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SUMMARY

The time required for high speed airstreams teo disintegrate water drops
has been determined experimentally, and an empirical relation found between the
time, the airstream velccity and the drop diameter. The acceleration of drops
during disintegration has alsc been found and an empirical relaticnship derived.
The equation of motion of a disintegrating drop has been considered and a drag
coefficient determined which gives a drop motion agreeing reasonably well with
that found experimentally 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 disintegraticn were
operative. It has not been found possible te determine conclusively what
mechanism operates to cause disintegraticn, but the evidence favours a wave-
making mechanism,

onggestiions for further work have been made in order to establish the effect
of other parameters invelved in the disintegration process.
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1 INTRODUCT ION

In investigations of problems of erosion of the forward facing surfaces of
an aircraft or missile travelling at high speed through rain, infermation is
required on how long it takes a raindrop to be disintegrated when subject to an
airblast?,2 or alternativcly the degree of disintegration achieved in a given
time. A typical example in the case of supersenic 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 approaches which have been postulated give widely differing
results?!, Por these reasos a study of the disintegration of water drops
exposed to sudden airblasts has been undertaken using a ncvel experimental
technique developed tc 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 to assess the erosive
effect of the small droplets resulting from disintegraticn.

2 EXPERTIENTAL METHOD

247 General

To determine the time taken to disintegrate a water drop in an airstream,
the cbvicus method is to use phetography and to record the state of the drop at
successive intervals of time. The end of the disintegrating period can then be
defined as the time at which the drop appears to have been completely reduced to
a fine miste An obJjection to this method is that it is subjective; different
experimenters might well reach different conclusions on studying the same set of
photographs, The photographic result may be sensitive to the illumination and
photographic techniques used and the method does not nccessarily 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 tcchnique whereby the
dreplets formed and the residue of the drop remaining, are caught and measured
at successive stages. Disintegration can then be said te be complete when the
rcsidue has been reduced tc droplets, ncne of 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 pessible by using a long holiow projectile closed at the
rear end and open at the front, to produce the air blast.

242 Test apparatus

The projectile, shown diagrammatically in Fige.1 and phctographically in
Fig.2, is fired from an air gun3 at a water drop of given size suspended on a
fine web, Fige3, positioned such that the drop will enter the nose of the pro-
jectile, Figalta A column of air is carricd along inside the projectile so that
on entry the drop is suddenly exposed tec an airstream of velccity cqual 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 known distance apart. T'ig.5 shows the disintegration
of a 2 mm diameter water drop ineside a transparent hollow projectile moving at
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560 ft/sec, the manner of disintegration being quite typical for suddenly applied
airstream conditioens,

To catch the residue and droplets, a sampling slide is fixed acrocss the
ingide 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 frem the disintegration process, together with several large
dreps fram 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 droplets will be collected. The progress cof
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 comwlete
disintegration was achieved in subsequent tests the peint where the residue
droplets caught on the slide measured 0.1-0.15 mm. 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 sampling
slide can be recovered and the droplets on it examined end measured with a
measuring microscope.

Additionally, the mectal version of the hellow projectile can he fitted
with an intcrnal slide running along its length, sec 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 ieasured at all intervals of the dis—
integration period as the disintegrating drop passes along the length of the
Slidec

2.3 Test procedure

To determine the time that has elapsed since the drop entercd the pro-
Jectile up to any given stage, it is necessary to determinc the length £, Figs.1.
This is made up of two compeonents 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 blasts The time that the drop has been in the airstream is then
given by t = £/12U secconds where U is the speed of the prejectile in ft/sec and
£ is in inches.

It has been assumed here that the action of the airblast on the drop starts
as the drop enters the nosc of the prejectile., However, due to the airflow
round the nose of 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 of the projectile is negligible;
also photographs of drops just before entry into the projectile do not reveal
any signs of premature distortion or disintegration (c.g. see Figs.l and 9A)
which would be the casc if the drop experienced significant blast effects prior
to entry into the projectile,

-6 =



The value of y at the point of complete disintegration is determined by
repeated tests at constant speed and initial drop size using the metal hollow
projectile with adjustable sampling slide pesition. 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-
integration was cbtained. In a few cases, however, the combination of initial
drop size, airstream velecity 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 campletely disintegrated when the
largest droplets caught on the slide measured approximately 0.2 mm diameters
The reason for the larger droplets found in these cases is not known, but it is
thought to be due te coalescence of droplets on the sampling slide caused by the
large nurber of droplets caught. ¥Fig.7 shows the variation of residue drop
size with penctration in a case where the adopted standard for complete dis-
integration was not reached, Fig.8 shows typical droplet slide samples corres-—
ponding to the case illustrated in Pig.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
operating a trigger wire and in each phetograph 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 I"ig.1. Lines engraved on the cutside of the trans-
parent projectile at regular intervals, and which appeared on the pheotegraph,
enabled ccrresponding values of depth of penetraticn y teo be measurcd. These
coincident values of x and y were recorded and used in the preparation of a set
of graphs of x against y and x against t covering the varicus drop sizes and
velecities investigated. Fig.9 shows a typical set of phetographs for a 2.25 mm
diameter water drop disintcgrating in a projectile moving at 365 ft/sece It is
to be neted in this set of phetographs that different designs of web helder have
been used at various stages. This was necessary to permit correct peositicning
of the flash illumination trigger wire and which is operated by the projectile.

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

2ot  Reliability of method

2ehel Adrblast veleocities

The method used in thcse tests for producing an air blast relies on a
colum of air being carried along by the moving hollow projectile, This air will
be at a slightly increased prcssure due te ram effect for which air must flow
into the projectile through the hcle at the frent. During the development cof the
technique it had been considered that the prejectile movement before reaching
the drop, should be as large as pessible to ensure that airflow into the
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projectile was complete befcre the drop entercds In the initial development
stage of the methed, the gun used had a barrel length of 2 £t and the drop could
be placed at approximately 16 in. from the gun muzzlc, the total projectile
movement thus being 3 £t ). in. A second apparatus became available after this
development period with a gun having a barrel length of L ft and in which the
drop could be placed at approximately 7 £t 6 in, from the gun muzzle, giving a
tetal projectile movement of 11 £t 6 in. Accordingly, some experiments con-
ducted on the first gun were rcpeated on the second to see if the increased
projectile travel made any differcnce to the disintegration results. In partic-
ular, the movement of water drops of 2 mm diamcter in a hollow projectilc
travelling at 560 ft/sec was studied photegranhically, The recerds of movement
using the first gun and those using the second gun are shown in Pig.11. It is
seen that both sets of results follow the same trend with the scatter of results
about the mean curve being approximately the same for cach set. The same values
of x when plotted on a time basis are shown in ¥ig.12 where, again, agreement
seems close between the two sets of results and cne fitted curve suits both sets
of results. The depth of penetration y tc complete disintegration was also
checked on both guns for a nusber cof cases and the results found to be in fair
agreement (para.3.1).

The overall agreement in results using the two different tost 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 mevement in the case of the
second test apparatus, it is considered that the air blast velocity produced is
uniform, free from wave cscillaticns and equal to that of the projectile.

2elpe 2  Sampling methed

It may be considered that a droplet sample showing only maximum droplets of,
say, 0s1-0.15 mm diamcter, which is the size arbitrarily taken tc indicate com=
nlete disintegration (para.E.E), may result from largecr droplets being broken te
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 sampling at 633 ft/scc which is the highcst preojectile
velocity recerded for sampling %Table 8) droplcts of 0.1, 0.15, 0.2, 0.3 and
0.5 mm diameter were collected at diffcrent times. This is taken as evidence
that maxinum droplet sizes 0.1-0.15 mm diameter de not result from the remeval
during deccleration of any larger droolets or that they are caused by the rapture
on impact of droplets larger than 0,15 mm diamcter.

Near the pcint of complete disintegration some difficulty was cxperienced
in distinguishing between residue dreplets and droplcts formed by the disintegra-
tion process. As the initial drop was pesiticned on the axis line of the gun
regiduc droplets should impact on the central area of the sampling slide, but
for a conservative estimate complete disintegration was taken when the largest
droplets were of the size range 0.71-0.715 mm diameter appcaring anywhere on the
sampling slide. As mentioned in para.2.3 it was suspeccted that coalescence
occurred in some cases duc to the large number of droplets caught on the
sampling slide, in these cascs it may well be that the truc point of ccmplete
disintegration of the residuc may have cccurrcd at a value of y somcwhat less
than that taken.



3 RBSUITS

347 Disintegration times

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

Set A Constant airspeed of 560 ft/sec with drop sizes varying from 1.0
to 2.75 mm diameter,

Set B Constant airspeed of 250 ft/sec with drop sizes varying from 1.0
to 2.25 mm diameter.

Set C Constant drop size of 2.25 mm diameter with airspeeds varying from
250 to 64,0 ft/sec.

Set D Censtant drop size of 1.5 mm diameter with airspeeds varying from
250 tc 612 ft/sec.

The records of drop movement x for various depths of penetration y in the
projectile are given in Tables 1, 2, 3, L and 5. In Figs.13, 14, 15 and 16 the
movement x is plotted against time t. Not all the experimental points have been
shown, to aveoid confusicn, but the least squares fitted curves of the experimental
points are shown, together with some typical sets of experimental points for
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 Pigs.17, 18, 19 and 20 the
movement x of the drop is pletted against the penetraticon y inte the projectile
for each set.

2
In fitting a pelynemiel curve of the form x = aq + a, t + 8, t +-a§ t3+ PN
through the experiunental points of x plotted against t, aq represents an initial

deflecticn of the drop (i.e. at time t = 0), a, represents an initial velocity

1
cf the drep at t = O and 2a2 represents the acceleraticn of the drop at t = O,

From physical consideraticns, if these constants have values they should be
small and positive. To determine the best pelynomial te fit all the experi-
mental results the fellowing three vnolynomials were considered:-

il

(1) x A+ B2

(2) x A + Bt + Ct°

1

(3) x = A+Bt® 4 Ct°

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. Xquation (1) was found to give the best £it 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 negative
which is not tenable from physical consideraticns. The use of equation (3)
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gave four cases with a significently better fit than using equaticn (1) but gave
17 cases with negative constants: +the use of equaticn (1) gave only one case of
a negative constant being the value of the initial displacement A in case D.3.
An cquaticn of the form x = A + B2 implies that the acceleraticn of the residue
of the drop during the disintegraticn period (which is given by (2B/12) % 106
ft/secz) is constant for all values of t. Ccnsidering the values of B found in
all the test cases, it is shown in Appendix B that the acceleratien of the drop
varies linearly with U2/D where U is the ailrstream velocity and D is the drop
diemeter. No regular variaticn in the value of A has been found.

Feor each case of the gbove sets of experiments, the depths of penetration
¥ tc the peoint of ceomplete disintegration has been found by the adjustable slide
method. The results are shown in Tables 6, 7, 8 and 9, where also the corres-
ponding values of x, found from the movement data given in Tables 1, 3, L 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 appropriate air blast of speed U needed to cause

complete disintegration has been calculated and is also given in Tables 6 to 9.
In a2 number of cases the values of y to the peint of complete disintegraticn
found by using the gun Ne.?1 were checked using the gun No.2 and, where appro-
priate, both results are given in the Tables. The agreement is reasonably gocod,
values becing somewhat greater in general for gun No.2 than for gun No.te In
calculating ts the larger value of y has becn taken in each case, A time tph

is given in the tables which is the disintegraticn time as Jjudged from the
photographs used for the determination of x and y. The value of 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 pessible that, in general,
the correct peint of complete disintegration maybe slightly later than the times
givens In the case of 2.25 mm diameter water drops in an airstream of 365 ft/sec,
the disintegration progress of which is shown in Fig.9, the drop first has the
appearance of a mist in Pig.9G although there is one dark area which could cither
be a dense pertion of mist droplets or could contain a residue which has neot
disintegratcd. TFig.9H shows a more complete stage of fine mist production but
there is nc absolute rcason for nct taking Fig.9G to represent the stage of
complete disintegration and if this is accepted it is recasonable to suppose that
complete disinlegration cculd in fact cccur at some stage between I'igs.9G and 9F.
The disintegration times represented by these various figures are shown in

FigeGe

During the disintcgration process the drep appears tc break into several
separate centrcs which may procced te disintegrate siumltaneously with the
main drop. This break-up cculd follow the penetration of air holes through the
drep by the airstream. Such a stage in the case of 2.25 um drops in an airstrcan
of 365 ft/sec is shown at Figs9E. The time at which this bresk-up occurs is
listed as tp in Tables 6~9 for the various cases considered.

3.2 Droplet sizes formed during disintegration

This aspect of the disintegration process was not studied in great dctail,
but the methed using the lateral sampling slide was checked in a few cases.
Fig.10 shows droplcts thrown off the surface of a 2.75 mm diemeter drop, whilst
disintegrating in an airstream of 352 ft/sec: this was a special test not
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included in the disintegration tcsts. Fig.10A shows the droplet catch at the
beginning of disintegration, whilst Fig.10B shews the droplet catch towards the
end of the disintegration pericd. At the beginning of disintegration, numerous
droplets werc caught, the largest being about 160 microns and the smallest about
10 microns in diameter, with an average of 45 microns, Towards the end of the
disintegration peried, fewer dreplets were caught and the range of droplet

sizes was also reduced, with the largest being 90 microns and the smallest being
Y0 microns and the average being 68 microns.

L DISCUSSION OF RESULLS

| Digintegration time

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

t = K. D (1)

where K1 is a constant.

The disintegration times for sets C and D, i.e. for cases of constant drep
size but varying airstream velccities, are pletted in Fig.22 on a leogarithmic
basis. Log1o t, can be taken as linearly preporticnal teo log,, U, the slope of

the curves being such that ts can be expressed in the form
= 2
b K, /U" (2)

where K2 is a constant. Cembining equations (1) and (2) an empirical relation

for ’c‘3 can be derived of the form:-

% =

- n
s 1\3 DO/U . (3)

FProm the graphs it appears that a reasonable value for n is 0.72 and 20.0 for
K,. The empirical expression for ts’ within the limits of the drop size and

3

airstream velocity cases taken, becomes:-
t = 20.0 DO/UO’72 seconds (1)

where D0 is in £t and U is in ft/sec. Figs.21 and 22 show a large amount of

scattcr in the values of the experiuwental results. This may be caused by an error
in the estimate of the value of y to complete disintegraticn as discussed in
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para.2slie2 or a possible errer in the corrcsmonding valuc 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 mm diameter drop in an airstream of
365 ft/sec, This is one of the cases where coalescence of the droplets was
suspected and the value of y for cemplete disintegration te droplets of 0.2 mm
diemeter was taken as 9.1 in. (Fig.7) correspending 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 corresponding value of ts is

2.1 milliseconds and when this value is used for plotting on Pig.22 much closer
agreement with the assumed curve through the experimental points is obtained,

If the photecgraphically determined value of disintegration time is used

(ts = 1.76 milliseconds) (para.3.1) a value much below the assumed curve

results,

The empirical 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 cther parameters such as viscosity, density
and possibly surface tension which in a complete expressicn would appear
separately such as in equations (21) and (24) which give disintegraticn times in
terms of all the parameters.,

2 . .
Engel™ quectes disintegration times tse for 1.4 nm diamcter water dreops ian
airstreams of various vclocities. The disintegration time tse is that required

te reduce the drop to a fine mist as seen phetegraphicallys. The airstreams are
those preduced by plane shock waves of various Mach nunbers Nﬁ giving an air

veleocity U f£t/sec behind the shock wave. The results are tabulated below,
together with the corresponding disintegration times tsc found by using the

empirical fermula (4). It is seen that quite clesc agreement is rcached despite
the fact that considerable extrapolation of the range of validity of the
empirical formula has been used., The discrepancy betwecn calculated and test
results can be due to a number of causecs. Firstly, the airstream conditions
used in the shockwave tests differ considerably from those used in deriving the
empirical formula in that the relative density o and the temperature ¢ are
higher. Secondly, the times used in deriving the empirical formula are based

cn disintegration to a measured residual drop size of the order 0.1-0.15 mm,
whereas the times quoted by Ingel are based on the rather less precise method

of determining photographically when the drop has been reduced to a fine mist,
The relative density o and relative kinematic viscosity B of thc air in the
shock wave tests are given in the table, but it is not immedietely obvious what
arrangement or power of these parameters is required to bring the calculatced
results to closer agreement with the observed results. It is ncticed that times
based cn the formula arc all slightly larger than those based on phetography;
this will be discussed further later, It is suggested that, in fact, the effect
of these parameters is of second order importance and that the discrepancics can
be accounted for in diffcrences cof test techniques and extrapclaticon of empirical
results,
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As discussed in para.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

enerally been found to be shorter than times fcound by the sampling method
Tables 6-9). This is also reflected in the comparison above of the photo-
graphic results of Engel and the corresponding values extrapolated frem the
empirical formula.

N ¢ c B t t U
m o se sc
C secs secs ft/sec

1.3 8 | 1.38 ] 1.12 | 0,90 x 10=9 | 1.05 x 10~3 1498
1.5 | 123 | 1,69 | 1.27 | 0,70 x 1070 | 0,76 x 1070 | 777

1071 165 | 1.99 | 1.38 | 0.58 x 1072 | 0.62 x 107 | 1036

4.2 Disintegration rate

The volume of the disintegrated drop = V = = D2/6 £50 .

Hence the average rate of disintegration = V/ta (= -av/at)

=3

i

(= D3/6) x (19*7%/20,0 D ) £4°/sec

eees (5)
ive. av/at = - (n Di 1272y /(6 x 20.0) £t°/sec . (6)

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

av/at = - KD (U - W)O'72 (7)

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

Also av/at = (= D2/2) x (ap/at) (8)
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Hence in (7)
an/at = 2 aR/at = (-2/x)x (U-w) T2 = (m2x/n) x U0 Pk (1-w/0)O 72, (9)

By using the equations of the fitted curves and the values of the disintegration
times ts to determine w at the end of disintegration it is found that (W/U)ﬁ has

an average value of 0.27. The average final value of (1 - w/U)%* 72 is thus
approximately 0.8. The initial value of (1 - w/U)0¢72 = 4 when w = 0. Thus
the average value of (1 - w/U)%¢72 quring the disintegration interval = 0.,9.
i.es equation (9) thus becomes

av/at = - 1.8 K% /x (10.)

integrating (10a) gives

0.72

D = - 1.8XU t/m% + A (10b)

D = D0 when t = O hence A = Do'

0.72

D= 0when t = t_. Hence in (10b) 0 = = 1.8 KU t /7 o+ D

or t = D /18K (11)
s o
Comparing (11) with (L) gives K = n/%6. Hence in (9)

aB/at = - (U - w)*"%/36,0 . (12)

e’  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. Gordend 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 tp. The simplified Gordon method gives a time tP for penetration of

the drop by air pressure where:-

6 = 20/0)(g/p)F (1)
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Taking standard values for density, this leads to

o = 570/0)(1/%) (1)

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

b = 0x (D/)(1/07) (15)

The good agrecement between the simple Gerdon thecry and the experimental
breakaway time tp suggests that breakaway could follow penetration of the drop

in the manner discussed by Gordon.
Lo, Droplet sizes formed during disintegration

.

Taylor)’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 of the same order as the wave length.
The expression developed by Tayler for the wave length of the most unstable wave
isi=

2
A= 2w /p, U (16)
where X is a function of another parameter 6 given by:~-

8 = (p/p,) (2" 1) (17)

p is the coefficient of viscosity of the fluid, and T the surface tension.
Values of X for a range of values of © have been computeds Using these values

in the case of a drop of diameter 2,75 mm in an airstream of velocity 352 ft/sec
(see para.}.z) gives a value of A = 50 microns at the start of disintegration.
This is to be compared with the range of drop sizes found at this stage of

10-4160 micwrons with an arithmetic mean value of L5 microns (para.3.2). This mean
size is in reasonable agreement with the predicted value.

At the end of the disintegration periocd 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 = g X ts
where g, =2,08 x 1072 x U2/Do (see Appendix B) and t, =20 DO/UO‘72
with U = 352 ft/sec this gives w = 73 ft/sec. Hence relative velocity over the
drop at the end of disintegraticn = 279 ft/sece In (17) 6 = 580 and X, = 1eb2.

Hence in (16) M = 75 microns. This is an incrcase in droplet size over the

(para.l.1)
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predicted value of 49 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 only on
the airstream velocity. This ccould be checked in a number of cascs of constant
airstream velecity, but with varying drop diameter.

An alternative theory also due to Taylch, 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 generatcd in the
fluide This layer then breaks up into droplets which it is assuned 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:-

Ny~

5 = 8.6(x/U) (18)

where X is the distance from the stagnation pcint to the rim of the flattened

drop in cm and can be approximately taken = 2R, Considering the above case, at
the start of disintegration U_=, 352 ft/scc (= 10,700 cm/sec) and X = 0,275 cm.

Hence & = 8.6(0.275/10.7 x 103)Z = 0.0,.35 cm = L35 microns.

Towards the end of the disintegration preccess X approaches zero. Hence
droplets sheuld be vanishingly small at this stage whereas they were measured to
be in the range 50-90 microns with a mean valuc of 60 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 an airstream of 352 ft/sec.
(10,700 cm/sec) being larger than feund at the start of disintegration and
smaller than found at the end of disintegraticn.

Le5 Acceleration of a disintegrating drop

As recorded in para.3.1, the movement in an airstream of a water drop which
is both accelerating and disintegrating, hos generally been found to be express-
ible in the form x = A + Bt where x is the movement of the drop in inches and t
the time in the airstream in milliseconds, A and B are constants. This type of
relationship implies a constant acceleration g of the drop (= 2B x 10 /12

ft/secz). gy, has been calculated for the cases considered and in Appendix B
it is shown that there is an empirical relaticnship between 98 and U2/Do of

the form:-—
2
g, = 2K, U7/D_ (19)

where K6 is a constant, U is thc airstrcam velecity and DO is the initial dia-
meter of the drops The analysis of Appendix D shows that the constant
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acceleraticn of the disintegrating drop is the same as the constant acceleration
of a dreop of constant radius Ro acted on by an airstream of constant relative

velocity U with a constant drag coefficient OD = 2.26., This compares with a
drag cecefficient CD = 3.26 which it is found in Appendix C to satisfy the
equaticn of meotion of a disintegrating drcp in the case when U = 2.7 ft/sec and
D = 1.0 ram,
e
By combining the empirical relations for acceleration gy, and disintegra-
tion time ts, it is shown in Appendix B that an empirical relation fer 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:-

(/o) a v, (20)

This is independent of Ro and. depends only on the airstrcam velocity U.

5 DISCUSSICN OF SOiE SUGGESTED DISINTLGRATION MECHANISMS

5e Boundary layer stripping

Taylor5 has preoposed a boundary layer stripping mechanism teo explain the
disintegration of water drops by an airstream, His method leads to the
following equation for the time of disintegraticn:-

5, = <%_§§i <E6\1/3 < 6)1/6 <§3£)%‘[j 4-§?:“ (218)

p-2/3 v 1/6 ,r BE
where 01 = %—QD <—i) '327 <?9E>2 (22a)
P Ve 2

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

SOy -

176 R 1
where ¢, = O 5o7< <v < > GD (22b)
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substituting values for p and v and taking CD = 1 gives

o=~

Di\
e
U

/ : A7
t, o= 123 \7—) Lﬁ + 0.495 (DOU)fJ (23)

where DO is the initial diameter of the drop.

This is not of the same form as that found experimentally (equaticn (L)).
Further, the times found by (23) are considersbly greater than those found in
tests, A comparison of droplet sizes formed during disintegraticn with what
would be expected from Taylor's thcory also shows disagrecment (para.A.A), the
pessible theoretical size being greater than that found at the start of dis-
integration and smaller than found at the end of disintegration. This dces nct
afford a sure basis for establishing why the discrepancy in disintegration rates
existse On the cther hand prowmature break-up of the drop (para..3) would
enable disintegration to procced from a larger surface area and might be an
explanaticn fer the more ranid disintegraticn which cccurs in practice compared
with prediction.

5.2 Bursting duc tc curved flaow

o
Dodd” has suggested a mechanism for the disintegraticn of drops in an air-
stream by which visccous flew round the drep sets up a flew of the curved surface
of the drop. The contripetal ferce nceded for this curved flow is taken to
exceed the centripetal force provided by surface tension, so that fluid escapes
frem the drope. The equaticn for the time of disintegration deduced by Dedd ist-

s = (/073 (1/0.332)(2 p, Fu p, £)? (24)

S

where F and f are cconstants,

No values are given for F and f, so that direct comparisons between times
found experimentally and those based on equatien (24) cannot be made. The form
of equation (24) agrees with the empirical relatien (A) as regards the power of
D, but differs in regard to the power of U. The methed does net preovide an
estimate of droplet sizes that weuld be formed so that a comparisen with droplcts
found in a test cannot be made.

5¢3  Wave making

Priestlcyﬂoconsidcrs the less of licuid from a large surface which, under
the action of a wind, is breaking up intec droplets of uniform size. He assumes
that the diameter 4 of the dreplets is properticnal to the wavelength A of the
waves formed on the surface of the liquid. Alsc if 7 is the time taken for the
complete process of formaticn of a droplet, then

T a1/¥ (25)

where Vv is the rate of growth of the waves.
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7 represents the time taken for the formation of a complete layer of
droplets of diameter d(e M), Thus in the time T 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

Mt oor Ax ¥ . (26)

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

e 27(.([;_/_3)1/3 921/3 P—2/3 T‘l/} P~2/3 U-—Z_,_/} (27)

a

where U is the velocity of the wind. The maximum value of ¥ isi-
A 2 8)
P o= an/Zp. (2
Hence in (26) the rate of less of liquid due tc unstable waves is proportional

te M §* where M¥ and §* are given by equations (27) and (28) respectively.

If it is assumed that the same formulae can be appliecd te the surface of
a liquid drep of radius R, then the rate of loss of liquid becomes:i-

_av/as = -h ar/as a(p, UP/2n) | ex(u/5) " o3V 677 ol/3 25 g/ 3}\ (29)

where A is the surface area of the drop from which droplets are being formed by
wave action.
From (29)
1 1501 1 2
ar/at o - =(1/3) /3(93/%) /3013413y w¥3 (30)

integrating (30) and using the beundary cenditions R = Do/2 when t =0 and R =0

when ¢t = ts gives
6 a0 /0%3) x (1om) x L3/ (eyfo )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 meking mechanism and 0.72 for the empirical rcsult. Both
disintegration rate expressions are independent of Do’ the drop diameter.
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The effect of using values of n derived in the foregeing theoretical
treatments instead of the experimentally determined value n = 0.72 in an equation
of the form ts = K/Un for the disintegration time of the drop in an airstream U

is shown in Fig.22 where it is seen that the value n = 2/3% (using the Priestley
wave making theory) gives the best fit of the thecretical values of n to the
results.

The use of the Taylor equaticns ((16), (17)) gives calculated wave lengths
for unstable waves which agree quile closely with the average drop sizes
umeasured in a test. This susperts Taylor's hypothesis5 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)) for the most rapidly growing wave leads to an expressicn fer the rate of
removal of £luid (30) which is similer in form to that derived capirically (12)
in respect of the parameter air velocity, these equations yield smaller calcu-
lated wave lengths. The form given by Priestley for the most rapidly growing
wave (equation (27)) differs fram that given by Taylor (16) due to a difference
in neglected terms in the mathematical develcpment.

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
and 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 O at the stagnation
peint to 1.5U0 at the periphery. Assuaing that the wave length fomaulae held fer
flow over a sphere and that the cese considered, of a drop of diametcr 2.75 mm
in an airstream of 352 ft/sec can be regarded as a sphere in a uniform airstream,
then the minimum drop sizes that would be expected at the start and finish of
disintegration are, using equation (16) 50/1.5% = 22 and 75/1.5° = 33 microns
compared with minimum drop sizes actually caught at these two times of 10 and
50 microns respectively (para.3.2).

Of the suggested disintegration mechanisms considered, the wave making
mechanism appears the most likely. A relaticnship for the time required for dis-
integration which is approximately of the right fora as regards the paramcters
drop size and airstream velocity, can be derived using Priestley's fcormula
although it does not provide e numerical value to the constant of prepertionality.
It may be necessary tc find this constant experimentally for any mechanism Jue
t0 the complication of pessible premature break-up of the drep and the increase
of surface area that this could give. The drop sizes that the wave making
mechanism predict using Tayler's formula seem in reasonsble agreement with these
actually found in the cne case in which droplets were caught and measured. It
would be worthwhile continuing the study of droplets formed during disintegre~
tion using the present sampling methods.

6 CONCIUSICNS

The time required for airstreams of varicus velccitics to disintegrate
water drops of different diameters down to droplets of size order 100-150 micrecns
diamcter, has been determined experimentally. ‘The acceleraticn and velecity of
the drops whilst being disintegrated was also determined. The general con-
clusions derived from these results are given below:-

(1) An empirical formula for the time tg needed to disintegrate water
drops in airstreams has been deduced and is given by:-
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t = 20,0D /UO'72 sces
S Q

where Dg is the diameter of the drop in ft and U the velocity of the airstream
in ft/sec.

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

ar/at = ~ (U - w)o’72/36.0 ft/sec

where R is the radius of drop in ft and w is the velocity of the drop in
ft/sec.
(3) Prematurc break-up of the drop appears tc occur at a time tP after

the start of acceleraticn and disintegration given by the empirical relation:i-
z
tp = 50 DQ/U o

where o is the relative density of the airstream.

(L) During the disintegration period the drop accclerates with approxi-
mately constant acceleration ) which is found to be given empircally by the

relation:~
gy = 2 1<:(U‘2/Do)ft/scc2

where K = 1.0L X 10"5.

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

(an/am) = (ow/a) x (= 1) =| & Oylpy/pp) (9 - w)/R)x (1/an/at)

where « and CF are constants which for the particular case of a 1.0 mm diamcter

water drop being accelerated and disintegrated by an airstream of veclecity
25,7 ft/sec have the values Cp = 3,26 and & = 1¢ e

(6) Droplets formed during disintegration have been caught and measured
in the particular case of a 2.75 mm diameter drop being disintegrated in an
airstream of 352 ft/sec and compered 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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frem 10-160 microns with an average of L5 microns, At the end of disintegration
fewer droplets were caught, having a size range of £0-90 micrens with an
average of 68 microns., These values can be compared with droplets produced by
an wnstable wave making mechanism which would be 50 microns et the start and

75 microns at the end of disintegration., The agreement between the means and
predicted values is quite goecd, although some very much larger drops were also
present.,

Using Taylor's theory of disintegration by beoundary layer stripping and
taking expected droplet diameters tc 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 of disintegration and vanishingly
small at the end of disintegration.

(7) It has not been found possible te establish conclusively what
mechanism opcrates to cause disinlegration, but the cvidence tends to favour
the wave making mechanism, It appears from phetographs taken of disintcgrating
drops and other evidence, that break-up of the drep into smaller drops ecccurs
during disintegration enabling the disintegration process to operate on a
larger surface arca than if the drop had remained whole. This could account feor
the observed times for complete disintegration being shorter then predicted using
Taylor's boundary layer thcory.

7 FURTHER YWORK

In order to determine the effect of parametcrs that might be operating in
the disintegration process other than airspeed and drop size,
the present techniques could be used to find disintegration times of other
fluids, so that the effcet of surface tension, fluid density and viscosity can
be studied. Also by deing tests in conditiens of law pressure the effect of
air density could be investigated.

A meore cxtensive study of the droplets produced during disintegration
might alsc shed light on the mechanism of disintegration operatings Also by
dispensing with the single lateral sampling slide and using a slide extending
right round the inside of the prejectile, and catching all the droplets shed in
a given interval, it should bc possible to cstimate the ratc of disintegration
for varicus cases. This, again, would throw light en the disintegratien
process in operation,

It would be wortiwhile studying the break-up of water drops disintegrating
in an airstrecam caused by the penctration of the drop by air holes, so as to
form an idea of the increase in surface area that occurs when brealk-up takes
places, This could be done by viewing the drop phetographically from the front,
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SYMBOLS

liquid drop radius
liquid cylinder radius
liquid drop diameter
liquid droplet diameter

length of liguid cylinder

distance moved by liquid cylinder

wave length

distance measured on surface cf liquid drop

distance moved by liquid drop

penetration into projectile
=X+ Yy

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
rclative density of air

temperaturc of air

relative kinematic viscosity of air

density

kinematic viscosity

- 2% -

Units
't

ft
ft
£t
't
't
ft
ft
in.
in.
in.
cm
ft
slugs
f4/sec
ft/sec
ft/sec
slugs
sec
sec

sec

slugs/ft3

ftz/sec



SYMBOLS (CONTD)

Units
viscosity 1b or slugs/ft/sec
surface tension 1b/ft
acceleration ft/sec2
drag coefficient
force coefficient
pressure coefficient
constant in.
constant in./millisecond2

fractional increase in liquid velocity

fractional increase in ligquid drop diameter due to
flattening

= W/U

R/R

it

Q

= t/ts

fractional drop diameter

constants
constant = L/D
/. ‘ &
constant =2 '\Kl«-/cp) (p/pg)
constant = %(CD/k)(Pa/Pé)
1
constant = 0.507 CD(Pa/P&)2/3 (va/v&) 1/6 (1/\:6)2

1
constant = 0,507 CD(pa/p &)2/ 5 (va/v 3)1/ 6 (Ro u/v &)2

initial conditiens
complete disintegration conditions

calculated values
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APPENDIX ‘A'

PENETRATION OF WATER DROPS BY AN ATRSTREAM

z | L
" ¢ e
U Y s \ ) r
e o / 4 !
\ R
\
~ ‘/f
FigeA.1

L

Gordon™ has considered the case of a water drop of radius R in an air-
stream of velocity U and has calculated the time required for the airstream to
cause a cylinder of water to be extruded through the drop (Fig.A.1). The full
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.

The air pressure is censidered 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 U4,

Thus the ferce on the cylinder = Cp X & Py UZ(WFZ) (32)
where Cp is a pressure coefficient.,
The inertia force = gz(ﬁ x 1 L) Pe (33)

where 2g 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:-

av/at = (C/2)(p/p )WL) . (30)
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Appendix 'A'
Integrating gives

v o= (0/2)(py/pg) (U7 H/L) + A

+

if U is constant during the interval, When t =0 v = 0. lence A = O,

therefore

<
i

az/at = (C r/Z)(pa/p{,l)(Uz t/L.) (35)

therefore Z

It}

(0 /5)(p,/p ) (6% £7/1) + B (36)
when t = 0 2z = 0., Therefore B = O,
Therefcre z = (Cp/l;.)(pa/pe)(U2 tz/L) . (37)

When t = tp z =L

1 1
therefore tp = (2/0;)(L/U)(p&/pa)Z . (38)
But p_ = 9 Pao and taking L = KhI)gives
—14
t = K_(D/U)(1/c?) (39)
P 5
1 A
where Ky = (2 “L/C;)(P@/Pao)z . (2.0)

The approximate soluticn given by Gordoﬂh for the case when viscesity and
surface tension are included isi-

6 = @D /e, U - 167D)* 4 2w/(p, U7 - 167/D) (1)

This reduces tc equation (39) when the surface tensicn and viscous force
terms are ignored, and taking Cp and KL = 1.

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 varicus photogravhs 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 Eng Department, ReA.I. )
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TABLE A.1

Penetration times for water drops

Case Digmzzer Digm;:er Xe%:;i:z D/U sec x 105 o2 D/UC% se¢ x 105 tp sec X 103 iig:iivzr
C1 | 0.225 17.38 x 1077 | 218 2.98 1.03 2.93 1.25 652
c2 0.225 7.38 x 102 . 365 2.02 1.05 1.97 1.04 890(9E)
3 | 0.225 |[7.38x 1070 | L7 1.56 1.09 1.49 0.78 766
ot | 0.225 |7.38 x 1072 | 560 1,32 1.13 1.2 0.69 706
c5 | 0.225 |7.38x 1072 633 1.16 1,17 1.07 0.67 777
M| 0.100 |3.28 x 1070 | 563 0.58 1,13 0.55 0. 38 116
22 | 0,125 | 4.10x 1073 . 554 0.74 1.13 0.70 0. 31 692
A3 | 0.150 | L4.92 x 1077 | 567 0.87 1.13 0.82 0.37 162
Ay | 0175 | 574 x 1070 559 1.03 1,13 0,97 0. 54 700
| A5 | 0.200 | 6.56 x 107 3 566 1.16 1.13 1,09 0.6l 35
a8 | 0.275 |9.02x 1077 553 1463 1.13 1.53 0.87 722
D4 | 0.150 4.92 x 10 -3 L77 1.03 1.09 0.99 0. 74 596
D7 | 0.150 |'4.92 x 1073 | 702 0.70 1.21 0.64 0. 34 788
| 0.270 | 8.85 x 1072 ; 498 1.78 1451 145 0. 742 4(6)*
0.270 |8.85 x 1072 | 777 R 1.85 0.84 0.667 10(5)*
0,140 | 4.59 x 1072 ; 777 0.59 1.85 0,43 Ou 4411 11(4)*
0.270 !8.85 x | 1036 0.85 2.18 | 0.58 0.428 12(5)*

*These figure numbers refer to

shock

Ref.2 - The fragmentation of

water drops in the zone behind an air

¥, xTpueddy
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The above results of tp and D/(Uc?) have been plotted on FigeAs2 from

which it is seen that the linear relationship suggested by equation (39) is
followed. From Fig.A,2 the empirical value of K5 is found to be 50 with tp and

D/(Uc?) both in seconds. This compares with a value of 1«:5 = 57 which is

2
obtained from equation (L0) by taking Cp =1, KL =1, p,, = 0.002378 slugs/ft”
and Py = 19 slugs/ftB. Engel2 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 found® that
when a spherical drop of water strikes a piece of aluminium at high speed

(800 ft/sec) the damage mark produced is a smooth indentation similar to that
made in a Brinell 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 separate indentationswhich 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 perticns whilst disintegrating.

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

)
= = 2 . 2
v D/tp Uo /1<:5 (12)

For these cases where o = 1
b}

v, ¥ U/1;5 . (43)

1.

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

N

VP = 1.1 [(83“ g)r] (M—!—)

where r is the radius of curvature of the zir 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 93 is given by gy = K6(U2/R) where

K6 = 1,04 x 1O~3. g is small compared with gor If it can be taken that Lewis's

formula also applies to the acceleration of a spherical water drop, then
substituting the values derived for vP and 93 in (44) gives:-

1

a i
U/K5 = 111 [K U, o/R]Z = 1.1 KE U x (x/R)Z (45)
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Taking K = 50 and K, = 1.04 x 10~ gives:-

(r/R) = 1/(1.112 x Kg X K6) = 0.313 ., (1.6)

Thus using empirically found values for the average velocity of penetra-
tion vp, in the break-up of water drops and of the acceleration 93 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 O,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 teo 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 smaller drcps 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 tc disintegrate a drop in an airstream.
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APPENDIX 'B!

THE ACCELERATICN BY AN AIRSTREAM OF WATER DROPS OF
RFEDUCING SIZE (EMPIRICAL METHOD)

It is found experimentally that the motion 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 metion 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 of

constant value. The equation of motion of the equivalent drop then becomes:-

C. x % Pa U27\: (kRQ)2

b = Py L/3% (kRO)3 g, (u7)

where g, is the acceleration of the drop end (kRo) is the radius of a drop cf

rconstant value which is assumed to be equivalent to the reducing drop which
starts with a radius Ro and finishes with a radius vanishingly small at the end

of the accelerating and disintegrating pericd. The velecity acquired by the drop
is assumed to be small compared with U, so that the airspeed relative tec the drop
can be taken as constant and equal to U,

From equaticn (4.7)

g, = % (Cy)(p/py) VR, (48)
= K (W¥/R) = 25 (u%/D) (49)
where K, = & (Oyk)p,/p,) (50)

This buggcgts that for the equivalent drop system, the acceleration g, is
proportional to U /R if (Cr/lf) is constant. From the measured values of drop
movement in alrstreams, the values of 8o have been calculated for a number of
cases. These are given in Table B.,1 and pleotted in TFig.B.1 agamst (U /R )

It is seen that there is a linear relationship between g, and U /R as
suggested by equation (48) indicating a constant value of Kz There is a

moderate amount of scatter in the results, but this is to be expected in view of
the scatter of the basic exper:unentai data on which the values of g P} have been

based., From F:Lg.B 1 K6 = 1,04 x 10 ') Thus 8y = 2.08 x 10~ -3 x U /D =
1,04 x 10~ =3 x (U /Ro) (equation (49)).
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Hence in equation (50)

1,04 x 1070 = & «x (ay/k) x (0.002378/1.938) (51)
from which (k) = 2.26 (52)

(CD/k) can be regarded as an equivalent drag coefficient. Thus, within the range
of cases considered, the drop of initial radius RO wiich is accelerated and dis-

integrated by an airstrcam of velccity U has the same acceleraticn as a drop of
constant radius R0 acted on by an airstream cf constant relative velceity U

with a constant equivalent drag ceoefficient = 2.26.
TABLE B.1

Acceleration of water drops

-b 3 2 -7
Gase B gg X 102 U R x 10 (U /RO) x21O
ft/sec ft/sec 't ft/sec
A 1.085 18410 563 14 6l 19430
A2 1.088 18.15 55, 2,05 e 95
A3 0.695 11.58 567 2.6 13.05
A, 0,785 13,08 559 2.87 10.87
A5 04,8 707 566 3.28 9.76
A6 0.758 12.63 560 3,69 8450
A7 0.322 537 561 1. 09 7.69
A8 0.666 11.10 553 e 57 6e 78
B1 04335 5.59 2147 146l 3.72
B2 0.20.3 1405 257 . 246 2.56
B3 0.161 2.69 248 3,69 1.67
C1 ' Same as case B3
c2 0. 33k 5.58 365 v 3,69 3.67
C3 0.3%97 6.62 L7k 5469 6.08
Ol Same as casc A6
C5 0.72, 12,06 633 ;.  3.09 10.67
D1 Same as case B2
D2 C.281 e 69 322 1 2.6 a2
D3 0.5153 8,56 380 1 206 Se 1l
I 0.2,02 Ge 69 L77 1 246 9.2l
D5 Same as case A3
D5 0.981, 1640 612 | 2.6 15.20
D7 1,074 17.90 702 | 2,46 20,05
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The velocity w of the residue of the reducing drop is given by:i-

At the end of the disintcgrating period t = ts which is found experimentally to
be given by t_ = 20 DO/UO'72 and the empirically found value of
gy = 2,08 x 1073 x UZ/DO. Hence w, at the end of disintegration

= 20 D_/u072 x 2,08 x 1073 x UZ/DO.

28

Hence (W/U)S = L1.6 x 1072 x 10" (54.)

which is independent of DO the initial drop diameter.
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APPENDIX 'C'

THE ACCELERATICN BY AN AIRSTREAM CF WATER DROPS OF
REDUCING SIZi (ANALYTICAL METHOD)

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 drops This change of mass as well as the change of veleccity must be allcwed
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 6t.

Momentum at time t

A drop of water of mass m, is considered to have a velocity w 5

1

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

Momentum at time t + Ot

The mass of the drop is now assumed to have changed to m, and its speed tc

w In the interval 6%t a mass of water M is assumed to¢ have becn shed at a

2.
speed slightly greater than that of the drop, i.c. awwhere « is a constant to
be found.

Momentum of water system = m, W, + aM(w, +w,) x & (56)
2 1 2
hence,

Increase in momentum of the system = m, W, + ocM(W1 + W2) X % - m, W, (57)

but m, = m, + (am/at) x 6t Wy =W, 4 (aw/dt) x 8t M = (aM/dt) x &t
hence in (57)

Increase in momentum = m(aw/dt)dt + w(dm/dt)dt +aw(dl/dt)dt + terms in (61:)2
eese (58)

but from conservation of mass{dm/dt) = - dif/dt. Hence from (58)
. dw dm
Rate of increase of momentum = m /dt - (a - 1)w /dt . (59)
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The applied aerodynamic force which causes the increase in momentum can
be written in the form:-

P o= Cpx %—p 7R (U - w)2 = mav/dat - (a - 1) w dm/dt (60)
but m = 4 "R p&/B and hence
am/dt = L4 xR° dR/at (61)
Pe
hence in (60)
2 2 3 2 : -
(pa Cp mR/2)(U - w)™ = (4/3)mR Py aw/at - w(a = 1) L =R Py ar/dt (62)

dividing both sides by (u/ﬁ)ﬂRB pp and re-arranging gives

aw/at - 3(w/R)(w = 1) a/dt i_ 0p(U = w) /ﬂ(p o, (63)
dividing now by dR/dt gives

aw/aR = (w/R)(z - 1) = L cp(p,/p ) (U - w)z/nj (1/ar/as) . (@)

The integration of this equaticn is now considered for two cases where
dR/dt is known.

Case 1 — dR/dt has an empirical value

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

ar/at = - (U - w)2*"%/36.0 (65)
hence in (6l)
aw/dR - Gw/R)(a - 1) = = £ x 36,0 Cp % (pa/p&)(U - W)1'28/R . (66)

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

drop due to flattening such that:-

~ 36 -
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2 2
Cp x RB” = O x n(yR) (67)
i.e. o, = vice (68)
F D
where v is the increase in radius of the drop due to flattening.
Taylor5 calculates
Yy = 1.83 and takes Gy = 1.0, to give G = 3.35 . (69)
Taking p, = 0,002378 and p, = 1.937 equation (66) becomes
1.28
aw/ar -~ (3w/R){a - 1) = = K(U - w) /R (70)
where Kg = 0.01656 Gy . (71)

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

the case that & = 1 equation (70) becomes:-
/iR = - KU - w) 128 (72)
integrating gives
w/U = 1-[1-0.28 08 Ky 1oge(R/Ro)]‘3'58 (73)

when R/Ro =1 w/iU = 0, which agrees with the test conditions corresponding to
the start of acceleration and disintegration. When (R/RO) -0 w/U=—1,

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

Putting (w/U) = x; (R/Ro) = % and (t/ts) = I' equations (63) and (65)
givele
)0.72

— 0,72
0.28 1.28—-1U ot (1em

‘ 3 U .
ar/al = |5 (a=1) - (5 x 36 x (pa/Pg)Ce} (1: x) ‘ 83630

veee ()
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Tests show the acceleration of the dreop to be constant during the dis-
integrating period, i.e. dn/dl is constant (= ﬂs) during the period O < I < 1,

also ® =% =0; =3I =1 when I=0 (initial value)
o= ; 4 = ZS when T = 1 (final value) .

Substituting the above values in equaticn (74) gives two equaticns from
which o and Cf can be found. This leads to

T Ro 8
Cf’ = _*J-E;—(pf/Pa "3‘ . (75)
Putting = = WS/U and W, = 8y ts’ where gy is the acceleration of the
disintegrating drop gives
E¢ Ro

op = =2 (eg/ey) 5 - (76)

Equation (76) is the same as the equation for the equivalent drag
coefficient (CD/k) derived in Appendixz B (equation (48)) using an empirical

methed,

12 R A1 - 7:8)2 - 2 (77)
. 77
e L (1 - ,Ks)o.72_1

also a = 1 +

Using equations (75) and (77) the values of « and Ce 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 1.52 < Cf < 3.50. This value can be ccmpared with the
empirically found average value of cquivalent drag coefficient (CD/k) = 2426

(Appendix B) and the Taylor value of 3.35 (equaticn (69)). The average value
of a is 1417 and lies in the range 1.10 € a £ 1.24. Neither Of nor o appear to

vary in a regular manncr. The large values of Cf approximate to the Taylor
value of 3.35 (equation (69)) whereas the small values of C, possibly corres-

pond with drops that have been perforated (Lppendix A).

Using equation (70) the case of a water drop of initial diameter 1.0 mm
disintegrating and accelerating in an airstream of 2.7 ft/scc has been examined
in some detail. It is known from the test data that when the drop has been
reduced 10 a diameter equal to 0.1 times its initial diamcter its velocity is
given approximately by w/U = 0.287 (Table C.1). Tests also show that the drop
accelerates to this velecity with constant acceleration in a time of 1,27 milli-
seconds (Table 7).
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Tig.C.4 shows the variation of (w/U) with (R/Ro) for various values of «
and Cf taking Ro = 0,05 cm and U = 2,7 ft/sec and using a step by step integra-

tion of equation (70). This figure illustrates the previously found condition
that @ = 1 is not suitable in that it produces a very sharp risc in the value of
w at small values cf R (i.c. seec curves B and E of Fig.C.ﬁg. By the use of
equation (65) the curves of F'ig.C.1 have been replotted in I'ig.C.2 cn the basis
of variation of (w/U) with (t/ts) where t_ is the time for complete disintegram
tion. From an examination 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 C_ and a of 3.26 and

f
Telk respectively.(Table C.m))

It is noted that the analysis of Appendix B indicates that a drag
coefficient of constant value can be found, which, asscciated with a drop of
assumed. constant radius Ro and an airstream of constant relative veleocity U

ft/sec will yield a calculated value of acceleration equal to that measured for
a drop of initial radius Ro disintegrating and accelerating in an airstream of

velocity U whereas the analysis of Appendix C shows that using a drag cocfficient
cf constant value for evaluating the moticn of a disintegrating drop of initial
radius Ro in an airstream of velocity U and allowing for changes in radius of

the drop will yield a calculated valuc of acceleration which is much higher than
measured but which can be corrected by including in the calculations a term
with a positive constant o of value grecater than 1.0. This term corrects Tor
chrmges of momentum duc to changes of mass.
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TABLE C.1
Calculated values of a and Cp
t U 4 R s z @ Cf
Case s o s s
secs ft/sec mm

A | 0.58 x 1077 | 563 | 0.500 | 0.187 | 0.10 | 1.23 | 2.0
A2 0.79 " 551 0.625 | 0.258 | 0.08 1,18 | 2.62
A3 0.92 567 0.750 | 0,187 | 0,067 | 1.23 | 1.91
YN 1,15 " 559 0.875 | 0.270 | 0.057 | 1.17 | 2.62
A5 1,26 " 5566 1,000 | 0.166 | 0.050 | 1.22 | 1.66
A6 1.79 " 560 10125 | 0404 | 004y | 1411 | 3.23
A7 1,69 " 561 1.250 | 0.162 | 0.040 | 1.21 | 1.52
A8 2.18 v 553 10375 | 0435 | 0.036 | 1.10 | 3.56
B1 1.27 " 247 0.500 | 0,287 | 0,100 | 1.14 | 3.26
B2 2.13 " 251 0.750 | 0.3 | 0.067 | 1.42 | 3.4
B3 2.88 28 11125 | 0,312 | 0.0y | 1415 | 3.49
C1 Same as case B3

c2 2,69 v 365 | 1.125 | Oel11 | 0.0L | 1,10 | 3435
C3 1.96 " L7 10125 0 0,270 | .04 | 1e15 | 2.36
Ch Same a5 case A6

C5 1.45 " 633 | 1.125 | 0.276 | 0.0k | 1.17 | 2.4
D1 same as case B2

D2 1,35 " 322 1 0.750 | 0,197 | 0.067 | 1.24 | 2.43
D3 [1.,26 " 339 | 0.750 | 0.277 | 0.067 | 1.17 | 3.05
Dl 1,02 " L77 0.750 | 0.3 | 0.067 | 1.2 | 1.57
D5 Same as case A3

D6 10.90 612 1 0,750 | 0.242 | 0,067 | 1.19 2.35"

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

The expressicn for the rate of remeval of fluid given by Taylor5 for the
casc where disintegraticn is assumed to proceed by boundary layer thickncsses
of fluid being stripped off the surface of the drop is given by

/ 1
a [ n N VB e lE 4 gt (788)
d% = \} X 0.685) \P&) \V,/ 2 oz

here r is the radius of the lcnticular shape assumed by the flattened drop.
r is related to the radius R of a spherical drop of thc samec volume by
r = 1.83R. Expressing equation (78a) in terms of R gives:-

%% = - 2.48 x <§i)1/3 % <;f>1/6 X L- = ;]%. (76p)
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substituting in (6L4) . gives, with a = 1:=

3/2
aw U ~-w
= o . 9
ar K - (79)
.2/3 v\ 1/6
WheI'e I% = Oo 507 E’%— » 'P—'a' M ’_a' 'Y (80)
vz Pe Y

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

¥ [ree - @ @)

p.\2/3 v 1/6 R _ U-3
where C, = 0.507 Cj . <Fj-f> (;—j—) l“?e_t (82)

when (R/Ro) =1 (w/U) =0, in (81). This agrees with test conditicns

R\ -2 L
and when (ﬁ;/ -0 %*1 - [1+ 01] , in (81). (83)

Considering the case where U = 2,7 ft/sec, R = 0.05 cm and taking the

following values for p and vi-

1.075 x 1072

i
i

Pa 10937 v&

b, 1056 x 107

i
i

0.002378 v
a

gives a value of Cj= 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/Ro = 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). The large calculated values of
(w/U) may be caused by taking a = 1 as was similarly found for case 1 where an
empirical value of dR/dt was used.
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Movement of drovs of various sizcs in an

TABIE 1

airstream of velocity Hho0 £1/sec

SET A
T . Drop Drop Total Speed s
Remarks Nﬁﬁzgzzé mpve@ent penetrgtion movem§nt U mii?isics
x - in, y - in. (x+y)in. | £t/sec
Case A.1
Average airspeed T4 0,08 0.90 017 546 0.03
= 563 ft/sec 167 0,08 1.20 1.28 566 0.19
Drop size 119 0.12 1.6 1.58 566 0.23
= 1 mn diameter 115 0, 1y 2,03 2,17 562 0.32
116 0. 21 2e 39 2.60 566 0. 38
117 0.27 2.78 3,05 566 OPY ]
118 0.8 2,75 Je23 566 0.62
Case A.2
Dreop size = 650 0.13 1.20 1,33 552 0,20
1,25 mm diameter 687 0.1k 1.23 107 569 0.22
Average airspeed 585 O. 1l Tolt7 1467 551 0.2}
= 554 ft/sec 692 0.20 1,86 2,06 a7 0,31
699 0,48 3.03 5,51 562 0,52
703 0.71 L. 30 5.01 5,5 0.77
Case A.3
Drop size = 79 0.12 1.87 1.99 562 0.30
1.50 mm diameter 5 0.10 1.30 1.90 570 0.28
Average airspeed 16 0ol 24 30 2ol 558 O 37
= 567 ft/sec 80 0,21 303 5458 565 0453
81 O .1 3493 Lo B 558 0.65
82 0.0k 5.63 617 562 0.92
1013 0.1.2 1. 00 Loli2 578 0. 64
1019 0459 la 30 1o 89 569 0.72
16, 0.07 1,01 1.08 578 0.16
Case Al
Drop size = 685 0,07 0,97 1.0l 556 0.16
1.75 mm diameter 696 0.13 2.15 2,28 568 0,3
Average airspced 700 0.29 3431 3,60 556 0.5
= 559 ft/sec 707 0.5% 1..06 Le 59 5.3 0.71
711 0.47 Jee 60 5,07 552 0. 77
712 0.65 5,07 5.72 556 0.86
717 1,00 6.56 756 567 1e 11
1020 0.59 he75 5 34 565 0.79
1021 0.55 L7 Le72 569 0.69
1029 0. 66 o5 el 562 0,80
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TABLE 1 (CONTD)

SEr A (CONTD)

- Dro Drop Total Speed s
Remarks Negaglve movemgnt penetration | movement u mi%?iszc°
BUmbeT o - in, ¥y = in. (x+y)in. | ft/sec | -
Case A.5
Drop size = 75 0.08 0.38 0.46 582 0.07
2.0 mm diameter 165 0.05 0.%6 1,01 562 0.15
Average airspeed L3 0.03 139 1elt7 562 0.22
= 566 ft/sec 1022 0.12 2,00 2.12 569 0431
- 0.12 2.80 2.92 - ® 0.L.3
1023 0.18 2.23 2,01 558 0. 36
- 0.13 2464 2.77 - X Colit
102l 0.23% 3,00 3423 566 0.48
35 0.2l 1. 03 427 560 046
A 0.16 3.07 3.25 566 0.48
1025 0.32 36l 3496 569 0.58
_7)8 0071 8.17 8088 - * 1032
1 1013 8.76 9.89 -k 147
Case A.b
Bfgg ;;Zgi;ﬁcter This is the same as case C.l
Case A7
Drop size = 166 0.06 1.01 1,07 566 0.16
2.50 mm diameter 83 0.1 1.93 2,0l 556 0. 31
Average airspeed AL 0.13 207 2.C0 558 0.39
= 561 ft/sec 87 0.16 %466 3.82 565 0.56
88 0.2 731 7473 562 1415
89 0.68 7.66 8.3 558 1.25
S0 0.71 9,05 2.76 - * 145
Case A.8
Drop size = 68, 0.1 1.25 1,36 555 0.20
275 mm diameter 698 011 2.0 2.51 550 0.37
Avcrage airspeed 702 0.25 3440 3.65 563 0.5,
= 553 ft/sec 708 0. 31 kol Lo 79 555 0.72
715 0456 5.3 5.99 Sk, 0.92
722 0.62 6,03 6465 5hly 0.87
726 1.10 7.30 8.0 558 1.2h
725 0.90 6463 7.53 550 1413
731 1429 ' 8.00 9.29 562 1. 38

*Where speeds have not been recorded the average speed for the rest of the case
has been used in calculating times.
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TARLE 2

Movement of 2.0 mm diameter water drops in an airstream
of average velccity 569 ft/sec {results with Gun_gl

SET_A
l
. Drop Drop Tectal Speed e
N i
Remarks Negative | o i ement penetration | movement U Lo K
nurber . . N millisecs
X = in. ¥y = in. (x+y)in. ft/sec
Case A5
) Average airspeed | X732 0.11 2.50 2461 557 0,39
= 569 ft/sec x73 0.19 3.55 3.7k 577 0 B
X775, 0.27 beeltH Lo 72 595 0.66
X739 0. 36 lye 30 Lo 66 580 0.67
X735 Ol 5¢30 5.79 - 0.78
70 0.56 6.25 6,81 550 0.88
X752 0.75 6. 75 7.50 530 1,18
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TABLE 3

Movement of water drops of wvaricus gizes in an
airstream of velocity 250 ft/sec

SET B
: . Drep | Drep Total Speed .
Negative . Time 1t
Remarks movement | penetration | movement U 175
muber | in, y = ine (x+y)in. | ft/sec millisecs
Case B.1
Drop size = eL.3 0,09 1,20 1.29 250 Oul3
1.0 mm diameter 647 0.27 2.18 2447 219 0483
Average airspeed 650 0. 36 3422 3458 2.6 1.21
= 247 ft/sec 655 0.90 3,70 L. 60 23 1,58
Case B,2
Drop size = 6l 0.10 1.2 1.52 249 0451
145 mm diameter a6 0.17 2.1 2.26 251 0476
Average airspeed 61,9 0.25 3435 3,50 251 1420
= 251 £t/sec 65, 0.58 3,8, L2 2h5 1451
660 1,07 L.« Ok 6. 01 256 1496
662 1633 5¢56 6.89 250, 2.26
66l 1ebidy 5463 7.07 249 2436
669 2.19 7.05 92l 255 340
[ o
[Case B.3
|Drop size = €42 0.09 1e2l 1433 24 0.45
[ 2,25 mm diameter B, 0.13 2420 3,37 251 1.12
Average airspeed 6.8 0.23 3.00 3.23 251 1.07
= 248 ft/sec 652 0.29 3e 39 3. 68 246 1,25
653 0.35 Lo 26 155 2,8 1.55
: 661 0.66 5.20 5.86 2,8 197
656 0.71 5¢33 6,04 250 2.01
659 0.84 6.01 6.85 2ih 2433
663 1.06 6470 7.76 251 2457
667 1.20 7.60 8.30 245 2.99
| 670 1.97 8.02 9.99 251 j 3432
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TIABLE )

Movement of water drops of 2.25 ym diameter in

airstreams cof varicus velocities

SET C
! i
. .. | Drop | Drop | Total Speed s J
Remarks hiﬁ;;;;eg move@ent penetrgtioni m?vemgnt ﬁ U né;?isgcs
P X = ine y - in. (x+y)1n.l ft/sec

Case C.1

é7§i§g§t7zzzp88d This case is the same as case B.3

Case C.2

Average airspeced 755 0.07 1.27 (N - 0. 31

= 305 ft/sec 754 0.09 2.6 2425 o 0¢57
756 0.4 3.0h 3418 - % 0.73
890 0.1.2 1. 06 Lot8 360 1o Ol
757 0.33 Le59 192 - 1012
893 0.06 1«92 5¢ 58 320 145
892 0. 08 I Ol 5e62 372 1426
758 0.40 5 30 S5e Tk 396 1.18
89, 0. 71 5.0% 575 372 1429
&g 0.56 5619 575 376 1.28
759 0.73 6e106 6.89 360 1658
910 1,08 6.57 7.65 36l 1e73
763 0.89 6,80 7.69 361 1,76
911 1a 36 7ol 8. 50 - 1,92
891 O. L1 5..02 Lol 371 1,00

Case C.3

Average airspeed 765 0.4 2,02 2.16 176 0.38

= L7 £t/sec 767 0.20 3.09 3429 465 0.55
766 0. 3l L. 07 bald 1,68 0.78
763 0.27 e 5 5.02 476 0.068
769 Ouli6 6.09 6.51 176 1615
770 0. 56 6476 7430 471 1029
771 0.71 7.56 8.25 171 1.6
772 1,28 7.97 9+25 485 1459
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TABLE ). (CONTD)

SET ¢ (CONTD)

R Negative | Drop Drop . Total Sp?ed Time t
emarks movement | penetraticn | movement U i
number . . . millisecs
X = in. y - in. (x+y)in. | £t/sec

Case C.lL

Average airspeed 683 0.07 1430 1437 559 0.21

= 560 ft/sec €82 0,09 1.0 1.49 55l 0.22
697 ek 2436 2,50 56l 0.37
701 0.23 3.28 3.50 56l 0.52
706 0. 31 .28 Le59 556 0.69
i 0.52 He 32 5¢ S 554 0.88
719 0.70 5.68 6. 38 559 0.96
723 0.98 e 30 7.25 566 1.07

Case C.5

Average airspeed 77 0.09 1.20 1.29 6.1 0.17

= 633 ft/sec 775 0.15 2.25 2,40 636 0.32
776 0.32 3.82 Jeo 636 0.5l
7 0.36 Le 7k 5.10 636 0.67
778 0.56 592 6445 631 0.86
779 0.86 6.23 7.09 636 0.93
780(8) 0.91 7.30 8.21 617 1.1

*Where speeds have neot been rccorded the average speed for the rest of the case
has been used in calculating times.
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TARLE 5

Movement of water drops of 1.5 mm diameter
in airstreams of wvarious velocities

SET D
i :
. ' Drop Drop Total Speed s
\ o
Remarks Negative mevement | penetration | movement u .{1m§ t
number . < . X : millisecs
l x - in, y - in. | (x+y)in. | £t/sec |
Case D.1 F
Average airspeed —— . 5 ‘
= 251 ft/sec This case is the same as case B.2
Case D, 2 !
Average airspeed 68 0.06 1.28 1o 3l 312 0. 36 £
= 322 ft/sec 70 0.09 1.87 1,96 310 0,53
71 0,16 2.97 3.07 333 0.77 |
72 0.26 5,08 lre Bl 318 1o 1y |
73 0.70 He 30 6. 00 35h. o ;
7h 1.00 5.93 6.93 303 1e 91 {
|
Case D, 3
Average airsneed 130 0.08 1. 55 1.6l 292 0.35
= 389 ft/sec 131 0,20 2,83 3,0h - 0465
132 0. 30 3,63 3.93% 388 0,8,
151 0.87 5.23 6.00 39 127
Q_';\.ge L 0).!.
Mverage airspeed 593 0.09 1.36 (N 477 0.25
= .77 ft/sec 124 0.08 1.68 1.76 L77 C. 37
123 0. 10 2,00 2.10 475 0.%7
594, 0.10 2,22 2432 481 0,40
12,{. 0013 2-92 3.01-!- 475 005__5
595 0.17 3,00 3.17 L83 0.55
125 0.15 2.98 Lael3 5470 0.73
596 Os 25 l!—c OO Zi.o 2!{. 2{..80 O‘ 7}.’.
127 0.22 1. 60 L..82 L75 0.85
598 037 5.00 5437 492 0.9
597 0.29 5.00 5.29 L70 0. 9.
126 0.36 5.30 5.65 477 0.99
599 0. 61 5. 77 6. 38 L7k 1.2
129 0.50 6,60 7.10 L75 i
GO0 0.93 6o 7 7.58 - 1e 33
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TABLE 5 (CONTD)

SET D (CONTD)

: o Drop Drop Total l Speed s
Remarks NEEZ;Z;G lmovez.n.ent 'penetr§tian movemgnt l U mii?isZos
X = in, |y - in. (x+y)in. :ft/sec

Case D.5

Average airspeed This case is the same as case A.3

= 567 ft/sec

Case D.6

Average airspeed 168 0.06 0.91 0.97 626 0.13

= 612 ft/sec 153 0.06 1,00 1.06 5,0 0.16
146 0.12 1.97 2,09 627 0.28
1.3 0.13 2.36 2.49 616 0.3
v 0.15 2408 2.87 616 0. 38
L7 0. 30 31 3. 71 630 0.4.9
148 0.33 3469 54.02 621 0.54
152 0.35 3.98 Joe 33 621 0.58

Case D, 7

Average airspeed 785 0.16 1.76 1.92 688 0.23

= 702 ft/scc 797 0. 30 2.17 2.7 700 0. 30
788 0.37 2,72 3,10 761 0.3
800 0. 4 3. 78 3.92 69l 0.4.7
769 0.50 3.25 3401 69, 0.53
791 Oc 22 ):.523 )}..).;.5 692}. Oe 51{..
79 0.68 Loelids 5.12 69l 0. 61
793 0’2)—7 )}.. 98 5.24.5 700 O. 65
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SUMMARY (OF DISINTEGRATION TIMES

TABLE 6

speed of 560 ft/sec with various drop sizes

Set A - Constant

Penetration ; -
Drop | T I Drop 5 30 . 3
. 0
Case | dia in Max y | ook (;4-y) tg x 107 | tpp x107 | tp x 1
o Cun 4 cun o | iR % in in. secs secs secs
.{‘&.1 1¢OO 209 )05 5'5 Oll{‘ 3’9 0558 Oa}.}.5 0058
A2 1 1.251 4.5 - | kb 0.8 5.3 0.79 0.52 | 0.31
A3 11.50| 4.8 567 | 5o7 0.18 6.18 0.92 0.6, | 0.37
Ay | 1,75 647 - 6e7 1.0 7e7 1415 0.69 | 0.5
A5 2'00 7.8 7‘7 7.8 0068 8-1’”8 1.26 1.32 Oo6}.|_
A6 12.251 9.0 9.6 1 9.6 2. 12.0 1.79 0.88 0.69
A8 1 2.75) - 11.8 | 11.8 2,82 1102 | 2.18 1,13 | 0.87
TABLE 7
Set B - Constant speed of 250 f£t/sec with various drop sizes
Penetration v . .
Drop g < Drop 5 3 e,
Case |dia =L M?X J movement <¥4-y) t§j<1o tph><1o tp AZO
m Gun 1 | Cun 2| < in. in. secs secs secs
Bt 11.00| 3.3 - 3.3 0.52 3,32 1.27 1.58 -
B2 (1.50; 5.2 - he2 1017 6. 37 2.13 2.26 -
B3 ,2.251 7.3 - 73 1o Bl 3. 6. 2.88 2e33 1.25

- 50 -




TABLSE 8

Set C - Constant drop size of 2.25 mm diametcr with various airspecds

Adre Penetration y Drop 3 3
Case | speed in. Max y| move- (;5 *¥) b X107 | by %10 tp % 10
ft/sec in. ment il secs secs secs
Gun 1 Gun 2 X in.
01 2¢'+8 7-5 - 7.5 1.26 8056 2087 2.53 1.25
c2 365 91 - Se1 | 2,68 | 11.78 2.69 1,76 1.0,
C3 L7 943 - 9.3 | 1.80 | 11.10 1,96 1e15 0.78
Ch | 560 2.0 9.6 9.6 | 2,40 | 42.00 1.79 0.88 0.69
C5 | 633 9.3 - 9.3 | 1,70 111,00 | 1.45 0.86 0.67
TABLE 9
Set D ~ Constant drop size of 1,50 mra diameter with various airspeeds
. Penetration y Drop .
Alre X i, =
Cese |speed ine. M?,x ¥ | movew (.& + y) tg x 103 tph X 103 tp X 105)
£1/sec in. ment ine secs secs secs
/ Gun 1 | Gun 2 . X ine
D1 251 5e2 - Hel 1617 537 2,717 2.26 -
D2 322 )4—08 hand ).{..58 O.)+6 5& 26 1. 35 1.1’_1 el
D3 389 5e 1 - 5el 0.81 5.91 1.26 1. 16 -
D). L77 Selp - Belh 1 0440 9.80 1.02 0.99 0. 7L
D5 567 L.8 5.7 5«7 | 0.56 6.26 0.9 0.8l 0.4.0
D6 612 5.0 5.9 5.9 | 0.69 6. 59 0.90 0. 5. -
D7 702 - - - - - - 0.7 0.3
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[RAE: 166348 | 64]

FIG.3.4&5

FIG3. 2mm. DIAMETER WATER DROP SUSPENDED ON A FINE WEB

FIG.4. 2mm. DIAMETER WATER DROP ABOUT TO ENTER HOLLOW
PROJECTILE MOVING AT 560ft./sec.

FIG.5. DISINTEGRATION OF A 2mm. DIAMETER WATER DROP INSIDE
A HOLLOW PROJECTILE MOVING AT 560ft./sec.
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FIG.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 560FT/SEC.
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FIG.7. VARIATION OF RESIDUE DROP SIZE WITH PENETRATION INTO THE
HOLLOW PROJECTILE FOR THE CASE OF DISINTEGRATION OF 2:25 mm. DIAMETER
WATER DROPS IN A PROJECTILE MOVING AT 365 FT./SEC.
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[RAE: 166350 |64)

FIG.9

\
Fita.%a. DATUM

FIG.9b, y=1"27ins. X ==0-07ins, t =03 millisecs

FIG.9¢ =2 16ing,  we=0-0%ns. t =0 -5lmillisecs.

FIG.9d. vy == 3-Odins. == 0 [4ins. t==0-73Imillisecs.

FIG.9. PHOTOGRAPHIC RECORD OF THE PROGRESS OF DISINTEGRATION
OF 2-25mm. DIAMETER WATER DROPS IN A HOLLOW
PROJECTILE MOVING AT 365ft.[sec.



FIG.9 (cont'd.)

- Q4millisecs,

HGo v =530ins. x»

& 80ins. = 0 B%ns. o [T 6milllsees,

8 FIGOh. -y == 7<l4ins. %

|-36ins, ¢

1 92millisecs.

PHOTOGRAPHIC RECORD OF THE PROGRESS OF DISINTEGRATION
. OF 2:25mm. DIAMETER WATER DROPS IN A HOLLOW

p PROJECTILE MOVING AT 365ft.[sec.
[rct

3 FIG.9(cont’d.)
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PROJECTILE MOVING AT 560 FT./SEC. USING DIFFERENT TEST CONDITIONS .
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FIG.I2. MOVEMENT OF 2:O m.m. DIAMETER WATER DROPS IN A

HOLLOW PROJECTILE MOVING AT 560 FT./SEC.
UNDER DIFFERENT TEST CONDITIONS.



EQUATIONS TO FITTED CURVES

- 0539 + 11085 t2 CASE Al

- 0996 + 1-088 t? CASE A2
- O75% + 0695 t? CASE A3
=- 0823 +0785 t2 CASE A4
= 0828 +0-448 t2 CASE A5
= 0186 +0-758 t2 CASE A6
= O679 + 0322 t2 CASE A7
= 043 +0-666 t? CASE A8

I-Omm DROPS X
|-28mm DROPS
1-50mm DROPS
(- 785mm DROPS
2:0mm DROPS
225mm DROPS
2.50mm DROPS
2-75mmDROPS

N M

X X X X X X X
i

/I 4

5 /
08 /
?.

DROP MOVEMENT X INCHES
O
[¢)]
N
\\
B J
>

LEGEND

252 1-25mm DIAMETER DROPS

X X

|—— 2.50mm DIAME TER DROPS
!

; | |

| | |
.

0 o5 I-O -5

TIME t MILLISECONDS

FIG.13. MOVEMENT OF DROPS OF VARIOUS DIAMETERS
IN AN AIRSTREAM OF VELOCITY 560 FT/SEC.



FITTED CURVES

(1-Omm DROPS) X =-0003 + ‘335 t?2 (CASE BI)
(-5mm DROPS) X =-0307 + 243 t? (CASE B?)
(2:25mm DROPS) X =- 0065 + -1605t° (CASE B3)

AN AIRSTREAM OF VELOCITY 250 FT/SEC.

r—2.4 ],
| o
SET B 77
2.0 T -
0
164 / /
3]
Z o)
b o} /
-
-1.2-2
3
& O/ /
>
S x /
Losq A +
g /
Q / &
o4 //i % LEGEND
X / f 12.25mm DIAMETER DROPS
2 521-5mm DIAMETER DROPS
+ £_X_|-Omm DIAMETER DROPS
| : ] |
o ! 2 3
TIME t MILLISECONDS
FIG. 14. MOVEMENT OF DROPS OF VARIOUS DIAMETERS IN




SET C.

&0 LEGEND X
+ + 560FT/SEC ¢
© * @ 365 FT/sEC.

re b x © «x 248 FT/secC.

* DROP MOVEMENT X INCHES

EQUATIONS TO FITTED CURVES

248 FT/SEC. X = -0065 + -1605t* (CASE C1) |
365 FT/SEC. X = -0I154 + -334t* (CASE Cd
474 FT/SEC. X = 0229 + -397 t® (CASE C3)
SGOFT/SEC X = -0I186 + 175767 (CASE C4)
G33FT/SEC. X = -0806 + '7243t° (CASE C5)
| i & A
3 4

e
TIME t MILLISECONDS

FIG.15. MOVEMENT OF 2-:25mm. DIAMETER WATER DROPS IN AIRSTREAMS
OF VARIOUS VELOCITIES.



DROP MOVEMENT X INCHES

24

2:0

SET D

EQUATIONS TO FITTED CURVES

TIME 4 ,MILLISECONDS

25| FT/SEC. X =-0307 + 0-243(t% (CASE DI)
322 FT/SEC. X=-006 + 0-281 t2 (CASE D2)
389 FT/SEC. X=-=018 + 0-513 t® (CASE D3)
477 FT/SEC. X =-0134 + 0-402 t% (CASE D4)
567 FT/SEC. X =-0753 + 0:695 t% (CASE D5)
612 FT/SEC. X =-034 + 0984 t% (CASE DG)
701 FT/SEC. x=-123 4+ 1'074 +% (CASE D7)
LEGEND
25| FT.[SEC.
389 FT.[SEC.
* G2 FT/sec.
3 4

FIG.16. MOVEMENT OF WATER DROPS OF ‘5 mm. DIAMETER
IN AIRSTREAMS OF VARIOUS VELOCITIES.
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DROP MOVEMENT X-INCHES

20

SET B
16 - LEGEND

T—= 2.25 mm DIAMETER DROPS,CASE B3, o

€——2 1’50 MM DIAMETER DROPS,CASE B2, 4
e | % v X -0 mm. DIAMETER DROPS,CASE B.I. /
08
0-4

o] | ) 7 8

DROP PENETRATION Y INCHES

F1G.18. VARIATION OF DROP MOVEMENT X WITH PENETRATION Y
FOR DROPS OF VARIOUS SIZES IN AN AIRSTREAM OF 250 FT/SEC.

. - [ 9



2:0

SET. C.
)6 LEGEND
XX 248FT/seEC (CASE ¢1)
474FT/SEC (CASE C3)
] " s (
| .

o
®

DROP MOVEMENT X (INCHES).

/

oa Z///
/

PENETRATIONY (INCHES)

i 2 3 4 S G 7 8
. ,

FIG.19. VARIATION OF DROP MOVEMENT X WITH PENETRATION Y FOR WATER DROPS OF
DIAMETER 2:25mm IN AIRSTREAMS OF VARIOUS VELOCITIES.
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SET. D

-0-3

LEGEND
e . @ 25| FT/SEC.(CASEDI)
t % 477FT/SEC.(CASED4)

0-0

DROP MOVEMENT X (INCHES).

..04

02

©

| 2 3 4
PENETRATION Y (INCHES).

5 © 7

FIG.20. VARIATION OF DROP MOVEMENT X WITH PENETRATIONY
FOR WATER DROPS OF DIAMETER |'5mm IN AIRSTREAMS OF

VARIOUS VELOCITIES.
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FIG.21.VARIATION OF DISINTEGRATION TIME WITH DROP SIZE
IN AIRSTREAMS OF VELOCITY 250 AND 560 FT/SEC,
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FIG.22. VARIATION OF LOG(DISINTEGRATION TIME txI0) WITH LOG,, (AIRSTREAM VELOCITY U)
FOR CONSTANT DROP SIZES OF 1-50 AND 225 MILLIMETRES DIAMETER.
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THE TIME REQUIRED FOR HIGH SPEED AIRSTREAMS TO DISINTEGRATE WATER DROPS.
Jenkins, D, C. and Booker, J. D, May 196,

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 durlng disintegration hag also been found and an
empirical relationship derived. The equation of motion of a disintegrating
drop has been considered and a drag coefficient determined which gives a
drop motion agreeing reasonably well with that found experimentally in a
particular case, Droplets produced during disintegration have been
measured in a particular case and compared with the sizes that would be
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THE TIME REQUIRED FOR HIGH SPEED AIRSTREAMS TO DISINTEGRATE WATER DROPS.
Jenkins, D. C, and Booker, J, D.  May 1964.

The time required for high speed airstreams to disintegrate water
drops has been determined experimentally, and an empiriecal relation found
between the time, the ailrstream velocity and the drop diameter. The
acceleration of drops during disintegration has also been found and an
erpirical relationship derived, The equation of motion of a disintegrating
drop has been considered and a drag coefficient determined which gives a
drop motion agreeing rrasonably well with that found experimentally in a
particular case., Droplets produced during disintegration have been
messured in a particular case and compared with the sizes that would be
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eXpected 1f some of the proposed mechanisms of disintegration were opera-
tive. It has not been found possible to determine conclusively what
mechanism operates to cause disintegration, but the evidence favours a
wave-making mechanism,

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