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Gravitational Coagulation of Charged Cloud 

in Turbulent Flow 

By LEV M. LEVIN and YuRII S. SEDUSTOV ~) 

Drops 

S u m m a r y  - Grav i t a t i ona l  coagula t ion  of par t ic les  in t u r b u l e n t  flow is inves t iga ted  wi th  respec t  
to t he  e lec t ros ta t ic  forces. As t u rbu lence  mixes  par t ic le  t ra jec tor ies  a t  large dis tances,  i ts  accoun t  
reduces  t he  cons idera t ion  of d rawing  par t ic les  t oge the r  till some  defini te  dis tance.  T a k i n g  into 
accoun t  h y d r o d y n a m i c a l  ~orces of in terac t ion,  series conve rg ing  fas ter  t h a n  HOCXlNG's one and  
the i r  more  exac t  va lues  are  obta ined .  For  e lec t ros ta t ic  forces series wi th  be t t e r  convergence  are 
a lso obta ined .  E q u a t i o n s  of m o m e n t  were solved numer i ca l l y  on electronic c o m p u t e r  B E S M - 2 .  
Resu l t s  of collection efficiency c o m p u t a t i o n  are given.  

Studying the mechanism of cloud drop formation is very important for an under- 
standing of physical processes leading to cloud formation. Numerous investigations 
of this mechanism showed that  at present it is very difficult to explain the formation 
of a wide droplet size spectrum (with diameters d from 1 to 30 + 40 V) at a compara- 
tively short period of time (about 20 --  30 minutes). The point is that the growth of 
drops by condensation must have brought to the appearance of a narrow droplet size 
spectrum as such a growth rate of drops rapidly decreases with the increase of their 
diameters. 

Theoretically growth of drops by coagulation either impossible for drops with 
d < 3 0 -  40 {z (purely gravitational coagulation; [1, 2, 31) 2) or effective only for 
drops with d < 5 + 7 ~z (electrostatic coagulation at mean values of drop charges 
existing in clouds at the initial stage of their development : [4]). A number of investiga- 
tors studied effects of turbulence on coagulation of cloud drops. They obtained the 
value of growth rate by coagulation with an accuracy to unknown constant coeffi- 
cients [5, 6, 7, 8, 91. Lately one at the authors made accurate calculations of mutual 
velocities of aerosol particles in the turbulent flow [10, 11, 12]. On these grounds 
precise coefficients of turbulent diffusion were determined [10, 11]. Calculations of 
cloud drop growth rate by the known turbulent mechanism of acceleration and by  
turbulent diffusion confirmed once more that  velocities of cloud drop spectrum 
formation observed in nature could not be due only to these growth mechanism [12}. 

In particular, this is connected with the fact that at small distances between drops 
turbulent diffusion is small (it is effective at long distances) while the picture is quite 

1) Hydrometeoro log ica l  Service of the  US S R ,  12 Pav l ik  Morozov Street,  Moscow, D-376 ,  
U S S R .  

~) N u m b e r s  in b racke t s  refer to References,  page  196. 
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the contrary for other coagulation mechanism--they are little effective at great 
distances. 

In the present paper we tried to estimate the joint effect of turbulent, gravitational 
and electrostatic coagulation on cloud drop growth rate. This estimation was carried 
out for two-layer model. The space beyond the larger of coagulation drops is divided 
into two parts by the sphere the surface of which is away from the drop at a distance 
equal to turbulent free path length lt~). Beyond the sphere the main mechanism of 
approach is turbulence. It provides fast approach of small drops with comparatively 
large relative velocities to this sphere. Within the sphere movement of particles 
relative to one another takes place under gravity, electrostatic and hydrodynamical 
interactions. As movement occurs within the sphere, when the distances between 
drop surfaces 3 are comparable with drop sizes, expressions for the given above forces 
must be thoroughly considered for correct formulation of the task. 

~T 

Figure 1 
Bispherical coordinate system 

To describe electrostatic interaction between two charged drops let us introduce 
bispherical co-ordinate system in which surfaces of both drops correspond to the co- 
ordinate values 

/~=/~1 and # = # 2 ( / ~ 1 > 0 ;  # 2 < 0 ) .  

Then 

where r is the distance between drop centers (r ~- R1 + R2 + A). 
For coefficients of capacity c~ connecting the drop charges ql and q~ with their 

potentials V1 and V2 by the formulas 

f ,  = v ,  (i -= 1, 2) (1) 

3) By free path  length we mean a distance at which drops must disperse in the flow lest their 
relative velocites in the initial and finite moments should correlate. Value It ~ 1.5 (R~ + R2) 
where R1, R2-- the radius of the larger and smaller drops [12 !. 
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the following expressions take place [41: 
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m~O 

J_ - -  y2 w4m-1 

(1 - v~ u2.,) (1 - u2,n+l) (i = 1, 2 ) ,  (2) 

where 

C1~ = C ~  - R~ R~ (1 - ,~)  ~Y" u ( ~ + ~ ) ~  
r ~ 0  

I - -  ~4m+3 

(1 -- ue-~+2) (1 -- u sin+l) ' 

wl =e-s~; w2 = e-b~l; u = v iva .  

Electrostatic force of interaction of two charged spheres - -  F ,  can be represented by  
an equation of the form (4): 

ql q2 f ( r ,  x) F~ - -  r~-~ ,  a, , 

where 

1 &(r, a) f (r ,  a, x) = 1 + ldr,  a) + x &(r, a) + 

= _ _  ~.2 d S l 2  r 2 

~7-~ + x  2 
dS22 1 r 2 dSn 
dr @ x 2 dr 

(3) 

(4) 

Here a = R 2 / R 1 %  1; x = - -  q2/ql; S~k-coefficients of induction determined by  

2 

~, = ~ ~,~ q~ (, = 1, 2 ) .  (5) 

From the equation (1) and (5) we obtain 

Ci i  C12 
_ 6-i. ~-l. sll c22 ~ ,  s o . ~ = c n  ~ ,  s l s = - - c l s 6 ;  1=s21 ;  6 c =  ~. (6) 

C21 622 i 

Computations showed that  the series (2) as well as the series for d S ~ / d r  (by these 
series (2) and with the help of (6) the derivatives dS,~/dr entering the (4) should be ex- 
pressed) converge very fast even at the distances between drop surfaces A ~-~ 0.01 R24). 

This allowed us to program effectively expressions for electrostatic forces on the 
electronic computer BESM-2. Examples of values of functions l, computed by  the 
above method are given in table 1. 

We consider aerodynamical forces acting on drops in the Stokes approximation 
because according to our task we shall deal with the drops having R1 < 20 + 30 tz 
and a t A  < 2 + 5 R 1 5 ) .  

In  the Stokes approximation aerodynamical forces f l  and f2 acting on drops are 
linearly related with velocities of drops moving relative to the air. We shall consider 

4) For  example,  to compute  li wi th  an accuracy to 0.1% at d ~ 0.01/?2 it is necessary to take 
all in all 6 to 7 t e rms  of the series (2) and their  derivatives. 

s) The second condition is very  essential because Stokes approximat ion  is t rue  not  only when 
the REYNOLD'S num ber  2/~1 v/v is small b u t  also when 2 rr v/v is small  [16]. Here v is the drop 
-velocity, v the kinematic  viscosity. 
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drop m o v e m e n t  on the vert ical  plane. Then in Cartesian coordinates connected with 
center line (axis 0 t-along the line of center, axis 0 n-normal  to it) the relation f i  to v~ 
can be expressed as 

/i,~ - -  (ail,,, vl,, + aio,,, v2n ) 6 x ~ R ,  , I (i : 1, 
2) (7) 

.fit ~ (ail,t  Vlt @ ai~,t v2t) 6 x ?] R~ , ! 
where aik,,, and a,.k,t-functions of r, R1, Rg, ~/-viscosity of the air.~ 

The purpose of a great  number  of theoretieM papers  and some exper imenta l  works 
was devoted  to find aik,~ and aik, t. [13, 14, 15, 17, 20, 21]. For  the case when m o v e m e n t  
takes  place along the line of center vln = v2~ = 0) the task  has axial  s y m m e t r y  and 
the exact  solution is obta ined for it. This task  was first solved for the case vl~ = v2t b y  
STIMSON and JEFFERY [15]. 

For  a rb i t r a ry  values of vt, and v~t PSHENAY-SEVEmN obta ined aik, t [171 which 
can be represented in bispherical  coordinates b y  the following way  6) : 

/ 
1 sh A ~  {2 (2 1) (2 m + (exp [ - -  m + #2] an, t ---- ~ }~/.~_~ m - -  3) (2 1) 

- e x p  [ -  (2 m + 1) ~] )  - 2 (2  m + 1) (2 m + 3) 

• s h f ( m  + ~ ) ( , u t -  #9)] e x p [ - - ( m  - -  1 ) ( /~1  + #9)] 

- 2 (2  m + 1) ( 2 . ,  - 1) 

oo 

1 Z A m { 1 6 e x p [  ( + 1 )  (/*1 ~9)] a1% t = ~ sh [~1 - -  m --  

• [ (2m + 3)exp(#~  --  #9) + ( 2 m  --  1 ) e x p ( - -  ,ut + #2)] 

1) (2 m + 3) (2 m - 1) (sh 2 ~9  - sh 2 t " ) ~ ,  + (2 m + 
J 

where 

Funct ions  a2~,~ and a~l,t are obta ined  from a~l, t and ar2,t respect ively b y  subst i tu t ing 
/tl for - -  #2 and ,u2 for - -  #1. For  case when vin ~ 0 a number  of authors obta ined the 
following series for functions a,k,t and aik, n [3, 20]: 

R f  R~ ,(.+~) (9) 
/~, v = 0  

6) It 's  a queer thing that just the same solution of the task was published in 3 to 5 years by 
BRENNER [18~ and MAIJDE [19]. 
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In  part icular ,  HOCI(ING ~3~ obta ined expressions for a~, .  and a~,t accurate  to the  
te rms  0(r -v) (9). We compared  results b y  HocI~I~G with the exact  formulas  b y  
PSHENAY-SEVERIN. 

For  this purpose coefficients aid, t, were computed  from the formulas  (8) and f rom 
HOCKI~G'S series. These computa t ions  showed tha t  at  small A (A < 0.5 R~). HOCKI~-~'s 
expressions led to essential errors in de terminat ion  of a~,~ (figure 2 and table  2). This 
is connected with slow convergence of series (9). At  the same t ime we noticed t ha t  
when determining v,~ and v~t f rom the sys tem (7) 

v,t : (bil, t 6r  -~ bi% ~ 6 ~ f ~ R = ) ,  

(, = ~, 2 ) ,  (lO) 

functions bi~, ~ and bik,~ can be obta ined for which series of (9) type  converge signifi- 
can t ly  sooner than  for a~k, ~ and aik,~. This allowed us within the limits of the same 
approx imat ion  tha t  HOCI4ING obta ined (0(r -7) to find expansion in series of (9) t y p e  
for bit~, n and bik, t: 

3 R1R a 17 R1 R~ 
- -  blL,, =- 1 4 r 4 16 r6 @ 0 (r -s) , 

- -  Dis,'*-- 43 R2r @ R2(Rle4r a" R~) @ 3R1 a8r~/?4 @ 0 (r -9) , 

(11), 
- -  bl~,t = t_ 154 RlreRa 27RIR~ @ 152 R~raRa ,4- 0 ( r  - s ) ,  

, '  2 r 2 r  a 4 r7 ~- 0 (r -s) . 

Funct ions b2~, ~ and b~, ~ are obta ined  from b11, ~ and bl2,~ respect ively by  t ransposi t ion 
of R1 and R2. 

�9 7 Hence we obta ined expressions for a,~,~ ). 

ai~, t=b2~,z671" a l e . t =  - -  b12 t c~tl; [ b l l ,  bl.%t I 

' ' j o , = J  ' I '  a~-l,t --  - -  b~l,,, b-l"t , a~,x = bl~,~ 62' . i bs~,t b2~,f : 
(~:2) 

Funct ions a~k,t obta ined from formulas (12) approach  to the exact  solution of (8) 
at small values of the distance A be t te r  than  tha t  obta ined b y  HocKIXO. This is due 
to the fact  t ha t  in formulas  (12) we compute  de te rminants  & and d,, subst i tu t ing there 
values of ba~, ~ f rom (11) while HOCI~ING when comput ing  these de terminants  l imited 
himself to the te rms 0 (r-V). Calculations showed tha t  the obta ined  approx imat ion  
proved  to be much  be t te r  for drops of comparable  sizes (R2/R1 > 0.5). This i l lustrates 
in figures 2, table  2. The values of ;, = (all,~ + a~m) are given in table 2, for the case 
when two identical  drops move  along the center  line at  one and the same veloci ty yr. 
The values ;, characterizes the relation of the force act ing on one of these drops to the  

7) Functions aik, n are expressed by bit~, ~ from the formulas similar to (12). 
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force acting on any of these drops (when it is considered isolated) moving at the same 
velocity. As it is seen from table 2, at A < 0.1 R the force estimated from HOCKING'S 
formulas is 1.5 to 2.5 times less than the exact value while the value obtained from (12) 
differs from the exact one by  40/0 . 

T a b l e  2 

A I R  0 0.1 0.2 0.5 0.8 1.0 

2 (exac t )  0 .645 0.655 0.660 0.675 0.692 0 .705 
2~ (HocKING) 0.257 0.440 0.525 0 .636 0.675 0 .695  

( f o r m u l a s  (12)) 0 .617 0.630 0.642 0.670 0.688 0 .705 

As it was demanded by  the task stated in the beginning of tile paper we considered 
a system of dimensionless equations of movement  for drops with electrostatic, aero- 
dynamical forces and gravity act upon (the coordinate system is shown in figure 3) : 

dWl  z li - -  x t l  z f ( r )  
I ~ F  ---- 1 r + aa ~ --r3 (13a) 

_ _  _ _  x f ( ~ )  I dui _ _  xl~ + z h  -~-a 3 o ~ -  
dt  r r a 

(13b} 

i dw2 1 z lz - -  x t2 z f (r)  . (13 C) 
dl  ~ -  a 2 r (x r~ , 

I ilOa) dl  a 8 r r 3 ' 

dx 
- -  u 2  - -  u l  ; (13e} 

dt  

where 

dz 
= w2 - -  w l  " (130 

d~ 

dx~ . dz~ . 
z = Z 2 - -  z l ;  X --- X2 - -  X l ;  r 2 : x 2 @ Z2; u~ - -  d~ ' w~ - -  d t  

xi, zl, x2, z2 Cartesian coordinates of drop centers (0 z is vertical), a = R ~ / R i  <_ 1: 
I = 4 ~2 R~ g/81 ~ is an analogue of the Stokes numberS), o~ = - -  qx q2/6 ~ ~ R~i a 3 vx~ 

is a parameter  characterising the relation of electrostatic forces to aerodynamical ones, 
~o is the drops density, g the gravity acceleration, vi~ = 2 ~ R~ g/9 ~7 the sedimentation 
velocity of the larger drop. 

s) I t  is  e a s i l y  n o t i c e d  t h a t  I = T1 Vls[R~ w h e r e  T1 = 2 ~o R~[9 ~ r e l a x a t i o n  t i m e  for  t h e  l a r g e r  
d rop .  T h e  S t o k e s  n u m b e r  is  K = z2(Vls - -  v2s)/R1,  w h e r e  z2 = 2 ~ R~[9 q - r e l a x a t i o n  t i m e  for t h e  
s m a l l e r  d rop ,  vas = 2 Q R~ g]9  ~ = v l s "  a ~ - s e d i m e n t a t i o n  v e l o c i t y  of t h e  s m a l l e r  d rop .  A s  
T2 ~ a 2 z i ,  S t o k e s  n u m b e r  K = I a~(1 --  a2). 
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Functions 

] i  = - -  !gt~ a ' i l ,  ,; - -  ct t~ a i 2 ,  t 

lg : -- ~% ggi l ,  n - -  N~,~. a i 2 , n  " 

1 
uq = -- (1r x + z~ z) " 

u.~ = r l  (u,z--wix)" ( i=  1, 2) 

where a,-k.~ and ai~,,~ are determined by (12) and (11). 

8t U 

! 
F 

a~'t' s2z't [ t #~ = ZSRz exact vsIde 
. . . . .  f/OCKtN5 

i . . . .  new app/'oximst/~n 

, ! \  

O z25 ZO Ra 

(14a) 

(14b) 

(14c) 

(14r 

~5 z~ 15 

Figure 2 
Dependence of coefficients ai<t on the distance d between drop surfaces 

This system of equations (13) was prograinmed for the electronic computer 
BESM-2 and was solved under the following initial conditions" 

at t = O "  x =  xo; z = z o ;  w~o= I;  t o o = O ;  W=o=a~; U,2o--O. (t5) 

The grazing trajectory of gravity center of the smaller drop tangent the sphere 0 
with its center in the larger drop center and with its radius r = R1 + R2 (in dimen-- 
sionless values r = 1 + a) was determined for the given values of 1, a, zo. For this 
purpose the trajectory of drops was determined at some arbitrary value of the initial 
impact parameter x0 = xo, o. If this trajectory of the smaller drop went past the 
sphere 0, the impact parameter two times decreased. If the next trajectory went past 
the same sphere, the impact parameter two times decreased again, And this was 
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repeated until the trajectory intersected the sphere. Analogous to this if the initially 
taken trajectory of the smaller drop intersected the sphere, the impact  parameter  two 
times increased. 

If the next trajectory intersected the same sphere, the impact parameter  also two 
times increased. This was repeated until the trajectory went past the sphere 0. After 
several of such trajectory computations we obtained two values of the impact para- 
meter  (Xo = x0,i and Xo = x0,~-l). 

At one of these values the traiectory intersected the sphere and at the other it 
went past  the sphere. After it a trajectory was calculated with x~ = xo, i + i  - -  1/2 
(xo, i_1 + xo, i). And then out of these 3 trajectories a pair was chosen one of which 
intersected the sphere and the other went past it. Such an operation continued until 
xo, i+ ~ - -  Xo, ~ did not become less than some value given beforehand by  the necessary 
accuracy of collection efficiency calculations. 

Having found in such a way the impact  parameter  for the grazing traiectory 
- -  x0,~r we determine the collection efficiency E of smaller drops by  greater ones 
according to the formula 

E - -  x 2 (16) 0, gr " 

x-~ xz ~- 0 

I z, 

Figure  3 
G e o m e t r y  of t he  considered p rob lem 

The collection efficiency was calculated for three cases. When calculating traiectories 
for the first case we assumed the impact  parameter  z0 of drops very high (Zo = 50) 
and determined the collection efficiency of gravitational coagulation Eg which was 
calculated by  a number of authors including HOCKING. To determine Etg o f  turbulent 
gravitational coagulation on the base of the two-layer model described in the beginning 
of the paper  it was assumed 

z0 ~ l~ + R1 + R2 = 2.5 (R1 + R~) (17a) 

or in dimensionless values 
Zo = 2.5 (1 + a) .  (17b) 

On the base of the same two layer model the collection efficiency E~eg of turbulent 
electrostatic gravitational coagulation was determined. For its calculation electro- 
static interaction of opposite charged drops took into account. 

1,3 PAGEOPH 64 (1966/II) 
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Calculated values of collection efficiency are listed in table 3 and figure 3. Collec- 
tion efficiency values calculated by HOCKING and LaNGSIUIR are also given for com- 
parisong). 

Calculations were made at the following values of parameters: o =- ] g .  cm-a; 
g = 980 cm �9 sec-~; ~ = 1 . 8 . 1 0 - 4 P  (R, = 25 and 20 ~: I = 23.3 and 11.9, respecti- 
vely). To calculate the mean value of the parameter ~ == ~, characterizing electrostatic 
interaction of particles the values of q~ and q2 charges were assumed equal to the mean 
value of cloud drop charges determined by fii : 

l q i  = 10-4R (in C G S E ) .  

T a b ] e  3 

Rz : 25 r i = 23 .3  R1 : 20 [~; I - 11 ,9  

Eg 

a/E Etg Eg Eg L_~N6- a/E Et~ 
(z0 = 50) HOCKING YIUIR 

Eg Ete~ 
(zo = 50) (,x = ~) 

0.25  < 10 -a  < 10 -3 10 -a 0 .05  
0 .30  0 .27  0 . 0 3 3  0 . 0 5 9  0 .16  
0 .40  0 .79  0 .29  0 .33 0 .34  
0 .55  1 .29  0 .61 0 ,66  0 .47  
0 .70  1 ,49  0 .69  0 .80  0 .51  
0 .85  0 ,79  0 .19  0 .44  0 .46  
0 .88  0 .26  < 10 -4 0 .26  0 .41  
0.90 < 10 -4 0.38 

0 .45  < 10 -a  < 10 4 0 .02  
0 .50  0 . 0 8 9  <~ 10 -4 0 .10  
0 .60  0 .24  ~ 10 4 0 .25  
0 .70  0 .10  < 10 -4 0 .12  
0 .75  < ].0 8 < 10 -4 0 .02  

From table 3 and figure 3 the following conclusions can be drawn: 
a) Refinement of expressions for hydrodynamical forces carried out in this paper 

is essential at small values of d(R < 20 ~z) and it slightly changes the values of the 
collection officiency in comparison to these calculated by HOCKm'G if Eg is higher than 
0.3 to 0.4. 

b) The collection efficiency Etg for turbulent gravitational coagulation is signi- 
ficantly higher than Eg. But values of critical parameters a = R2/Rt beyond the 
limits of which (a > a ~ x  and a < amid) coagulation is impossible (E = 0) are not 
changed by turbulence. It  means that critical sizes of cloud drops obtained taking 
turbulence into account are so that drop growth by coagulation must occur only for 
drops with the diameter d > 40 Ez. Thus, the account of turbulent does not take off 
the problems which were put in the beginning of the paper. 

c) Due regard for electrostatic forces does not change the situation. Electric 
charges mean in magnitude in fact do not effectS0). Charges 3 to 10 times higher the 

9) S e v e r a l  c a l c u l a t i o n s  m a d e  b y  us  f r o m  HOCKlXG'S f o r m u l a s  g a v e  v a l u e s  o f  /~g w h i c h  a g r e e  
r e a s o n a b l y  wel l  w i t h  E~ v a l u e s  r e p o r t e d  b y  HOCKING. 

LANGMUIR'S c a l c u l a t i o n s  a r e  g i v e n  b y  us  as  f u n c t i o n s  oI a n d  a d u e  t o  t h e  f a c t  t h a t  t l le  S t o k e s  
n u m b e r  K = I a2(l -- aZ). 

10) T h e  c a s e  w h e n  a is v e r y  c lose  t o  1, d e m a n d s  a d d i t i o n a l  c o n s i d e r a t i o n .  B u t  e v e n  n o w  i t  is  
c l e a r  that  i t  c a n n o t  c h a n g e  t h e  g i v e n  c o n c l u s i o n .  
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mean ones (e =: 10 ~ and c~ - 100 ~) are necessary for significant increase of s to take 
place (Eteg is considerably larger than Etg). However, the appearence of such charges 
in non-thunderstorm clouds is very unlikelytl). 

Summarizing all this the following can be said. In the considered model at the 
assumed boundary conditions turbulence provided approach of drops to each other 
at small distances with relatively high velocities. 

Therefore results obtained with the help of computations based upon this model 
allow to conclude that  turbulent diffusion even together with gravitational and 
electrostatic coagulation cannot provide growth with R < 18 - -  20 F by  coagulation. 

L 

0 

z o = 2.5(1 +a); ~ - 0 
. . . . .  Z o ~ 2 5 ( 1 + a ) ;  c ~ - ~  

LANSMUIR 
Z o ~2,5(I+a);~=I0~ 

�9 Z o ~2,5(l*a);c~ = !OOG 

i 1 

0./ 0.2 03 ~4 ~5 06 02 ~8 ~9 a 

a) R1 = 20 F 

IO 

0 
0 

~ z o = 2 . 5 ( l + a ) ;  c~ =0 
. . . .  HOCKING; Z o = 50 

t~l ~2 ~3 0.4 0.5 ~5 0.7 z78 0.9 a 

b) R1 = 25 F 

F igure  4 
Dependence  of collection efficiency on t he  rat io  a of drop radii  

11) I n  t h u n d e r s t o r m  cloud drops  are  so large t h a t  var ious  ldnds  of coagula t ion  and  pu re ly  
g rav i t a t i ona l  one a m o n g  t h e m  are  poss ible  in t h e m .  
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W e  t h i n k  t h a t  f o r m a t i o n  of r a t h e r  wide  s p e c t r u m  of c loud  drops  and  a p p e a r a n c e  

of la rge  c loud  drops  (wi th  R > 25 to  30 ~) are  c o n n e c t e d  w i t h  c o n d e n s a t i o n  processes  
o c c u r r i n g  u n d e r  of f l u c t u a t i o n  of m a i n  p a r a m e t e r s :  f low ve loc i ty ,  t e m p e r a t u r e  a n d  
s u p e r s a t u r a t i o n .  This  d e m a n d s  specia l  i nves t iga t ions .  
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