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Ex tens .~ it v1 r i~ p:t~ ion -: of W i / e r -Jr -c ; le t  L r - - j ~ ~ ; J u . Vi V.-

p i ~I~~~.ne- -~ s i v :  been - cc -2j e  ~~~ ~~ ‘ This  work Wa : .  ear - s  ieJ out in 

-
,~ 

:~ : inc a :tn- ~-am of dr-octet:: across The subi- ar -U drIving a

wav~~ over tnt -n . The behavior of the droplets in the  shoct flow reg ion

t I t e r  ; - i  :. tg - et th~ shock w-i .~ then  invest ig.ite~ w i t h  ct ctogra~ iti c and

x— r . iUI : ,t r - it h i,: te-:hn i~~-j~ S .

~w-~ in; ert i / i t s toic - c f  d r op l et  b r e ak up  in typ ical hyperveloci ty  r e—

enitr- - ,- vehicf~ f low w-: -r -  i l en t i fi ed : mass ct r i cp in g  and catastrophic breakup .

In t u e  m a : ; - s t n - ~~; , .Jn / ~ mo -J-~ , d r op l e t  mass is s t r ipped away by the aerodynamic

force : -; and t h ~- droplet ~vei.tuaily declinr -::  to “zero ” mass. In the ca t a s t ro—

chic  mcd~ of or - eaku c , a Rayleigh-Taylor t yp e  of ins tabi l i ty  develops on the

lea-h ug fic~ o~ t h e  - : J re r let .  The i n s t a b i l i t y  grows rap idly and the droplet

1 nt e gr ~~t es.

The im :licet icr of In ; l e t  : r - e k u :  1: tha t  a f t e r  the droplet has

ipced to z. -r -e mass ‘Jr d i si :. . - -gr a t ~:-J , it no longer presents an impact

to rl~ - r - - - eti: - - a r- -~~u~~ry vehicle .  I t  is , the re fore , important

to ident i f y w h i t  siz - - ef -iro: ]o-ts w ill survive t r a n . it throug h a reentry

v e h I c t - ~ -:h oe k  iCy ~ , in :  a -: :. - v eb :~ i. .u rf i- , - m d  i n f l i c t  si gn i f i can t

:1cm-COO .

The wor -~ dc r~~I - -~ in .  t h I s  : - -  ~- ‘ .- - r . an i s v -  t .ctr(’r of the drop—

h o t  breakup c r - l t - - r  con duc tei  it  t n o  Ai r For- .- M.~~. r I e l :  PaLer atory/

U n i v e r - c i t y  of Day Thi .  Re-~ -ir h In s t i~~et ~- (A F ~P 
- J D R I )  f a ~ ii Ptv . A d i r e c t

observ at i on  of drop h o t  Er - -a~~ut en-I in: ict is -
~ 

-
~~~~~ to UeTh -r m i n -  the droplet4 impact t h rea t .  The result  are compared with shock tube observat ions .

1Reinecke , W . G . ,  Waidman , C. D . ,  McKay , W.  L. and Zier ing , M. B . ,  “Shock
Layer Sha t te r ing  of Water Drops and Ice Crystals in Reentry Flight , ” AFML-
TR-75-7l .

2J a f fe , N.  A . ,  “Hydrometer Shock In te rac t ions , ” Interim Technical  Report ,
Contract DNAOO l_7l4_C~ OO51.

1
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- LET h P h A r ’ P

h r-oct oh - - -r-v:L cf ice; Let br- eefru : n -  rn- -md - - b PeIre -c~~:,

~~rn u r: , >~:Ki ,’ ~ ;d i2i r : : : g,
U )  

:i:J th~~Ir in eL y- ;i : I s - h  r -- : , u lt - w ill be
:-~- ; ; c w- -d :

R ei : :e- k~~, et i L .  oh:  i- .- i the mass scriP : i nc  and ca ictrophi- : hr ekup

of c- i r a — c  l n- g -~ wate r- -c c-a . l e t  (500—2000 pm ~I-mm:-t- -r) i n a shock t u b e .

- i i  oh :- - r -v i  i -  - :  r r!ot diff- :r-:nt ia t  - - den:: i c y  very well.  Therefore , in

c-:  ec -:-rve tlt- - di;trh- :ti:-: of mass in a d - : f o r m i r g  -Iron. and the

due l muss I:: a sto~ i r ,c  lr ,c , Reinecke , et al. eme-loyed x—ray t o o b r i l ge- - , .

As the t i a l  i -  . o l u t  2c r :  of x -r ad iogr - c sh- i  10 not  h i gh (of  the or der of the

- :-c r -cc U irs - :-r i~ cs t im-:- :; the  m a g n i fi - : e ni - e n :nir ~u . one) t h e y  w er e  limit-ed to

:-L:,ecvi:c n-elac i’/-:17 1-argo ‘hro el .etc (500 pm diameter and larger). IL~ r .j

~c . - rvat  ions cf Ircj :~t e t  str -i: - ; ing end breakus were obtained and the  r e su l t -:

cumnari zed in th e  I- h e w i n g  : -er ag r achs .

Pr-op l--t h-:iavior I - co r : -zc - n i - -n t l y :Ioscribed with  a set of nondi m -e r: ::ic:;a :

‘: : r I ip l e  - ir ;clu: hiuc :

1. The W.~Por- number - , We , which is the ratio of 
ro-d ynem ic pressure to the surface  tension

of tce drop. It is ind ica t ive  of the mode in
which  the  d r o p l e t  wi l l  respond to the  air flow.
The W-eber number is g iven b y :

v 2 D
= 

p 
0 ( 1)

where p Ic nh - - dens i ty  of n h -  a i r , v is the
ve loc i ty  air  flow re la t ive  t~~- the drc:lot , D
is the diamet - -r of the - U r o e h e t  and is
the surface ten s~ -:n of the -Ire; . -

2. The nondimensional time , T, which is the t ime which
t h e  drop has r-eoi-iod is: the shock region
normalized to account for drop s ize and the
density of the air and drop . It is given by:

2
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T = 
v t

(r )1
/ 2 

(I- )

w a- -i- - - v i r h: v. .loci t. ./, t is t he  t i n ; - - m r t ( - r
- - n t / - m n - - c h t - :  t h e  -d ock , D ~s t I ; - d r - e p l r t

9 l i t r e - n - -n - , s is t h e  ai r- - 1- r - ~ i ty of t b - - ch o c ke d
gas iri d °d is ci . --  J r - o r - i - c d e n s i t y .

3. The non-U i n- -as ior :al  .J i . :tance , 2’, w h i c h  is
sint 1/ -11. t i110:- niorsta 1 ized to the - 1.c H- -
diame ter- as:

X = x/D , ( 3 )

x j.: the dis tance - m d  D is thc - droplet
diameto:- . 0 -

Ty. ic -ml vi ues of ti;-2 - .-: - m r - m e t - - n - : in reent ry  .ro:ion cloud envi ronmermts

- m r - -i

2 k~t/n
3 < p < 10 kg/m 3 ( 1 4)

2 km/c < v < 6 km/s (5)

10 cnn; < D < 200 pm (6)

0.072 hUm (for pure water) (7)

1000 < ;~~~ < 106 ( 8)

In thi -: r- - :-o r r We shall conccrn~ ourselvoc with two aspects of the water

dr o n h - : t - c w shock in torac t ion : drop di l i t a t i o n  and the stripp ing/breakup

criterior~.

2. 1 DROPLET D I L A T A T I O N

When a droplet - - ntr-rs the bow shock region of a reentry vehicle
noootL~~, high aerody namic pressures are generated on the front or leading
surface of the drop . The pressure declines toward the equator. The

sres:;ure gradi~ nt across the droplet causes it to flatten and the major

diameter grows. A number of calculations of this dilatation have been

carried out. At the high Weber number (>>1 000) of interest here , drop let
dila tation is found to vary at early t imes as T2 and at later times as T.
P o in o c k e , et ~~~~~~ compared their  experimen tal results to the theoretical
predictions and found reasonable agreement as shown in Figure 1. We shall

:resent our results in Section 4.

Drople t dilatati on was investigated in this study only to indica te
whether or not the ob:;’-rvc-d droplets breakup as expected. If the droplets

obs’-rved die r - 1 - e~ proper dilatation before impact we can be reasonably as-

3
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Figure 1. Or-c:. let di la t -a tio r ;  versus nondimensiorm al t ime at h i g h Webe r
n u m b e r : .  ( Take n from Re in ecke , et al.1 , Fi gure 23).

eer-~ tb-i c at i m — cn , where th ey  n~~nn n t  be n~ r~ rv~-d , tt.~ n’ ’-nil1 have reached

a nr J d i c t ah l e  deTr~ e o~ lilat -utior , striet ing and/or breakup.

2 . 2  :TROPL ET STRIPPING /BREAKUP

k e i n eck c , et at. 1-eund that the mode of droplet breakut depends on

the Wob er r ; -umbe r .  For the Weber numbers of interest in reentry , the impor-

tant modes are : mass stripping for W eb ~r numbers greater than 100, and

catastrophic breakup for Weber numbers greater than 20,000.

In the stri pp ing mode , the dr-on flattens due to the aerodynamic forces

and small droplets of water or mi n t are torn off the equator by the high

aerodynamic forces in tha t  reg ion . Reinecke , et al. measured the droplet

mass as a function of time in the ::tricring mode by the use of x-rays .

Large water drops (~ l mm ) were dropped into a shock tube and a shock

launched over them. X-radiographs of the droplets at various times after

passage of the shock front  were obtained;  by measuring the optical density

of the x-radiographs and integrating over the entire image , the total mass

dis t r ibu t ion  of the drop were measured. They found that drop mass declined

4 
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m 1
—~~~~-( l t cos~~—) (9)

w c-~m - -  fl icc t h e  in it ial -Ire: mass - m i - I  T I - - tim e m i e n - I  I m r v - n c i o n a l  t in - : at
- S

wh ich the  m m .  a n- n iche :  zero. From a n u m b - - n -  of obser -vut  ion ; i t  wa :~
f o u n d t h i t

T 3.5. (10)
S

C l / h e r  w i -k r - :  h a v e mroe:;ured T somewhat le:;:: d i r ec t ly  ( Ranger and

Di - ~~~~~ and found T 5. We shall consider T = 3.5.

At i; i gh Web -r numb- -rn ( 20 ,000) the drc; :-i- -t :: lose ve ry l i t t l e

- i i . :: , tb - -n :;u di - -r ;  Lv II :1 ;t - -O r-.ite . The nondimen s ional c inn - at -
~ i: in tegr a—

t itan , Tb~ 
I.: r- :l - i? - -- l t :  the Web-:r number by ner r - - I-m t ton - -me ,

T Q 1 ,i2 .1/t4
b m 3 5Wo , (11)

for W- - > 2700 (Reinecke , et al. ’) where Q is the rat io  of the  dynamic

;- r-essure — i t the drop surface to the dynamic pressure of the air flow

i h e - m - l  of the drop . The range of nondirnensional times of in t Jr c- : :t in

h yperveloc ity eros ion is descr i bed by st ri pp ing in which T 3 .5  when

the drop let mass reaches s--re , and catastrophic breakup in which

TbQ 1/ 2 35We 1
~~ when the droplet disintegrates.

2 .3  DROP LET IMPACT

The impl ica t ion of the  droplet breakup correlations is  t hat whe n

a droplet h-i: -: -. ;t r i 1. 1 ed to zero mass , or d is in tegra ted , i t no longer

presents an erosive threat . That is , a droplet that  has broken up will

not impact the surface or cause significant damage . The remains of the

droplet remain in the  airf low and it ire thought  that  the material  is

accelerated to the  a ir  velocity and swept around the vehicle .

These breakup criteria were established largely with x-radiographic

measurements .  Breakup was def ined as the t ime at which an x-ray image

of the distended or dis integrated droplet can no longer be obtained.

This implic:; that the average density of the droplet has fallen below

some c r i t i c . m t  level and insufficient x-rays are absorbed to generate

A .  A. m m m I U I  - - i n  I- J. A. , u l A e i o a y n d m i c  S h a t t e r i n g  of Liquid
Droplet s . ’ A TAA Journa l,  7 : T h 5 — 2 e s , ln r ~~.
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m nie mnu tcmb ic he mg -  on r h -  f i l m .  H o w - - v - : - r - , - t i . t  l ow:  h o t o~’ r - - m :  n - i  - - m i :: ~~~~ -

the dr- _ 0 - h t - t  : n - m t - : r - i . m I I -: : t i l l  p r - r n ( t t ; € -  mare s mr: r~~t , m~ r n -  all , slit;; l y

di:: i ; - :  n - m n - )  - - - -r ; f m I  t - . m m; - m r -  - m  d i r ni-ti - .i- -m: i m - i t  ~‘- - r ; -- r- m~ I~~~ gr i t - - n -  t i - m n  u h o u t

10 t f n ~~s the  un i g i n m I  drop di ne - te~ r- - ‘n - n - , : r - - - v i - - u -  nb - . - r v j t i r e n . :~~~
made at th e  A Fh~t/ UOi I I me il it y did n i t  r - ev - - -i ~ i r m -j s i~~ r ; i f i -  i r l ~ :.w-;ep inl’ of

-Urn: -jebr-t :; urc-und the r:~::--t i ; . Tb’- -ii . t I  1- : U : a ; -  I .  aced r - m t - :d lut 

~t~ - - t n  i-- n -~~~t t he  no tip it  a si 1 :~~I i-:ir t I r - - m ~~ 101 ol mi - -  in ’ j -m ]

n. on ‘mt -! v- - h o - :  :~

It i_ . , th. - -r :f n r -- , in : oct  m t  t - . conduc t  a m-~r - n - - i . i  ic -jr~ m r- .j :.mJ of

t he  hr leu :- cr- i ten i - m. The cr-i t ical x— r i-i iogr~n ;  1 i -on I ly d- t n - I - i L l -  - U - - r i : i ty

-of water does rmot ecem , per se , to be a good -le e- - t S r - - m t  c r i t e r i a .
(1) -Reinecke , et d i .  co nducted  come d: r e n t  t - - .t  s ot t i :  b r e ak u p -  cr- in -

with a supped p r o j ect i l e  in w h i c h  t h e  U - ;  t :  of t i n -  sup it o: v - i r ie d  t t2 v - t r y

t h e  shock s t andof f  diotanc ’: and the - - :uL -- cu- r ;~ ti m e to impact . The ex-

p erimn ent wac re t -e t ict ic -al in ; that only t i  rag - : drop :Jze and aver:mg-

t nrl p iict f requency were k n o w n . However , good .;t a t i s t ica l ly  ::ignif icar.t U - m t - i

we re ob ta ined  and were in agreement  w i t h  the x—ray co r re lat ions , a l t h o u g h  a

slightl y longer t ime to apparent  breakup was observed . The tests  wer - :-

conducted on drops wi th  Weber number of about 600 ,000 so on ly the catas-

t rophic  mode of breakup was invest i gated .

We have under taken a stud y of the breakup cr i ter ia  wh ich  wi l l  extend

over a wide range of Weber numbers typical of reentry condi t ions .  The

results  reported here in cover a range of Weber numbers from about 20 ,000

to 160,000.

~
Barber , J. P . ,  Grood , E. S., Taylor, H. R. and Hopkins , A . K., “Water Drop/
Bow Shock Interactions”, AFML-TR-75-105.
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SECTIIUI III

THE EXPEPIMINT

1 TI i~. PAD hil

The - :x ; - r i n r - n ,t :  w - : r - - - e c n i Iu c t -i on the AFML li ght  gas ~~ r ; r m n p - -  dee—

rec t a - - U  b y Bar- ; . - r-  et al. B r i e f l y ,  a gra~ l~i te- ti : . ; eU 20 mm Y - J j r C ~ I le ~~
U I - : -wr i  a r- - -m nge  i r ;  to a I r - — f Lii ng stream of w.at --r d r - o r : . .  Th~

- -n : :- - u r ; t -  ~r is obe-:r-ved wit h a h i g h r- -:soi ut ion , hi gh m. :mgn ; iC I , :: m t l u l l  laser/
n - -o n: -am - -r - a sho~~ in F i cur - :  2 .  Since the cited r- ~n-crt~~~ wa .. generated ,

CAMERA

WATER DROPPER .
~~~~~~~

1

Figure 2. A schematic of the water droolet experimental 5 tun’ .

a number of improvements have been carried out on t i -  range:

1. A second camera wa: added to obtain a spark shadowgrap h of the

droplet f ie ld abou t 10 ~is before encounter with the oncoming projectile.

7
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- p ‘ -n m ’ m . - c ; r  i ’ me . m - m m - - r f l m - l . ’ n d ‘ a -  ni l ::’- - mm , -] p i mni m l o t ,  o t  t b ’ -  d r - ~ 1 - ; -  -;

1 -  f - - : - ’ c m ; -  ~ m : ’ . - r  m : - ~ , m - ~~‘ l y  i i  i i ;  ‘ I n -  i i i  e n - ;  n -  1 m l  l ent of ; . o :~ 1 — - - mi - o u l i l  -n

I : .  O r - m n ;  i ic - n .

A Ir-o j I - ’  .‘ - m - . i r m ’ - - . m .  f - j r  1 ~~‘ i t ,  - i - n t : - n - t d t l c - m I i /  -~~ ‘ r - -m t S

il l I t  - i  - - i .~ ‘ . - I  r um mii . - - r  ‘ l r i p n ;  i n  t h e  f r - e m -  f - i l l  l u g  - t n - - i n n , . Ti ’- d r - c m :,

n ,‘ - i n  - c m - :  m m  m t  - -U : , n -i mS en t t ; r - m - - - , I i - i n n ’  I - n - .  T m -  r i o : -

- ; . j rn ’~ o l m - - ] r - o p . t o  ‘— t i - n  - i n .  : r - ’ - . i m ; m - - l I i  J a - i c  - - a t  i l l s  i r m t m - r- —

‘ - m m - ’ -  - ‘ .1- - - r ~ t ’  - ‘1’ -m m — I  ‘ 5 ’ -  i - c c _mr i - i t -  i n - - l~~n - m m m ~~c -ar ’]  n m r ~~-a- m - - I f - c t - : .

w : - - ; r 5 . . ; . - . p , j r - j c m - n -  n t  1- ,’ ‘ t h U  r i o  o u c h  ‘ e u ; - l i m , m ~ occur  4 eomnm l~ m n - i n O n i

of I n ; - -  - t  - — e m ; -  r -  1 m ’ - - I  - I :  j - m  S n  - m m : ; i n t ’l a - - ;  - m i m i - -U St  m - - - - m m m ,  i s  shown irm

3.

3. A ~ m H -  n - i l l n j . ’ -; i ’ : n 111 - -U on t I- -  r nr$ ’- 1’, guide tS- - pro—

ii ’ - t n t; ~l e - ; : i  rnii~~n : -  i -  m n -  m n - - c t  c m . .  Tb - -  -y . t  - mn , W o :  pdt t o r i -U

n,r~ n hm - ; -  v Lce  - j - v - - l m , ; - . - - j  b y T-- m ;g m t  - m l  ~( .~ ) 
Tb e r u l e C t i l e n  m -  -aer od y m m a m m ; i ’  ‘ml iy

i :  ‘ ~I l ’ -  - m m i i t m - I  t / m w  ir e ]  117  f l t r - i - -  t m o r - e ’  in fr-’- - fli1:ht. As the

C i - ~ nt - - 4 ar - I I - -ti . 1 l i - m i d  01 t o -  c - C n m ; - - r - - i a n - - ~ r i - n t  la rge , th i .  i to  -in:

-I: - - - ;  t - m l - iy 1 - i w  n- - tu r n  ol  g- o U — q ~i.i l i ty  u m i - m m n i b i gu en . . ‘bat . The i n :  t o l l - i t l - - n j

-of ‘ lm o g ui  I - - r -  m u  : 1 : ! -  nit hare lergel y ri iminated this pm -uli ’m and hoc gre atly

I n - - n - -- i - - I  : 1 - - ‘i i i  ~ t - i  and u t i l i t y  of ti m ’-  ‘nb:.er-v’m t icr~o.

. 2 T Ul. 1511. -Fl :~ :~p-j 5

A: ,  ATib gn - a 1-I . ite - t  i m - p - - - - l p r- n  ~‘-ct L i e  w a n  l aunched  i n t o  a :~t n- - mm of well

-e m : -  m r - - i t t - U  :l r o ; - : .  Tb’- p r ’  ~- - c t i l ’-  micnn- m t i p  region was observed approximately
- - 

I ~ - - m l  t -  i iOP-i’:t wind t h - - - d rop l e t  ;t r - - -in; . If impact debris was pre :-:ent

‘h e  dr- .i : 1. 1 obv :ou ly reurv iv- -U t r anc  it br - ’~m m g n t i - - shock and damaged the  

. I f  r e  j n ;1,00t U - - I - n - i : :  w e ,  observed it wa- n assumed that t h e  droplet

w i n  :.efficn i - n y  b r o ken  n a p  - l u n  i r - ,g tr~m ni : . i~ t i,ro;m~~; tH : : boc~ t u  no longer

. - r ~t -m t I r e  i t .  Tnt ’- c a L u l - m t ’ - ’ i  d roplet  c ond i t i o n s  at im 1-ect  were t h e n

-ccl ;  a r - -U o t h e  cr r r - - - i t i , r m m ; ,

Tb ’ r - m n g ~ I - ~~- - . cur - - , : - r- -j’:ct I Ii- veloc i t y ,  ;-r ’ - i - - t  l i e  rmoscti p radius and

I r ’,;-l--t Ii i ’t- t - r we/-s van --I to s y s t e m - m m  i - ~ a l l y m v - ,- m i gate the nondimen—

:i ’n r i -m 1 t ime  -at  I m m -act .m:; a function of the Uc-~ 1 - im-t 1k-I-er - number.

~ Terig, R. N., Hin km -mr : , 1’. S. and h u t  i i i , G . F . ,  “D e v e l o p ment of a Scaled-up 
- l ’o  j t - 1 Proj- - t  I in G u i - f l o g  and P t  r i  -v lop  System ” , AE DC _ TR _ 7 i 4 _ l23 ,

January 1975.
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( a )

I

(b~

igu ~ - - - 3. ~- es- mi - -: nison of an urmrep ar -~tnd  st re ,l m of e~~t - - i -  drci- lets  ( a )
a r ’ f  an d cc t : - : t  - n i c a l l y  sepa m- ~a t - - d  e m  in ( 1 ) .  Th e average
In - ’ - : let diatnet ‘n - - each c.Icn lPfl pm.
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i i . -  n , ’ ~ - - - m  ‘ , t t - ~ - ( n~ 
: 1 mm ~o “ ( I  i - i t  I

1 . -n - - 1 - n I  i m m m - -  t - m l ’  ( U) ) -‘n) t ,, I (10
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SECT I SUI IV

RESULTS A SP DISCUSSION

- . I DROPLET DPEAK I ~ u b h i i- VA -I I f iSh

0b :  li t ie m i- ; 01 w -: l l -rn . -p emr -a ted  ~lO0 pm d iameter  droplets at various

3!  m~~- - ;  of P r - - - - eS ; i :  - w m m - I - - . A typ te al :~-tio -iowg r- -e ; - l~ is shown in Figure 4

- m mm d the - I-mm .a from ill t h e  ; :h o t c  are summarized in Table 1. As expected

i t  t i i :- n -e high W m carreb- - c ; , tIc- m nn d o  of breakup is ca tas t rophic  d is in te—

0 i t  i - -n  i n - i  ti :- I - r ’ - : ; . - n c- - of un ictab le  surface waves on the leading faces of

t i e  I r - -m elets in ; cl- -an y ev iden t , s- :;m -ecially at late t imes.  Very l i t t le  mass

strr ; : - n i i g  in obs ied ; t I : -  droplet wakes are relat ively free of water vapor .

Tine d i l  it  i t  i - n m ,  of onch ol -  ;erv ~a b l e  droplet was measured and the r e su l t s

are :- In- :-wni in Fi guc-c 5 f o e - t b - c  w i t h  the  theoret ical  predictions of Reinecke ,

- - t  ~~~~~~ The :Iilatation ogr-:-ec very well wi th predictions at early t imes

but tb --n-- Is - a F - D r - - c i a inle : ; : - m t t - - r -  at L o t - - n  times. Reinecke , et al. also

n- nnerveU t imis  nc-utter -j: : ;n;-c,wn in Figure 1 and their ~-esults including

- : - : it t er  are ul m n o~ t i n i U L ;t i n g u i s ha b l e  from those obtained here .

The scatter at late times is most probably due to the statistical

growth of t h e  disintegrating instability. In addition , the instability is

probably not cylindrically symetrical and the observed dilatation will depend

on the random orientation of the drop .

4.2 DROPLET IMPACT OBSERVATIONS

Obs~- rv o t i ;r - e of the projectile nosetip were made approximately 1 ps

m I t e r  impact. The impact situation as observed is illustrated in Figure 6.

The time after impact was chosen to permit any impact debris generated by

the impact to exit from the surface sufficient distance to be detected on

the laser/microscope camera shadowgraphs. A typical shadowgraph of impact-

generated debris is shown in Figure 7.

The debris evident in Figure 7 may not all be graphite; some could

presumably be droplet water ejected during the impact . As the occurrence

of damage is based on observations of debris , it is important to establish

if a significan t part of the observed debris is water. Accordingly , condi—

t ions almmea:nt identical to these occurirug in Figure 7 were repeated with the

ATJS graphite nuosetip replaced with a tungsten carbide noset ip. Tungsten

L ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 

L. ~~~~~~~~~~~~
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Figure 4. A typ ical ohad-owgrap h showing droplet breakup .
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orb : 1 :  f - s  - -
~~~ ‘ n - - 0 -  ly  - ‘ m - - - I nf l  - I i n~ am -I any 1 - 1 - i s elm - - r i d  e’nul 1

m - - r i m i t i l - tie c - n - - i - : - - r -  - in- -’ , - - r  - A - j i , m’lo w )’ni:i , of t in - - m mm :m m ct is n!nowni

F m :  F f i ~ur - - ~~~. in -  n -  in c i : - : -  d i m L y  no d - - b n i e ;  gen ~- m n - m i t e 3  - i t  the  ~nt: -i( s i t — -:: .

T h i s  m n - m ni - - I - - m m  r - m i ; f  t t i n - -  i- - i t t  f or -  t i n - - S f n n i : i r -  i nnc~.mi ’ t on ATJS

ft  ~ ; : F t c m  sin -~~~:. ~r . hi ,- : : - -  ‘m . I’ was ~fn r - e -  e ’ , m c  I u d - -’l that tfcm r rn in rio

r n -  w i r e n con tm r 1 , : : . ::. n - h e  n- in- - ; - - r - - t  F - r i :  n i u m n e s .

n- r ,or: - -j i : n : - - m , : m - m t j n - i - - -it H: - , -t , T. , wa-n calculated from t in - ’ sta r d —

- I :  d m s -c - n , A , i t  nin- - in; -m ‘ - - - 1 : , ’ I o n  each - -l r - ’ nn - a: follow::

p
( 1 2 )

5 00 9 .

/ ~~~ p 2 I t  .~~~~~~~~~~ , in,  tb-mi nho’:k !i ’.’- -r -i~-n ived  from normal n h o c 2

r - ~l a ti - : , . in real  - i - ,~~ t I -- mean-jr --i ‘-I-~’-h number , and , D , t i n e  ir , it i a l  dna:-

d i  n’ -: , was rn-- -i - u r - ~-~ Ic-n m a p-c--n inn - : j e t  : F : O n t - n w gr a : - i n . The Weber number for

-:- --ich Fm - - was c-:m f-eeinl m t ’ ’ i  f r - - n-i L ’: -j a ”i’:r: (1).

u . 2 . l  in) — 100 urn Diamet - -r Draclet Impacts

Th in ’  lot - m mi Li n-c irn:octs obta I n-nd on 90 — 100 pin dro plets are

-t o l l -  -n t- -I I: T,mtit ’, 2. Tb - - f - - e r ’ ant reduced ; a r ar n et e n n  are the  W-nher- number

in , - ! m - -  m e n d  mn - m Lr: --:ier ml tic .- m t  — i n - - - t .  The oh ’n e r v m i t  ion, of ion-oct debris is

i n  :d f-c r e a ch  F: 

The d i n - a  rj n-C : n- - - - - - m c  ‘ - - i c r - i : - I i i c a l i -,’ in Fi gure ~ which shows the

I in-en : Local Fr - - of in: -mi ’-~ c L — t n - - ’d is t he We t er number for each ob -:- - , r v —

able --Fret: . Each CF ; - t  r of - H t s  o n - i n - in m n - , :  fr -n- rn a t -- irtl c u J -it- shot . The

closed - ym tnln : - - : r - - - -nnt j’ n - L- i~~n-~ in - which inn --not :1-ben -is was d r-an y ob-

- :nr ’zo d , the n m ‘en . c o t - F  s i  ‘- ~ F fy no ‘i - - t en -t ab le  - -i~~F n n i n  -i t  r -  1rn in - :  sit-- ,

mini - i  t l -
~ - h a l f— c l on e - i  n~nrni~,r,l3 F-crate to t etS ifl w: :; ch -let’ni , i f  :r~ :r-r.n- in

only ~un t — I t- - cf n - t ie. The c r a n e  shown in t in - - f i n - u n ’  i - p r  : :t : - t yp ica l

error bars tn- n ti’n’- an - I W- h-- --r - m , ’nmt -- mr .

The solid line :e; r on- : the breakup tim’- obtained front n - c - v i e - -un

c cr r o i at i~ r n. r ( 1)  
md I - p i v e n  by h- -pn -mi t i i - n ( 11) .

T Q 1/ 2 - n - .w , . 114 
. (13)

b m

F nr shot - t: ~ 
“ - - nn’irnb -r v~ r i - - - l  f t  s n x  - - , l b cmU t 53n.  Over t h i n

m imi I :  , - m r : I - ’ - r r ’ - ~~ r-~~ i n  iv ely  : c i t  m t  an d .  f r - ’nt R m n i m , - ’ c k - - , et al.

- m m v - i  L i i  

(14)m
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3 4 . i  0 . 4 0. . . i t n  - - - ‘~~ , 5.~ 7 0 :_ I t_ I  I mm - ‘en 2. ’ C

m t .m ~- 7  ~~
5 ‘- 0 -  .~.vC-

. 7 -  ‘o ~. t,i 1~~I O~ m 0’ 1 7 .5 ‘I  7 0 -  i C
-m n-n .- - , - no?

3 m - 57 ~6 _ . ‘~~- 7 . : -  -, —
-, . 5 . m . 7C Z,~
A _ - __ li/C~

3 _ - :  --ic t e n  i : :  9, 4 3 .5  5 .0 7e- - ’ , O ~~ I 02 / 1 . 5  3 . 3 5  2 . e t
2 ‘ . 7  3 . 9 3  i i ,  no
o ~c i n . ? . 7 t  3 . 17 nO
4 ‘5 4 7 1 3 . 2 ?  nO
5 -- 1- a . -; 3 , 9 1  3 .3 9 nO
6 -

~- ‘ n ’ ’  307-  3.00 9
8 ; - , ,  98

3752 00 3 . 0 0  2 . ’, 8. ’ 3 .9 3 . 1 5 .~~ t ’ t t ~~ I 9?, ‘c-., ? . - ‘ 2 . 3 2  yen
2 82 S I n -  nor  j o  yes
3 8/  3 3 . 5  l ii, 2 .4. yea
Avg.  05

30-2 ~ , m n :  2. 95 8 . 3  7 .5  4 . 5 m . m m . I O ~~ I 3 0 ? - ? . 6  m c -  2 . 2 1  yen
2 l i i  ‘- 5 . 15 9 . t n  2 . 7 8  yes
3 I I I  5 6 . 3  3 , 715 2 . 2 8  yeS
6 ; , .  1 1 0

3768 n - , 4 0 . 3 5  3 .97  1 . 4 9. 1 3 . 6  3 7 C ~~ 0~~ I 90 m6-c~ . - . i . i  .07 yes
2 9’  7 3 . 6 1 . 77 1 . 1 4  yes
5 9 1  7 0 . 5  1 ,60  1 ,0 5  yes
Avg . 91

3769 ~ , 7, ’. 2 . 1 5  8.0 3 , 3  5 , 9  7 . 6 S m I O ~~ I ISO 0-0- 3 , 2 1  2 . 4 7  yes
2 10 1 62.6  3 . 4 9  2 . 0 5
3 102 St .7 3, 59 ‘ m t
Aag . 1 0 1

3775 :5 -5 a t ”  3 . 92 1 1 , 4 9.0 5. 4 3.  S t m I O 2 I 7~~ 815. 4 1 . 31 i .e
2 mY e . 4 I . 75  I - tm
3 75 v~-; . 4 . 115 1 . 7 1  yns
4 15’- 4 1 . 8 1  I - ‘ f  yes
5 7’- 85 . 4 1 . 65 I n - I  yes
Avg . 75

3437”  am’ 0 ’ S  3 . 3 7  9 2  80 3 , 7  5 . ( m gm,13 2 I 9 47 . 4 i . 9’ 1 , 1 8  no
Qm 4 1 . 5 2 . 1 6  1 , 3 2  no

3 9 ’  4 3 . ’ 2 . 1 8  .28 no
4 —7 4 3 . 3 7 . 3 /  I 1; ‘C
5 tO t 4 - . I  2 . 49 1 . 40 no
Av g . a ]

0, nC%C ’ ip ’aC a% P ‘ nv ~~0I  v~~- n - t~~in) ~~~~ V’ .SmO e i)~ - n — s g - l . . S S I C  -
p ’ -~ ‘- - - ‘- v n m . .C v - - ‘

P - ‘ - - - I - a , I v - . ’ - i c . n m I  I :  at  m mn p -x m
P, a m r  ic ’ s - ’ , so - - I som e

• dr- t I .’  4 I ’ —  ‘ - ‘ - S  0 , a ver age ussd 
I. i, ;’ _ 
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Fi gure 9. The nondirn~-n-:ional time at impact versus Weber number
for 9’ - 100 pm diameter droplets. The solid symbols
Lndicate in fan ts in which debris was — -n - -n -mi t -md and th-:-
open symbols indicate in’,: - -me ts in which mo o debris was
observed .

20

_ _ _ _ _ _ _ _ _ _  _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~~~~~~~~



- ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 
- -‘ -

~~

b u t-nt i tu t i o n  Into Equation (13) ~cmn-i i I--

T
b 

39We ~~~~~ (15)

and t t is- in p lot ted in Fi gure ‘1 .

The data n-how a region in wl iic l. impact del -n -is i: d ’t f  !n , I t m  F y  ob-

served and ‘mrccnion occurs , a transition region , and a region wI - ct - - F’ bri~n- in

-Ictimni tely not o H m - m r - v - m d .  The correlative breakup t i m -~ falls in the tr”ansi—

tion n- e-n)imn n w i t h i n  th e  uncertainty it; t h 4  correlat ion and the data.

4 . 2 .2  35 - 40 .mmmo Diameter  Droplet Imp acts

A shadowgraph of a typical 35 - 40 pin diameter droplet impact wI ld ,

produced debris i~ t shown in Figure 10. A shadowgraph from a shot which did

not n-r~n-iuc , - ‘i-tin e in shown in Figure 11.

The data for all the impacts on 35 - 40 pm diameter droplet : are

collected in Table 3. The Weber numbers for nondimnensional time at impact

were calculated for each droplet and recorded in the table. In addition ,

the observation of impact debris is noted.

The data are presented graphically in Figure 12 which shows non-

dimensional time at impact plotted versus tIne Weber number for each

observable droplet. The closed symbols represent impacts in which imp.mi -:t

debris was observed , the open symbols signify no detectable debris at the

irn-nact site and the half closed symbols denote impacts in which debris , if

present , is only marginally detectable .

The solid line represents the breakup time obtained from previous

correlations as described for 90 - 100 pm diameter droplets. The range of

Mach numbers was the same for the 35 - 40 ~m diameter droplets as it was for

the 90 - 100 p~ m diameter droplets , so the correlation is identical;

T
b 

39We 1 /4. 
- 

(16)

The nondimensional time to breakup is predicted to depend only on Weber

numbers, and not explicitly on droplet diameter .

The data show a region in , which debris in: clearly observed , a

t r ans i t i on  region and a region in w I ,i - ’i, debris is not observed . The pre-

dicted breakup time fall :- in ~ i : h i m ,  5 1 , .  t r - ,n , Njon zone the uncertainty in

the correlation and the - I - m m - i .
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Fi gure 10. A shadowgraph showing impact debris produced by the  impact
of 35 - 40 pm diameter droplets on ATJS graphite.
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35 4O~~m DIA DROPLETS

5.0 -

4.0 -

~~ 3.0 ~~~~~~

— - 

20 
— 

40 60 80 ~DO
WEBER NO. (IO~~~)

Fi 1- - u r-e 12 . l I e  n o n d in men sion a l  t im e  at impact versus Weber numb er
for 35 — 40 pm d i am eter drople t s .  The o~ - - - m m  - - - -,~m l - ’ 1e r s - ~ t -  mmi t
impact :  in w h i - -h  no d in , is wmi: nr- -’-r- v --d. The closed symbols
r epr -r - m-; c - m i t  impact . ;  Itj which debri : was observed and the half-
closed myminol ni r ” e p r e - m ’ - r I t  i mp a c t : ;  it1 which :1 - -i-i-i - was emi l v
marg inally ,l, —t - - t -  t-ah l e.
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4 . b . 3 25 — 30 pm D ii n n ; - - t - - m - fmo ~op l e t  I r mi :- - mct .

1 11 - l , - ~~t - - - -md - 25 — 30 pm d H n m : - - t - - r -  ti n - o n - l e t s  Sen’ ob ta ined .

A t ,’~- i - : - 4 1  m ; m - b ; w ’ r -  ~ph i n  in— ,wm , ir ~ F j , ’ u r — -  13. Be-naune of the  small droplet

i s -  - t  , : n  :1 di- t - m m : -  - - -  ,f t h ’c  In -n -w shock ha d to be reduced to  low

- ~~~ -ti~~.-~ : :1 t 2 ) t n - - i 1~ m l  t in - - - at 1— ic t  at which  impact debris

H - c t - - F .  The mio: - : ’ t  in- n- - i - i f  u S-n -n ;  reduced to armt .m- o ~, im n - ; t e l y 9 mm

t m - - v e l o c i ty  wu i:i~~r - - - o  - - - -F t -~- ~boyc- P .5 km/s. H- :m -ite tlmr- nt~~ e f fo r t s ,

no n-i-i - -r~,du- i n n  n- I t s w - r- - -
_ c ;ti :- ,‘ -  -

lb.- - imitu for  all r h - 1 ch at s  on 25 — 30 pm diamm ict ’,r- droplets are

cot L- -d t en± in T mi, le l4~~ 4 - - I -- n - r;um nir ’-r and nondiinensional t ime at impact wer.2-

:-n -~~m ul -ted for each dr- nl- ~t.

The data ar ’- : - n  ~~ ; -  - m t  ed gr aphical ly  in Fi gure 114 which  shows t he

n:or,-Jtm em,o tonal t ime i t  impact v er -su 2n ; the  Weber number for each observable

-nit n- : I t .  In n-n can-n- was ni’n h n i u  posit ively iden t i f i ed .

The solid u n-n indic -:t -; the predicted droplet breakup t in ’-  from

mccc-  lat ionn:~~~ and in i de n t i c a l  to that  for 35 — 40 pm and 90 — 100 pm

nl iam”ter droplets ;

T d 39We~~~~~. ( 17)

The co r re la t ion  predicts  that debris should have been produced at a number

of the impact sites . However, the uncertainties in the 25 - 30 pm diameter

droplet data i n d i c a t e  t o - - disagreement with the predicted value is not

si g n i f i c a n t .

There were a number of experimental d i f f i c u l t i e s  encountered w i t h

the 25 - 30 pm diameter droplets. The stream was not stable and tended to

move about erratically in space . The exact position of the dro~-l- :-ts at

impact w i th  respect to project i le  t ra jectory was therefore  not known very

well. The impact of such small droplets might be expected~ to produce only

small amounts of debris which would be d i f f i c u l t  to detect .  The magnitudes

of a number of these factors will be examined in the following sec t ions .

4 .3  EXPERIMENTAL UNCERTAINTIES AND ERRORS

Droplet breakup and impact damage threats are characterized in terms of

the nondimensional time at impact (T) and the Weber number (We). The effects

of experimental and measurement errors in th v ” s -” quantities were examined.
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F i gure 13. A shadowgraoh of the encounter  of an ATJS rr~~ - ‘:ile
wi th 25 — 30 pm droplets .
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TAB LE P . 25-30 pm I I A f t E T E R  WATER DROPLET IMPACTS

- I 1 9 ~~m ~~ ~ ~~~~~ i~r’,_ : . ~. - .~ m O  ‘-p4; 1 TI I”- p- m-n I I i--’,s i
0’- ~l i v . / -. I I .  — -  . ,_

~
-- - s i  I~

1’ I / _ i  0.~~ 4 . 0 2. 5 mm . - ’ ‘- . ~~~~~~~~~~~~ 5 - - .  ;. - m 4.00
I I I  4 . - 60

-4 2,., (0 4 . . ’

-n ;-:‘ 2.- . - . - - - -  -- -
/ - - - ~-1 - - - - - - — -  ~0

:2.-i - - - -  - - -  so

I i  - ‘ 2 1 / m  — — — ‘  — — —- no
4 .1’ / 2 1  — — — —  — — — ‘  ‘0

: 5 ’  23 .0  1 , 2 9  n o
.0 - - . 25 3 .5 3  no
2 2 2 1 .C - ./5 3 s 7  no
.0 . . - ‘ .  n . v m  5,.

- - • 2m , -.i .25 3 .63
2’. - 21— , 1./i 303 50
p - : -  24

mm-)? 9,9 5,33 40’, 1 0 0  9 . 5  3 .8  6, - ’ . .I 2 ’. 7- ’ 29 ,0 2.24 ~- .-4
2I  - - . 29 .0 2 . I 9  5 .03 so
22 ~~ 79 .0 7,11 4 .- ’ . ‘vs

20 29.0 2.09 40- 7 so
24 7~ 29 ,0 7 ,04 4 .153 ‘0
25 2 ’  2 9 ,0  2 ,0 1 8 .62 so
0 - - .  29 ,0  -6 ~0
27 - - .  25 .7 .90 4 .~ 6 no
79 - .  2 1 . 7 . 92  4 .36  so
25 2 ’  23 . 7 - .36 4 , 27  no
7 :‘‘ .0.7 1.85 ‘.25 no

3 1  ; - . 29.0 .4 4  4 . 03  nO
32 - - . 29 ,0 1,80 4,~~3 no
33 20 29,0 I t O  4, 13 no
34 10 29,0 .79 4,11 no
3’ . .0’ 29 .0 .78  4 ,08 no
36 0’ 29 .0 i , 78 4 .06

- 29 .0 1 .76 4 .0 no
78 - . ‘ 29 .0 1,76 4 .04 son mi - t ’  .~5 . O . 7 6 4 .0,1 154
i , - . 27

m o O  1 .3 0, 33 4 .21 12 .2 9,4 3, 7 s 0.l’.° 7 n’ 21 ,9 1,27 3 .22 “0
- 5 ’  21 .9 1 ,28 3 ,25 no

‘I . 4 ’  2 1 . 9 ‘ 2 9  5 ,2 e no
2 24’ 2 I . -~ .29 0 .24 no
3 7-1 ’ 21 .9 I .24 3 .I5 no
4 21.9 1 . 1 5  v .;2 no

‘0 . 1 ’  21 ,9 1 . 1 2  2 .3 0 no
6 ~0 210 1 .07 2 . ’? no

17 /4’ 21.8 1.00 2,54 no
3 1 - ’ ’  21 .9 .00 2.542 -e
7 ~.0 21 ,3 C .98 2.49 no

:3 2 4 ’  2 1 . 9  0 .9 6  204 ‘vs
II 24 ’  2 1 . 9  0 , 9 I  2 ,51 no
0 ; 1’ 2 1 . 9  0.91 2,31 no
:3 1- : ’  2 1 . -? 0 , 9 1  2.3 no
14 2m .7 0.91 2 .3 ’ no

5’OSe ti p rlm ll u S P1 J e 0 ’ 4 - o ~~0y
~~ r~ nqe presom ,se 0,. I -  ~pl .0 i n l ~~i , I  - ml . 

p r o j e c t I l e  v 5 l - ; i t y  0 trcso sS -c’. eDnI ‘ .  np’,’
--n- - 1 / i t  r;n ’, T -e- - 5 ’ s .  -~~~I~

-.n 5  ‘ - ‘ ~~
p, . , : -  10 - / i t )  ~vh U - .i / n-5/A

• m r cml ot .ii m -- , ’ t r r  not n ” , s u s - l , h ip  - 00 u - ’, ,
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Figure 114. Non-dimensionn i time-at-impact versus Weber number
for 2 5— 30 pm diameter  droplets .
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In i F - I t t i - : m r m , ‘~~
- - e r ;~~~ v t .’ am tin - 3 c m  m -  -,,- n n .lntt: - — i t .  - - - l i  m O l  ,n - m m m 4 —

-‘ f _ m~ t i n ’ -  d€s t t -  ‘ t n - l i  -~~~ F - . r -  - L u m m i - -n;  S - i  r - - - 4t- -d.

m _ - - 7 7  - :m. - - m , :

A 0 0 : .c - - m  of t s . a r d m n ’ - t - - n n  -. 1 - - n -  n : i , - .s . u n - s rl - J o -  i n -  ‘saoh i t ; - t

m m .  - I il~~~~~~~~~~~- - t le ‘/- I OH ’/’/ , Fm - - -t  d i m: - n - - t 0 r- D , - i n - i  °h ’ o n c~
0

on : -L ;~~~m 7. 0- i t  m m . - ~:ot o : T h.; - A .  Tin- -n ~er t m - n .  of on-j e n n y ,

at- - - - i ,  n ’ mm i e-.- -s lt I m t e d .

e . 3 . i .l  Proj ‘ i l - n -  7- I s-lit . T i — - o r o -  - : i . -  v e i c o t y  mm-i -- 3 -  m e n - m n ; i m m e d  I - ,’

0 b c ’  t i n - -  t i m _ I - - - i L . : - ’ 5~- ’ mm - n two li -- c - l~’s~n-~at : gg~n-r ’ S t - j t i o r m s n . The

~i m m t j . , ’n b -0~~- - f l  m i . - Ia o- b-:omo. -a m - : 15 - m m , ic - i n- m o-. — i u n - - -.F tn ±0.1 cm (one

i a _ s s - - n - -- --n- ~
- -

~~
- ) .  The ‘ nm: - oF  L g h~ -.- -o ~~~

- - - -
~~ 

-.-.- : ~~
- a 10 mhz cmnu n - ,t er

s F . m 1  mi r- o lu t -:mm a t  1.1 ps. T-jtnical 1 n .-  - .F flight b-- ,oo€semm the

t m~ I O n  s m .  7 -I p m m .  Tin n- n s : o o 1 : : : n n s , - o  L O I n  -a d S of t i - - orde r of

l I m m I  t i n -  - .~~ :~ t m - -  t I n -  r n a  - . - :0 ‘.2d5 of • order n-f 0.1%. Tin - -n- - - —

c- , - - n o - .-: i n t : ,~ v e lu c ; ’ y 21 - mm :

t v / v  o . t - ’.. ( 18)

— . 3.1.1 ~ro :-l-~t li m 3 m l -  1- - n - . Dc-aol- n-I d iu m m i et-nrs - w-~r--n t on -~ or-- I f r-cm a 1-ho ta—

‘.:ra~ - m n _ :iega t iv ’.- o~; t m i j r - - d f r n - n  - m ~- -m rk c F - -mm ’i ow ar - .n cam -ru os~:-c -c-:im -nt -~1.-,-

50 on DeL t o  i11e o n E - a c t -  The :t ~m n n i f  -~~~ : - n-~ of i t o  -77 mm -n-a

~~~~t -~n m m n ~. -no t niim ; - --m b ,’ i . - t - -n-~ m - .- ; liin- c’ ~~ m - : Ronn -stni m t i H m n .  The magni—

Sass  ty:- i -: -n - l ly  - . - f  t in..- nrnI s~r of m: 1. F- - - - :  - -  i ted  measur- -mer . r  of the

: -mi lib : - -.-t i n - s  : . n - n - 4t  ~ie e s t - m m F - l i n i n a - d  the m a g n i f i - : a t in n  to n- t t . - - r -  ~ sn 1%. Mom - m t

o f the -n- c -ron- n involved in nm- ~ .unim sg dropl~~t L m m n - n t m s r a  an - - fm -rn t in .-

A r c i n g  of edges of t i e  droplet i m m s m h - - on the  I 1::i . Mult I: 1 a- -a n n u m -

of  dro1 -J i -mm n-nt-m r by a s l o g_ n-- o n - m r - s I c-c- :n r-:nd -i- - - 1  m -- --e - i ings  w I t in -  v - i c - i - S t i t s : , - ; of

t h e  order -  of 2%. ~a-.-;- :v- r, at ; - 01r- - -a t7  at s Dy di fr--r ~-nt o - m -  m a~ - - and /or a t

dli f- n-t nt t i m - s m ;  produced larger :1 , i a t i - ’ m i  t a n  ~‘-li o - i m  - t able  t -  t ine

I i t  F i cu lty  of i nt erp r et  ing t in ’  locat n - rn - -n t ho i n  - :  - - - i g i - . T in - 1 accuracy

c~f tin-n rnms;In. ur-emmn nit of droplet - I i - m m r n s- t m  - wan- . th-:r’-f or n n i a e -d I ‘.rg-n-lv by

- qua iL ,  of t i n - -  c-mime r--i e; t i~ and t i n -  f i  In r- - - - :- ;~~ I 7-n .. A ; m i m  m~g t h e

f i lm/ -n - sm- n - -I nyc n-n - rn was - i ;  n oximate iy  20 1 17 ~- m l  - ,  t h-n  c- ;ol sit m~ in droplet

— l s - i m ’ - t - r wou ld be ‘1 io n - . Th . was c o n e m c t - - r o  w i t h  t h -  obas-s m v t  ions - - f

— ut-- rn - - n t  v /n i l ~~ ; 5 - 1 t . - t  d i . m m - - m - - r - .  The - - m n - - : -  H . t l r -- -n- n t r - t d :arn,-o - nr

w in. t m m m r , f - n n :
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t i  S c: , (l~)0

- - : : - - : - m - ‘ - 
— : -J n -n , : - I ‘ - ‘ r- - - - - .

-~~. 3 . i .  I b in-on -k ~ m mm ,  5 m m  f~- t n r c - - . T n , -~ nond n . j onal  t ime at i -sct is

: c l m ~t - ~ t o  o h - n- h o c k  m - m r n - J a f ~ :3  m - m O , : - -  a t  t i ne  irn; -ac t location . Tine s h oce

.mt m.m- 0 F : - : ‘ o n -  - a-n - mea .  - nm - - - n -  f r t , r n  the 1-m - sen / rn i  ‘mn-an eec- - c n - n e r o  i n o t o g r  n 5 S.

The ~~~~~~~~ : : 3 ion of t Io  - n - m m - - n . m  sy - :t - t r r  sam: ohtai :o-t i  m y  - F m 0 0 0 gr d i i if lg  a sn e—

ci- sie m ; m - n:,:-m.i n uli n g and rn- mo uni ni g thy- r u l i n g  spac irm g on the :n - i -: a t o g r m i m h .

k , :  s : t  - 1  ~~~~~~~~~~~ ~t ~-f  t i n e  m a g n i f i - : - s t  i nn- os indicated an accuracy of tb~’. on-d am

ef 0. Li. T i - - t m mncm.ii inn -dIj o n  w-i~ typ ica l ly 20:1.

tt.:iacmnn.:f dLntam ,o-n -s W- :P ’n- t-~m L--nn - Il -~ tn -f the order of 1 mm and
mm c- c m -- d on tm ~ film a-.- 23 mm . The -ti n -n - inc-on on t i n -n- flit could  r e a d i l y  be

me c nn-o r ’n - d to  w i -tLIm 0.5 mm . The -icscurenv of shock stando f f d i s t an c e  measure-

ments -a-c- : t h e n - n - f - s i - - n  - n o n - o n - i  i-n y-- n-I to be t ine n -urn of the magni f ica t ion  and

.n- an -u c - -n- nm n-n - m 1 - - c r a y - . ;

3%. (20)

P .3.2 3 - n - m i - i - H  Parameter -s

A a-n- rb -n c- of :nar- - smm ieto rs sen--n- mi en ived from r-nimary da ta or obtained

fr - n -t i  L - m i O~lL n - -aCn - , i m , e - n u c i i n g  Mach number , air densi ty, drop le t  dens i ty  arm d

dn a: ~-t  surface  t e n c i o m ; .  Possible errors in -n- -act, of these parameters were

0 . 3 . 2 . 1  Mast. N u m b e r .  The Mach number was ssbt n-ined by dividing the pro-

Lot I I - - velocity by t in e sound speed of t o ne a i r .  The sound speed of air was

- n at a L - n -i f morn t in -n  H an dbook of A~ : lit - I Engineer ing science ( 6 )  for a tempera-

t i n - -- of 295°K was 3144 m/s. The range was p a r t ia l ly  evacuated for each shot ,

mon - st -v r , sound 5;: ee-J is independent of pressure over the range tested

(0.33 to 0 .67  a t m ) .  The range was evacuated at constant tenmin - ’-ratume ; how-
- - ‘,- -r , room temperature  v a n - i - n d  e r ra t ica l ly  between about  290 °K and 300°K.

The r e s u l t i n g  sound velocit ies varied from 341 rn/s to 347 m/s~ This uncer-

tainty together with tt.-.- error in vtnitn cit - ; measurement r e nu l t o in an error

of t}- e Mach number o f :

1.5%. (21)

~Handbook of A~ rnl ied Engineer ing Science, 1st Edition , Chemical  Rubber
nn- -ffl t omciy , Clevelssod , 1970

31

— — - — - - - ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~ m — ~~~—— ~~~ -— 
- 

~~~ 
- —



~ 
~~~~~‘ 

- - 

I

4 . 3 . 2 . _  Thank in.o,-- m - -~ :c D~ ni Lv . ~~~ -j i m  - 1 - - ’ . - i n - , r a n  1: - i - m ine - n - ; --

~- - - t i 1- - m i , e . f S- m o ~ in t  m l - - - - :  F m - - n- ; r h - a - t n  f - n -  i s: ; ;  ‘ - ‘ L - S m n - . - f , t m m n i ’ s s b  H ,

k - - f ’ r- - n n - - ;  7 . ‘ I F - -s; ’- -ss ’ , t 1 - ~ ‘ F - - m  i n - - n  M i t  r i n d  n - - n  a r t -I f r . n - - o — a ~~r -m ’ -n-m

p r -  - - - i c - - . T~i me i d i n i g  m c os u r .s r: y I c - -n -rn O O e  - . m , -.r 0 -a.~ - - e ‘ 1 m m ; - ’ - I to  h- .-f the

- 1 .  The - c m - -c  in  t l m l s  n umber -  must  i n - - -  -n - t l oI- n- :l to Im m i . - , So ‘ ‘  - - t o t i l

I- -r i  - - r - i t i o  - - : o i m : - , t - - - F  to h m n- 1.5 %.

no - 0 ~ m m m  h eck i n m y c o -  :I - -m; ~~ity a l s o  am i s - - f r -  rn - - c - c - ’- -o - - i n ,  fr- - e—
‘ n- - i nn ; -I -s mt ~ icy . tin ’- fr--o- —c tm- - - ,imn I r . mom i ty  I - -  calc u lated j o i n - r n  o mb - -at  d e n s i ty

U :; I n n -  th -m nm , - - .1 em - - - -F . m ~r --  c r - a .  s a t i n - .- . T in - -- ambient  dens i :1 v- i n  i - n- w i t h  mmm ; I-  i - - m i t

‘ - -at .  - - m  i n  - , a m I i . -~‘ mc I -  fr -o ’c , 290°K t o  300 °K . The r e s u l t  ing v sr i  et ionm ‘n-f

mm s L - - s ; t  l e n i n - i  ‘ . - : x t -  n~ i - s s~F f m - -n m 1 .22 k g/rn 3 to 1.18 k g /rn 3 —— : m  Ut 2% f n-on: , th e

-i-a l a -n -  c-n 1.20 - as , :  I ,  -mm mc u : -  -~i for -  m . i t - : i ln t t ions .

i n - ,  m - n - ag ’s s- i:; - v :m c ua t ’-d  at -n c - n m -nt im n t tn -- rn m e’ - - ature . The range 

- - - - i c - -n - sm m 5 ont - - m : - ; n - - -J , i n n  1 t h e  fre ’-- — ; tr - ’-- -ani  dens it y  ;-:~ ;- - - i  l ou  I - n - t e d  fr -or - i  the

-ic-FL -  st  : - r - - s nur-~. and - I - c : : c y  . Etc-mars 3n range tr ’- n- n sur -n - mi- ~-i 0- u c-omen t are

they - c  fnn -re r - e f l e  m t - -i i n ;  t i n e  f r - e e — s ~~re-.-n - i - s -mi : ,  i t y .  The ~- c -~-c---ure was measured

to 0 .01 , r m:; , c - i n - a l t  f m - p in an --r n - - n c-f aD -n -t o t 2i.- for  a mn , n - -an v l u ~ 0.5 atm.

The shock - l -n - : . s i t n - ’  n-i t 3 - : -mi l so var  led w i t h  shock n - a p i - - . Tis~- sm o ck fr-en- I wan

normal only - : - - -~r t in e m n - p m ; m t  i- -s m. reg i- -
~ n-n-f I i i ’ -  p r o ; e et i l e .  Away Im--niat tine

- t - n - o m s n t i : n - n  o n - n - i o n  t i n e  shock - - mmom - a l - I  i o u — - but  c - c o s m i c - n - mI :tc - tas- . The m m : n i —

mum ;:inonn k :m ng lc- obser - ’.’ 2 i n t i n - n -  impact  r~ - g  n Sri. :  a l . n - it 150 . The -n - f L :  I

of thin- ot~~i lity on n - L r  J .-tn slt -,- - 5 t j j e  t i _ _ n.- - O n - c c - t I: ~- m; m n - n - I  n - n cn n - s  a r t

-:~~~ima t e d .  Ti ; - on e  - n - -c c all acid , t -.n- n-r evile •mt i S:mn - ;lrn rn -i t- - - - - o r - - a  in

m o-a k 1-n-yen b asin - - of

r 0- . ( 2 2 )

4 . 3 . 2 . 3  Dr-o p i- .- t  3,:~ ;~ i t y .  Th n --  - J r -nc - i t 3- - m i - itv mm — on:- take-n as 1000 kg/rn3.

t in e den t i m - .- ~f - a n - t e n  -n - ’: c-n- em t m - s - - n  i t - i o n - - . The - r - c - - : r  i n s  t hL ,  - i - i l - n e  was rn -—

p a r - l i - I  to h’~ nm s t ’ L - - i s  le.

14.3.2.14 Pr-n: l- -’ P u o - f r m c - -  T c-ns ~LI n .  The r u t - fa ce  t - ;r , - s l - - :  o f w m t - -c - was

c-ho . : ineol from the  Handbook 6 and at ?Ot - °K I - 0.0725 N/rn. Over the  r n-tic ” : - i f

- - mrit L - s n t  t emperatures (2 90 —3 00° l< ) , t I n .  :- ; m r f n - r - -. t -  s ; f a r m  van -cl f r e o n  0 . 0 7 3 2  tO

u .0 717 11/rn , a - - i - - -- .-- i r m n  ion r n - f :

iSc i /-n i On- . (2fl
9 . 9 ,

7 L ’ - w i - . , H.  and B inges : , E .  5 5 .  • “ t~ !- , i :  - - - - f  N- - nit-n-I Check Pro l-n-c ni -
Ir on c - f O o t  A ir ” , AEDC—TDR— 64—’43, i_ lip .
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D i a i l S - n - d  .-~. t - - c a n  , n - m c m n - l o V ’-n - m I  so i a~ - n F - - - ,  - n - f  i m l un i t . - on n - t i c - r a e ’ -  0-an ion

.1mm: ;~~~ - F  m . - L  a i :~t i t - l e .

- r .  3 . 3  m.- - - ‘ i - - - - - - :  n- - h u t - d 1)- i ’ m

T im - -c - I m o n . m r - - ~ i f l n - i  I - t ~l -e - i dat i -r - - collected from U — ii op

- m n  m , 3 c , ; .s o r - -  m - i I n - ; jm i  l i m  D m I ~ !n - 5. TIme c u m u l a t i v - -  e f f e c t s  of tines -- - error n-

- - i i  t h e  c c  I s - -i - j u i : n -  I n  i - -nc of’ d m ; i ~i m : - - - n -  ar id n ’ n n i di nm t- ni ::ior -~l t ime w a-c - t h i n ;

i- - n ermin e l  m y - m - : ; I i c m g  m D - -  m ;  5 ~
- - , c - i  o t - -  v -olues n - f r - a n n  T-~ F - l - - a. The results are

~;i p t  m y - -  I in T n - iF ; 15:  6.

T i  i i  e m - c - c m i - n - i  - n - c  w ; in u i gur~-:; 9 , 12 , mmc d 14. The corre—

l .ii t ly e - ci c t i -n m n -of - - I - - n - k - i -  m n d y  l ies  w i t h i n  t i m- - unc- -rtar nt ’/ in

tn on - - I . m t a .

4 . 3 .4  UL ;e~~’i i m  In - r n Un -- ct iintics

l ine n -c - a m —  a co n d i t i o n  u m t - I - - r  a in tm -act :,  could -oceto c- and debris ,

a Im - n - 5 : .  j n - P C O . e h t  , 0 0 - 1 ) - I m t  be - inn - c - -ctcd . If th~ li mit n-c tsn- ---ccu r-r- --d beyond t h e  

- : ~~~ - m  a sp h e rl i a l  r ;nl. ;- n- t i i . ,  ti -n - ir s ;~ oc t C it e  became unobservable to the

si n- s - 5 -  a .  m i -  - , on i - - r  - m.  The c o l m I i t i n m , . ; m m - . I l lus ’ r - a t - d in F i t - u n -n -  15. In

- ,  c-tn-nerve t i e i :n l . - a o t  i n  - I - , t he  i - i n c - i  - ~ lumne m u n - t  b -n- longer than  the

sh l e l - i - n - . i  - t in - s tance.

The mi i-- l i - -i dL.ti c ;cc- . S c ,  is a func t ion  of t i n -  -~t f -c e n ter  d m n -~ lace—

0.- m i t  , y of I l - - - dn t n c n l e t c  at I mm m ;~ m c -t  . an d than-’ be -- x ;- o- r n--ss~’d t i - i - mn of t E e

rios a m 1 p c - - m II;;. , R,
1~ ,

x = - ( R
N
2 - .,2 )

l/ 2  
(in -)

Four- noseti jn- m lii sec--n- used ; 9.1 mm , 12.7 mm , 25.4 mm and (flat). The

sh i n -  Ided dis tance versu n-  of f -center  displacement is shown plotted in

Figure L- . For the f l a t  noseti ps the shielded distance g iven by Equat ion

( 2 4 )  in ,  Z,scO .

1m . 3 .4 . l  Off--C’n rmt --r Olin -placements .  There c m 5~ - - two sources of o f f - cen t e r

d i n p 1 - i r : - :mn ~’ m i t s : pr- -j cno t ile f l y - o f f  and , irmn -~ ie t  st ream placement . The drop—

lets were located w i t h  respect to a f iduc ia l  s ir - - which  was accurately

1 -s )nsd t sJ t n - less t han  0 . 5  mm from t n a j e - t t t r y . The 90 — 100 pm and 35 - 40 pm

diameter r l r - 1- U- t  .-;t i- - n,m m ;m were stable and r- -t -na in i - .l in the set location

i n m d m - f i n i i t e l v .  The 25 — 30 pm d i ~ m m . i  , - s . - t r- -omn was r,-l . m t i v ’ . Iv  uns tab le , and

moved e r r a t i c a l l y  m r-mund I D - -  set to m I t  i on  u j -  t - n- 1 mm el f  t r a j - -~-~~ - m - ~- .

II

33



—~~~~~ ,--~~
,—_.---- -

~~~ ~~~~~~ , . -. . — - -  — - -
~~~

-—
~~~~~~~~~ ~~~~~ 

- 
. vm m~’~ -~~ ‘ — 

‘
~~~~~ 

— - — -‘—
~~~~~~~~~~~~~~

- “
~

TA3LE 5. ESTI M ATE D DATA ERRO r S

F c i t , i t o - I

P- . m r - n i r n - - U - r -  
— 

- 

( e n - )

velocity (v) 0.5

I m o:- I - - c -I  i. - i m ; - t e m  (0
- 0

P1-100 pm di n - in n - r 5.0

31-n -c )  n-mn d m m : m - t.- - o -  13 .5

2 5 — 0 ~) n -n ’s - I i  m n ’  -s n -  18.5

..-i;on-mk t - ini I n - i f  (A) 3.0

shock  i - . i , ’- - r  d - m n m . s - L n -  14 .5

J r - n - s - I S u m i i~~ - - ‘ - - 5  i - ri 1.0

TABLE 6. ESTI I-I AT L i:  ERRORS IN REDUCED EATA

Error ( % )

Weber Noncl im-mn-nsional
Drop let Number T i rn c -

Diameter  We T

90—10 0 pm 11.5 10.2

35— 4 0 pm 20 .0  18.2

25— 30 pm 2 5 . 0  23 .2
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- SHIELDED DISTANCE

IMPACT SITE

7 

OFF - CENTER DISPLACEMENT

) 
L PROJECT LE CENTERLINE

, ,/“ U~.I AXIS OF CAMERA

~~ NOSETIP

fi gure it’. T E n - :  ,i- st-mi- 0 c ,  n - f  o f f — cen t e r  irn i n - ;-n ts

MEAN OFF-CENTER

0.5 - 
DISPLACEMENT 

/ /
Ru~9.I4mm RNrI .27mm R,~~254mm

i 
E

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ DIA —
~~~. 

-±~~,~_ t  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~

0 
C,.— 25-30 ~ m DIA PLUME HEIGHT

0 I 2 3 4 5
OFF CENTER DISPLACEMENT (mm)

Fi gure 11. Shielded d i s t a m i n —  and d l  i:- ~ plume height versus off—center
d i sp lacemen t .

35

— 

—--- ——



ip.,. ....Iwai ~.uugn r- -- 
~— - — ,~~ .n-~~~— -- -- :“ ~~~~~~~~~~~~~~~ 

‘
~~~~~~~

- 
~~~~~~~~~~~~~~~~~~~~~~~~ 

-~ ,v 
‘s~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~

T h e  only indication of the stream o- .Iti orl at impact is obtained from the

l n ’ n - - i m m l l - n - i c t  s h ; ~~n -Jc n -w p r - m t h .  Droplets  grossly off trajectory (‘m~l mm) were out of

in - -  n-n-c - i f  t i . .~ a m - I- - n - n-I and appeared blurred . All of the 25-30 pm diameter

i r : n ; i. m n n . - - - 1  s. 1 :- l -iy ’nd some lack of Inin - I let focus in the pre—impact  shadow-

p r - i n - r i

In m ! i i t i ; o ;  to droplet  o f f — c e n t e r  placement , p r o j e c t i l e  t~fly o f f ~
5

:jfl n-to o , - - n , n s c - i i n - u t - -  to o f f - c e n t e r  displacement of the impacts .  The projec-

c l i - - I n -  in free f l i ght for approximately 50 cm from the muzzle of th e  guide

n - i l l  sy st em to t I n e  dro : l et  stream. During this time the crolectile can

I ’ ;  lop -,- n- -a mmii l i f t , recuttinp, in o f f - t r a j e c t o r y  displacement of the  nosetip.

T i m ’-: i a n - - c - -mi e roscope  camera shadowgraphs usually show the top ed ge of the

:) r-o~ ’c t i l e . The d is tance  between t h is  edge and the edge of the shadowgraph

s’ n-m - s c.1 etermlied to obta in  a measurement of the average o f f - t r a j e c t o r y  displace-

ment of t h e  p r o j- - ct i l e  in free f l igh t .  The mean of all the measurements was

taken as t En - n- t r a jec tory. The standard deviat ion was assumed to be a measure-

ment of the  mean o f f - t r a j e c t o r y  displacement ( in  any d i rec t ion) .  The mean

we:. found to be 0 .3  mm.

The t e t : m l o ff -cen te r  displacement of the impact sites could

th , n - r n -.n- f-j c-o be as much as 0 .8  mm or, the average . These values are indicated

on Floor-n- TB .

4 . 3 .P . 2  Debris Plume Hei ght . For debris to be observable the  debris

plume must extend b- - c-n d the shielded d i s t ance .  All the debris plumes

observed were measured and the results  are collected in Table 7.

TABLE 7

Debris Plume Hei ghts
(m m)

Droplet Standard Low High
Diameter Mean Deviation Extreme Extreme

90—100 urn 0.36 .02 0.29 0.43

35—40 pm 0.13 .01 0.11 0.15

25—30 pm —— - - 00 00

No d e b ri r i  plumes were clearly observed on 25-30 pm diameter droplet i mp a c t s .
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H ow avo- r , t he  1 t in t - - I -  - 1 p i n t  5 - i ; - p - - . m c -  to - - cii - - approx ima te ly  n - m m  ~~~~ -to - ct ‘ - 1

d iameter  so tim e 25—30 pm diameter d r - e m - l e t  do I r i s  si u ni m -: -. m i g ln - t  be assumed to

be of the order nt- 0.0’) mm hi gh. Then-c values m m - - -  a l l  in - l ica ted  01 Fi g U r n -  16.

The 35—40 pm and 90—103 pm ‘siameter Ic-c- : ] - - t  t e s t i n g  was conducted

on O n - n - 5 - n - t i t - c  12. 7 mm in rn -Pius-; or grea ter .  i r - ~ m Fi gure 16 i t  is .moiar---r ~t

t h a n -  debris n s E i n - u i d  have d e f i n i t e l y  been observable for  t i n - -s n -- c size: : .

The 25-3 0 pm diameter  drop le t s  won -re  tested on 3.1 mmmi rn-Pius

noseti ps. In addi t ion , the errat ic  motion of t in - c drop 5.51- - am i r ; t r - c - d u n - - an

uncer ta in ty  into the o f f - cen te r  displacement of t in - :  water  drops . The m~um ni t -:r-

of tests conducted on 25-30 pm diameter  drops was not s u f f i c i e n n t to reliably

locate the breakup cr i ter ion.
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n i t  -1

- -  ~ - - - - 1 0 0- - ‘ - - A ~~

( t~ ~~~
- : n ’ ions n - f  cm n - I i 1 i~ n- i n - -c -n-nd - c - ‘~ ‘m s ~f ‘m O _ I l l O  pm d i - n - r ; - - t - r

- , to ~ im m ’ r - i -  - r -  - - l o t  - r i - i :  - n n •
~~~~~ - i n n - : 1 - 5 - . b e - i n n - v ’  - o f -m ;erv od

ii- s hock tuf F n - n -  t n - -  ~~~~~ r , s m n m i , ’  n - s.  1 1 n 7 - - - I — ~ - -  ‘). , 0(j 3 ) ,  n l n - mn b reakup

mott o S m  t E e -  n- - m ~ n ‘ m n - m i S  5 ,  n- 5 l i t - i . T l m -  ;- r n - - a ’ m  of - : n r t b ~ ] - -  -~~n - f - n - e - -  wa- i- n - n-

in t i  n - l i t . . :- - - m i ; c - I m n -  n - U i - ~I b- m . 1 j  ob - n - i - - : .  P r o s  l e t  d i l a t a t i on

. cni - - a s u y - -n- d ar id  o’n v- . - n ~~ u- lI w i t h ~ I n n  - l i t m n - f  P~~i n i e n k ~~. at  ~~~~~~
( - i i g n - i c - - 5).

The i n n - s  i-~ of wan - n - -n- n - -~I r ’ n ;  I - t -
- al i s  in sun -ii v- n- r - -n- c s i t  I n n - r o u g E  t I e  low

n- he-s in i - n - - n - n  was ; obs - n - v . 5 d .  I t  so-. .  f- n -n - nd  t i n _ _ m t  t l n n  - o L o - n - c - v - --J P cLr - i s p~~n iar -n -ted

at imp- n-- s t on AT-IS gr i t - b i t e  -a n-i - s - c - I -  - n - m i n - m s . ~ I 5 I - ~~t .~~ t .  Th ere fore , t im e

t - : - . t 1 0 0  Of ‘I- n -I - ri - n r:m - m~ be in- - -n :m ’ a 1- — for it i t t - c - I n - c l  damage . T i n - a t  iS , if

d ’n -b m is n -s i s  obm :’nrv-n n-r i im : - in - c t  s i t - - , an e r o s i v e  ins  n-i ns t ‘-sn- scum -n sf . I f  s n - n - - m n - c - i s

i s .  no t -o~~. - - r v o - f n - i t  m n ;  n - s r  -n - o t t i m l n - ;ic-t  s l e , i n- d c- n -n -: I -  m u s s t  l a v a  broken ut  

I ~n - t~ 105 - i - S t .

T i n - i c - s - - t - r-r m n l r c - m t i o n  of the  I s r e  n- I -su m- cr 15- sr - ion  was e’,.amirned for 90—100 pm ,

35_ i +in  n -m o , -n - n - r id  2 3 — 3 0  pm d iamete r  waS - e r -J r - o r - l e t s : . I t  was f o un d  t ha t  over

10-: c - : n - : i n -  - f  i/ - b - - r - r ;u m f ,e mc t n - n-~~ rod (70 ,00-3 to 110 ,0 0 0 )  , t he  breakup c r i t e ria

r ound -n - or - -n- , n i l  m O m  t i ; - -  d a t — i  u n i c - - r t a  in t y ,  w i t h  t he  correlat ion of Reineci  

et ~~~~~~~ The r e su l t s  are collected t o g e t h e r  in  F i g n -.;r~ 17. The u n c e r t a i n t y

i s .  t in - a 25—30 pm l i n -.n-jm i- n - t s e r  dr - -sn -r io - I  data was so large t h a t  it  does not

correlate well with prediction . The 90—100 pm and 3~ —4O pm diameter

drop let resu l t s  show very good -n -gr~ n - rn - - n - nt .

The results t n - c - - -  m n - r n - t n- i in th i s ’s  m n - n  s — n t prov i -in-’ strong , direct confirma-

tion of the breakup cr i t — n - r - i .-n- at h i gh i-I--ben - aum~n-e mn n -- (>20 ,000) derived from

shock tub e water  dr cc - l n - - t  imt r - s -o ku mn -  observat ions.  The s tud y extended direct

observa t ion  of the breakup c r i te r ia  down to droplets of the order of 25 pm

in diameter , thus i c i c t u - l i n g  mom-s t of the mass contained in nonprecip itat ing

clouds.
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APPENDIX A

WATER DROPLET BREAKUP LASER SHA DOWGRA PHS
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APPENDIX B

W A T E R  DROPLET IM PACT LASER SHADOWGRA PHS
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