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CLOLD SEEDING WITH THE TG-IO ROCKETS

by

V. HORVAT AND B. LOPOV$6AK

Repub l iUk i  hod rome teo ro lo5k i  zovod ,  zog reb ,  Yugos lov io

A b s t r o c t :

E f f i c e n c y  o f  h o i l  s u p p r e s s i o n  ( H S )  s y s t e m  i s  s t r o n g l y

o f f e c t e d  b y  t e c h n i c o l  e x p e d i e n t s  i n . u s e ,  o n d  t h e  w o y  t h e y  o r e

u s e d .  I n  c o s e  o f  o n t i h o i l  o c t i o n ,  i t  i s  n e c e s s o r y  t o  i n j e c t .  t h e

m e t e o r o l o g i c o l  r c o g e n t  i n  t h e  s e e d i n g  o r e o '  o s  s o o n  o s  p o s s i b l e '

T c c h n i c o l  d e s c r i p t i o n s  f o r  r o c k e t  T G - 1 0  o r e  g i v e n ,  t o g c t h c r  w i t h

t h c  n e t o d o l o g y ,  w h i c h  i s  b o s e d  u p o n  i n v e s t i g o t i o n s  o f  r o c k c t

"p" t " i i "g  
in ' too ,nr  25o v ide ,  be tween -5o  to  - t0o  C iso therms on

t h c  f r o n t  e n d  o f  t h e  C b  -  c l o u d s '

,1.: 
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. i  - i j  .  r i,

I . INTRODIJCTION

The rocket  TG- IO hos  been used in  the  opero t

s u p p r e s s i o n  s i n c e  l 9 B 0  ( L i p o v 5 E o k  e t  o I .  1 9 8 0 ) '  o s  o
ive progrom of  the hoi l

r esu l t  o f  mony  s tud ies  i n

the '  in te rd isc ip l inory  f ie lds  o f  meteoro logy ,  bo l l i s t i c

w i th  the  methodo logyr  evo luo t ion  o f  the  rocket  hos  been
ond  techno logy .  Po ro l l e l

done .

Funct ionq l  connect ion  o f  the  meteoro logy ,

seed ing  moter io l ,  resu l ted  in  the  cons t ruc t ion  o f

quos i - [o r izon to l ,  s l igh t ly  sco t te red  c loud seed ing

Horvo t  e t  o I .  80 ,  Mozer  e t  o l .  B l ) .

TG- I0  choroc ter is t i cs ,  ond used, i

the  s ix  gu ide  leuncher ,  ond 1 : '

t ro jec to r ies ,  (Ge lo  e t  o1 .  1978,

2. ANTIMIL ROCKET TG-IO

Hoi I  suppress ion  hqs  been mode poss ib le  due to  o  be t te r  unders tond ing

of  the  meteoro log ico l  p rocesses  os  we l l  os  the  deve lopment  o f  the  on t iho i l

exped ien t  s

TG- I0  i s  o  two por t  rocke t ,  mode o f  f ib re -g loss  p los t i cs '  Motor  por t

conto ins  rocket  p rope l lon t  ond conto iner  i s  f i l ted  w i th  AgI  bosed pyro techn ico l

m i x t u r e  ( r e q g e n t ) .

F<- 1 050

F i q u r e  I  -  A n t i h o i l  r o c k e t  T G - I O

___-l



1  M o t o r  p o r t  ( b o o s t e r ) ;  I .
4 .  i g n i t e r ;  5 .  

" o n n u " t o r ;
I I  Conto iner  z  B .  nozz le  w i ths y s t e m ;  J . 0 .  p y r o t e c h n i c o l

p J . o s t i c  b o d y ; - 1 2 .  i t o s t i c

2 . 1  T e c h n i c o l  d o t o :

th roughout  lenght  l05O mmmotor  d iometer  
__ . .

con to iner  d iqmeter  : . t  ^^

timins 
"f ;;; 

"";;i. 
o, ""jjril,seed ing  t ine  27  *  2  s .
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motor;  2.  nozzle
6 ,  f ins ;  7 .  

"u r i . "3 '  

p roper lon t , '
-des t ruc t ion  

sys tem,

f i n s  o n d  c o n n e c t i

:::1,'. 
-,;;; 

;;i ;"ir l'iii"l:ri;l;"'n o s e  c o n e ; 1 3 .  b o l l o s t ;  t 4 .  j " i J i o t o " .

moss
prope l lon t  moss
PYr .D ix  moss
U  +  O r 5  s  t o  2 5  t

4 ,35  kg
I ,50  kg
0,40 kg

2 s mox.

2 . 2 An ont ihq i l  rocke t  TG- IO opero t ion

.  Con.o tn" l - :1 . : ld  
be  t imed be fore  lounch ing .rnser t ing  rocket  in to  the  l " r " ; l ; ; .  E l .  cur ren t  f iomtne prope l lqn t  ond ny . "_ l " l [ " . ] ' , i i u " inn  conto iner  f rom

Motor 
"::1", obout 1.2 s qnd occeleroteswhen the propel lont  oyr l : ,  

" " i * " r1""  is  seporoted
: l _ : l " .mo to r  po r t ,  qna  f t i " s  ; ; ; ,port icres with 24 s a.t .noi i"r- i ," ] ;  

" l ; i : ,nr: . ;

l i : t :n  
is .prov ided by' i :.: l: i:ton box ieni tes

the rocket to 7OO t 50 m s_I.
.1 r : . r :  the  oerodynomicq l  d rqgrs  d is in tegro ted  r .n  hqrmless
s

I i::::::ltl'ili i:i;,:J"il"nllll"t""r 
is rother row due to the

:ffi::i-,lrli'l.l:t-i" tn;t;;;";"T"::' At prosrommed ti'"' ti"
rrow1, a"tonoioio,:'l':fn';;, ;ni 

il:::;i"ro"ti;#:i. "'ffj; j;j
p o r t i c l e s .  

- - r  t s  q c t i v o t e d  w h i c h  d i s i n t e g r o l " " ' r r , "  c o n t o i n e r

good oerodynomicol
PYro-mixture
2 7 t 2 " .  I n
pyro_mixture hos
rn  horm]ess

2,3  Bo l l i s t i c  tob les ,  i so therms ond c loud_seed ing

.ontoin"..Bi:::;:""j, jn: 3::';ti,{13: l/.1n1"3u3":i#i:jlnomicor form, the
.  Accord ing_to exper ience,  best  resur ts  orebeth/een -50 ond - is" ,  i " " l ; ; ; ; " " i i "n l ish 

et  ar .  82.3! jo inea 
wi th  croud-seedinse t  o r ,79 ) ,  i . e . r  be tween  5 - - -e t i r r i  o r t i t udes  ( sedunsedunov  " t  

o i , - i i ,  F "d " r " " '* . ,  n , i l  q r r l t udes  (Sedunov  e t  o l .  7g ) :
l in" o""o lf"-f:" l l l l l t '" ,or the cloud-seedins in c:
seed ins  

-o . i r r ' ; ' :  

, t , t t " t  
rqdor -echo.  l . t i th  o ; ; ; i - i l r ; roo t io  

i s  - loo  iso therm,  in
shoutd  b ! - ; ; . ; ; " ; t l : : : "d  in  o  nqr row tempero t r ru  . , ton*o l  

t ro jec to rV,  
.o  lons

then ex is ts  the  o '  
o " :3" "  q  w ide  a" ro" r . ' i r . : ' : ; ; " : t "n " '  A  s teep t ro jec to ry

I :ot. sorety or' : ,"sibir i t ;  ; ; ; ' ' ; ; f f i i l i ; i l" ' l inir l":, ]d th;;-;:  . ."0.0, qnd there
If ,  :r:y; i ; ; ; .  

";. i :"Jt;;HIjt : , :n::1, [" 
-""""ia;;e 

. thermics bv rereos ins r"*""i '

::iijjjr;'o'iiJ"li,"s ond "" ;-,;;;,i"jl":i.i;* ::: ;::;,::'#;r:'1":i*;;;;".
rm studies in  the d"y;  ; i - ; ; i r - r ,ou
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When f i r ing  rockets ,
i so therms in  seed ing  oreo  ore
(Kros tonov  e t  S ton tchev ,  73) .
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F igure 2  -  BoI I i s t i c  t ro jec to r ies  o f  the  TG-10 conto iner

o t ten t ion  shou ld  be  po id  to  the  foc t  tho t  the

h igher ,  compored w i th  sur rounded o tmosphere ,

F igure  3  -  Averoge o l t i tudes
o n t i - h b i I  o c t i o n s
12oo ond 0ooo in
( P e t i  o n d  H u z j o k ,

Tropopau9e

-  4oo

-29"

- 1, lo
- l 0 0

- 6 0
_ { o

- 0 0

l0  months

o f  t h e  i s o t h e r m s  i n  t h e  d o Y s  o f

d u r i n g  t h e  y e o r ,  b Y  s o u n d i n g s  o t

the  per iod  o l  I977- I9BI  Yeor '
8 2 ) .
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f

' , t :

;i:



I n  gene ro l ,  i t  cou ld  be
e levq t i ons  w i th  l ower  mox .  ronge

r.r fu'f j,4!
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so id  t ho t  eve ry
o t  B 5 o  e l e v .

rocke t  hos  w ide r  op t i r no l

3. ACTIVITY PR0BLEMS I,,IITH AgI BASED REAGENTS

For  the  purpose o f  ho i l  suppress ion  o  g reo t  vor ie ty  o f  reogent  o re  usedi n  d i f f e r e n t  p o r t s  o f  t h e  w o r l d ,  ( F e d e r e r . i  
" r . a i ,  

F u k u t q  B o ,  B o h l o n o v  e t  q r .  g 2 ) .I t  s e e m s  t h o t  f o r  r e l o t i v e l y  
" r o t i  

r o c k e t s  t h u  b u " i  s o l u t i o n  i s , A g r  b o s e d  m i x .

A c t i v i t y  o f  t h e  A g I  b o s e d  m i x t u r e  i s  s t r o n g r y  o f f e c t e d  b y  t e m p e r o t u r e .D i s s i p o t i o n  o f  s o m e  t y p e s  c o u r d  c o u s e  d e o c t i v o t i o n  o f - o e r o s o r  ( F . i u r " '  e t  o l .  g r ) .o f  tempero tures  f rom 0o to  -5o  c .  However ,  d iss i fo t ions  o f  lower  tempero ture
j ; l i r r t ] Jn .  thermics  cou ld  shor ten  th"  n" "u" " ; ; ; -1 t , " "  spent  in  the  ice  c rys to r

n/s ast

Figure  4  -  Ac t iv i t y  versus
types  o f  the  AgI

I. SILVERSPARE A_2 (Z% Agr), ETH
2. HATLLES (ZA% Agt), csu
3. RTG-10 (Zog gnt,,, pMF Beogrod
4, NEr TG_l, CSU

5. NEI TB-1, ETH

temperoture d iogrom for  severql
bqsed pyrotechnicql  mixture

crystols
isotherms

leus

)1" : "  the- tempero ture  o f fec ts  the  growth_speed
( F u k u t q  B O )  i t  s e e m s  t h e  b e s t  r e s u L t s  c o u L d  b eoccord ing  to  the  meteoro log icq l  s i tuo t ion .

o n d  s h o p e  o f  t h e  i c e
obto ined q t  -5o  to  - lOo

Diss ipo t i on  o f  t he  Ag I  f r om o  TG_ IO  con tq ine r

TG-10 conto iner  i s  f i I led
cord ing  to  meosurements r  mqde q t
l d - r e l e o s e  4 , I  x  l O 1 2  o c t i v i t y
i v i t y  nuc leus  pe r  con to ine r .

wi th  4@ S AgI  bosed reogent  w i th  2OF AgI .
the  Un ivers i ty  o f  Be lg roJe,  AgI  bosed mix tu ren u c l e u s  p e r  s r o m  o f  m i x t u r e ,  i ] " .  I ; ; - .  i 6 i 5 - -

D iss ipo t ion  duro t ion  is  27  *  2  s  q t
per  second.  A t  overqge f l igh t  speed
n u c l e u s  p e r  m e t e r  i . e .  O r O i 5  g r  A g I

Spreoding of the reogent

o . t l ^ : .  
" - r {  

i . e .  6  x  I o I3  oc t i v i t y
o t  lO0  m s - r  t he re  o re  3  x  IO I I
pe r  me te r .

oct iv i ty



One o f  t he  mechon i sms  o f
Fede re r  e t  q l  .  79 ) .  Tu rbu lences
fo r  reogen t  sp reod ing .
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s p r e o d i n g  i s  t u r b u l e n t  d i f f u s i o n  ( B r o w n i n g  7 7 ) ,in  ver t ico l  s t reoms of  the Cb ore very importont  , ,

A c c o r d i n g  t o  B r o w n i n s  Q 7 ) l , 9 n e r g y  d i s s i p o t i o n  r o t e  6  i n  t h e  o r e o  o fs e e d i n g  c o u l d  r e o c h  v o . L u e s  b e i w e e n  b o o  -  i 6 o 0 - ; ; 2 ' " : 5 . '  
- v r !  t -  a r t  t L

Some meosurements mode in the USSR yi11.,  po210 ,  p32 ond D2o oerosors i j
showed tho t  lhe  oeroso l  speed o t  the  f ron t  zone ( lo rge  drops)  cou ld  reoch 

.
50  -  60  f f i  

" - f ,  
seed ing  speed or  t t "  cen t ro l  zone reoches  6  -  60  m s- l  in  d i f fe ren td i rec t ions '  The expronot ion  is  tho t  the  spreod ing  speed is  p robobry  o f fec tedby  the  e lec t r i cq l  f ie ld  ins ide  ond oround bU tS i f r "  e t  o I .76) .

r  cou ld  be  so id  thq t  the  sgreod ing  speed o f  the  reogent  in  the  oreo  o fseed ing  hos  o  vo lue  o f  I0  -  20  n  s - r  in  o I I  d i rec t ions .

3 .3  Seed ing  w i th  o  s ing le  TG_IO rocket

For  the  seed ing  o f  the  ho i r  embryo  growth  zonet  obout  105 oc t ive  nucreusore needed for I  mJ.

seed ing  to i l  o f  the  TG-ro  contq iner  i s  obout  514 km rong (50os imple  corcu lq t ion  shows tho t  con to iner  o f  - loo  c  cou ld  seed obout  16oround. t ro jec to ry"  By-spreod ing ,  concent ro t ion  o f  reogent  decreoses .ossumed spreod ing  speed o f  10  - -20  m s-1 ,  the  fu l l  voLume is  seeded in

oc

-140
-  100

-50

ooc

e levo t ion) .
k*3, I  km ,
W i t h  t h e
t -  3 minutes.

3 . 4

H knr

6

Figure  5  -  Exomple  o f  c roud seed ing  w i th  s ingre  TG- IO rocket

Mul t i - rocke t  c l -oud seed inq

H o i I  s u p p r e s s i o n  o c t i o n  i s  o  r o c e  o g o i n s t  t i m e .
TG-10  rocke ts  o re  f i r ed  s imu l toneous l y  f r om ihe  rounche r
Iounche r  o re  i nc l i ned  f rom cen t ro l  t i ne  os  f o l l ows :  _go ;
(Ge lo  e t  o1  .  78 ) .

F o r  e f f i c i e n t  s e e d i n g ,
in  beqms.  Gu ides  in

-4oi Oo; +4o; +go w.
e '

At  50o e levo t ion ,
+ I 2 , 3 0  ( M o z e r  e t  o I .  B f ) .

w i d e r  b e o m  i s  u s e d :  - I 2 . 3 o ;  - 6 . 2 0 i  O o i  O o ;  + 6 , 2 0 ;
G u i d e s  o r e  n u m b e r e d  f r o m  I  t o  6 .  S e e d i n g ' p o " r i b i t i t i " ,



( 5 5 o  e I )
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o r e  s h o w e d .

' ,  S INGLE ROCKET,VANIOUS T IMING

L S  t = 5  s  L S l = 1 5 e

2 .  TWO BOCKETS,  VARIOUS GUIDES,  t  =  5  A

I

2

- 5

- f

\ 6

= - \

- 3

3.THREE ROCKETS

. ?f  - - l  .

4.4,5,6 nOCxers
, / l

=5- 'z+ .- 
i 

*

+
LS

+

+

+

+

l - 2 5 s

- 5

-

4
- 5

2

6

t
2

t
2
3,4
5
6

E _ E

f i r ing

{
+ E:I__=

Figure  6  -  Exomple  o f  seed ing  poss ib i l i t i es

I t  i s  ev ident ,  tho t  o  g reo t  vo lume con be  seeded in  o  shor t  t ime.

+
LS

c

t

+
LS

= 550

=  1 5 a

/zX\ /?f/T\ fZfX-f r-:fr,,-r( t ( r r l  ( ( I ) )  ( { X }  r  (  +  r  +  r  *  r\s<z/ 
\_/'-_r\t-,

A - A  B - B  C _ C  D _ D

F igu re  7  -  Seed ing  a reo  expec ted  l - 2  m inu tes  q f t e r

C l o u d  p o s s i b i l i t i e s  o f  o  s i n g l e  l o u n c h i n g  s t o t i o n  ( L S )

i "  .  .  .  
Us ing  45o  -  650  e levo t i ons ,  eve ry  LS  con  seed  to ro ido l - shoped  spoce

v i t h  r o d i u s  f r o m  r . 5  -  l 0  k m  o n d  l . s  -  6 . 5  k m  o l t i t u d e ,  ( G e l o  e t  o l .  z g ,  H o r v o t
e t  q l . 8 I ) .

q .
i l

. . :  ' ' ,
.: i .a_ .. : '

i 3
, , , ;  

5
6
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F i g u r e  8  -  S i n g l e  L S  s e e d i n g  p o s s i b i l i t y

A f te r  f i r i ng  o t  LS ,  d i s tonce  be tween  rocke ts  i nc reoses  w i th  t ime .  Due
to  w ind  i n f l uence ,  t he  dev io t i on  f r om t ro jec to ry  i s  i nc reosed  w i th  t he  d i s tonce
f rom lounche r ,  wh i l e  t he  e \evo t i on  i n f ruences  the  reogen t  oc t i v i t y .

The re fo re ,  good  resu l t s  o re  ob to ined  o t  d i s tonces  o f  3 -9  km,  ond  the
bes t  ones  o re  o f  4 -8  km.  F i r i ng  rocke ts  i n  t he  p rec ip i t o t i on  o reqs  shou ld
be  ovo ided .

Figure  9  shows some c loud seed ing  oreos  fo r  s ing le  lounch ing  s to t ion .

l m

E

g

4

2
3---l

2 --------*

| -------*l
|'...+

2  1  6  I  1 0 r m

9 A

Figure

Fd-.

Y .

Opt im izo t i on  o f  t he  c l oud  seed ing  o reos  fo r  s i ng le  LS

A  I .  P o s s i b l e  s e e d i n g  o r e o ;  2 .  o c c e p t o b l e  q r e o ;
3 .  op t imo l  o rea ;  4 .  op t imo l  e levo t i ons .

B  1 .  D i rec t i on  o f  t he  i ncoming  thunde rs to rm (mos t l y  NW) ;
2 .  p o s s i b l e  s e e d i n g  o r e o ;  3 .  o c c e p t o b l e  q r e o  ( i n  t h e
cose  shown  N l r i  d i r ec t i on ) ;  4 .  op t imo l  q reo .
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L CONCLUSION

/R" f " . "n" " "  
,

However ,  be t t e r  unde rs tqnd ing  o f
development  of  methodology ond technology
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