.3

ell 140
I1l
i=

~ 120CD~
CD

~ 100
ll.
~
o~ 8000.-ell
•.•• c:

~~ 60
~o
\!l 40o~
~
~ 20
:J
~
Z o

o 20 40 60 80 100 120 140 160 180
ANGLE OF CONTACT (9), deg.

Fig. 4 - Same as in Fig. 3 except at Sv.w= 1.3 as the function
of temperature

2.2 Freezing of supercooled water following water condensa­
tion

We now consider the heterogeneous ice deposi­
tion. Assuming the spherical cap model for ice
nucleation and following the procedure presented
in Sec. 2.1, one can write the Helmholtz free en­
ergy for critical size of uncharged ice crystal nuc­
leus as

~ F*gp = [ - (4.7l'~.fvolrg~3/3) + 4 .7l'Gg/vr*g~].t\mg/v)... (18)

and, for stable charged ice nuclei, at r= r ;;p as

L\F;';p =[ -(4.7l'L\fvOlr;;p3 /3)+4.7l'Gg/vY;::

+ 3 (Ze)2/(5 r;~p )]f(mg/v) ... (19)

For unstable charged critical nuclei, at r= r;:p ,
we have

L\F;:p = [-(4.7l'L\fvolr;~: /3)+4.7l'Gg/vr2;/

+3(Zd/(5r2g~*)]'f(mg/vl ... (20)

Temperature Oc at supersaturation ratio
oK 1.3

1.52.02.53.0

250

6.57.512.015.018.5

273

7.08.012.517.521.0

300

7.58.515.019.026.0

Table 3 - Critical angle of contact (0el above which Rp ~ 1 at
250, 273 and 300K as a function of supersaturation ratio

(Sv.w)

of drops on charged to uncharged planar substr­
ate is given by

Sp=(Pp'/Pp)=exp[(L\Fp*-L\F;*)/kT] ... (17)

Figs 3-5 show the variation of InSp with differ­
ent parameters such as angle of contact, tempera­
ture, supersaturation ratio etc. From Figs 3-5 it is
clear that the probability of nucleation of charged
drops is very high for low supersaturation ratios.
As the supersaturation ratio increases, the value
of Sp decreases in the same fashion as Rp does.
The variations of Sp have been discussed in detail
in Sec. 3.

As it is evident from the preceding paragraphs,
the parameters Rp and Sp are highly dependent
on the angle of contact, (). The contact angle de­
pends upon the material of the particle on which
the nucleation takes place. The value of () ranges
from 0° for cadmium iodide to 100-11r for teflon

(Table 1). For good nucleating substances like
platinum, AgI, AgCl, quartz and beach sand it
ranges from 9 to 50°.

T = 250K
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Fig. 5 - Same as in Fig. 3 except as varying
with supersaturation ratio at T= 250K as

the function of the angle of contact
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Fig. 3 - Natural logarithm of the ratio of probabilities of nuc­
leation about a charged to uncharged planar substrate varying
with the angle of contact at T= 273K as the function of su-

persaturation ratio
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... (21)

Here r;~p and r;~p correspond, respectively, to
the minimum and maximum free energy. Suffix gp
represents the case of ice nucleus formation about
the insoluble planar substrate. Hence, the free en­
ergy barrier for nucleation between the most
stable and the critical (unstable) state is

AF'* - AF'* - AF'*L.\ gp - L.\ 2gp L.\ Igp

In the present case, tl!volis given by

tl!vol= (Lpg! Mw)( Ttl TIT~) .. , (22)

where pg is the density of ice, L the latent heat of
freezing, T the temperature at which nucleation
takes place, To the thermodynamic freezing tem­
perature and tl T the amount of supercooling. The
value of uglv is taken to be 100 erg.cm-z. The
compatibility parameter mglv is now not only the
cosine of the contact angle, but it depends upon
the surface energy of the substrate against vapour
(un/v) and ice (Un/g) and on the YIterfacial surface
energy Uglvof nucleating particles 18 as given by

mg/v=(Un/v- un/g)/ug;v ... (23)

The value of un/v varies considerably depending
upon the kind of substrate. It ranges from 21 to
43 erg'cm-z for soil and sand to 190 erg'cm-z
for AgI. It is found experimentally that in the cen­
tral portion of a snl/w crystal the clay minerals
are the maximum. Therefore, for any fruitful com­
putation the lower values of un/v will be preferred.
The value of un/g may approximately be taken
equal to 20 erg·cm-z.

Adopting the procedure described in Sec. 2.1,
the ratio of the rate of nucleus formation of
charged to uncharged ice crystals is given by

Rgp=(r'*2gplr~~ )2exp[(tlF~ -tlF~: )/kT)]

... (24)

In the case of heterogeneous ice nucleation in
supercooled water one must add the activation
energy (tl F*glw) for water molecules to cross the
water lice boundary, to the Helmholtz free energy
for the critical size of the nuclei. The total energy
of the nucleus formation about the uncharged in­
soluble planar substrate is given by

tlF~) =tlFg~ +tlF;w , .. , (25)

for charged stable nuclei at r= r*lgpby

tl F;:::p = tl F;:p + tl F g~ (26)

and, for charged critical nuclei at r= r2*gpby

tl F;*rp = tl Fiip + tl F g~ (27)

The expressions for tl F*?p and tlF'*gp are writtenanalogous to the Eqs (18)-(20).
The rate of nucleation in this case for un­

charged nuclei is given by

Jgp=(kTlh)Z,NQgp C,exp[ - (~F*gp+ ~F*g;w)/kT]

... (28)

Similar expression can be written for the case of
charged nuclei from Eqs (25)-(27). Here NQgp is
the number of water molecules contained in the
ice nucleus, N being Avogadro's number. The
term, ZsNQ gp is appr()ximately of the order of
unity. Now the ratio of the rate of nucleation can
be readily obtained as

R~p= exp[(tl F~ - tl F~~ )1kT] ... (29)

where,
AF'* - AF'* - tlF'*

L.\ gp - L.\ 2gp 1gp

It is evident from the computed values of the
ratio of Rgp and R~p that the ice formation on
charged substrate is dominant over the uncharged
substrates. Thus, one may argue that practically
the atmospheric ice formation takes place on ions.
The atmospheric ions are in abundance (- 109
m - 3) near the ground surface and the number
density increases with increasing altitude (maxi­
mum at about 15 km) ..

For a given value of mg/v, the efficiency of ice
formation decreases for decreasing temperature.
\Vith increasing value of mg/v, the value of InR'gp
decreases. It has really been found that the ice
formation on some substrates like sand and soil

with small values of mg/v is more pronounced
compared to others like AgI with high values of
mg/v'

The value of U g/v is taken to be 20 erg' cm - 2.
The nature of variation of Rg~ is the same as that
for Rgp, but the values are about two orders of
magnitude less. For mg.....= 1.00, J'gp becomes less
than Jgp showing that at this point the charges be­
come completely ineffective in ice formation. This
value of mg./....corresponds to the substrates with
high value of surface energy (say AgI and AgCl)
against water. The substrates with low surface en­
ergy (say sand and soil) correspond to the mini­
mum value· of mg•.....In fact it has experimentally
been found IX that the surface soil has the strong
nucleability. Clays such as kaolinite often exhibi­
ted varying ice nucleating ability. The wind tunnel
experiments have also exhibited the same results.

3 Results and discussion
From Figs 1 and 2, it is evident that in the case

of charged particles the criti~al size of nuclei
(r'*2p) decreases, while radii of stable nuclei (r'*1p)
increase with increasing supersaturation ratios.
The radii of stable nuclei are almost constant but

the critical radii r2;* decrease with increasing
temperature.
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The factor of enhancement Rp of nucleation
rate as the function of temperature, supersatura­
tion ratio and angle of contact. exhibits that at a
given temperature and angle of contact, the ratio
decreases with increasing supersaturation ratio.
But it increases with increasing angle of contact at
a given temperature and supersaturation ratio. For
example, at T= 273K and S,.\\ = 1.5, we have
InRI' = 1.40 at 0= 300 and 17.19 at 0= 60°.

The probability of nucleation on a partially
wettable, water insoluble planar substrate has
been discussed for charged and uncharged cases.
The comparisons have also been made with the
pure water nucleation (homogeneous). It is evi­
dent from the following discussion that ions en­
hance the nucleability of water insoluble planar
substrates. Fig. 3 shows the enhancement, in the
nucleation probability varying with the angle of
contact as the function of supersaturation ratio, of
ion induced water insoluble planar substrate as
compared to that of uncharged planar. From Fig.
3 it is clear that the ratio of the probabilities of
nucleation increases with increasing angle of con­
tact at a given temperature and supersaturation
ratio. The increase is moderate and linear be­

tween the angles 00° and 110°. For lower values
of 0, the increase is fast and for higher values of
o (> 130°) the ratio is approximately constant
(and highl!stl. At T= 273K and 5,\\ C'= 1.5, InSp in­
creases from 1.42 to 4.12 (190.14<%) for o ehang­
ing from ]0 to 40°, and from 100.8 to 105.9
(5.06%) for 0 changing from 130 to 140°. Also,
the enhancement in the ratio of probabilities at a
constant supersaturation ratio decreases with in­
crease in temperature (Fig. 4). For 0 increasing
from 60 to 110°, the value of InS" increases from
21.00 to 100.3 at T= 240K and 5,.\\ = 1.3, while it
increases from 16.43 to 78.51 for the same in­
crease in e at T= 300 and S,.\\ = 1.3. This indi­
cates that at higher values of 0, the ions play an
appreciable role in nucleation. Its more elabora­
tion, varying with supersaturation ratio as the
function of angle of contact, has been shown in
Fig. 5 which suggests that at a given temperature
the ratio of probabilities decreases with increase
in supersaturation ratio. From Fig. 5 it is also
clear that for lower values of 0, the variation of
InSp is less steep than that for higher values of O.

At temperature 250K, the value of InSp decreases
from 4.87 to 3.28 (tan-I 0.93) for 0=40°, and
from 108.5 to 73.13 (tan -I 20.8) for 0= 120° for

28 the same increase in Sv,w(from 1.3 to 3.0).
Fig. 7 represents the ratio of the probabilities

of nucleation of charged to uncharged planar sub­
strate and also the comparison with that of
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The critical sizes of the charged nuclei about
planar substrate arc given by setting 3(!!!.F,;)/
31'1; = O. This results in Eq. (0) which can further
be written as

8 12 16

RADIUS (rp), A
Fig. 6 - Graphical solution of Eq. (6) at T= 273K as the func-

tion of supersaturation ratio

, ,
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The L.H.S. and R.H.S. of Eq. (30) have been
plotted in Fig. o(b). The points of intersection of
these two curves arc the two real roots of Eq. (0),
shown in Fig. o(a). The two roots 1"*,I' and 1"\,
correspond to the minimum and maximum in the
Helmholtz free energy variation with radius. The
cnergy barrier to nucleation is given by Eq. (11)
as
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f (mw/y) = 1
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The energy decreases with increasing supersatura­
tion ratio in both charged and uncharged cases.

. Also, it decreases with increasing temperature.
Above the supersaturation ratio of about 3.5 at
T= 300K, the critical sizes r'l~' and r'2~' become
approximately equal and the free energy barrier
to nucleation of charged planar substrate vanishes
and all the charged particles are nucleated. In
homogeneous ion induced nucleation at T= 300K
such threshold supersaturation ratios arc 4.7 for
positive ion and 4.1 for negative ion2l, and 3.0 for
both the ions22, whereas experimental values are
4.87 for positive ions and 4.14 for negative ions23.
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Fig. 7 - Same as in Fig. 3 except also for the ratio of probabi­
lities of nucleation about charged planar substrate to un­
charged water nucleus. and that of charged to uncharged wa-

ter nucleus

It would be worthwhile at this point to compare
the theoretically obtained results in Sec. 2 with
experimental observations. From studies of ice
nucleation on ions we can conclude that the pres­
ence of negative ions decreases the supersatura­
tion ratio required for drop nucleation below the
value required under homogeneous conditions.
However, positive ions raised the critical super­
saturation ratio. A qualitative explanation to this
effect was given in terms of the structural ar­
rangement of pseudo-crystalline water mole­
cules24. Singh et al.]() explained this behaviour of

charged planar substrate to uncharged pure water,
and charged to uncharged water nucleus, varying
',\>iththe angle of contact at T= 27 3K for super­
saturation ratios 1.5 and 2.5. From Fig. 7 it is evi­
dent that for higher values of 8, the ratios con­
verge to the value of ratio of charged water nuc­
leus to uncharged one (independent of 0). For
smaller values of 0, the ratio of charged insoluble
planar substrate to uncharged water is much high­
er than tre ratio of charged to uncharged water
nucleus, while the ratio of charged to uncharged
water insoluble planar substrate is lower. The dif­
ference decreases with the increase of O.
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ions in the case of water condensation and ice de­

position.
The most significant effect of ions has been on

ice formation. The supercooled water drops con­
taining particles of quartz or nephthalene were
nucleated to ice at significantly warmer tempera­
tures when the particles carried a net negative
charge than when they were neutraP'. Direct
evidence of ice formation on charged particles
was provided by VarshneyaX, where he detected
the cosmic ray radiation through the supercooled
water. Abbas and Latham20 observed that the
charged nuclei produced during corona dis­
charges or sparks promoted ice formation from
the supercooled drops. In a wind tunnel study it
has been found that the freely suspended super­
cooled charged drops freezed at higher tempera­
ture as compared to the uncharged drops27. Thus
the ions affect the ice formation and drop nuclea­
tion considerably.

The presence, on insoluble planar substrate, of
a foreign ion (chemical inhomogeneity on the sur­
face) which is hydrophilic relative to the rest of
the solid surface, creates active site for preferred
adsorption of water molecules from the vapour,
and hence preferred water drop formation. Chem­
ical inhomogeneities attract water molecules to
the suhstrate surface hy means of electric forces
which develop hetween the dipole moment of the
water molecule and the net dipole or charge on
the foreign ion. Growth of water cluster at such a
site is also aided hy the relatively higher mohility
of molecules on the suhstrate surface surrounding
the hydrophilic site.

4 Conclusion
From the ahove theoretical considerations one

may conclude that in the formation of atmospher­
ic clouds the aerosol particles play a significant
role. The ions when attached to these AP en­
hance the nucleahility hy several orders. The en­
hancement in the rate of nucleation, and the
prohahility of nueleation of water drops and ice
crystals ahout charged insoluhle planar suhstrate
arc hy several orders. The nucleahility of the
charged suhstrate decreases with increasing con­
tact angle depending upon the nature of material.
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