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Sui\J&iARY -- 

The time required for high speed airstreams to disintegrate water drops 
has been determined experimentally, and an empirical relation found between the 
time, the airstream velocity and the drop diameter. The acceleration of drops 
during disintegration has also been found and an empirical relationship derived. 
The equation of motion of a disintegrating drop ha,, 0 been considered and a drag 
coefficient determined which gives a drop motion agreeing reasonably well with 
that fcund eaperimentally in a particular case. Droplets produced during dis- 
integration have been measured in a particular case and compared with the sizes 
that would be expected if some of the proposed mechanisms of disintegration were 
operative. It has not been found possible tc determine conclusively what 
mechanism operates to cause disintegraticn, but the evidence favours a wave- 
making mechanism. 

Lllggestions for further work have been made in order to establish the effect 
of other parameters invclved in the disintegration process. 
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1 I3l?JJRODUCTION 

In investigations of problems of erosion of the forward facing surfaces of 
an aircraft or missile travelling at high speed through rain, information is 
required on how long it t,akes a raindrop to be disintegrated when subject t0 an 
airblastl,2 or alternatively the degree of disintegration achieved in a given 
time. A typical example in the case of supersonic flight through rain is the 
effect on the raindrop of the airflow behind a shock wave. Very little 
systematic experimental work appears to have been done on this prcblem and the 
various theoretical approache 
results'. 

s which have been postulated give widely differing 
For these reasons a study of the disintegration cf water drops 

exposed to sudden airblasts has been undertaken using a ncvel experimental 
technique developed te overcome the difficulty experienced in determining the 
progress of disintegration with time. The results of the study are presented 
and discussed in this paper. No attempt has been made tc assess the erosive 
effect of the small droplets resulting from disintegration. 

2.1 General 

To determine the time taken to disintegrate a water drop in an airstream, 
the cbvious method is to use phctography and to record the state of the drop at 
successive intervals cf time. The end cf the disintegrating period can then be 
defined as the time at which the drop appears to have been completely reduced to 
a fine mist. An objection to this method is that it is subjective; different 
experimenters might well reach different conclusions on studying the seme set of 
photographs, The photographic result may be sensitive to the illumination end 
photographic techniques used and the method does not necessarily give a measure 
of the droplet size reached. 

To avoid these difficulties the method adopted for the tests described 
in this Note uses, in addition to phctography, a sampling technique whereby the 
drcplets formed and the residue of the drop remaining, are caught and measured 
at successive stages. Disintegration can then be said to be complete when the 
residue has been reduced tc droplets, none cf which is larger than an arbitrarily 
chosen small value or, alternatively, when it appears from the sampling that no 
further reduction in size of the residue droplets is taking place. The sampling 
method adopted is made possible by using a long hollow projectile closed at the 
rear end and ogen at the front, to produce the air blast. 

2.2 Test apparatus 

The projectile, shown diagrammatically in Fig.1 and phctographically in 
Fig.2, is fired from an air gun3 at a water drop of given size suspended on a 
fine web, Fig.3, positioned such that the drop will enter the nose of the pro- 
jectile, Fig.&. A colu,m of air is carried along inside the projectile so that 
on entry the drop is suddenly exposed to an airstream of velccity equal to the 
speed of the projectile, which can be measured readily using standard timing 
techniques, in this case by measuring the time for the projectile to pass and 
break two wires placed a kncvm distance apart. Fig.5 shows the disintegration 
of a 2 mm diemeter water drop inside a transparent hollow projectile moving at 
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560 ft/sec, the manner of disintegration being quite typical for suddenly applied 
airstream conditions. 

To catch the residue and droplets, a sampling slide is fixed acrcss the 
inside of the projectile at a known distance from the entry into the nose. If 
the slide is placed near to the entry so that the drop is not completely dis- 
integrated before it reaches the slide but contains a core or residue, then 
very fine droplets from the disintegration process, together with several large 
drops from the residue of the main drop, impinge on the slide and are collected. 
If the slide is placed sufficiently far from the entry for disintegration to 
have been completed only very fine drcplets will be collected, The progress of 
disintegration can be followed by noting the size of the droplets caught on the 
slide as it is placed at increasing distances from the entry in repeated tests 
using constant speed and constant initial drop size. In preliminary develop- 
ment tests of the method it was found that the residue drop size as measured 
in this way reduced in size to a value in the range 0.1-0.15 mm in diameter. 
It was, therefore, arbitrarily decided to take as the point where ccm--1ete 
disintegration was achieved in subseq>lent tests the pcint where the residue 
droplets caught on the slide measured 0.1-0.15 mn. Due to the flattening of the 
droplets on the slide the diameter of the spherical droplets before impacting 
on the slide would be somewhat less than the measured diameter on the slide; 
no attempt was made to correlate these two diameters. The test apparatus is 
designed so that the projectile can be caught without damage and the ssmpling 
slide can be recovered and the droplets on it examined and measured with a 
measuring microscope. 

Additionally, the metal version of the hollow projectile can he fitted 
with an internal slide running along its length, see Figs.1 and 2, called the 
lateral sampling slide, By this means the droplets thrown off the surface of the 
disintegrating drop can be caught and ;neasured at all intervals of the dis- 
integration period as the disintegrating drop passes along the length of the 
slide. 

2*3 Test procedure 

To determine the time that has elapsed since the drop entered the pro- 
jectile up to any given stage, it is necessary to determine the length 8, Pigvl. 
This is made up of two components x and y. y is the penetration of the drop 
inside the projectile and x is the distance moved by the drop whilst being acted 
on by the air blast, The time that the drop has been in the airstream is then 
given by t = 4/12U seconds where U is the speed of the prcjectile in ft/sec and 
8 is in inches. 

It has been assumed here that the action cf the airblast on the drop starts 
as the drop enters the nose of the projectile. However, due to the airflow 
round the nose cf the projectile the blast effect on the drop starts a short 
distance before entry and reaches its maximum value at entry. Calculations 
suggest that the blast effect experienced by the drop when it is at a distance 
in front of the entry equal to the diameter cf the projectile is negligible; 
also photographs of drops just before entry into the projectile do not reveal 
any signs of premature distortion or disintegration (e.g. see Figs&. and YA) 
which would be the case if the drop experienced significant blast effects prior 
to entry into the projectile. 
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The value of y at the point of ccmplete disintegration is determined by 
repeated tests at constant speed and initial drop size using the metal hollow 
projectile with adjustable sampling slide pcsition. The variation of residue 
maximum drop size with depth of -penetration y is recorded and y is increased 
by adjusting the slide position until complete disintegration is obtained, as 
defined in para.2.2. Fig.6 shows the variation of residue drop size with 
penetration in a typical case where the adopted standard for complete dis- 
integraticn was obtained. In a few cases, however, the combination of initial 
drop size, airstream velocity and projectile length was such that this standard 
was not reached. The particular cases where this occurred were the disintegra- 
tion of 2.25 mm diameter water drops in airstreams of 250, 365 and 473 ft/sec, 
In these cases the drop was taken to be completely disintegrated when the 
largest droplets caught on the slide measured approximately 0.2 nnn diameter. 
The reason for the larger droplets found in these cases is not known, but it is 
thought to be due to coalescence of droplets on the sam]?ling slide caused by the 
large number of droplets caught. Fig.7 shows the variation of residue drop 
size with penetration in a case Tlhere the adopted standard for ccm-lete dis- 
integration was nut reached. Fig.8 shows typical droplet slide samples corres- 
ponding to the case illustrated in Fig.7. 

The value of x corresponding to y at complete disintegration is obtained 
by determining the relaticnship between x and y for each speed and initial drop 
size. Using the transparent hollow projectile a set of photographs was taken 
of the progress of disintegration using flash phctography with the projectile 
cperating a trigger wire and in each phctograph the movement x of the drop was 
measured using the web holder as a datum. Measurements were -taken to the front 
of the drop as indicated in X'ig.1. Lines engraved on the outside of the trans- 
parent projectile at regular intervals, and which appeared on the phctcgraph, 
enabled ccrresponding values of depth cf penetraticn y to be measured. These 
coincident values cf x and y were reccrded and used in the preparation of a set 
cf graphs of x against y and x against t covering the varicus drop sizes and 
vclccities investigated. Fig.9 shcws a typical set of phctographs for a'2.25 ran 
diameter water drop disintegrating in a projectile moving at 365 ft/sec. It is 
to be noted in this set of photographs that different designs of web holder have 
been used at various stages. This was necessary to permit correct positioning 
Qf the flash illumination trigger wire and which is operated by the projectile. 

Some of the droplets formed during disintegration were collected on the 
lateral slide carried in the metal hollow projectile. After recovery of the 
1)rojectile this slide was removed and examined for droplet size and distribution. 
A typical distribution of droplets from this slide is shown in Fig.10. 

2~4 Reliability of method 

2.4.1 Airblast velocities 

The method used in these tests for producing an air blast relies on a 
column of air being carried along by the moving hollow projectile. This air will 
be at a slightly increased pressure due to ram effect for which air must flow 
into the projectile through the hole at the frcnt. During the development cf the 
technique it had been considered that the projectile movement before reaching 
the drop, should be as large as possible to ensure that airflow into the 
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projectile was complete befcre the drop entered, In the initial development 
stage of the method, the gun used had a barrel length of 2 ft and the drop cculd 
be placed at apprcximately I6 in. from the gun muzzle, the total projectile 
mcvement thus being 3 ft l+ in. A second apparatus became available after this 
development period with a gun having a barrel length of 4 ft and in which the 
drop could be placed at approxinately 7 ft 6 in. frcm the gun muzzle, giving a 
tctal projectile movement cf 11 ft 6 in. Accordingly, some experiments con- 
ducted on the first gun were repeated on the second to see if the increased 
projectile travel made any difference to the disintegration results. In partic- 
ular, the movement of water drops of 2 mm diameter in a hollow projectile 
travelling at 560 ft/sec was studied photcgra>hically. The reccrds cf movement 
using the first gun and those using the seccnd gun are shown in Fig.11. It is 
seen that both sets of results follow the same trend with the scatter cf results 
about the mean curve being apprcxinately the same for each set. The same values 
of x when plotted on a time basis are shown in Fig.12 where, again, agreement 
seems close between the two sets cf results and cne fitted curve suits both sets 
of results. The depth cf penetration y tc complete disintegration was also 
checked on both guns for a ntier cf cases and the results found to bc in fair 
agreement (para.3.1). 

The overall agreement in results using the two different test conditions 
is evidence that the method produces an air blast which is the same for the two 
test cases and, in view of the long projectile mcvcment in the case cf the 
second test apparatus, it is considered that the air blast vclccity produced is 
uniform, free from wave cscillaticns and equal to that of the projectile. 

2.4.2 Sampling methcd 

It may be considered that a droplet sample showing only maximum droplets of, 
say, 0.1-0.15 mm diameter, which is the 
slete disintcgraticn (para.2.2), . 

size arbitrarily taken tc indicate com- 
may result from larger droplets being brcken tc 

this size cn impact with the sampling slide or, alternatively, any larger drops 
collected maybe removed by the decelcraticn caused by catching the projectile. 
However, in the case of sanpl-in 

$‘ 
at 633 ft/sec which is the highest projectile 

velocity recorded for sampling Table 8) droplets of 0.1, 0.15, 0.2, 0.3 and 
0.5 em diameter were collected at different times. This is taken as evidence 
that maxinum droplet sizes 0.1-0.15 mm diameter do not result from the remcval 
during deceleration of any larger droplets or that they are caused by the rupture 
cn impact cf droplets larger than 0.15 mm di‘amctcr. 

Near the pcint of complete disintegration some difficulty was experienced 
in distinguishing between residue droplets and draplcts formed by the disintcgra- 
tion process. As the initial drop was pcsiticned on the axis line of the gun 
rcsiduc droplets should Lmpact cn the central area cf the sampling slide, but 
for a conservative estimate com-&ete disintegraticn was taken when the largest 
droplets were cf the size range 0.1-0.15 mm diameter appearing anywhdre on the 
sampling slide. As mentioned in para.2.3 it was suspected that coalescence 
occurred in some cases due to the large nuntier of droplets caught on the 
sampling slide, in these cases it may well be that the true point of ccmplete 
disintegration of the residue may have cccurrcd at a value of y somewhat less 
than that taken. 



3 l3lSULTS 

3.1 Disintegration times 

Disintegraticn times were studied in test groups of (i) constant drop 
diameter with varying airspeed and (ii) constant airspeed with varying drop 
diameter. These two groups were split up into sets as fcllows:- 

0 Set A Constant airspeed of $0 ft/ set with drop sizes varying from I.0 
to 2.75 mm diameter. 

. Set B Constant airspeed of 250 ft/ set with drop sizes varying from I.0 
to 2.25 mm diameter. 

Set C Constant drop size of 2.25 mm diameter with airspeeds varying frcxx 
250 t0 640 ft/sec. 

Set D Constant drop 
250 tc 612 ft/sec. 

size of 1.5 mm diameter with airspeeds varying from 

The records of drop movement x for various depths of penetration y in the 
projectile are given in Tables I, 2, 3, 4 and 5. III Ii'igs.13, 14, 15 and 16 the 
movement x is plotted against time t. Not all the experimental points have been 
shown, to avoid conf'usicn, but the least squares fitted curves of the experimental 
points are shown, together with some typical sets of experimental points fur 
illustration of the degree of scatter. It is seen that a least squares curve of 
the form x = A + Bt2 fits the results quite well. In Figs.17, IS, 19 and 20 the 
movement x of the drop is plctted against the penetraticn y into the projectile 
for each set. 

In fitting a pclync&al curve of the form x = a0 + a, t + a2 t2+ a3 t3+ .*. 
through the experimental points of x plotted against t, a0 represents an initial 
deflection of the drop (i.e. at tiiile t = 0), a, represents an initial velocity 
cf the drcl3 at t = 0 and 2a 

2 
represents the acceleraticn cf the drop at t = 0. 

From physical considerations, if these consknts have values they should be 
small and positive. To deteri,line the best polynomial to fit all the experi- 
mental results the fcllowing three polynomials were considered:- 

(1) x = A +Bt2 

(2) x = A + Bt + Ct2 

(31 x = A -I- Bt2 + Ct3 

and in each case the values of the constants were calculated so as to give a 
least value to the sum of the squares of the deviations of the experimental 
points from the curve. Equation (1) was found to give the best fit in general; 
the improvement in changing to equation (2) led to a significantly better fit 
in only one case, but gave 13 cases in which one of the constants was neoative 
which is not tenable from physical considerations. The use of equation 3 P, 
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gave fcur cases with a significantly better fit than using cquaticn (1) but gave 
17 cases with negative constants: the use of equation (I) gave only one case of 
a negative constant being the value of the initial displacement A in case D.3. 
An equaticn of the form x = A + 13t2 implies that the acceleration of the residue 
of the dro2 during the disintegraticn pcriod(which is given by(2D/l2)x IO6 
ft/sec2) is constant for all values of t. Ccnsidering the values of B found in 
all the test cases, it is shown in Appendix E that the acceleraticn of the drc? 
varies linearly with U2/D where U is the airstream velocity and D is the drop 
diameter. No regular variation in the value of A has been found. 

Fcr each case of the above sets of exileriments, tile depths of penetration 
y to the pcint cf ccmplete disintegration has been found by the adjustable slide 
method. The results are shc\n in Tables 6, 7, 8 and 9, where also the corres- 
ponding values of x, found from the lnovement data given in Tables 1, 3, 4 and 5 
and plotted in Figs. 17, 18, 19 and 20 are given. From these values of x and y 
the time ts of exposure to the apprapriate air blast cf speed U needed to cause 
ccmplete disintegration has been calculated and is also given in Tables 6 to 9. 
In a number of cases the values of y to the pcint of complete disintegraticn 
found by using the gun No.1 were checked using the gun n'o.2 and, where apprc- 
priate, both results are given in the Tables. The agreement is reasonably gocd, 
values being somewhat greater in general for gun No.2 thn for gun No.1. In 
calculating ts the larger value of y has been taken in each case. A time tph 
is given in the tables which is the disintegraticn time as judged from the 
photographs used for the dcterminaticn cf x and y. The value cf tph is given as + 

the value at which the drop first has the appearance of being reduced to a cloud 
of droplets, but for the reasons explained below it is pcssible that, in general, 
the correct pcint of complete disintegration maybe slightly later than the times l 

given. In the case of 2.25 l-rm diameter water drops in an airstrcam of 365 ft/sec, 
the disintegraticn progress of which is shown in Fig.3, the drop first has the 
appearance of a mist in Pig.yG although there is one dark area which could either 
be a dense pcrtion cf mist droplets or could contain a residue which has not 
disintegrated. Fig.yH sho,,ys a more complete stage of fine r&t production but 
there is nc absolute reason fcr net taking Fig.YG to represent the stage of 
coin--lcte disintegration and if this is accepted it is reasonable to suppose that 
complete disintegration cculd in fact cccur at some stage bctwcen l'igs.yG and 93'. 
The disintcgraticn times represented by these various figures are shown in 
Eg.9. 

During the disintegration process the drcp apFcars tc break into several 
separate centres which may proceed tc disintegrate simultaneously with the 
ii1ai.n drop. This break-up could follow the penetration of air holes through the 
drcp by the airstream. Such a stage in the case of 2.25 ien drops in an airstream 
of 365 ft/sec is shown at Fig,yE. The time at which this brcjk-up occurs is 
listed as tp in Tables 6-9 for the various cases considered. 

3.2 Droplet sizes formed during distitepraticn 

This aspect of the disintegration process was not studied in great detail, 
but the method using the lateral sampling slide was checked in a few cases. 
Fig.10 shows droplets thrown off the surface of a 2.75 mm diameter drop, whilst 
disintegrating in an airstream of 352 ft/sec: this was a special test not 
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included in the disintegration tests. Fig.lOA shows the droplet catch at the 
beginning of disintegration, whilst Fig.lOB shcws the droplet catch towards the 
end cf the disintegration period. At the beginning of disintegration, numerous 
droplets were caught, the largest being about 160 microns and the smallest about 
IO microns in diameter, with an average of 45 microns. Towards the end of the 
disintegraticn pericd, fewer droplets were caught and the range of droplet 
sizes was also reduced, with the largest being 90 microns and the smallest being 
9 microns and the average being 68 microns. 

4 DISCUSSION OF RESULTS 

4*1 Disintegration time 

The disintegration times for sets A and B, i.e. for cases of various drop 
sizes and constant airspeed are plotted in Pig.21 from which it is seen that the 
disintegration time ts can be taken as linearly proportional to drop size, i.e. 

53 
= K, Do (0 

where K, is a constant, 

The disintegration times for sets C and D, i.e, for cases of constant drop 
size but varying airstrea velocities, are plctted in Fig.22 on a logarithmic 
basis. Log ,. ts can be taken as linearly proportional to log,o U, the slope of 
the curves being such that ts can be expressed in the form 

ts = KJU” (2) 

where 142 is a constant. Combining equations (1) and (2) an empirical relation 
for ts can be derived of the form:- 

ts = K3 Do/U" . (3) 

3 

z 

Prom the graphs it appears that a reasonable value for n is 0.72 and 20.0 for 
K3. The empirical expression for ts, within the limits of the drop size and 
airstream velocity cases taken, becomes:- 

ts = 20.0 Do/Uo*72 seconds (4) 

where D o is in ft and U is in ft/sec. Figs. 21 and 22 show a large amount of 

scatter in the values of the experiilental results. This may be caused by an error 
in the estimate of the value of y to complete disintegration as discussed in 

- 11 - 



para.Z.lc.2 or a possible error in the corresponding value of x 
due to the fact that it was found necessary, in some cases, to extrapclate the 
curve of x against y to the value of y for complete disintegration. A particu- 
larly bad case of scatter is that of a 2.25 ,191 diameter drop in an airstream of 
365 ft/sec. This is one of the cases where coalescence of the droplets was 
suspected end the value of y for complete disintegration tc droplets cf 0.2 mm 
diameter was taken as 9.1 in. (Fig.7) correspcnding to ts = 2.69 milliseconds. 
However, if a value of y = 7.7 in. is taken which is the point at which maximum 
size droplets of 0.2 mm were first found the ccrresponding value of ts is 
2. II+ milliseconds and when this value is used for plctting on Fig.22 much closer 
agreement with the assumed curve through the experimental points is obtained. 
If tne photographically determined value of disintegration time is used 
(ts = 1.76 milliseconds) (para.3.1) a value much below the assumed curve 
results. 

The em-firical formula for disintegration time [equation (4)] does not 
appear at first sight to be dimensionally consistent. This is because the 
constant term includes the effect of other parameters such as viscosity, density 
and possibly surface tension which in a complete expression mould appear 
separately such as in equations (21) and (24) which give disintegraticn times in 
terms of all the parameters. 

Engel' quctes disintegration times t se for 1.4 nnn diameter water drops in 
airstreams of various velocities. The disintegration time tse is that reqclired 
to reduce the drop to a fine mist as seen phctcgra?hically. The airstreams are 
those produced by pl~ane shock waves of various Xach numbers nT I11 giving an air 
velocity U ft/sec behind the shock wave. The results are tabulated below, 
together with the corresponding disintegration times tsc found by using the 
empirical fcrmula (4). It is seen that quite clcsc agreement is rcachcd despite 
the fact that considerable extrapolation cf the range of validity of the 
empirical formula has been used. The discrepancy between calculated and test 
results can be due to a number of causes. Firstly, the airstream conditions 
used in the shockwave tests differ considerably from those used in deriving the 
em-@rical fcrmula in that the relative density d and the temperature (r; are 
higher. Secondly, the times used in deriving the empirical formula are based 
on disintegration to a measured residual drop size of the order 0.1-0.15 mm, 
whereas the times quoted by Engel are based on the rather less precise method 
of determining photographically when the drcp has been reduced to a fine mist. 
The relative density o' and relative kinematic viscosity P of the air in the 
shock wave tests are given in the table, but it is not immediately obvious what 
arrangement or power of these parameters is required to bring the calculated 
results to claser agreement with the observed results. It is ncticed that times 
based cn the formula arc all slightly larger than those based on phctography; 
this will be discussed further later. It is suggested that, in fact, the effect 
of these parameters is cf second order importance and that the discrepancies can 
be accounted for in differences cf test techniques and extrapolation of empirical 
results. 
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As discussed in pars.3.1 the determination of disintegraticn time by 
photography may not always be straightforward or precise and in the series of 
experiments reported here disintegration times determined from photographs have 

k? 
enerally been found to be shorter than times fcund by the sampling method 
Tables 6-Y). This is also reflected in the comparison above of the photo- 

graphic results of Engel and the correspcnding values extrapolated from the 
empirical formula, 

Nm + I Cl- 
"C 

I.3 84 I.38 

1.5 123 1.69 

I.7 165 1.99 * 
I  ,  

P %e 
sets 

t U SC 
sets f t/set 

1.12 0.90 x 10-j 1.05 x 10-3 498 

1.27 0.70 x 10-3 0.76 x IO-~ 777 

1.38 0.58 x 10-3 0,62 x 10-3 1036 ( 

4.2 Disintegration rate 

. 

The volume of the disintegrated drop = V = 7t DG/6 ft' . 

Iience the average rate of disintegration = V/ts (= -dV/dt) 

. 
= (x Dy6) x (U"'72/20,0 Do) ft3/sec 

. . . . (5) 

i.e. dV/dt = - (71 D', U"'72)/(6 x 20,O) ft3/seo . (6) 

This suggests that the instantaneous rate of disintegration could reasonably be 
expressed in the form 

dV/dt = - KID2 (U - w)'*~~ 

where D is the instantaneous drop dismcter and (U - w) is the instantaneous 
relative velocity. 

Also av/at = (x D2/2) x (dD/dt) 

(7) 

(8) 
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Hence in (7) 

dD/dt = 2 dR/dt = (-2i;/n) x (U-W)~‘~~ L‘ (-21i/n)xU0J2x (l-w/u)“*72. (9) 

By using the equations of the fitted curves and the values of the disintegration 
times ts to dctcrmine w at the end of disintegration it is found that (w/U)s has 
an average value of 0.27. The average final value of (I - w/U)o*72 is thus 
apprcximately 0.8. The initial value of (1 - w/U)"a72 = 1 when w = 0. Thus 
the average value of (I - w/IJ)0o72 during the disintegration interval = 0.9. 
i.e. equation (9) thus becomes 

dD/dt = - I.8 iGo’ 72/K (104 

integrating (IOa) gives 

D = Do when t = 0 hence A = Do. 

D c: 0 when t = t 
Srn 

Hence in (IOb) 0 = - 1.8 KUo*72 ts/x + Do. 

ts = x Do/l.0 KU 0.72 . or 

Comparing (I 1 ) with (4 .) gives K = x/36. Hence in (9) 

( lob) D = - I.~KTJ~*~~ t/n + A 

01) 

dR/dt = - (U - ~)'~~~/36.0 . 02) 

4.3 premature break-up 

The drop break-up discussed in para.3.1 could be due to perfcration or 
penetration of the drop by air pressure. Go&z-&l- has discussed the possibility 
of penetration of water drops by airstreams, a simplified form of his thecry in 
which the effect of surface tension and viscosity of the fluid are neglected is 
given in Appendix A, where theoretical results are compared with experimental 
values of t 

P' 
The simplified Gordon method gives a time t 

P 
for penetration of 

the drop by air pressure where:- 

t 
P 

= 2(D/U)(pc/p,)’ . (13) 

i 
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Taking standard values for density, this leads to 

t 
P 

= 57(D/U) (I/&$ 04) 

Prom the discussion of Appendix A, the time at which breakaway of portions 
of the drop occurs is given empirically as:- 

t 
P 

= 50x (D/U)(l/d) . 05) 

The good agreement between the simple Gordon thecry and the experimental 
breakaway time t 

P 
suggests that breakaway could follow penetration of the drop 

in the manner discussed by Gordon. 

4.4 Droplet sizes formed during disintegration 

Taylor 5,6,7 has suggested that when air blows over a drop unstable waves 
may be formed, the crests of which become detached and blow away in the form of 
droplets, the diameters of which may be cf the same order as the wave length. 
The eqression developed by Taylor for the wave length of the most unstable wave 
is :- 

h = 2?r.xn1T/paU2 

where xm is a function of another parameter 0 given by:- 

0 = &/pa) (T%* U2> 07) 

p is the coefficient of viscosity of the fluid, and T the surface tension. 
Values of xm for a range of values of 0 have been computed, Using these values 
in the case of a drop of diameter 2.75 mm in an airstream of velocity 352 ft/sec 
(see para.3.2) gives a value of h = 50 microns at the start of disintegration, 
This is to be compared with the range of drop sizes found at this stage of 
IO-160 microns with an arithmetic mean value of 4.5 microns (para.3.2). This mean 
size is in reasonable agreement with the predicted value. 

At the end of the disintegration period in the case under consideration, 
the velocity of the airstream relative to the drop is (U - w) where w is the 
velocity of the drop and is given empirically by w = ge x ts 
where ge =2,08x IO-3 x U2/Do (see Appendix B) and ts = 20 Do/U o*72 (pars.Lk.1) 

with U = 352 ft/sec this gives w = 73 ft/sec. Hence relative velocity over the 
drop at the end of disintegraticn = 279 ft/sec. In (17) 0 = 580 and xm = 1.52. 
Hence in (16) h = 75 micron::. This is an increase in droplet size over the 
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predicted value of 1&l microns at the start of disintegration and is to be 
compared with the droplet size range caught at the end of disintegration of 
50-90 microns with an arithmetic mean of 68 microns (para.3.2). 

It is seen from equations (16) and (17) that the wave length and hence the 
droplet diameter is independent of the main drop diameter and dependent cnly on 
the airstream velocity. This could be checked in a number of cases of constant 
airstream velccity, but with varying drop diameter. 

An alternative theory also due to Taylcr5, to describe the disintegration 
of a drop in an airstream is to imagine that the airflow continually strips 
layers off the drop equal in thickness to the boundary layer generated in the 
fluid. This layer then breaks up into droplets which it is assumed here will 
have a diameter of the same order as the thickness of the layer. The boundary 
layer thickness calculated by Taylor is given by:- 

S = a.G(@$ (I@ 

where X is the distance from the stagnation pcint to the rim of the flattened 
drop in cm and can be approximately taken = 2% Considering the above case, at 
the start cf disintegration U 
Ilence 6 = 

=,352 ft/sec (- 10,700 cny'sec) and X = 0.275 cm. 
8.6(0.275/10.7 x 103)y = 0.0&35 cm z 435 microns. 

Towards the end cf the disintegration process X approaches zero. Hence 
drcplets shculd be vanishingly small at this stage whereas they were measured to 
be in the range 50-90 microns with a mean value cf 68 microns. 

Thus neither of the predictions made above using the boundary layer concept 
of disintegration give droplet sizes similar tc these caught in the case of 
disintegration of a drop of diameter 2.75 mm in cul airstreaJil of 352 ft/sec. 
(10,700 cm/set) being larger than fcund at the start of disintegration and 
smaller than found at the end of disintegraticn. 

I!.. 5 Acceleration of a disintegrating drop 

As recorded in jlara.3.1, the mcvcment in can airstream of a water drop which 
is both accelerating and disintegrating, has generally been found to be express- 
ible in the form x = A + Bt2 where x is the mov2men.t cf the drop in inches and t 
the time in the airstream in milliseconds, A and B are constants. This tme of 
relationship implies a constant acceleration ge of the drop (= 213 x 106/12 

ft/sec2). g4 has been calculated for the cases ccnsidered and in Appendix B 
it is shown that there is an empirical relationship between ge and U2/Do of . 
the form:- 

% 
= 2K6 U2/D 

0 (19) 

where KG is a constant, U is the airstrcam velccity and Do is the initial dia- 
meter of the drop, The analysis of Appendix C shows that the constant 
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acceleraticn cf the disintegrating drop is the same as the constant acceleration 
cf a drop cf constant radius Ro acted on by an airstream of constant relative 

velocity U with a constant drag coefficient CD = 2.26. This compares with a 

drag coefficient CD = 3.26 which it is found in Appendix C to satisfy the 

equation of moticn of a disintegrating drop in the case when U c 24-7 ft/sec and 
Dc = 1.0 mm. 

By combining the empirical relations for acceleraticn ge and disintegra- 
tion time ts, it is shown in Appendix B that an empirical relaticn fcr the speed 

w of the residue of the disintegrating drop at the end of the disintegration 
period when d = 0.1-0.15 mm can be deduced in the form:- 

(w/u), cf. uoe28 . (20) 

This is independent of R. and depends only on the airstrcsm velocity U. 

5 DISCUSSION 03' SOi,Z SUGGESTED DISINTXGPATICiN M&KX.ANISlViS 

l 
5.1 Boundary lager stripping 

Taylor' has proposed a boundary layer stripping mechanism to explain the 
disintegration of water drops by an airstream. His method leads to the 
following equation for the time of disintegraticn:- 

where 

(214 

(224 

r is the radius of the lenticular shape assumed by the flattened drop and is 
related tc the radius R cf the spherical drcp of the same volume by r = 1.83R. 
Expressing equations (21a) and (22a) in terms of R gives:- 

where 

@lb) 

(22b) 
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substituting values for p rind u and taking CD = I gives 

% 

where Do is the initial 

This is not of the 
Further, the times found 

(23) 

diameter of the drop. 

sane form as that fcund experimentally (equaticn (4)). 
by (23) are considerably greater than those found ti 

tests. A comparison cf droplet sizes formed during disintegraticn with what 
would be expected from Taylcr's theory also shows disagreement (para.&Ib), the 
ycssible theoretical size being greater than that fcund at the start cf dis- 
lntegraticn and smaller than found at the end cf disintegraticn. This dces net 
afford a sure basis fcr establishtig why the discrepancy in disintegraticn rates 
exists. On the Cthw hand prmature break-up of the drop (para.4.3) would 
enable disintegration to proceed from a larger surface area and might he an 
explanaticn fcr the more rapid disintegraticn which cccurs in practice compared 
with prediction. 

5.2 Dursting due tc curved flow 

Dodd' has suggested a mechanism for the disintcgraticn cf drops in an air- 
stream by which viscous flew round the drcp sets up a flew of the curved surface 
of the drop. The ccntripetal fcrce needed for this curved flow is taken to 
exceed the centripetal force provided by surface tension, so that fluid escapes 
from the drop. The equaticn for the time of disintegration deduced by Dcdd is:- 

5 
= (D/IJ3'2)~ (l/0.332) (T pe F//J p, f)' 

where I? and f are ccnstants. 

(24) 

No values are given far F and f, so that direct comparisons between times 
fcund experimentally and these based on equaticn (24) cannot bc made. The furm 
of equation (24) agrees with the empirical relaticn (I+) as regards the power of 
D, but differs in regard to the power cf U. The methcd does net provide an 
estimate of droplet sizes that wculd be formed so that a compariscn with droplets 
found in a test cannot be made. 

5.3 Wave making 
IO Priestlcy considers the; less cf liquid frcm a large surface which, under 

the action of a mind, is breaking up intc droplets of uniform size. He assumes 
that the diameter d cf the drcpl&s is prcpcrticnal to the wavelength h of the 
waves formed on the surface of the liquid. Alsc if ?; is the tiine taken for the 
ccmplete process cf fcrrraticn of a droplet, then 

where $ is the rate cf growth of the naves. 



z represents the time taken for the formation of a complete layer of 
droplets of diameter d(a h). Thus in the time 7 a layer of thickness propor- 
tional to A is torn away from the liquid, so that the rate of loss of liquid 
from the surface is proportional to 

X/T or X x $ . 

The wave length h * of the most rapidly growing wave is given as 

‘h” = 2n(4,3)v3 Pf3 Pi2'3 g/3 p2'3 f4'3 

(26) 

(27) 

where U is the velocity of the wind. The maximum value of Jo is:- 

Hence in (26) the rate of less of liquid due tc unstable waves is proportional 
tc h* $* where h@ and $'$ are given by equations (27) and (28) respectively. 

If it is assumed that the same formulae can be applied tc the surface of 
a liquid drop of radius R, then the rate of loss cf liquid becomes:-* 

-dV/dt = -A dR/dt "(pa U2/2p) pf3 p;2'3 T1'3 ~1~'~ Uw4'3_iA (29) 

where A is the surface area of the drop from which droplets are being formed by 
wave action. 

From (29) 

dR,dt (x - 7c(4'3Y'3(Pa'P,) o- 4'3 r,l'3,p~'3) u2/3 (30) 

integrating (30) and using the bcundary ccnditions R = Do'2 when t = 0 and R = 0 

when t = ts gives 

ts a(D@J2’3) x (1,274 x ~(3’~4)(cr/‘l’)(pJp,)1”’ . (31) 

Equations (30) and (31) agree in form with the corresponding empirical 
formulae (12) and (4). The difference occurs in the power of U, being 2'3 for 
the theoretical wave making mechanism and 0.72 for the empirical result. Both 
disintegration rate eqressions are independent of Do, the drop diameter. 
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The effect of using values of n derived in the foregoing theoretical 
treatments instead of the experimentally determined value n = 0.72 in an equation 
of the form ts = K/U n for the disintegration time of the drop in an airstream U 
is shown in Pig.22 where it is seen that the value n = 2/j (using the Priestley 
wave making theory) gives the best fit of the theoretical values of n to the 
results. 

The use of the Taylor equaticns ((16), (17)) gives calculated wave lengths 
for unstable waves wnich agree quite closely with the 
bieasured in a test. This supj!crts Taylor's hypcthesis 

yerage drop sizes 
that droplets formed 

might be comparable with the wave length of the unstable wave which increases 
most rapidly in amplitude. Although the use of the Priestley equations (( 27), 
(28)) fcr the most rapidly growing wave leads to an expressicn fcr the rate cf 
removal of fluid (30) which is similar in form to that derived empirically (12) 
in respect of the parameter air velocity, these equations yield smaller calcu- 
lated wave lengths. The fcrm given by Priestley fcr the most rapidly growing 
wave (equation (27)) differs from that given by Taylor (16) due to a difference 
in neglected terms in the mathematical development. 

In calculating the wave lengths for waves generated with flow over a drop, 
the operative velocity is assumed to be the velocity of the airstream U. In the 
flow over a drop the local velocity will vary so that a range of wave lengths 
Land hence of drop sizes could be expected. In the case of a sphere in a uni- 
form stream of velocity U, the local velocity varies from 0 at the stagnation 
pcint to 1.5U at the periphery. Bssuiaing that the wave length formulae hold for 
flow over a sphere and that the cesc considered, of a drop of diameter 2.75 mm 
in an airstream of 352 ft/sec can be regarded as a sphere in a unifcrn airstream, 
then the minimum drop sizes that wculd be expected at the start and finish of 
disintegration are, using equation (16) 50/l. 52 = 22 and 75/l.52 = 33 microns 
compared with minimum drop sizes actually caught at these two times cf 10 and 
50 inicrons respectively (para.3.2). 

Of the suggested disintegration mechcanisms considered, the wave making 
mechanism appears the most likely. A relaticnship for the time required for dis- 
integration which is approximately of the riglit funa as regards the parameters 
drop size and airstream veloci'cjr, can be derived using Priestley's fcrmula 
although it does not provide a numerical value to the constant of proportionality. 
It may be necessary tc find this constant experimentally for sny mechanism due 
to the complication of possible premature break-up of the drcp and the increase 
of surface area that this cculd give0 The drop sizes that the wave making 
mechanism predict us*i.ng Taylor's fcrmula seem in reasonable agreement with these 
actually found in the cne case in which droplets were caught and measured. It 
would be worthwhile ccntinuing the study of droplcts formed during disintegra- 
tion using the present sampling methods. 

6 CONC-USICNS 

The time required for airstreams of vsricus velocities to disintegrate 
water drops of different diameters down to droplets cf size crder IGO-150 micrcns 
diameter, has been determined experimentally. The acccleraticn and velocity of 
the drops whilst Seing disintegrated was also determined. The general con- 
clusions derived from these results are given below:- 

(1) An empirical formula for the time ts needed to disintegrate water 
drops in airstreams has been deduced and is given by:- 
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ts = 20.0 Do/U0072 sees 

where Doisthe diameter of the drop in ft and U the velocity of the airstream 
in rt/sec, 

(2) From the above equation it has been deduced that the rate of dis- 
integration can be expressed in the form:- 

dR/dt = - (U - ~)'*~~/36.0 ft/sec 

where R is the radius of drop in ft 
f-t/set. 

and w is the velocity of the drop in 

(3) premature break-up of the drop appears tc occur at a time t after P 
the start of acceleration and disintegraticn given by the empirical relation:- 

t 
P 

z 50 Do/U o4 

where 6 is the relative density of the airstream. 

(4) During the disintegration period the drop accelerates with approxi- 
mately constant acceleraticn g4 which is found to be given empircally by the 

relation:- 

g& = 2K(U2/Do)ft/scc2 

where K = 1.04 x low'. 

(5) The equation of motion of a drop which is both accelerating and dis- 
integrating in an airstream can be expressed as:- 

(dw/dR) - (3w/R) x (a - 1) = -5 Cp(p$p&(U - w)z/R_jx (l/dR/dt) 
i 

where a and Cp are constants which for the particular case of a I*0 mm diameter 
water drop being accelerated and disintegrated by an airstream of velocity 
247 ft/sec have the values Cp = 3.26 and a = 1.14. 

(6) Droplets formed during disintegration have been caught snd measured 
in the particular case of a 2.75 mm diameter drop being disintegrated in an 
airstream of 352 ft/sec and compared with values that would be expected if 
certain suggested mechanisms of disintegration were operating. In the case 
referred to the droplets caught at the start of disintegration ranged in size 
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frcm IO-160 microns with an average cf 45 micronss At the end of disintegration 
fewer droplets were caught, having a size range of SO-90 micrcns with an 
average of 63 inicrcnsI These values can be compared with droplets produced by 
an unstable wave making mechanism which would be IjO microns at the start and 
75 microns at the end of disintegration. The agreement between the means and 
predicted values is quite gocd, although some very much larger drops were also 
present. 

Using Taylor's theory of disintegration by boundary layer stripping and 
taking expected droplet diameters to be of the same order as the boundary layer 
thickness, then the above droplet sizes found are to be compared with droplet 
sizes of the order 435 microns at the start cf disintegration and vanishingly 
small at the end of disintegration. 

(7) It has not been found possible to establish conclusively what 
mechanism operates to cause disin?,egraticn, but the evidence tends to favour 
the wave making mechanism. It appears frcm 2hetographs taken cf disintegrating 
drops and other evidence, that break-up of the drop into smaller drops Occurs 
during disintegration enabling the disintegration process to operate cn a 
larger surface area than if the drop had remained whole. This could account fcr 
the observed times for complete disintegration being shorter than predicted using 
Taylor's baundary layer theory. 

7 FURTHER WORK 

In order to determine the effect of parameters that might be operating in 
the disintegration prccess other than airspeed and drop size, 
the Tresent techniques could be used to find disintegration times of ether 
fluids, so that the effect cf surface tension, fluid density and viscosity can 
be studied. Also by doing tists in conditiens of low prcssurc the effect of 
air density could bc invcstigatcd. 

A more extensive study of the droplet s produced during disintegration 
might alsc shed light on the mechanism of disintegration operating* Also by 
dispensing with the single lateral scampling slide Etnd using a slide extending 
right rcund the inside of the projectile, ad catching all the droplets shed in 
a given interval, it should bc possible tc estimate the r&c cf disintegration 
for various cases. This, again, would throw light cn the disintegraticn 
process in operation. 

It would be worthwhile studying the break-up of water drops disintegrating 
in an air&ream caused by the penetration of the drop by air holes, so as to 
form an idea of the increase in surface area that occurs when break-up takes 
pS.aceo This could be done by viewing the drop photographically from the front, 

Acknowledgment is made to Xr. M. Nash for experimental work, ta 
Ivir. L.J. 'Varren and Mrs. J.G. Wyatt for computational work, and to Xr. J.H. Cadwell 
for calculating the equaticns tc fitted curves in the experimental results. 
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SYMEQLS 

liquid drop radius 

liquid cylinder radius 

liquid drop diameter 

liquid droplet diameter 

length of liquid cylinder 

distance moved by liquid cylinder 

wave length 

distance measured on surface cf liquid drop 

distance moved by liquid drop 

penetration into projectile 

=x+y 

boundary layer thickness 

volume of liquid drop 

mass of liquid drop 

airspeed 

velocity of liquid cylinder 

velocity of liquid drop 

mass of liquid 

time 

time 

rate of growth of waves 

relative density of air 

temperature of air 

relative kinc,natic viscosity ef air 

density 

kinematic viscosity 

Units 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

in. 

in. 

in. 

cm 

,t3 

slugs 

f t/set 

f t/set 

ft/sec 

slugs 

set 

set 

-1 
set 

OC 

slugs/ft? 

ft2/sec 

- 23 - 



P 

T 

cD 

% 
C 

P 
A 

B 

a 

Y 

7E 

k 
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Suffixes 

0 

a 

C 

viscosity 

surface tension 

acceleration 

drag coefficient 

force coefficient 

pressure coefficient 

constant 

L?xMBoLs (CONTD) 

constant 

fractional increase in liquid velocity 

Units 

lb or slugs/ft/sec 

fractimal. increase in liquid drop diameter due to 
flattening 

= w/u 

= R/R 0 

ZZ t/t S 

fractional drop diameter 

constants 

constant = Lb 

constant = 2 fi /c; (pa/pe)s \\i ) 
constant = i&/k> (pa/p,) 

constant = ‘-507 cD(pa/f$2'3 ("a/uf,)1'6 (1/v&' 

constant = 0.507 cD(pa/pe)2'3 (Ya/u4p (a0 u/u,+ 

initial cenditions 

complete disintegration conditions 

calculated values 

lb/ft 

ft/sec2 

me 

in./milliseccnd2 
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a air 

E liquid 

z P penetration 

Ph photographic 
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PIZNETRATION 03' WATER DROPS BY AN AIRSTREW 

Gordon4 has considered the case of a water 
stream of velocity U and has calculated the til;ne 
cause a cylinder of water to be extruded through 
treatment includes surface tension and viscous forces as well as inertia and 
pressure forces. Reproduced below is the case of negligible surface tension 
and viscous forces. 

Fig.A.1 

drop of radius R in an air- 
required for the airstream to 
the drop (Pig.A.1). The full 

The air pressure is ccnsidered as extruding through the drop a cylinder 
of water of length L and radius r. The pressure difference over the two ends of 
the cylinder is proporticnal to $ pa U2. 

Thus the force on the cylinder = Cp x -$ pa U2(m2) (32) 

where Cp is a pressure coefficient. 

The inertia force = (33) 

where ge is the acceleration of the cylinder = dv/dt and v is the velocity of 
the cylinder, It is assumed that the rest of the drop is stationary. Hence, 
equating inertia force (33) to applied force (32) gives:- 

dv/dt = G?p~~P,/PJoJ2/J4 l (3d 
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Integrat-ing gives 

v = 

if U is constcnt during the interval. When t = 0 v = 0. Iience A = 0, 

therefore v = dz/dt = ($/a (Pa/P,> (u2 t/u 

therefore Z = (CIJ~)(P$P&@~ t2/L> + B 

when t =o Z=O. Therefore B = 0. 

Therefcre Z = (cp/4)(Pa/pc)(‘72 t2h) l 

Vhen t = t z=L 
P 

therefore t 
P = WC9 WJ) (P&/Pa+ l 

(35) 

(36) 

(37) 

(30) 

But pa = c' p,, and taking L = i\D gives 

where 

The approximate solution given by Gordon' fcr the case when viscosity and 
surface tension are included is:- 

t 
P 

= (2D p$/(p, U2 - ,6T/h)' + 32;r/(pa U2 - 16T/D) b-l> 
. 

This reduces tc equation (39) h w en -Lhe surface tension and viscous force 
terms are ignored, and taking C and1 =I. 

P c4 
From photographs of drops disintegrating in an airstream, it appears that 

portions of the drop break away during disintegration. This could follow pene- 
tration of the drop by an air hole. On the assumption that this, in fact, does 
happen, and that breakaway occurs at the end of penetration, penetration times 
tp have been found from various photographs of disintegrating drops and are given 

in Table A.1 below, together with a reference to the photograph from which they 
have been taken, (The negatives qucted are held in Mech kg Department, n.A.3.) 
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TABLE A.1 

Penetration times for water drops .--__r-- 

Yl!hese figure numbers refer to Ref.2 - The fragmentation of water drops in the zone behind an air 
shock 



Appendix *A! 

The above results of t and D/(U&) have been plotted on Fig.A.2 from 
which it is seen that the lzear relationship suggested by equation (39) is 
followed. From Fig.A.2 the empirical value cf K 
D/(UG')both in seconds. 

5 
is found to be 50 with t and 

P 
This compares with a value of K 

5 
= 57 which is 

obtained from equation(& taking 0 
P 

= 1, I' 
z = '9 Pa0 = 0.002378 slugs/ft3 

ark-i P.$ = I.94 slugs/ft3. Engel has considered the acceleration of a water drop 
in an airstream and concludes that it would have to be perforated to have a drag 
coefficient that would yield the correct acceleration. It has been found3 that 
when a spherical drop of water strikes a piece of aluminium at high speed 
(800 ft/sec) the damage mark prcduced is a smooth indentation similar to that 
made in a Brine11 hardness test. If, however, the water drop instead of being 
spherical has the ragged shape of a drop that is being disintegrated, then the 
damage marks formed on impact with the aluminium surface at the same speed 
consists of a number of separateindentationswhich could be consistent with the 
impact of a number of separate small drops. This lends support to the idea of 
water drops being split up into separate pcrticns whilst disintegrating. 

From (39) the average velocity of penetration v is given by:- 
P 

vP= P D/t 3 = UC/K 
5' (42) 

For these cases where c r= 1, 

vP f 
U/K 

5' (43) 

From Lewis's' tests on penetraticn of liquid layers under acceleration 

F? = 
1.11 [(g& - g)r]' h-4) 

where r is the radius of curvature of the air finger which penetrates the 
liquid layer, v is the velocity of penetration of the finger and g is the 
acceleration due to gravity. In Appendix B it is shown that for a disintegra- 
ting drop an empirical expression for ge is given by ge = K6(U2/R) where 

K6 = 1.04 x 10-J. g is small ccmpared with ge. If it can be taken that Lewis's 
formula also applies to the acceleration of a spherical water drop, then 
substituting the values derived fcr v 

P 
an.3 g 4 in (Y,) gives:- 

= 1.11 K$ U x (r/R)& (45) 
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Taking K 
5 = 50 a-d KG = 1.04 x 10-3 gives:- 

(r/R) = l/(l.l12 x K; x KG) = 0.313 . (46) 

Thus using empirically found values for the average velocity of penetra- 
tion v 

P' 
in the break-up of water drops and of the acceleration ge of the drop 

in Lewis's formula for the rate of penetration of air fingers into a layer of 
water under acceleration, suggests that fingers, if so produced in a drop, 
might have a radius of curvature of the order 0.313R where R is the radius of 

* the drop. 

It would be worthwhile to study disintegrating drops in some detail, 
viewing them photographically from the front so as to arrive at a better under- 
standing of the penetration process and to establish if penetration does in fact 
occur and if it is regular or erratic. A drop which has been penetrated and 
split up into a number of separate smeller drops presents a larger area than the 
original drop to the airstream so that disintegration would proceed at a higher 
rate. Some knowledge of the increase in surface area would be helpful in 
establishing what mechanism operates to disintegrate a drop in an airstream. 
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APPENDIX 'B' 

. 

l 

THE ACCELERJTICN BY AN AIRSTRJ3A.M OF VATER DROPS OF 
REXXJCING SIZE (EMPIRICAL METROD) 

It is found experimentally that the moticn in an airstream of water drops 
which are being both disintegrated and accelerated by the airstream approximates 
to one of constant acceleration, This suggests that the equation of motion of 
the reducing drop can be represented by the acceleration of a drop cf constant 
radius by a constant accelerating force produced by the flow of an airstream of 
constant relative velocity past a drop giving rise to a drag coefficient CD cf 
constant value. The equation of motion of the equivalent drop then becomes:- 

CD x 6 pa U2x (kRoj2 = pe 4/3x (kRo13 &, (47) 

where gc is the acceleration of the drop and (kRo) is the radius of a drop of 
constant value which is assumed to be equivalent to the reducing drop which 
starts with a radius R. and finishes with a radius vanishingly small at the end 
of the accelerating and disintegrating period. The velocity acquired by the drop 
is assumed to be small compared with U, so that the airspeed relative tc the drop 
can be taken as constant and equal to U. 

From equaticn (47) 

where 

64 = 8 (C&)(P,/P~) U2/Ro 

= K&J2/Ro, = 2K6(U2/Do) 

(48) 

(49) 

This suggests that for the equivalent drop system, the acceleration ge is 
proportional to U2/Ro if (CD/k) is constant. From the measured values of drop 
movement in airstre<ams, the values of ge have been calculated for a number of 
cases, These are given in Table B.1 and plotted in Fig.B.1 against (U2/Ro). 
It is seen that there is a linear relationship between ge and U2/Ro as 
suggested by equation (48) indicating a constant value of KS. There is a. 
moderate amount of scatter in the results, but this is to be expected in view of 
the scatter of the basic experimental data on which the values of g, have been 
based. FromFig.B.1 KS = 1,01+ x 10W3. Thus ge = 2.08 x IO -3 
1.04 x 10-3 x (U2/Ro) (equation (49)). 

x U2/Do = 
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Hence in equation (50) 

Appendix 'E' 

1.04 x 10-4 = g x (CD/k) x (0.002378/'1.938) (51) 

from which ("&) = 2.26 (52) 

(IO C k can be regarded as an equivalent drag coefficient. Thus, within the range 
of cases considered, the drop of initial radius I!o which is accelerated and dis- 
integrated by an airstream of velccity U has the same acceleraticn as a drop of 
constant radius R. acted on by an airstream cf constant relative velccity U 
with a ccnstant equivalent drag coefficient = 2.26. 

TABLE B.1 

Acceleration of water dr- 

Case B , ge x lO-4 1 U 
ft/sec2 f t/set 

1 Ro x IO3 (U2/Ro) x lO-7 

ft ft/sec2 
i 

Al 1.085 18.10 563 -1.64. 19.30 
A2 1.088 18.15 

I 
2.05 14.95 

A3 0.695 11.58 
% 

2.46 13.05 
AI-I- 0.785 13.08 559 2.87 10.87 
A5 0.448 7.47 566 3.28 9.76 
A6 0.758 12.63 560 3.69 8.50 
A7 0.322 5.37 561 4.09 7.69 
A8 0.666 11.10 553 1:-. 51 6.78 

Bl 0.335 
132 0.24-j 
B3 0.161 

;:r; 
247 1.64 3.72 
251 , 2.46 2.56 
248 . 3.69 1.67 

Cl ) Same as case B3 
c2 Q-334 

2":: . 
365 \ 3.69 3.61 

c3 0.397 474 j.69 6.08 
c4 Same as case A6 
c5 0.7a.k 12.06 633 I 3.69 IO.87 

Dl Same as case B2 
D2 0.281 4.69 322 / 2.1~6 4.21 
D3 0.51 j 8.56 389 I 2.4-6 6.14 
Q- 0.402 6.69 477 1 2.46 9.24 
D5 Same as case A3 
D6 0.984 46.40 612 2.46 15.20 
D7 1 1.074 j 

I 
1-7.90 702 2.46 4 , 20.05 
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The velocity w of the residue of the reducing drop is given by:- 

w = q/t l (53) 

At the end of the disintegrating period t = ts which is found experimentally to 

be given by ts = 20 Do/U 0.72 and the empirically found value of 
. 644 = 2.08 x IO-3 x U2/D w Hence VI, at the end of disintegration 

= 20 Do/UomT2 x 2.08 x TOW3 x U2/Do. 
l 

Zience WJ), = 41.6 x IO-~ x u 0.28 

which is independent of D o the initial drop diameter. 

(54) 
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APmIx ‘C’ 

THE ACCl?~TICN BY AN AIRSTRIWE OF -fiATER DROPS OF 
REDUCING SIZE (ANALYTICAL M3THODl 

A water drop placed in an airstream is accelerated and, if the difference 
of speed between the drop and the airstream is higher than a critical value, 
the airstream also reduces the size of the drop by stripping surface layers off 
the drop. This change of mass as well as the change of velooity must be allowed 
for in the equaticn of motion of the drop. This problem is considered below by 
estimating the change of momentum in an interval of time 61;. 

. 
Momentum at time t 

A drop of water of mass m, is considered to have a velocity w,. 

Momentum of water system = m, w1 . (55) 

Momentum at time t + 6t 

The mass of the drop is now assumed to have changed to m2 and its speed tc 
r w 2 . In the interval 6t a mass of water M is assumed to have been shed at a 

speed slightly greater than that of the drop, i.e. awwhere OL is a constant ta 
be faund. 

. 

ivicmentum of water system = % w2 c aM(w, f w2) x $- (56) 

hence, 

Increase in momentum of the system = m2 w2 + aM(wj + w2) x 3 - m, w, (57) 

but m2 = m, + (ddt) x 6t w2 = w, + (dw/dt) x 6t M = (dM/dt) x 6t 

hence in (57) 

Increase in momentum = m(dw/dt)&t + w(dm/dt)& +aw(dMvdt)&+terms in (6t)2 

. . . . (58) 

but from conservation of mass(dr,/dt) = - Gudt. Hence from (58) 

Rate of increase of motilentum = mdv'/dt - (a - l)wdm/dt . (59) 
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The a.p;~lied aerodynamic force which causes the increase in momentum can - 
be written in the form:: 

F = CF x 4 pa nR2(U - w)~ = m dvr/dt - (a - 1) w dm/dt 

but m = L, xR3 pe/3 and hence 

dm/dt = 4 .R2 pe dR/dt 

hence in (60) 

(pa CF xR2/2)(U - 1~)~ = (L&+R3 pe dw/dt - w(a - 1) 4 xR2 pa dl?/dt 

dividing both sides by (Lk/3)~R3 pe Find re-arranging gives 

dw/dt - 3(w/R)(a - 1) dR/dt = 
i-'3 

L -s C,(U - w)~/R 

dividing now by dR/dt gives 

J -(Pa/P,) 

dw/dR - ow/R)(tx - 1) = p- C,(pa/p,)(U - w)~/?.] (l,,kiR/dt) . 

(61) = 

c 

(62) 

(6 3) 

* 

v4) ‘ 

The integration of this equaticn is new considered for two cases where 
an/at is known. 

Case 1 - d.R/dt has an empirical value 

An empirical value of dR/dt has been derived from tests and is given 
by (12):- 

dR/dt = - (U - ~)~~~~//36.0 (65) - 

hence in (6Lk) 

dw/dR - (P/R)(a - 1) = - -$ x 36,0 CF x (p$p,)(U - w)‘*~~/R . (66) 

The force coefficient CF allows for the increase in frontal area of the 

drop due to flattening such that:- 
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i.e. 

where y is the increase 

Taylor5 calculates 

CF x RR* = CD x x(yR)* 

$ = Y2CD 

in radius of the drop due to flattening. 

Appendix 'C' 

(67) 

(68) 

Y = 1.83 and takes CD = 1.0, to give CF = 3.35 . (69) 

Taking pa = 0.002378 and p4 = I.937 equation (66) becomes 

dw/dR - (3w/R)(a - I) = - K8(U - w)'**~/R (70) 

where K8 = 0.01656 cF . (70 

To solve equation (70) it is necessary to assume values of a and CF. For 

the case that a = 1 equation (70) becomes:- 

dw/dR = - K8(U - w)'.*~/R (72) 

integrating gives 

0.28 w/U = I - [I - 0.28 U s loge(R/Ro) 1 -3* 58 (73) 

when R/R0 = 1 w/u = 0, which agrees with the test conditions corresponding to 
the start of acceleration and disintegration. When (R/Ro) + 0 w/U 4 1. 

This does not agree with experimentally found values of (w/U). It would 
thus appear that a = 1 is not a suitable value. 

Putting (w/u) = n; (R/Ro) = C and (t/t,) = I' equations (63) and (65) 

give:- 

dx/dr = - 1 -9 (a-1) - b36x (pa/p,)Cfj 
Uoo72.ts.(l-n)o'72 

36Ro 

. . . . (74) 
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Tests show the acceleration of the drop to be constant during the dis- 
integrating period, i.e. dn/aT is constant (= us) during the period 0 4 I' 6 1, 

also 7t = 71, 
0 

= 0 ; C = Co = 1 when I' = 0 (initial value) 

x=7x 
S ; X= % When 27 = I (final value) . 

Substituting the above values in equaticn (7&) gives two equaticns from 
which a and Cf can be found. This leads to 

‘If R 
Cf = * (P&/P,) 8 l 

S  

Putting TX = ws/U and w = gets, where g6 s S 
is the acceleration of the 

disintegrating drop gives 

% R. 
cf = $ (P,/P,) f l (76) 

Equation (76) is the same as the equation for the equivalent drag 
coefficient (CI./k) derived in Appendix E (equation (48)) using an empirical 
methcd, 

also a 
12 R. 

= I + #.72 t (77) 

Using equations (75) and (77) the values of a and Cf have been calculated 
for each of the test cases for which the appropriate constants are known. The 
results are given in Table C.1 from which it is seen that there is a moderate 
amount of scatter in the derived values of Cf. The average value is 2.60 and 
lies in the range I.52 G Cf G 3.55. This value can be ccmpared with the 
empirically found average value cf equivalent drag coefficient (C$') = 2.26 
(Appendix E) and the Taylcr value of 3.35 (equaticn (69)). The average value 
of a is 1.17 and lies in the range 1.10 6 a 4 1.24. Neither Cf nor a appear to 

vary in a regular manner. The large values cf C f approximate to the Taylor 
value of 3.35 (equation(69)) h w creas the small values of Cf possibly corres- 
pond with drops that have been perforated (Appendix A). 

Using equation (70) the case of a water drop of initial diameter 1.0 mm 
disintegrating and accelerating in an airstream of 2I+7 ft/sec has been examined 
in some detail, It is known from the test data that when the drop has been 
reduced to a diameter equal to 0.1 times its initial diameter its velocity is 
given approximately by w/U = 0.287 (Table C.1). Tests also show that the drop 
accelerates to this velocity with constant acceleration in a time of I.27 milli- 
seconds (Table 7). 
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I'ig.C.1 shows the variation of (w/U) with (R/Ro) for various values of (x 
and Cf taking R. = 0.05 cm and U = 247 ft/sec and using a step by step integra- 
tion of equation (70). This figure illustrates the previously found condition 
that a = I is net suitable in that it produces a very sha 

'Tp 
rise in the value of 

w at small values cf R (i.c. see curves B and E of Z'ig.C.1 . By the use of 
equation (65) the curves of Fig.C.l have been replotted in Pig.C.2 cn the basis 
of variation of (w/U) with (t/t,) where ts is the time for complete disintegra- 
tion. From an examinaticn of these curves it can be seen that the required 
linear acceleration is cbtained with a value of Cf = 3.2 and a value of a lying 

between 1.1 and 1.2 (compared with calculated values cf Cf and (x of 3.26 and 
I.14 respectively.(Table C.-l.)) 

It is noted that the analysis cf Appendix B indicates that a drag 
coefficient of constant value can be fcund, which, associated with a drop of 
assumed constant radius R. and an airstream of constant relative velocity U 
ft/scc will yield a calculated value of acceleration equal to that measured for 
a drop of initial radius R o disintegrating and accelerating in an airstream of 
velocity U whereas the analysis of Appendix C shows that using a drag coefficient 
cf constant value for evaluating the motion of a disintegrating drop of initial 
radius R. in an airstream of velocity U and allowing for changes in radius of 
the drop will yield a calculated value of acceleration which is much higher than 
measured but which can be corrected by inc‘luding in the calculations a term 
with a positive constant OL of value greater than 1.0. This term corrects for 
chnn~es of momentum due to changes of mass. 
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Case 

Al 
A2 
A3 
A4 
A.5 
A6 
A7 
A8 

I.31 
132 
B3 

Cl 
c2 
03 
c4 
C5 

Dl 
D2 
D3 
D4 
D5 
D6 

% 
sees 

0,58 x 10-3 
0.79 ” 
0.92 " 
1.15 " 
1.26 I1 
1.79 'I 
I.69 " 
2.18 (t 

1.27 '1 
2.13 '1 
2.88 tt 

2.69 ” 365 
1.96 tt 474 

1.45 ” 633 

1.35 ” 
1.26 ” 
1.02 ” 

3.90 ” 

TABLE C.1 

Calculated values of OL and Cf 
- 

I L. 

u Ii? 
C 

ft/sec 1 mm 

563 

;2 
559 
566 
560 
561 
553 

247 
251 
248 

! 0.500 
0.625 

I p;;; 
I 1:ooo 

1.125 
1.250 
1.375 

I 
0.500 

! 0.750 1.125 

x 
S 

0.187 
0.258 
0.187 
0.270 
0.166 
0.404 
0.162 
0.438 

0,287 
O-344 
0.312 

;g 

477 

612 

Same as case B3 
1 1.125 

1.125 
/ 0.411 

! 0.274 
Same as case A6 
I 1.125 0.276 / 

Came as case 13.2 
I 0.750 0.197 

0.750 0.277 
0.750 0.143 

Same as case A3 
! 0.750 / 0.242 

5 

0. IO 1.23 
0.08 1.18 
0.067 1.23 
0.057 1.17 
0.050 1.22 
0.044. 1.11 
o.c!,o 1.21 
0.036 1. IO 

O*lOO 1.14 
0.067 1.12 
o.or,4 1.15 

0.0&l+ 
O.O& 

0. or&" 

0.067 
0.067 
0.067 

0.067 

1.10 
1.15 

1.17 

'.a- 
1.17 
1.24 

1.19 

a 

2.04 
2.62 
I.91 
2.62 
1.66 
3.23 
1.52 
3.56 

3.26 

5:: 

3.35 
2*j6 

2.41 

2.43 
3.05 
1.57 

2.35, 

Case 2 - dR/dit has a value calculated by Taylor 

The expression for the rate of remcval of fluid given by Taylor5 for the 
case where disintcgraticn is assumed to proceed by boundary layer thicknesses 
of fluid being stripped off the surface of the drop is given by 

dr / 
dt = - 

3 
(784 * 

i \ 

here r is the radius of the lcnticular shape assumed by the flattened drop. 
1: is related to the radius R cf a spherical drop cf the same volume by 
r = 1.83R. Expressing equation (76a) in terms of R gives:- 

l 

dR 
al; = - 2.48 x 

(78b) 
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substi%uting in (64) . 63 ives, with a = l:- 

where 5 = 0.507 1 ;. (ff3. (gy . 

. Integrating (79) with the boundary condition that R = R. when w = 0 gives:- 

where 

when (R/Ro) = 1 

and when 

dw 
dK = - 

K7 (u - w)3'2 
RS 

(W/U) = 0, in (81). This agrees with test conditicns 

+ 0 

Considering the case where 
following values for p and Y:- 

b = I.937 

(79) 

030) 

(82) 

x.+ 
U j - [I + cq2 , in (81). (83) 

U = 247 ft/sec, R 
0 

= 0.05 cm and taking the 

"4 = 1.075 x 10-5 

pa 
= 0.002378 V 

a 
= 1.56 x lO-4 

gives a value of C$ = 1.76 from equation (82). Hence in equation (83) 
(w/U) = 0.868. This is greatly in excess of the value of w/U = 0.287 found 
experimentally for this case. Taking R/R0 = 0.1 at the end of disintegration 
then (81) gives a value for (w/U) = 0.793 which is still far larger than the 
experimentally determined value for (w/U). 
(w/U) may be caused by taking a 

The large calculated values of 
= I as was similarly found for case 1 where an 

empirical value of dR/dt was used. 
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FIG.C.1. VARIATION OF(w/“) WITH (R/Ro) FOR A WATER DROP 
INITIALLY OF l-0 MILLIMETRES DIAMETER 

ACCELERATING AND DISINTEGRATING IN AN AIRSTREAM 
OF VELOCITY 248 FT/SEC. 



b.4 O-6 O-8 
. , . 

FIG.C.2.VARIATION OF@-) WITH (t/ts) FOR A WATER DROP 
INITIALLY OF I-0 MILLIMETRES DIAMETER ACCELERATING 

AND DISINTEGRATING IN AN AIRSTREAM OF VELOCITY 

248 FT/SEC. 



Novem~nt cf d drops of various sizes in an 
airstream of vel0cit.y 560 Pt see 

l 

Case R. 1 -- 
Average airspeed 
= 563 ft/sec 
Drop size 
= 1 mm diameter 

- -----_- 
Case A,2 

ilr@~ size = 
I.25 mm diameter 
Average airspeed 
= 554 ft/sec 

Case A.3 

Drop size = 
1.50 mm diaxber 
Average airsfecd 
= 567 f-&c 

Case A.4 

Drop size = 
I. 75 ITEII diameter 
Rverage airspeed 
= 559 St/set 

Segative 
nuifber 

Drop Drop Total Speed 
movement ?enetratiorl movement U 
x - in. Y - in. (xcyjin. ft/sec 

1 Ilk 0.013 0.90 0.17 
167 0.08 1.20 1.28 
119 0.12 I . ~6 1.58 
115 0*14 2.03 2.17 
116 0.21 2.39 2.60 
117 0.27 2.78 3.05 
118 0.48 3.75 4. 23 

546 
566 
566 
562 
566 
566 
566 

^ 

6533 0.13 
687 0.14 
688 0. 14 
692 0.20 
693 0.48 
703 0.71 

1.20 
1.23 
1.47 
1.86 
3.03 
4.30 

- 

I.33 
1047 
I.61 
2.06 
3.51 
5.01 

552 
569 
551 

$2 
545 

Time t 
millisecs 

i 
O-03 
0.19 
0.23 / 
0.32 / 
0.38 j 
0.45 
0.62 

I 

-7 
0.20 
0.22 j 
0.24 j 
0.31 
0,52 i 
0*77 I 

79 0.12 1.87 1.99 562 0.30 
57 0.10 1.80 I.90 570 0.28 

162 0.14 2,30 2.44 558 0*37 
80 0.24 3.34 3.58 565 0.53 
61 0.41 3.93 4.34 55G 0.65 
82 0. 54 5.63 6.17 562 0.92 

1013 0.42 lcmO0 4.42 578 0.64 
1019 0.59 4.30 4.. 89 569 0.72 

164 0.07 1.01 1.08 578 0.16 

685 
696 
700 
707 
7-l-l 
712 
717 

1020 
1021 
1029 

T 0.07 0.97 I . 01,. 
0.13 2.15 2.28 
0.29 3a31 3.60 
0.53 1;.06 4.59 
o-4-7 I;. 60 5.07 
0.65 5.07 5.72 
1.00 6.56 7.56 
0.59 4.75 5.34 
0.55 4.17 4.72 
0.66 4.75 5.41 

556 
568 
556 
543 
552 
556 
567 

;i; 
562 

0.16 
09 34 
0.54 
0:71 
0.77 
0.36 
1.11 
0.79 
o.Gy 
0,80 

- 

.L 

- 

- 
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TAELE -I (CONTD) 

SET A (COITD~. -I_ 

Remarks 

A. 5 Case 
Drop size = 
2.0 mm diameter 
Average airspeed 
= 566 ft/sec 

Case A,6 
Drop size = 
2.25 mm dismeter 

Drop size = 
2.50 iUQ diameter 
Average airspeed 
= 561 ft/sec 

Case A,8 -L_ 
Drop size = 
2.75 mm diameter 
Average airspeed 
= 553 ft/sec 

Negative 
rnunber 

75 
165 
43 

1022 

jo23 

166 
83 
& 
87 
88 
89 
90 

@4 
698 
702 
708 
715 
722 
726 
725 
731 

Prop Drop Total Speed 
mcvement penetration movement U 
x - in. Y - in. (xi-y)i.n. ft/sec 

0.08 0.38 
0.05 0.96 
0.08 1.39 
0.12 2.00 
0.12 2.80 
0.18 2.23 
0.13 2.64 
0.23 3.00 
0.3. 4.03 
0.16 3.07 
0.32 3.64 
0.55 5.45 
0.71 8.17 
1.13 8.76 

0.46 
1.01 
1.47 
2.12 
2.92 
2.41 
2.77 
3.23 
4.27 
3.23 
3.96 
6.00 
6.88 
9.39 

- 

582 
56.2 
562 
569 

5k3* 
- *c 

566 
560 
566 
569 
563 
,* 
c :k 

This is the same as case C.4 

0.06 1.01 
0.11 1.93 
0.13 2&7 
O.l& 3. GG 
O.lc2 7.31 
0.68 7.66 
0.71 9.05 

_ll_"_ --- 

0.11 I.25 
0.11 2.40 
0.25 3.40 
0.31 4.43 
0.56 5.43 
0.62 6.03 
1.10 7.30 
0. yo 6.63 
1.29 8.00 

I 

L 

5G6 
558 

z 
562 
558 _ * 

Time t 
millisecs 

0.07 
0.15 
0.22 
0.31 
0.43 
0.36 
o&.1 
O&8 
0.64 
o&8 
0.58 
O.G9 
1.32 
1.47 

0.46 
0.31 
0.39 
0.56 
1.15 
1.25 
1.45 

0.20 
0.37 
0.54 
0.72 
0.92 
0.87 
I,24 
1.13 
1.38 

*Where speeds have not been recorded the average speed for the rest cf the case 
has been used in calculating times. 
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Ncvenlent of..2.0 rm diamzter water drops in an airstream 
of average velccity 569 ft/sec (results with Gun?)-- 

I Drop 
wative f 

Drop Tctal Speed 3!irfie t Remarks nuxiber 
movel.qant I penetration mveinent 
x - in. Y - in. (x+y) in. f tysec millisecs 

Case A.5 
" 

Average airspeed x732 0.11 2.50 2.61 557 0.37 
= 567 ft/sec x733 0.19 3.55 3.74 577 0eY.k 

/ 
I 

X7& 0.27 4.45 4.72 595 0.66 
x739 0.36 4.30 1+.66 580 0.67 
x735 0.47 5.30 5.79 - 0,78 

/ 

x71+0 O.lbO 5.30 5.70 595 0.80 / 
x744 0.56 6.25 6081 550 0.88 

I--- x752 6,75 7.50 530 I,18 / ) 0.75 / 
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TABLE 3 

Movement of water drops of various sizes in an 
airstream cf velocity 250 ft/sec 

SET B 

Remarks 

Case B.l 
Drop size = 6~1.3 0.09 
I,0 rrnn diameter 647 0.27 
Average airspeed 
= 247 f%/sec 

650 0.36 
655 0.90 

I Case B.2 
Drop size = 
1.5 KU-II diameter 
Average airspeed 

I 
= 251 ft/sec 

I 

jcnse B.3 

/Drop size = 
! 2.25 mm diameter 
/Av;~-;g;~i~speed 
I = set 
I 

/ 

Negative 
nuriber 

641 0.10 
Q-6 0.17 
6h-9 0.25 
654 0.53 
660 1.07 
662 I.33 
6% 1.1~ 
669 2.19 _--- _-_ ----- 

642 0.09 
G&- 0.13 
Q-8 0.23 
652 0.29 
653 0.35 
661 0.66 
656 0.71 
659 0.84 
663 1.06 
667 I,20 
670 1.97 

Drop Drop Total Speed 
movement penetration movement U 
x - u-l. Y - in. (x+y)in. ft/sec 

1.20 1.29 250 
2.18 2.47 249 
3.22 3.58 46 
3.70 4.60 243 

1.42 1.52 249 0.51 
2.11 2.2s 251 0.76 
3.35 3.50 251 1.20 
3.84 4.42 245 1.51 
Lb.94 6.01 256 1.96 
5.56 6.89 254 2.26 
5.63 7.07 249 2.36 
7.05 9.4 255 3.04 

1.24 
2.211. 
3.00 
3.39 
4.26 
5.20 

2: 
6.70 
7.60 
8.02 

.- --. .-_ ~_. 

1.33 
3.37 
3.23 
3.68 
4.55 
7.66 

22 
7.76 
8.30 
9.99 ..-- -. -~- 

244 
251 
251 
246 
2-B 
248 
250 
45 
251 
245 
251 

-_-- I A-- ---. - - -  -. 

Time t 
millisecs 

I  

oh-3 
0.83 /  

1.21 
1.58 

0.45 
1.12 
1.07 
1.25 
l-55 
1.97 
2.01 
2.33 
2.57 
2.99 
3.32 
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Movement of water drops of 2.25 rnrn diameter in 
airstreams of various velocities 

SET C -- 
I I 

Negative / Drop I DlWp 
Remarks number i movement penetration ! movement 

: x - in. i y - in. 
; 

I 

Case C-2 

Average airspeed 
= 365 ft/sec 

case C.3 

Average airspeed 
= 474 ft/sec 

l 

.  
1 

755 
5;; 
890 
757 
BP3 
892 
758 
894 
695 
759 
910 
763 
P-11 
891 

0.07 
0.09 
0. IL, 
0.1f.2 
0.33 
0.56 
O.G8 
O.L,O 
0.71 
0.56 
oe73 
1.08 
0.89 
'1.36 
0.41 

765 0.14 
767 0.20 
766 0.34 
768 0.27 
769 O.L& 
770 0.56 
77-l 0.71 
772 I,28 

This case is the same as case R.3 

1.27 
2 i / . IO 
3.01, 
4.06 
4.53 
4.92 
4. 94 
5.30 
5.04 
5.19 
6e-16 
6.57 
6.80 
7.14 
I,.. 02 

2.02 
3.09 
4.07 
I!-. 75 
6.09 
6.76 
7.56 
7.37 

1.3!+ 
2.25 
3.18 
4048 
I,. 92 
Jjy58 
5.62 
5.74 
5.75 
5.75 
G.89 
7665 
7.69 
8.50 
4.43 

2.16 
3.29 
4.41 
5*02 
6.51 
7.30 
8,2r 
9.2; 

_ ;P 
_ ::c 
,* 

360 
_ ::: 

320 
372 
396 
372 
375 
;g 

361 
_ a% 

371 

476 
pi5 

0 

1:72 
j+76 
471 
471 
485 

-- 
l 

0.31 
0.51 
0.73 
'1.01~ 
1012 
I@45 
1.26 
1.18 
1.29 
1.28 
lo58 
1.73 
1.76 
1.92 
1.00 

.-_I_- 

0.38 

~$ 
0:88 
1.15 
1.29 
1 .L+G 
d.59 
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TABLE 4 (CONTD) 

SET C (CONTD) 
r ! 

Negative Drop Drop Tctal 
Remarks 

Speed ’ Tiine t 

number movement penetraticn movement r 
x - in. Y - in. (x+y)in. ftysec millisecs 

Case C.4 

Average airspeed 683 
I 

0.07 0-2-l 
= 560 ft/sec 

1.30 1.37 559 
682 0.09 1.40 1.49 5% 0.22 
697 0.14 2.J “6 2.50 564 0.37 
701 0.23 3.28 3.50 564 0.52 

I 

706 0.31 4.23 
4.29 

556 0.69 
714 0.52 5.32 

2:;s 
554 0.33 

719 0.70 5.68 559 0.96 
723 0.93 Cf.30 7.23 566 1.07 

Case C.5 

Average airspeed 0.09 1.20 
= 633 ft/sec 

774 I-29 641 0.17 
775 0.15 2.25 2.40 636 0.32 
776 0 l JL 73 3.82 4.14 636 0.54 
777 0 .36 4.74 5.10 636 0.67 
773 0.56 5.92 6.46 631 0.86 I 
779 0.86 6.23 7.09 636 0.93 * 

780(R) 0.91 7.30 j 8.21 l 617 1.11 

'%herc speeds have net been recorded the average speed for the rest cf the case i 
has been used in calculating times. 
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TABLE2 --- 

Movement of water drops of I,5 mm diameter 
in airstreams of various velocities -- 

SET D -w- 

Remarks 

I I 

Xegative i Drop Drop Total Speed 

number mcvement penetration movement 
1 x - in. Y - in. (x+y)in. f$sec 

Case D.1 I 

Average airspeed 
= 251 ft/sec 

Case D,2 
Average airspeed 
= 322 f'tjsec 

Case D,3 w_u_ 
Average sirsFeed 
= 389 ft/sec 

Case D.1:. 

Average airspeed 
= 477 ft/sec 

oc06 
0.09 
0015 
0.26 
0.70 
1.00 

1.28 
1.87 
2.91 
I!_,08 
5.3 
5-9: 

1 * 34 312 
A,96 310 
3.07 333 
4* 34 318 
6.00 354 
6.93 303 

130 0.08 I.55 I. 61b 
131 0,20 283 3,04 
132 0.30 3.63 3.93 
133 0.62 4. Gy 5.34 
-153 0.87 5.23 6000 

593 0.09 1.36 
121 0.08 I,68 
123 0. IO 2.00 
594 0. IO 2.22 
121, 0.13 2.92 
595 0.17 3.00 
125 0.15 3.98 
596 0.25 1LOOO 
127 0.22 4.60 
598 0.37 5.00 
597 0.29 5.00 
126 0.36 5030 
599 O,Gl 5.77 
128 0.43 5-95 
129 0.50 6.60 
600 0.93 6.74 

1.45 
1.76 
2.10 
2.32 
3.04 
3.17 
4.13 
11.. 24 
b.82 
5.37 

;‘g 
6138 
6,38 
7.10 
7.58 

This case is the same as case D.2 I 

L 

- 

392 

3b8 
383 
394 

477 
477 
475 
481 
475 
403 
470 
r+80 
475 
492 
470 
477 
474 
473 
475 

0935 
I 

0.65 ~ 
Oe84 
1.16 
1.27 

- 

0.25 
c. 31 
0.37 
0.k0 
oa5.3 
0.55 
0.73 
00 7tc 
0085 
O*Yl 
o,v:;. 
0.99 
-I.12 
I,12 
I.& 
1.33 

d 

------j 

0.36 , 
F 

El:;; I 

I*14 / 
I.&l : 
I,91 / 

------j 
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TABLE 5 (COFl?D) 

SET D (CONTD) 

Remarks 
Drop I 

f 

Drop Total i i\Teg@ive j 

number I movement penetration move,nent 
'Peed I Tiine t 

IX - in. 1 y-in. (x+y) in. j ftT;SEG j rillisecs 1 
1 

Case D.5 
Average airspeed 
= 567 ft/sec 

This case is the same as case A.3 

Case D.6 
Average airspeed 168 0.06 0.91 0.97 I 626 1 0.13 
z 612 ft/sec 153 0.06 1.00 l.OG 540 0.16 

14c, 0.12 I.97 2.09 627 0.28 
143 0.13 2.36 2.49 616 0.34 
w+ 0.15 2.a 2.87 616 0.38 
147 0,30 3.41 3.71 630 0.1~9 
148 0.33 3.69 4.02 621 0.54 
152 0.35 3.98 I!-. 33 621 0.58 

Case D.7 
Average airspeed 755 0.16 1.76 1.92 688 0.23 
= 702 ft/scc 797 0.30 2.17 2A.7 700 0.30 

788 o-37 2,72 3010 761 0.34 
800 0. 14 3.73 3.92 694 0.47 
789 0.50 3.25 3.3 634 o*53 
791 0.22 1+.23 4.45 694 0054 
794 0,68 l,.l+$ 5.12 694 0.61 
793 0.47 I!.. 98 5.45 700 0.65 

l 792 , 0.73 4.87 5.56 694 0.67 
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SU~V?.?VIARY OF DISIIlTEGPlATIOJX TIMES 

set A - Constant speed of 560 ft/sec with various drop sizes 

Gun 2 mn j Gun 1 

Al 1.00 2,y 
A2 I.25 4.5 
A3 1.50 4.8 
Aq. -I.75 6.7 
A5 2.00 7.8 
A6 2.25 9.0 
A7 2.50 - 

I____ Jy-e_-_2J’ - 

3.5 

5.7 

I 
Nax y Drop (x-t y) 

in. mcvement in t, x103 ' tpll x-lo 3 tpx103 

x in. . sees sets SW2S 

1 

10.5 
11.8 

O-4 
0.3 
0.48 
-t.o 
0.68 
2.4 
0.90 
2.82 

3.9 

;::8 
7.7 
3.@ 

12.0 
11 .I). 
II,. 52 

0.56 0.45 
0.79 0.52 
0.92 0.61k 
q.15 0.69 
1.26 1.32 
A.79 0.88 
1.69 1.25 
2.18 1.13 

0.38 
0.31 
0.37 
0.51, 
0.64 
0.69 

o.a7 

set B - Constant speed of 250 ft/sec with various drop sizes 

Dror, ' Penetration y 
Case diaA . in, Hax y Drop 

movement (y+y) tsx103 tphx103 tpx103 
Gun 1 Gun2 XI* x in. 111. sects sets sets mm 

Bl A.00 

I 

333 - 3.3 0.52 3.;;~ 1.27 lo58 - 

I B2 B3 Id.50 
- 

! /2.25 1 7.3 5*2 1 1 - - 1.34 1.17 j 6.37 3.64 1 ! 2.13 2.88 2.3 2.26 3 1.25 , 
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set c - Constant drop size of 2.25 mm ibmetcr with various airspeeds , 
1' 1r- I’ Penetration y ' 1 Drop 

t 
Case speed in. L-y--l’ = ihX y move- (xi-y) 1 t, xjo3 tphx%,' 'tp"103 

ft/sec 
Gun I i Gull 2 

ill. ment ill. sects sets sets 
x in. w 

Cl 2L+8 7.3 - 

Set D - Ccnstant drop size of 1.50 ma diameter raith various airspeeds 

Dl 251 5.2 - 5.2 2.26 - 
D2 , 322 &o8 - 1,,8 1.41 - 
D3 389 1.16 - 
D4 0.99 0.74 . 

D5 OJJ+ O.Lt.0 
D6 612 0.y;. 
D7 702 0.47 1 

- 
I 

1 
o-34 

, 
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WEB FRAME 

I 

\ 
HOLLOW 

1 
PROJECTILE 

DROP SUSPE N&D 

ON A FINE WE6 AN0 
POSITIONED TO ENTER 

HOLLOW PROJECTf LE 

LONG HOLLOW 
PROciECTlLE 

\ 

LATERAL 
FLl”aEy% 

. 

\ 

DROP 6lZlNq DlSlNTCGRATED INITIAL POSITION 
0Y MOVlNg COLUMN OF WEB AN0 DROP 
OF AIR 

\ I 

MOTION OF PROJECI-ILE 

LEcqEND 
x= MOVEMENT OF OROP FROM INITIAL POSITION ON WE8 

3 
= PENETRATION OF DROP INTO PROJECTILE 

e = MOVEMENT OF PROJECTILE WHILST DROP IS INSIDE = X + 
3 

FIG. I. DIAGRAMMATIC REPRESENTATION OF THE HOLLOW 
PROJECTILE METHOD, 



t I 





3 4 5 6 7 8 

Pf NETRATI ON Y I NCHES 

FfG.6. VARIATION OF RESIDUE DROP SIZE WITH 
PENETRATION INTO HOLLOW PROJECTILE FOR THE 
CASE OF DISINTEGRATION OF 2-O m.m DIAMETER 

WATER DROPS IN A PROJECTILE MOVING AT 56OFT/SEC. 



3 4 s 6 7 8 Y 

PENETRATION Y \NCHES 

FIG.7. VARIATION OF RESIDUE DROP SIZE WITH PENETRATION INTO THE 
HOLLOW PROJECTILE FOR THE CASE OF DISINTEGRATION OF 2.25 m.m. DIAMETER 

WATER DROPS IN A PROJECTILE MOVING AT 365 FT./SEC. 
* m l 4 

.  * 



E  

x 

h 





c 





0 

CASE A5 

RESULTS USING GUN I 

0 
o RESULTS USING GUN If 

FIGII. COMPARATIVE MOVEMENT OF 
PROJECTILE MOVING AT 560 FT. 

DROPS 2.0 m.m. DIAMETER IN A HOLLOW 
USING DIFFERENT TEST CONDITIONS. 



+ + 
+ AESULTS USING GUN It 

0 
0 

’ RESULTS USING GUN P 

+ 

CASE A5 

+ 

, - 
0.5 I.0 1’3 

TIME t MILLISECONDS 

. 

FIG.12.MOVEMENT OF 2*0 m.m. DIAMETER WATER DROPS IN A 
HOLLOW PROJECTILE MOVING AT 560 FT./SEC. 

UNDER DIFFERENT TEST CONDITIONS. 



EOUATIONS TO FITTEB CURVES 

t 

I-Omm DROPS x =*0539 

I-25mm DROPS x =+0996 
I5Omm DROPS x x.0753 

I- 75mm DROPS x =* 0823 
2Omm DROPS X 5’ 0828 
2.25mm DROP!3 X =- 0186 
2.50mm DROPS X =* 0679 
2.75 mm DROPS >( =* 043 

0 o-5 I-0 l-5 

TIME t MILLISECONDS 

FIG. 13. MCNEMENT OF DROPS OF VAR lOUS D IAMETERS 
IN AN AIRS?’ EAM OF VEL Y 560 FT/SEC. 

DROPS 

DROPS 



FITTED CURVES 

.2-o 

ul 
.‘a6- F-- u 

2 

-0-4 

( I-otnrn DROPS) X = -0003 + -335 t2 (CASE 81) 

(I-5mm DROPS) x = * 0307 t -243 t2 (CASE 82) 
(2.25mm DROPS) X = - 0065 + - I605 t2 (CASE 63) 

i 

---LA-- 
+2-25 mm DJAMETER DROPS 

s+ I~5mm DIAMETER DROPS 

~I-Omm DIAMETER DROPS 
I I 

I 2 3 

TIME t MILLI SECONDS 

i 

f 

FlG. 14. MOVEMENT OF DROPS OF VARIOUS DIAMETERS IN 
AN AIRSTREAM OF VELOCITY 250 FT/SEC. 



SET C. 

LEGEND 

EQUATlOAlS TO FITTED CURVES 
248 FT/SK. X t 
365 FT/SEC. X = 

*006S + +d& (CASE C I) 
-0154 + -334 tz (CASE c4 

474 FT/SLC. x = 

S6oFT/SLC X = 
l 0229 + -387 t’ (CASE C3) 

633 FT/SEC. 
*of86 t l 7576t’ (CASE C4) 

x = l 0806 + l 7243 tf (CASE Cs) 

I 2 
TIME t MILLI SECONBS 

3 

FlG.lS. MOVEMENT OF 2.25m.m. DIAMETER WATER DROPS IN AIRSTREAMS 
OF VARIOUS VELOCITIES. 



I-6 
ln 
Id 

3 
z 

x l-2 

t- 
Z 
W 

5 

; -8 
1 

a 

-4 

0 

SET D 

FIG. 16. 

EQUATIONS TO FITTED CURVES I / 
251 FT/SEC. X=. 
322 FT/SEC. X 

0307 + 0*243k2 (CASE: 01) 
=-006 + 0.281 t” (CASE: 02) 

389 F%/%C. X =.-018 + 0.513 t2 (CASE 03) 
477 FT/SEC. X=-O134 t O-402 tZ (CASE: D4) 
567 FT/SEC. x =*0753 + 0.695 ta (CASE OS) 
6 I2 FT/SEC. X =. 034 + O-984 t2 (CASE 06) 
701 FT/SEC. x=. 123 + 1.074 t2 (CASE 07) 

LEG,END 
x x 

x 251 FT./SEC. 

0 a 
0 389 FT./SEC. 

+ + 
I + 

612 FT/SEC. 

I 2 3 4 
TIME: -t , MILLI SECONDS 

MOVEMENT OF WATER DROPS OF I.5 mm. DIAMETER 
IN AIRSTREAMS OF VARIOUS VELOCITIES. 
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SET B 

I 

_ LEGEND - 
+ + 

+ 2-25 mm. DIAMETER DROPS, CASE 6.3. 

0 
0 ’ I.50 mm. DIAMETER DROPS,CASEB.2. 

x ’ I-0 m-m. DIAMETER DROPS,CASEB.I. 
X 

I L 

1 J 
0 I 2 3 4 5 6 7 0 9 

DROP PfNNETRATlON Y INCHES 

FlG.18. VARIATION OF DROP MOVEMENT X WITH PENETRATION Y 
FOR DROPS OF VARIOUS SIZES IN AN AIRSTREAM OF 250 FT/SEC. 



SET. c. 
LEGENO - I I 

-w 248FT/SEC (CASE C I) 
I I 

F---Y 
4 74 FT/SEC 

I 
(CASE C.3) 

1 PENETRATION y (I N&S) 
- 

1 2 4 s 6 7 

FlG.19. VARIATION OFDROP MOVEMENT X WITH PENETRATION Y FOR WATER DROPS OF 
DIAMETER 2-25 mm IN AIRSTREAMS OF VARIOUS VELOCITIES. 



SET. D i 

0.8 
t LEGEND 1 t 

9+ 251 Fl/SEC.(CASe:OI) 

v 477FT/SEC.(CASE 4 

---I-- 
+ 

a 

4 

x 

2 3 4 3 6 7 

PENETRATION y (INCHES). 
w 

FIG.2O.VARIATION OF DROP MOVEMENT X WITH PENETRATION Y 

FOR WATER DROPS OF DIAMETER I3 mm IN AIRSTREAMS OF 

VARIOUS VELOCITIES, 



3 

2 

I 

0 
I 2 

DROP DIAMETER MILLIMEfRE$. 

FIG.2 l.VARIATION OF DISINTEGRATION TIME WITH DROP SIZE 
IN AIRSTREAMS OF VELOCITY 250 AND 560 FT/SEC, 



----_ 

VALuf CORRfcTED 
COALES~CNCE 

.--- GRAPHS SHOWlNCj fFFt%T OF 
VALUE OF r\ IN THE EQUATION t6=K/u” 

GRAPH THROUqH LXPf RIMf NTAL 
POINT6 AND HAVING 1\ = -72 

El PHOTOGRAPHIC RESULTS. 

FlG.22. VARIATION OF LOGm(DISINTEGRATION TIME t,x Id) WITH LOG,‘, (AIRSTREAM VELOCITY U) 

FOR CONSTANT DROP SIZES OF I-50 AND 2.25 MILLIMETRES DIAMETER. 

* t *I c ‘A I., 



A.R.C. C-P. No.827 532.6 : 
533.6.011 

THE TIME REQUIRED FOR HIGH SPIXD AIRSTREAMS TO DISINTF~WLTE WATER DROPS. THE TIME REQUIRED FUR HIGH SPEED AI ftETR&WS TO DISINTEORAYE WATER DROPS. 
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expected ir some or the proposed mechanisns of disintegration were opera- 
tive. It has not been found possible to determine conclusively v&iat 
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~ve-making mechanism. 

Suggestions for further work have been made in order to establish the 
effect or other parameters involved in the disintegration process. 
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