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CLOUD STTDING I . I ITH THI TG-10 ROCKETS

V .  H o r v a t  a n d  B .  L i p o v s c a k

Hydrometeo ro log  i  ca1  Ins t  j t u te
Z a g r e b ,  Y u g o s l a v i a

Abs t rac t .  E f f i c i ency  o f  a  ha i l  supp ress ion  (HS)  sys tem i s  s t rong l y  a f f ec ted  by
teE fnTca l  dev j ces  i n  use ,  and  the  way  they  a re  used .  i n  case  o f  an t i ha j l  ac t j ons ,
i t  i s  necessa ry  t o  i n j ec t  t he  me teo ro log i ca l  r eagen t  i n to  t he  p rope r  seed ing  a rea ,
as  soon  as  poss ib le .  A  t echn i ca l  desc r i p t i on  f o r  t he  rocke t  TG-10  i s  g i ven ,  t oge the r
w i th  t he^me thodo logy  wh jch^ i s  base f l  upon  i nves t i ga t i ons  o f  r ocke t  ope ra t i ng  i n
beams  25 "  w ide ,  be tween  -5 "  t o  -10 "C  i so the rms  on  the  f ron t  pa r t  o f  t he  Cb  c louds .

1 .  INTRODUCT lON
A rocke t ,  des igna ted  the  TG-10 ,  has  been  used

in  t he  ope ra t i ona l  p rog ram o f  ha i l  supp ress ion  i n
Y u g o s l a v i a ,  s . i n c e  1 9 8 0  ( L i p o v s c a k  e t  a l .  1 9 8 0 ) .  I t s
deve lopmen t  was  based  on  l nany  s tud ies  i n  t he  i n te r -
d i s c i p l  i n a r y  f i e i d s  o f  m e t e o r o l o g y ,  b a l l i s t i c s  a n d
general  rocket  techno l  ogy.  Paral ' l  e l  wi  Lh the opera-
t i ons  me thodo logy ,  eva lua t i on  o f  r ocke t  pey ' i  l  rmance
has  been  accomp l i shed .

Funct ional  connect jon of  the meteoro ' logy,  TG-
10  cha rac te r i s t i cs ,  and  the  na tu re  o f  t he  seed ing
mate r i a l  r esu l t ed  i n  t he  cons t ruc t i on  o f  t he  s i x -
pos j t i on  l aunche r .  Th i s  p roduces  quas i -ho r i zon ta l
and  s l i gh t l y  sca t te red  c loud  seed ing  t ra jec to r i es .
( G e 1 o  e t  a l .  1 9 7 8 ,  H o r v a t  e t  a l .  1 9 8 0 ,  M o z e r  e t  a l .
1981  )  .

Ha i l  supp ress ion  i n  Yugos ' l av ia  du r i ng  t he  pas t
few years has been carr ied out  wi th a bet ter  under-
s tand ing  o f  t he  me teo ro log i ca l  p rocesses  as  we l l  as
w i th  t he  deve lopmen t  o f  an t i ha i l  seed ing  dev j ces .

2.  ANTIHAIL ROCKET TG-10
The TG-10 is  a two stage rocket ,  made of  f jber-

g lass  p las t i cs .  The  mo to r  con ta ins  rocke t  p rope l -
l a n t  a n d  a  c o n t a i n e l i  s  f i l l e d  w i t h  a  s i l v e r  i o d i d e
based  py ro techn i c  m ix tu re .  Some cha rac te r i s t i cs
a re  shown  i n  F igu re  1 .

1 0 5 0 +

F i g .  l .  A n t i h a i l  R o c k e t  T G - 1 0

I  Mo to r  pa r t  ( boos te r )  :  1 .  mo to r ;  2 .  nozz l  e ;  3 .
p r o p e l l a n t ;  4 .  i g n i t e r ;  5 .  c o n n e c t o r ;  6 .  f i n s ;  7 .
sel  f -destruct ion system.

I I  C o n t a i n e r :  8 .  n o z z l e  w i t h  f i n s  a n d  c o n n e c t i o n
9 .  t im ing  sys tem;  10 .  py ro techn i c  m ix tu re  w i t h
1 1 .  f i b e r - g 1 a s s  p l a s t i c  b o d y ;  1 2 .  p i a s t i c  n o s e
13 .  ba las t ;  14 .  de tona to r .

2 . I  T e c h n i c a l  d a t a :

t o ta l  l eng th  1050mm mass  4 .35k9
moto r  d iame te r  72mn p rope l l an t  mass  1 .50kg
con ta ine r  d iame te r  36mm py r .m ix .mass  0 .40kg
t i m i n g  o f  t h e  s t a r t  o f  s e e d i n g :
5 s  ( t  0 . 5 )  t o  2 5 s  ( 1 2 )  m a x .
seed ing  t ime :  27s  ( tZ ) .

2 .?  Func t i ons  o f  t he  an t i ha i l  r ocke t  TG-10 .

The  t im ing  sys tem on  the  con ta ine r  mus t  be
se t  be fo re  l aunch ing .  E lec t r i ca l  w i r i ng  i s  p rov ided
by  s imp ly  i nse r t i ng  t he  rocke t  j n to  t he  l auncne r .
Cu r ren t  f r om the  i gn i t i on  box  i gn i t es  i he  p rope l i an t
and  py ro - i ocke r ,  f r ee ing  the  con ta ine r  f r om the
boos te r .

The booster  motor  burns about  1.2 s and
acce le ra tes  t he  rocke t  t o  700  m s - '  (+  50 ) .  When
t h e  p r o p e l l a n t  i s  e x h a u s t e d ,  t h e  c o n t a i n e r  i s  s e p a -
rated due to the aerodynamical  drag of  the booster
mo to r  and  then  f l i es  f r ee i y  f r om the  i n i t j a l  momen-
tum.  A f te r  9  s .  ( tZ )  t he  boos te r  mo to r  sec t i on  i s
d i s i n teg ra ted  i n to  ha rn r l ess  pa r t i c l es  w ' i t h  a  24  I
de tona t i ng  f use .

Speed -1oss  o f  t he  con ta ine r  j s  ra the r  l ow
due to i ts  good aerodynamical  propert ies and re la-
t i ve l y  l a rge  mass .  I n  p rog rammed  t ime '  t he  Ag I
py ro -m ix tu re  ( reagen t )  i s  i gn i t ed  and  d i spe rsed
th rough  the  nozz le  f o r  27  s  ( tZ ) .  I n  con tac t  w i t h
the  co ld  a tmosphe re  an  Ag I  ae roso l  i s  f o rmed .  When
the  py ro -m ix tu re  i s  comp le te l y  d i spensed ,  a  de to -
na to r  i s  ac t ' i va ted  wh ich  d i s i n teg ra tes  t he  con -
ta ine r  i n  t he  f o rm  o f  ha rm less  pa r t i c l es .

2 . 3  B a l i s t i c  t a b l e s ,  i s o t h e r m s  a n d  c l o u d - s e e d i n g '

Because  o f  t he  h igh  speed  (700  m sec - ' )  and
good aerodynamical  form, the conta iner  reaches an
a l t i t u d e  o f  8 , 3  k m ^ ( t 0 . 3 )  w h e n  l a u n c h e d  a t  a n  e l e -
v a t i o n  a n q l e  o f  8 5 ' .  B a l l i s t i c s  c u r v e s  a r e  s h o w n
' i  n  F igu re  2 .

Acco rd ing  to  expe r i ence ,  bes t  resu l t ;  a re
ob ta ined  w i th  c l oud -seed ing  be tween  the  -5 "  and
- 1 5 ' i s o t h e r m s .  ( E n g i i s h  e t  a l  1 9 8 2 ,  S e d u n o v  e t
a l .  1 9 7 9 ,  F e d e r e r  e t  a l  1 9 7 9 )  w h i c h  a r e  u s u a l l y
a t  t h e  3  -  6  k m  a l t i t u d e s  ( S e d u n o v  e t  a ] . 7 9 ) .

p a r r ;
n V  r  r

56
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F i g .  2 .  B a l j s t i c  t r a j e c t o r i e s  o f  t h e  T G - 1 0  c o n t a i n e r .

I n  t he  C roa t i a  p rog ram the  de5 t i na t j on  o f  t he
c loud  seed ing  ma te r i a i  i s  t he  -10u  . i so the r rn ,  i n  t he
a rea  o f  t he  f i r s t  r ada r  echo .  f , J i t h  t he  quas i -
ho r i zon ta l  t r a j ec to ry ,  a  l ong  seed ing  pa th  i s
produced wi th ' in  a narrow temperature range.  Thg
elevat ions used in Croat ia are between 45u -  6Su
because  o f  t he  rocke t  ba l l i s t i c  p rope r t . i es  and  as
a  resu l t  o f  i so the rm s tud ies  on  the  days  o f  an t i -
ha i l  ac t i ons .  Resu l t s  o f  t hese  i so the rm s tud ies
a re  p resen ted  i n  F igu re  3 .

u-l
12

1 1

l ^ l hen  f i r i ng  rocke ts ,  a t t en t i on  i s  pa id  t o
the  fac t  t ha t  t he  accep tab le  i so the rms  w i th . i n
the seeding area are at  h igher  e levat . ions compared
wi th the surrounded atmosphere.  (Krastanov et
S tanchev ,  73 ) .  Sa fe t y  o f  a j r  t r a f f i c  i s  a lways
cons ide red  when  us ing  sma l l e r  e l eva t j on  ang le i .

I n  gene ra l ,  i t  shou ld  be  no ted  tha t  eve ry
rocke t  has  w ide6  op t ima l  e leva t i ons  w i th  l esse r
max  ranqe  a t  85 "  e leva t i on .

Tropopause

-400

-  2 g o

-  1 { o
- 1 0 0

- 6 0
-  / o
- 0 0

1 0

I

I

I

6

5

I

4

3
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F i g .  3 .  A v e r a g e  a l t i t u d e s
ha i ' l  ac t i ons  f r om
dur ing  the  S -yea r

of  the i  sotherms on the days of
surroundings taken at  1200 and
p e r i o d  1 9 7 7 - 1 9 8 1 .  ( P e t j  e t  a t .

m o n t h s

an t i  -
0000
1 9 8 2 ) .



3.  PHYSICAL C0NSIDERATIONS l^ l lTH Agi  BASED RIAGENTS

For  t he  pu rpose  o f  ha i l  supp ress ion  a  va r i e t y
o f  r eagen ts  a re  used  i n  d i f f e ren t  pa r t s  0 f  t he  wo r ld .
(Federer  et  a l  .  81 ,  Fukuta 80,  Bai r ' l  anov et  a1 .  BZ) .
I t  seems  tha t  f o r  r e la t i ve l y  sma l l  r ocke ts  t he  bes t
seed ing  ma te r i a l  i s  a  Ag I  based  m jx tu re .  Ac t i v j t y
o f  such  a .m ix tu re  i s  s t rong l y  a f f ec ted  by  t empera -
tu re .  D i ss ipa t i on  o f  some  t ypes  cou id  cause  deac t j -
va t i on^o f  ae rqso l  (Fede re  e t  a l .  81 )  a t  t empera tu res
f rom 0 "  t o  -5 "C .  Howgve r ,  d i spe rs ion  a t  l ower  t em-
pe ra tu re ,  such  as  -15 "C ,  sho r tens  the  t ime  spen t  by
the  Ag i  ae roso l s  i n  t he  i ce  c r ys ta l  g row th  zone .
Some ac t i va t i on  cu rves  a re  shown  i n  F iqu re  4 .

Vg lgt rols 1 .  S ILVERSPARE 4 .2
(2% AsI) ,  ETH

2 .  H A I L L T S  ( 2 8 %  A g l ) ,
CSU

3 .  R T G - 1 0  ( 2 0 %  A g I ) ,
PMF Beograd

4 ,  N E I  T G . 1 ,  C S U

5 .  N E i  T B - 1 ,  E T H

F ig .  4 .  Ac t i v i t y  ve rsus  tempera tu re  d iag ram fo r
several  types 0f  the AgI  Based pyrotech-
n i c a l  m i x t u r e .

,

Fu r the r ,  i t  has  been  specu la ted  tha t  t he  sp read ing
i s  p robab l y  a f f ec ted  by  t he  e lec t r i ca l  f i e l d  i ns ide
and  a round  Cb  (S ty ra  e t  a l .  76 ) .  F rom the  va r i ous
s tud ies  and  fo r  pu rposes  o f  ope ra t i ons ,  i t  i s  sa fe
to assume that  the spreading speed of  the reagenf
i n  t he  a rea  o f  seed i i r g  has  i  v i t ue  o f  10 -20  m-s - r
i n  a l l  d i r e c t i o n s .

3 . 3  S e e d i n g  w j t h  a  s i n g l e  T G - 1 0  r o c k e t

For  fhe seeding of  the hai l -embryo groryth zone,
abou t  10 "  ac t i ve  nuc le i  a re  needed  fo r  1  m- .  The
seed ing  t ra j l  o f  t he  TG-10  con ta ine r  i s  abou t  5 .4
k m  l o n g  ( 5 0 "  e l e v a t i o n ) .  A  s j m p l e  c a l c u l a t i o n
shows"that  a conta jner  at  -10"C could seed about
16  km- .  As  a  resu l t  o f  t he  sp read ing ,  t he  concen -
t ra t i on  o f  r eagen t  dec reases .  \ l i t h  t he  assumed
sp read ing  speed  o f  10  -  20  f i  s ' ,  t he  f u l l  vo lume
is  seeded  i n  1  -  2  m inu tes .  These  concep ts  w i t h
the  TG-10  a re  shov ln  i n  F iqu re  5 .

o^

-140
-  100

i
I^-l
I

6 l
i
t
I

l { r
I
r
I

^ l

I
i

I
I

Since  the  tpmnpra tu re
growth and shape of  the ' ice

af fects the rate of
c r y s t a l s  ( F u k u t a  B 0 ) ,

- f ,

00c

F i g .  5 .  E x a m p l e  o f  c l o u d  s e e d i n g  w i t h  s i n g l e
TG-10  rocke t .

3 . 4  M u l t i - r o c k e t  c l o u d  s e e d i n g

'  A  ha i l  supp ress ion  ac t i on  i s  a  race  w i th  t ime .
Fo r  e f f i c i en t  seed ing ,  TG-10  rocke ts  a re  f i r ed
s imu ' l t aneous l y  f r om the  l aunche r  i n  beams .  Gu ides
in  a  l aunchep  a re^ inc l i ne (  f r o t r1  t he^cen t ra l  l i ne  as
f o l l o w s :  - 8 t ,  - 4 t ,  0 ' ,  0 ' ,  * 4 ' ,  + 8 '  ( G e l o  e t  a l .
7 8 ) .

i t  seems  the  bes t  resu l t s  cou ld  be  ob ta ined  by^
see( ing ' in  the layer  where temperatures are -5"  to
- 1 n t

3 .1  Emjss ion  o f  t he  Ag i  f r om a  TG-10  con ta ine r

TG-10  con ta ' i ne r  i s  f i l l ed  w j t h  400  g  Ag l  based
reagent  wi th 20% AgI .  According to measurements
made  a t  t he  Un i ve rs i t y
tu re  cou ld  re leasg  4 .1 .
o f  m ix tu re  a t  - 10 'C ,  j

o f  Bg lg rade ,  Ag I  based  m ix -
x  10 ' "  ac t i yp  nuc le i  pe r  g ram

.  e .  1 .6  x  10 ' "  ac t  i ve  nuc . l  e  i
pe r  con ta ine r .

Emiss ion  du r t r { i on  i s  27  s  (+2 )  a t  a  15  g r  s - l
r a t e ,  i . e .  6  x  1 0 ' u  a c t i v e  n u c l e i  p g r  s e c o n d .  A t
an  ave f?ge  f l i gh t  speed  o f  200  m s ' ,  t he re  a re
3  x  10 ' -  ac t i ve  nuc le i  pe r  me te r .

3 .2  Sp read ing  o f  t he  reagen t

One  o f  t he  mechan i sms  o f  sp read ing  i s  t u rbu len t
d j f f u s i o n .  ( B r o w n i n g  7 7 ,  F e d e r e r  e t  a ] .  7 9 ) .  T u r -
bulence jn ver t ica l  s t reams of  the Cb are important
fo r  reagen t  sp read ing .  Acco rd ing  to  B rown ing  (77 ) ,
ene rgy  d i ss ipa t i on  ra te  j n  t he  a rea  o f  sged iqS
cou ld  reach  va lues  be tween  500  and  10Ocm"  s  " .

Some measurements made in the SSSRw"i th P0210,
PJa and D"0 aerosol  s  show that  the aerosol  speed
a t  t [ e  f r 6n t  zone  (1a rge  d rops )  cou ld  reach  50  -  60
m  s - ' a n d  t h e  s p e e d  o f  { i s p e r s a f  i n  t h e  c e n t r a l  z o n e
c o u l d  r e a c h  6  -  6 0  m  s - '  i n  d i f f e r e n t  d i r e c t i o n s .

A t  50 "  q levE t i op ,  a  w i f l e r  beam^ is  used :
- 1 2 . 3 " ,  - 6 , 2 " ,  0 ' ,  0 ' ,  * 6 . 2 u ,  + 1 2 , 3 "  ( M o z e r  e t  a l .
81 )  .  Gui  des are numbered^from
s e e d i n g  p o s s i b i l i t i e s  ( 5 5 "  e l . )
6

I  to  6 for  var ious
a re  shown  i n  F ig .

5 8
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F i g .  6 .  E x a m p l e s  o f  s e e d ' i n g  p o s s i b i l i t i e s .

I t  is  ev ' ident  that  a great  vo lume can be seeded
in  a  sho r t  t ime  as  shown  i n  F igu re  7 .

e = 5 5 o

t  =  1 5  s
I

+ ' .
Ls :'

-/

-

1

3I

6

@ G X D @ o m  @
D - D

area expected 1-2 minutes af ter  f i r ing.

A - A  B - B

F i g . 7 .  S e e d i n g

E - E

3 . 5  C l o u d  p o s s i b i l i t i e s  o f  a  s i n g l e  i a u n c h i n g
s ta t i on  (LS)

Using 45o to 650 e levat ions,  every LS can
seed  a  t o i o ida l - shaped  space  w i th  rad ius  f r om 1 .5
to  L0  km and  1 .5  t o  6 .5  km a l t i t ude )  respec t i ve l y
( G e l o  e t  a ] . 7 8 ,  H o r v a t  e t  a l . 8 1 ) .  T h j s  i s  i l l u -
s t rated in  F ' igure 8.

F i q . 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 .

q q



After  f i r ing f rom an LS the d is tance between
rocke ts  i nc reases  w i th  t ime .  Due  to  w ind  i n f l u -
ence ,  t he  dev ia t j on  f r om the  ca l cu la ted  t ra jec to ry
i s  i nc reased  w i th  t he  d i s tance  f rom launche r .  The
e leva t ' i on  i n f l uences  the  reagen t  ac t i v ' i t y .  The re -
fo re ,  good  resu l t s  a re  ob ta ined  a t  d i s tances  o f
3-9 km, and the best  are at  4-8 km. F ' i r ing rockets
in  p rec ip i t a t ' i on  a reas  shou ld  be  avo ided .

Ta rge ts  shou ld  be  f ron t - r i gh t  pa r t s  o f  t he
c loud  f rom the  l aunche r  s i t es  l oca ted  a iong  the
poss ib ie  c l oud  pa th .  As  a  consequence  seve ra l
s e e d i n g  a r e a s  e x j s t  ( F i g . 9 ) .

x- l
B r

10 xm

4 .  CONCLUSION

The  i nves t i ga t i ons  o f  ba l l j s t j c  p rope r t i es  show
t h a t  o p t i m a l  e l g v a t i o n ;  f o r  T G - 1 0  l a u n c h i n g  r o c -
ke ts  a re  f r om 50 "  t o  55 " .  Fo r  i n t roduc ing  sged ing
matgr ia ls  in  the temperature zone betweep -5 '  to
-10 "C ,  a  s i x -gu ide  l aunphe r  i s  se t  t q  50 "  e levE t i on
w i th  a  beam w id th  o f  25 "  ( f r om -1? .3 '  t o  - I 2 ,3 '
o f  nu l l  d ' i r ec t ' i on  a t  e l eva t i on  50 ' ) .  Eve ry  l aunch -' i ng  s ta t i on  can  seed  a  t o ro ida l  shape  space  1 .5  t o
1 0  k m  i n  r a d i u s .

The  bes t  p lace  to  seed  ' i s  i n  t he  f r on t  pa r t
o f  t he  a r r i v i ng  Cb  c loud .  The  poss ib ' l e  seed ing
a rea  j s  op t im ized  acco rd ing  to  me teo ro log i ca f  i n -
f l uences  on  the  rocke t  as  we l l  as  qua ' l i t y  o f  t he
reagen t ,

The  TG-10  rocke t  i s  an  i nnova t i on  amonq  an t i -
h a i I  d e v i c e s .  L o w  m a s s ,  u 1 t j m a t e  p r e c i s i o i  a n d
great  range are prerequis i tes for  qasy handl  ing
and  re l i ab i l j t y  i n  use .  Howeve r ,  f u r t he r  deve lop -
ment  of  methodology and technology of  hai l  suppres-
s ion  requ i res  a  be t te r  unde rs tand ing  o f  a tmosphe r i c
p rocesses .
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