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The influence of the v i scos i ty  of the liquid on the breakup of drople ts  behind a shock front  
has been invest igated exper imenta l ly .  

The addition of l iquid-meta l  components to a fuel enhances the energy c h a r a c t e r i s t i c s  of the combus-  
tion p r o c e s s e s  [1]. Liquid components  of this kind have  f rom 102 to 10 s t imes  the v i scos i ty  of o rd inary  l iq-  
uids.  The inc reased  v i scos i ty  may  r equ i r e  a modificat ion in the design and c h a r a c t e r i s t i c s  of the fue l - in-  
ject ion sys t em.  Moreover ,  the a tomizat ion of a v iscous  liquid is se t  apar t  by a number  of highly speci f ic  
a t t r ibu tes .  The f i r s t  considera t ion is felt  in an i nc rea se  of the fr ic t ion assoc ia ted  with flow of the liquid, 
and the second has the effect  of magnifying the damping influence of the liquid v i scos i ty  on the evolution of 
wave effects  at i ts  su r face .  

The laws governing the a tomizat ion of ve ry  viscous  liquids has  not been adequately studied.  Very 
viscous  liquids a r e  r ega rded  as those  for  which the Laplace  number  L = p u d  i / / - 2  ~ 1. A growth of the 
Weber  number  W* = 0.50uZdlr -1 with the v i scos i ty  has been a s s e r t e d  in [2]. Hinze [3] has a r r i ved  at a 
theore t ica l ly  s i m i l a r  conclusion in qual i ta t ive t e r m s ,  but without de te rmin ing  the fo rm of the function W* 
= f(L). Sufficient data a r e  a lso  lacking on the dynamics  of droplet  breakup under  conditions for  which L 

1. Only in [4] is the re  ment ion of the re ta rd ing  action of the v i scos i ty  in the breakup of drople t s .  A 
theore t ica l  re la t ion  has been given in [5] for  de termining the droplet  breakup t ime  of a viscous liquid: t 
= 32~f(pu2) - i .  The values of t calculated according to this re la t ion  exhibit l a rge  d i sc repanc ies  with the 
breakup t imes  de te rmined  exper imenta l ly  in [4]. 

1. Exper imenta l  P rocedu re .  The s imples t  way to de te rmine  the laws of droplet  breakup is the 
widely used  shock wave exper imenta l  p rocedu re  [6]. According to that p rocedu re  drople ts  of the inves t i -  
gated liquid a r e  injected into the l o w - p r e s s u r e  chamber  of a shock tube, where  they a r e  then quickly ex-  
posed to a gas flow behind a shock wave of known intensity.  The drop s izes  and evolution of the breakup 
p r o c e s s  a r e  r eco rded  photographical ly  by means  of s t robe  l ights.  The shock wave p a r a m e t e r s  a r e  m e a -  
su red  with p iezoe lec t r i c  p r e s s u r e  pickups.  

In our exper iments  we studied the breakup of drops of water  and aqueous solut ions of g lycer in  with 
different  concentra t ions .  The values of the su r face  tension ~, N /m,  densi ty of the liquid 0f, kg/m3, and 
v i scos i ty  ~f, N" s e c / m  z for  the invest igated liquids a r e  s u m m a r i z e d  in Table  1. As the la t te r  indicates ,  

TABLE 1 

Liquid 

H.O 
42% 1-120 
20% H~O 
8~off glycerin 
Gl~~ 

Parameter 

o .  I0 ~ [ P /  .10 -3 

73 
66,4 
66.6 

64 

I l 
1,14 
1,2 

1 , 2 6  

1 
9,t5 
5l ,9 
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Fig. 1. Critical Weber number 
versus Laplace number. 

liquids were chosen for which ~ ~ const and pf ~ const. The v is -  
cosi t ies  of the liquids differ by a factor  of m o r e  than 103. The drop-  
let s izes  were  measured  in the range d i = 0.3 to 1.5 ram, and the 
Mach numbers  of the shock waves lay in the interval M = 1.05 to 
1.15. The inital p r e s s u r e  and tempera tu re  of the nitrogen in the 
l ow-p res su re  chamber  were  p = 1 atm and T = 293~ 

2. Experimental  Results .  Figure 1 shows the variat ion of 
the cr i t ical  Weber number  W~ for viscous liquid droplets .  For  
kerosene  and water  as liquids having negligible viscosi ty  the cr i t ical  

Weber number is W* ~ 5. The Laplace number for the investigated range of droplet sizes for such liquids 

was L ~ 104 >> 1. The graph indicates that with a tenfold increase  in the liquid viscosi ty  (in which case 
the Laplace number  changes by a factor  of 102) a variat ion of the cr i t ical  Weber number  is not noted. A 
fur ther  increase  in the viscosi ty,  however,  causes an appreciable growth of W~. Thus, for L m 3.6 �9 10 -2 

�9 :r . . . .  * 
in the case  of g lycer in  Wt. ~ 25, 1. e., is five tLmes the value for kerosene.  Besides the values of W~ ob- 
tained in our experiments  (points 1), the f igure also gives data taken from [2, 3] (points 2 and 3, r e s p e c -  
tively). Consequently, the breakup of viscous liquid droplets,  all other conditions being equal, requires  a 
large dynamic head of the gas, because 0.5pu 2 = ~dilW~. The cri t ical  value of the Weber number  for 
droplets  of a par t i cu la r  liquid can be determined f rom the relation 

W ~  5(1 1.5L-V.37). 

This relation is valid inthe interval of Laplace numbers  10 -2 < L < 105 and for drop diameters  of 0.1 to 2 
mm at sur face  tensions 15 < r < 400 N/m.  

It follows from the dependence W~ = f(L) that the cr i t ical  Weber number depends in general  also on 
the droplet  d iamete r  at constant (Tfpf and ~f, a decrease  of the droplet d iameter  causing an increase  of 
W ; .  An analysis  of the experimental  data shows that a 1.5-fold increase  of the Weber number W ;  can be 
observed for low-viscos i ty  liquids such as kerosene,  water ,  and liquid ni trogen in the range of droplet  
d iameters  from 10 to 100 p. The tendency toward an increase  in the cr i t ical  Weber number  for small  
droplets  of more  viscous liquids is even more  appreciable.  The dependence of W;  on the droplet s ize  is 
plotted in Fig. 2 for  th ree  liquids with v iscos i t ies  of 10 -3, 4.8 "10 -3, and 9.7.10-2 kg /m "sec (curves 1, 2, 
and 3, respectively)  and is compared with the experimental  data of [2] (points 1, 2, and 3). A variat ion of 
the droplet  d iameter  has no effect on the cr i t ical  Weber number  only for drops with d iameters  d o < 800#~ 
(pf(r) -1. For  inviscid liquids the values of d o amount to less than 10 t~. For  liquids with a high viscosi ty  
the influence of the droplet  d iameter  is a l ready felt for d o ~ 0.1 mm,  

We now examine the variat ion with t ime t of the t r a n s v e r s e  dimensions d of disintegrat ing droplets 
of liquids having different v iscosi t ies  (Fig. 3). We analyze the var ia t ion of d in coordinates d* = dd~ "i 
and t* = t T -i ,  where T = d 1 p~.5 (pu2)-0.5 and u, p a re  the velocity and density of the gas behind the shock 
wave. Curves 1, 2, and 3 represen t  liquid droplets with a d iameter  d 1 = 1 mm and Laplace numbers  104, 

Fig. 2 

Fig. 2. Cri t ical  Weber number  
9.7 �9 10 -2 kg/rn �9 sec.  
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Fig. 3 Fig. 4 

versus  droplet  d iameter  d (in ~). 1) ~f = 10-3; 2) 4 .8 .10-3;  3) 

t ~ ~ .  

�9 �9 L 2 .  

Fig. 3. Distort ion curves  for liquid droplets  with different v iscos i t ies .  1) L = 104; 2) 31; 3) 
3.6 �9 10 -2. 

Fig. 4. Time of attainment of maximum distort ion and t ime of complete droplet breakup versus  
Laplace number .  
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31, and 3.6" 10 -2.  It is readily observed f rom a compar ison  of the curves d = d(t) how the droplet  d is tor -  
tion process  is re tarded with an increase  in the viscosi ty.  Thus, whereas for L >> 1 the cr i t ical  distort ion 
stage d* ~ 3 sets in at t* ~ t .5,  for L < 1 that t ime increases  to t* = 6 or 7. The brealatp p rocess  is 
s t re tched out over a t ime up to t* ~ 8 to 10 (dashed curve in Fig. 4), by contras t  with t* ~ 4 to 5 for  
droplets with L >> 1. Simultaneously we observe an appreciable inc rease  in the induction t ime for  the 
initiation of the detachment of a thin liquid film f rom the droplet  (solid curve in Fig. 4). The increase  in 
the induction t ime t*p and total-breakup t ime t~ with increas ing viscosi ty  is descr ibed by the expressions 

t~ ~ 1.4 (1 -i- 1,5L-~ 

t~ ~ 4.5 (1 --  1.2L-~ 

These relations given above for the determination of the breakup t ime for water droplets,  t = 32~f(pu2) -1, 
is completely inapplicable, because it fails in general  to ref lect  the dependence of that t ime on the droplet 
d iameter  and yields an experimental ly inconsistent picture of the var ia t ion of the breakup t ime with the 
viscosi ty  of the liquid. The detachment of a surface  film of liquid from droplets of viscous liquids is ob- 
served  for a Weber number W** ~ (4 to 5)W~, whereas for L >> 1 we find W** ~ 2W*. 

The established retardat ion of the droplet distort ion and.breakup p rocesses  for viscous liquids im-  
plies that after  the injection of such droplets into a par t icu lar  volume they will penetrate  deeper  into the 
surrounding space.  Therefore ,  to attain equal degrees of atomization for the viscous components of a 
fuel it is required to increase  the dimensions of the combustion chamber .  With the injection of viscous 
liquid jets into an entraining gas flow the depth of penetrat ion of the jets into the lat ter  should be observed 
to increase .  

N O T A T I O N  

pf is the density of the liquid, kg/m~; 
#f is the viscosi ty  of the liquid, N" s e c / m  2 or k g / m .  sec;  
d is the droplet d iameter ,  m; 
a is the surface  tension, N/m;  
p is the density of the gas, kg/m3; 
u is the velocity of the gas,  m / s e c ;  
t is the t ime, sec; 
L = p f ~ d / ~  2 is the Laplace number;  
W = 0.5 pu2d/~ " is the Weber number;  
M is the Mach number;  
T is the t empera tu re  of the gas, ~ 
p is the p res su re ,  atm. 
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