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The theory of the apparatus is presented, ana experimental errors
and the reasons for deviations from true drop velocity are discussed.

A description is ~iven of an ~Fparatus, based on a direct sampling
tecr:nique, for measuring the velocities of falli.l12; drops in sprays.
The results obtained for drops of different mean diameters in a single
spray are given. The a~paratus gives satisfactory results for drops
of mean diameter O' 200 mm or more, provided a sufficient number of
drops are captured in a sample and a sufficient number of sauwles are
collected.
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AN APPARATUS l!'OR 1'[,,~ASURnJG THE VELOCITY OF DROPS IN A SPRAY

by

D.J'. Rasbash and G. W. V. Stark

]ntroduet ion

In a study of the extinction Gf liquid fuel fires b: wabe r sprays(i),
in which the spray was projected downwards on to the fire, the caloulation
,of heat tnnsfer to the drops comprising the spray required a knowledge
of the velocity of approach of the drops to the fire. The method of
measuring the velocities of drops described in the present ncte was
therefore developed. The mechanical apparatus vias simple, and the
velocities of deops of a given mean diameter were calculated from their
mean position when captured on a slide.

Another method was reported (2) shortly after starting this
progr-amme , in which the velocities of individual drops were obtained
from a photograph of the drops in motion illuminated by two discreet
high intensity flashes, of very short duration, separated by a short
interval of time. This method, however, req~ired costly and elaborate
electronic apparatus, and also had the disadvantage that the phbto~raphs

obtained contained images of drops that were out .of focus, which led to
difficulties in measuring their size. The measurement of the position
of drops on slides obtained with the apparatu$ dt:lscribed herein. were
made from contact prints~ in which tho definition of the images of drops,
in tho range of sizes measured, was uniform.

Principle of apparatuj!

The principle of the apparatus is illustrated in Figure 1. Drops,
falling vertically, pass through an orifice UP (Figure ia). A cover
lIB, and sample tray DC, whoseleadinp; edges arc in a vertical plane at
right ang Les to the direction.of motion, are projected horizontally at
a constantve locity acrpas the spray fallinr"; through the orifice; so as
to come to rest immediately when reaching the. vertical wall, U'lV. The
drops captured between the cover and the sample tray (Figures 1b and 1c)
will fall on to the tray, their position being a ftmction only of the
velocity of the drops, V, bhe velocity of the cover and sample tray,
v , and the dimensions of the tray and cover.

Apparatus

The construction of the drop sampling apparatus is Shown in
Figures 2 and 3. The apparatus consisted of an open-ended rectangular
body with the two sides extended, A, to which was attached a tubular
sleeve, B, into which the operating rod and control spring Cwere fitted.
The sample tray holder D fitted totht:l end of the operating rod and could
be o,rawn back into the open-ended body, A, in which position the spring
loaded trigger, E, engaged in a notch in the operating rod (Figure 3).
The close-fitting cover, F, was. provided with an orifice 4 em square.
The sample tray, G, was made from apieoe of thin plate glass, 5 cm square
on which was stuck a 16 B.S.G. metal wall, 0·4 em high. The tray was a
close fit in the sample holder, and was mounted so that drops were caught at
h c, :3 en beLovr the aampLe tray cover, J. A square of d :: 4 cm side was
engraved on the bottom of the glass 60 that, when the trieger was released
and the sampIe holder projected to its foremost position, the engraved
s quar'e was vertically 'bene a'bh the orifice. in the covifr. The sample tray
cover J sloped sons to form a trough of maximtun dopthO·6 em,. to retain
drops striking it during the operation of. the appar-a'tua, The back of
the sample tray holder Vias left open to reduce induced turbulence toa
minimum. Those parts of the apparatus liable in operation to splash
droplets of water on to the sample tray were lined with water absorbent
mcterittl.
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_Qperation of m)paratus. 4 ml of castor oil were put into the san~le

tray, G, which was then placed in the sample tray holder, D, care being
taken to keep the sample tray and apparatus level in this and all
subsequent oper-at icns , 'I'he cover F' was then fitted after setting the
trigger (Figure 3) and the apparatus inserted ll1tO the spray at the
san~ling point selected. The trisger E was then operated, after which
the apparatus was removed from the spray. The cover F was then
removed and the san~le tray withdrawn, and a contact print tlli~en of the
sample on a lantern-slide plate.

Vc:l2P_i.iL of traverse of t.r-av, The velocity of traverse, V', of the
sample tray was measlire-a'"5Y' placing a smoke-eb Lacicene d microscope slide
on the flat portion of the operE\t:L'lg handle, H, and using a tuning fork
of known frequency, with a light scribing needle attached to produce a
oalibration trace on the blackened slide when the trigger E was operated.
From this trace, the velocity of traverse was calculated.•

Some variations in the velocity' of traverse so obtained were
observed, but the correlation ooefficient of results obtained over a
period of two years indicated that the variations were rendom, and so all
tl~ values of traverse velocity obtained were pooled to determine a mean
value, v- :: 152'4 cm/sec, which was used in all calculations of the
velocity of drops.

The variation of velocity of traverse with distance traversed was
small and was therefore neglected.

1rop Jount~~§__~ize Classification, A,n enlarged image, magnification
x 15 of the contact print of the sample, an example of which is shown

in P'Late 1, was projected on to a vertical screen 60 em x 60 em, ruled
into ~velve e~"al horizontal strips, The image of the leading edge and
one of the sides of the 4 em square etched on the s arnpLe tray were made
to coincide with the upper boundary and one side of the screen;", ,the
strips on the screen ran parallel to the image of the leading edge of
bhe tray, The drops were then counted and c.Laas i.f'Led-dn size groups
at 1 mm intervals, starting with the group 1· 5-2' 5 mm magn~fied diameter,
i.e. true mean.diameter 0·133 nm, A graticule, on which the Illniting
sizes of dr-op iinages were reproduced,was used in the classification of
the images. Sizcs smaller than l' 5mm diameter were not counted, as
they were of tl;1e same order of size as llnperfections found' on. the lantern
slides. The number-a of drops of a given size group Invsuoce ss.ive
strips were used to calculate the mean displacement, D, from the
leading edge of the slide.

_Spray testeq.

The water sprays tested were used in the course of an ~vestigation

on the extinction of kerosine fires (1). They were projected dONnwards
from a pair of batteries of impinging jet nozzles, symmetrically,
arranged 175cm above the rim of the combustion vessel, The spray
san~ling apparatus was erected on a rigid framewo~£ 30 .cm above the rim
of the combustion vessel, in such a position that s ampLes of' spray were
collected on the vertical axis of the vessel.

K series of 16 water sprays, from impinging jet no az.I'cs (3/64 in bore) waz
sampled, The sprays were generated with pressures ranging from 5 to '
85 Ib/in. 2 and at rates of flow' at the combustion vc sse L'r-ang ing from 0·4
to 1.2 g.cm-2 min-1 •

For the purpose of the present'note, the results obtained with one
of these sprays win be given. 'The spray selected had the f'o Ll.owang
properties:-

Nozzle pressure
Rate of flow at combustion vessel
Mass median drop size otspray
Veloc~ty of air carried downward
with spray Dt sampling point
("Entrained air velocity")

30 Ib/in. 2
0·4 g cm-'2min-1

0'35 mm

139 cnVs
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Nine samples of this spray wez-e collected, and: the drops captured
were classified for position and mean diametersi from these results the
mean displacement for each mean diameter waso1j\lculated. (Table 1)

Calculation of drop velocity and distribution. It was assumed, in the
calcu1::ltion of, drop velocity and distribution thnt the drops in each
size group had the same velocity and were uniformly distributed and

dispersed in thc spr'av , i. e., that there Vilis an equal probability
of that size would occupy any position in the $praYi and also

that the spray fell vertically through the apPGratus. The development
of equations relating the velocity of dr-ops fallingx'undomly at the same
veLcc.ity to their mean position on a sample t.ray , and of the distribution
of these drops over a series 'of equal parallel strips em the sample tray,
is .in Appendix I. The equations rolating velocity of drops to
mean displacement are:-

For drop velocity

For drop velocity

The proportion Q of drops in the nth strip of x strips of e qua.l
width parallel to the leachng edge of the slide is given by

1
;

.J

'<0< • (6)

(N.B. List of symbols given at beginning of text),

substituting the values for the apparatus ,

v: 152'4 om
d 4 em
h 3 em
x:= 12

tho equationsbe'()lll,'O, for drop velocities V:,?J 114-3 qm:-

And for drop velooities V~; 114·3 cn/s

D := 2 (1 ~ _V_) em
342"9

the fraction in the nth. segment being given by

1 r .... V· -1
Q := - I (1 3 - 2n) -. + 9J

108 '- v'

•••. , (3a)

••••• (4a)

• ,... (6a)

The curve constructed from: uquations (3a) and (4a) relating velocity of
drops and mean d.LspLacemen.t from the leading edge of the sample tray is
given inPigure L". The propctt~oj1 of drops with velocity V falling in
successive segments, measuring from the leading edge of the tray,
calculated from equation (6a) for different ratios Y, is given in. ~



TAB):C 1

THE DISTRIBUT'IUN AND VBLOCITY OF DROPS IH A SFPJ:"Y

Segment Nean drop Diameter rrnn

0~133 0-200 0·267 0·333 .0. 533

I
5

4
o
1 0·5
o i 0'2

io J 0
o ; 0
0 ,0

o °o 0
o i 0
o ! b
o 0!

;
I

5 i
r

0·3°0
729,

j O~1 f

°°°o
°°o
o

10

8-2
1-5

, 0·2 !

6
2
2
o
o
o
o
o
o
o
o
o

10
0·233

945

i
i 82247

0-550 247 i 0-447 i
82

372 ! 472 I,
I,

I

I
I I

! I

1359 I
I O' 811 i 1359
! i
I

! I 361 8 II' i 641 1" I,. 33 ITotal Ho. of! '
drops Mean ',' 1-044' 3618 !0-678 )641 I 0'642! 33

I displacementl 171 II i,1 294 !I 312 I,

N Veloclty ;
cm/s
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Fi~lrre 5. Thus, from the mean position of drops of a given size on a
sample tray, a velocity, the "equivalent vertical velocity," may be
read off from :B'igure L", and from this velocity, the theoretical
distribution of drops in the segments of the slide may be found from
Figure 5.

The results for thesum of the nine slides are given in Table 1.
This table shows the dl s'cri.bu t i on of the drops of the different sizes
between the segments on the slides, the mean displacement of drops
calculated f'r-om this distribution, the mean velocity of the drops read
off from Figure 1;. and the resultinz theoretical distribution of' drops
obtained from Figure 5. The results for the .ind.iv idua.l. Elides are
given in Appendix II.

The cumuLat ive distributions for drop 8izes 0'133 te 0 400 mill from
the experimental results given in Table 1-are sho~n in 6,
toget er with 95 per cent eonfidence limits calculated by method
given by Kolmogoroff (3). The cumulative distrilJUtion curves from
the theoretical frequencies arc also shown. It will be noted that the
deviat:ion of the experimental from the theoretical distribution is
considerable only for the smallest drop size, 0-133 mm; and for drop
sizos larger than 0·133 n~, the thBoretical distributicn is contained
within the 95 per cent confidence limit band.

x2 tosts between those experimental and theoretical ci:'istributions
for those individual slides, (Appendix II), in which a sufficient
number of drops were caught" indicated that the dictributiohS obtained
wi th the smallest drop size were not the same as the theoretical
distributions; however, except in a few cases, with the larger drop
sizes the distributions were not significantly dissimilar.

In Figure 7 aro plotted throe curves of drop velocity, Curve 1 is
plotted from data from Table 1, and Curve 2 froG the mean of nine
separate velocity determinations, Appendix II; to obtain a better
ostimate of the velocity of drops in the spray, a correction may be
applied for the decoleration of drops in the sanrplinL apparatus, and
Curve 3 shows this correction applied to Curve 1. ThE; 95 per cent
confidencc limits fqr points on Curve 2 are also indicated in Figure 7.
and. it is reasonable to expect they wouLd not be, appreciably different
for Curve 1, or Curve 3. The difference be tween Curves 1 and 2 is
discussed later.

Tho line for the entrained 8il' ve Loc i.hy , Curve A, and the curve
for the sum of t ho terminal velocity of water drops fal1ii1f~ in still
8ir and ontrained air ve Ioc i ty , Curve B, are als 0 plotted in Figure 7.

Discussion

It is reasonable to expect that the mean volocit;T curve for drops
produced by impinging jet batteries would lie bo tween (a)" the sum of the
"Germinal v e loci ir'J of the drops and the entrained air Velocity, and
(b) t.' e velocity of the wator jet from the nozzles (for the spray reported
herein, 1750cm/s), 8nd that the velocity should reduce to the entrained
air velocity at zero drop size. Curve 3, Figure 7, shows that this'
docs occur-, The large dcvi.a t Lons in the velocities of a given drop size
and tho errors associated with this method of drop volocity n~asurement

are discussed below.

Errors_assochtcd;. with the al?12Qr8tus

It was estimated that the construction of the apparatus would'introduce
maximum errors of + 2 percent at 200 crn/sand + 3 per cent 1J.t 700 cm/so
Actual errors in the use of the apparatus are ilkely to have been less
and also biased in one direotion, since for oaoh group of tests on a
given spray, one sample tray was used. These deviations are small and
would contribute little to the observed deviations. The trough formed
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in the samp'Le tray cover ',iould not interfere with drops whose velocity
\ as [',reater than 20 em/s and the wall of the s ampLo tray itself would
not interfere with drops whose velocity Vias greater t.han 60 om!e , These
velocities are less than the entrained air velocity alone, and it is
therefore unlikely that either the trough in the sample tray cov;;r, or
the wall of the sample tray interfered with any drops,

~ of assumptions

The assumptions made in applying equations (3); (h) and (6) to
an actual spray are :-

(a) that drops of a given moan diow,te!: are uniformly distributed
and randomly disporsed in the sampled volume, i.e. t hcr-o is an e qua.L
probability that drops will occupy any pos it ion in the volume,

(b) that drops fall vertically downwards, and

( c) that drops of a given mean diameter have a unique ve Loc it.y,

To examine the effects of major dcv i a t Lons from t he se a,;sumptions
on the distribution of drops, five specific examples representing five

of dcviatien were investigated, as follows :-

(1) the drops fall only through the central one-third portion of
tho fixed volume,

(2) the drops fall' only through the outer two-thirds portion of
the fixed volume,

(3) the drops fall at an angle of 20 0 to the vertical in the
direction of motion of the slk,e,

(4) the drops fall at an angle of 20 0 to the vertical in a
direction opposite to the motion of the slide,

(5) one-third of the drops each fall at velocities respectively
0-5,1.0 and 1.5 times the mean velocity of the drops.

Deviations (1) and (2) represent divergences, wider than would be
expcc'ted , from a random distribution; (3) and (4) represent divergences
from a ve::tical direction of fall, and (5) represents a divergence from
a uniform velocit/ of fall, of drops of 0 given

The distribution of drops on the slide; that would be obtained with
the above deviations were computed forthe case where the velocity of
the drops equals the velocity of the slide s (152 eml s ) and are shown in
Figure·' 8. The distributions for deviations 1 to }+ above were obtained
by a geometrical method given in Appendix III. For deviation 5 the
expected distributions for the individual velocities were obtainoel from
Figure 5 and summcd., From each of these distributions a mean
displacement of drops was ealculatod and Ii v010eity, called hereinafter
the equivalent vertical velocity, Vias obtained from Figure 4. 'I'hoce
volocitieswere respectively 97,175, 235, 41, 142 emls f' or- ,9-eviatiens
1, 2, 3, 4 and. .5 above. It will be seen that, except; .t'or- deviation 5,
there were considerable. difforences between the c st.Ima t.cd equivalent
vertical velocity and the actual velocity of the drops (152 cm/'s},
However, from Figure 5 "expeotied" distributions maybe obtained from the
equivalent vertical velocity and these arc compared in l!'igure 8 with the
actual distributions of the drops that would be obtained.

Deviations 1, 2, and 4 give distributions that are substantially
different. Thus it would be expected, that any major deviation of t;YFo
1, 2 or 4 above would, show a significant difference between the drop
distribution on the slide predicted by l!'igure 5 and the actual distribution.
The general lack of signifiearrt,differenees, between the predictod
distributions and those obtained, fOr drop'sizes of O' 200, om and larger
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may, therefore, be taken as evidence that major ,deviations of types 1, 2
and 4 from the assumptions did not occura Moreover, since a deviati n
of type 3 would be as probable as a deviation of type 4 it may be
expected that the f'orrncr- type of deviation did not exert any major
disturbing influence either. It is noteworthy too that similar
deviations of types 3 and 4 bring about opposite and approximately equal
e rror-s in the value of the estimated velocity of the dr'ops ; the mean
velocity as estimated from a number of slides would not therefore be
ser-ious ly in erro;r if these deviations werc: equally probable,

The smallest drop size showed highly significant deviations between
act.ua.l, and predicted distributions. The reason for this is prooabIy
that these fine drops were subject mCTe readily to deviations in direotion
of motion by turbulence in the entrained e,ir stream, by turbulence
caused by the motion of the slide and cover, and pE\J:'ticularly, by the
deflection of' the entrained air stream trapped in the sampling apparatus.

Effect of deflection of entrained air strea~

The entrained air stream trapped with the spr-ay in the sampler
would be deflected from its downward path. 'I'h i.o would cause a
deviation from assumption (b) above. If it is assumed that the air
stream, when deflected horizontally, maintained its velocity, 139 crrls
the horizontal velocities imparted to the 0·133 mm and 0-200 mm drops
would be 47 crr/s and 18 crr/s respectively; the displacements c~used. by
these transverse velocities would be one or two segments, and less" than
half a segment respectively. For drops of lE\J:'ger diameter the
deflection would be progressively less. '

Such deflections, which are only appreciable for the finest drops,
may occur towards either the .leading or trailing edge of the sample tray.
It is noteworthy that, for the finest drops, approximately equal numbers
of drojJs in cxce s s vof" the theoretical distribution hove been captured
:1n the first four and the la~t four pesitiens on the slides (Table 1).

The effect of turbulence of the entrained air stream

The method of generation of spray by impinging jet batteries
induces turl;>u:j..ence of the entrained in the spray cloud. Oorndn
and Uber-od ~5) found that the root mean square C1evintion in velocity of
the air stream on tie axis of a jet discharging air into still nil' at
distances that were large (20 x) compared with the diameter of the jet
was about 22 pOI' cent of the mean axialvelocity• The root mean square
deviation decreased slowly with increasing distance from tl~ jet, and
increased with increasing density of the fluid .dischargedfromthe jet.
Although it was not possible to assign an .equivalent jet d i amoter- tc the
array of impinging jets u sed to generate the water spray in the present
experiments, and Corrsin and Uberoi a.id not give results for water sprays
discharging in air, the above figures may be taken to represent the
order of' deviation of ve locity in the entrained air stream ·of the spray.
Tho percentage root mean square deviations of vQlocity for drops of
mean diameters 0.200,0·266,0.333 and 0'400 mean, were 20, 19, 18~ and.
27 per cent respectively,iliwere in reasonable accord with the above figure, ·,nd
Thus it may well be that'the deviations in velocity found in tho present
experiments are at least in part due to turbulcp.ce in the spray cLoud ,

The effect of size of sani~

The 95 per cent confidence limits for drops larger than 0.400 mm
Figure 6 show that these results were not reliable as estimates of the
velocity of the drops, the limits increasing from + 35 per cerrt of the
mean velocity for 0·467 mm, to.:!: 75 per cent for 0-=600 mm mean diameter
drops. The number of drops for drops sizes Larger- than 0·400 mm Was
small, the maximum number on anyone slide being 8.
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It can be shown that the standard deviation of a distribution that
is uniform and random, i.e. in which the probability of equal numbers
occurring in t segments e i thcr- side of the mean is the s ame for each ()
segment, is given by (T." "'if , when the s t ande.rd deviation 4
It has been assumed in the method for drop velocities that
the distribution of drops in the spray cloud is uniform and random, and,
13.1 t.hough the distribution of drops of a given size is no longer random
when they have been captured on a slide, this equat ion has been used to
give an indication of the standard error of the mean velocity to be
expected for a given number of captured drops. Table 2 which gives the
95 per cent confidence limits for different mean positions of the
velocities determined for different numbers of clrops on a single
sarr~)l8 tray, shows the effect of the number' cf drops on the error
.in velocity determination. The difference betvveen these Llmi.t s for
means of velocities for a given drop size from more than one sample will
be recluced approximately as the inverse squar-e root of the number of
samples. By taking moments on equation 6, a more accurate expression
for the variances of velocities up to Y '" ~~ may be obtainedt

d

(8)

The application of this equation indicates that the variance is in
fact above 30 per cent larger than that predicted by the simple
expression, and hence the confidence limits in Table 2 are a conservative
estimate.

TABLE 2

C011FIDIDNCE J~IjvlITS FOR VELOCITY OF DROPS, DETERlvmmD FROM A SINGLE
SALJPLE

95 per cent confidence limits for velocity
Mean

disp Lacement
of drops
on s.1ide

ern

Calculatod
drop

velocity

cm/s

I

4

Number of. drops captured

9

2.00
1.83
1.67
1· 50
1..33
1-17
1·00
0·83
0-.67
0-50
0-33
0-17

o
28
55
84

110
143
178
230
300
414
645

1350

0-1350
0-1350
0-1350
0-1350
0-1350
0-1350

14-1350
71...,1350

125':'1350
190-1350

1310-1350
\ 670-1350
I

0-155
0-175
0-200
0-230
7-265

54-305
94-362

138-~-O

190-576
270-780
430-1175

i890-1350
!

The apparatus imposes limits of 0, and 1350 cm/s on calculated
velocities_

Thus, nineteen times out of twenty, for sampLes of nine drops of a
given. mean diameter on each of nine sample trays, and' for the range of
velocities fom1d in the present experiments, the mean velocity can be
expocted to lie within + 20 per cent of the actual drop velocity, and,
to reduce the limits to-+ 10 per cent, at least thirty drops must be
captured on each tray. -The limits for samples of less them nine drops
increase very rapidly_
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Therefore the velocities calculated· for drops greater than 0'400 mm
d inme te r-, where in general few drops wcro captured, are not considered
to be reliable c s t.imatc s, Moreover, since the composition of the spray
is such that the number of drops in a given volume decreases very
rapidly with increasing drop diameter, the use of a sampling apparatus
designed to capture sufficient drops lax-ger than 0'400 mm to give a
reasonable estimate of their velocity would result in the capture of
very large numbers of small drops. This may be expected to introduce
errors due to coalescence e.nd impingement of drops.

Reduction of bias of estimated drop velocity. Table 2 shows that for
small numbers of drops the conr Idence limits of ve Locaty of drops are
biassed towards th\3.upper limit, eXC\3pt for the minimum measurable mean
posi tion, whore the bias is towards the lower limit. This bias is
considerably reduced by increasing the number of drops in the sample.
Thus, a reduction in bias may lJ8. ob'baLned by summing tho numbers of
drops in each segment for 'tho nino slides, and obtaining thEJrEJby larger
numbors in tho samp Ie , This accounts for tho difference between
Curvos1 and 2, Figure 7.

Conclusions

The sampling apParatus described in the present note may be uBed
to detormine the velocities of drops of different mean diameters
comprising a water spray. Tho accuracy of such velocity determinations
increases with the number of drops captured on any one sample tray,
(provided that they arc not ovcz-cr-owded) , and with the number of
samples taken. Where the number of drops of a given size are less, than
9, at least thirty samples.should be taken to obtain a reasonable
estimate of dr-op-vc Loc i'ty , Tho precision of tho estimation is limited
by the natural .turbulence of the spray cloud.
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Consider a spray of randomly dispersed drops, moving with a
veloci ty V, at a large mean density of N drops per unit volume, falling
vertically through a fixed volume of unit width, length AB = d and height
AD ~ D h (Figure 9a). It may be noted that, since un i.t width has been
specified, points may represent lines, lines lila,y represent p Lanes , and
areas may represent volumes,. Let there be a tray oflengthI)lC' = d ,
and unit width, rigidly at-tached. to which is a cover A'B', whose
leading edge A' is at a.height A'D' = hverticallya1:>ove D' •. Let the
cover and tray be projected horizontally at a \mifo:rni velocity
across the volume ABCD. It is assumed that the cover and tray do not
disturb the drops in the. fixod. volume ABOD and. come to rest immediately
when their leading edges reach A and D. As the tray andcovor traverse'
the volume ABCD from BC to AD, tho spray entering ABCD will be
progressively cut off "bY the leading .edge of the cover. Thus when the
tray and cover roach the position A" D" (Figure Da), no furthor,spray
can enter that part of the volume to the height of the plane A" D", and
the spray already cut off will be trapped, and will fallout somewhere
on the tray D' ct.

A drop at 0 in. in the plane A" B", at a vert.ical height OD" = Y
above bhe plane DC Viill reach the plane DC in time ylv, in which time
the tra;.\' , whose leading edge was at D" will have moved forward' fl.'

distance R.: '"Y:fi ,so that the drop will be collected in tray at
L" , a distance D" 1" =.11. from its leading edge. This relation is
general, the displacement of a drop from the leading edge of the tray
being re lated linearly to the height of the drop above the Leaddng
edge by the ratio Phus a drop" at A", .the maximum height h
above the plane DC, will reach the tray at a distance D" F" = h;e:
from its leading edge. Moreover, if there are a number of drops, with
mean vertical heightj; above the tray when trapped between the cover
and tray, they will fall on to the tray with a mean position i:: y'!:..
from the Lead Lng ed,ge. . ,. v

Therefore, after tho cover and tray ·have reached the plane EB', such
that AE = DF zz D" F" = h~ , no f'urthcrdraps in the plane .AB ca'n reach
the tray except when it has come. to ·rest.' More generally, no drops,
trapped between cover and t.r-ay which in the plane MN at a he igh'ty above
tho tray. can fall onto the tray while it is movd.ng," whop:1JiN = I.= y;:r •
The relation is general and linear, and since wheny =01 1 = 0, a v
plano DE of slope tanG ~ ¥ may be drawn wh.i.ch divides the, volume
.ABCD into two parts; . firstlyEBCD, in which trapped drops .fall on to
uho tray while it is it!. motion, and secondly AED, in which trapped
drcps fallon to the tray while it is at rest.

The mean position of the drops on the tray D' 0' maybe found from
the mean positions of the drops in the two volumes l~BCD and .AED.

The volume EBCD may be conveniently divided into part~, EBCF and
BPD, for the calculation of the moan position of' the. drops.It has been
shown that trapped drops , at a mean hoight ,y above the tray D' CI, that
fallout while the tray is in motion, have a mean positi::m 1. "'"S7'::1: ,
fr?m p'. Thus drops in the volume EBCF will have a mean positi?fn t Eli'.Y::
~ j:h.'L. = ~. DF from D and dro~s in the volume Eli'D will have a mean V
position i Eli' = i hY:..:: '3 Dl!' from D.

V

The drops trapped in the volume JillD fall all. to the tray when it is
at rest, and the mean position of the drops '!vill be at i DF = i h~
from the leading edge D. 'V

Thus, measuring from the leading edge D.

drops occupy a mean position
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( 1 )

drops occuFY a mean position

(2)

Oombdrrlng these results; the mean position of all drops caught ,
NHB.eC "N hd is given by

Nh [*(d-~) t"s(n~rJ

Nhd

'" .b.! (3 - h V)-
r;,V elY

, (3)

This solution applies to values of V such that AE ::: DF~ AB i.e.
h;r. -:;:: d. The limiting case is shown in Figure 9b where ~:;; d
th'f.t is; where the line E on Figure 8a coincides with the line B, the
mean position of the drops on the tray thus being t h.i:' *d from the
leading edge D. '1/

For values of V such that h~ ~ d, another solution is obtained.
Consider Figure 9c, where ABCD have the same significance as before.
There will be a line H in the vertical plane BC such that HC ::: h t ::::L cl •
Drops trapped in that part HCD of the volun~ ABeD, will fallon to t~e
tray while it is in motion; and drops trapped in the remaining part
will fall on to the tray when it is at rest.

The drops in volume HCD fall on to the tray while it is in motion,
and have mean position td from D. The drops in the remaining part of
volume ABeD fall on to the tray while it is at rest. Dividing this
volume ABED into the two parts ABHG and HOD, these parts have mean
positions of ~ and td from D respectively. The mean position for all
the drops caught in the tray ',iill therefore be, measurin: from D

N~l[td(h.h') .. tdh']
Nhd

- *[±ci(h'¥d)+~~dJ
" Q.(J-Y.d) (4)

'" v: h

The stepwise distribution of arous on a sample tray

Let the width of the salllPle tray be divided into x equal parallel
segments. Considering the segment bounded by the leading edge of the
sample tray, i.e. the first segment the maximum height from which drops
of velocity V will fall on to this segment is KC ::: ill ::: d.)L • Thus,
drops in volume PKCD will fall on to the segment while tli'eV'tray is in
motion, and drops in the volume PQ,AD will fallon to the segment while
the tray is at rest. It may be seen from Figure 9d that the combined
volume from whieh drops fallon to the first segment, may be considered
more conveniently as be ing composed of volumes LKCD and PQAL, so that
the total nuniber of drops fallin['; on to the first segment is given by



These drops having been removed, the second segment will collect

drops,

the
More generally, the

tray is given by

,If, --'dVN9..1 (x.-n-! 1-- t-x.t.' /:>:.v·

number of drops caught in the nth segment of

The proportion q of drops caught in the nth segment is given by

_ r :NQrlX.- n::;i)f21 V "I'" h - nd V"jI,., ,,_ ;x:l:,' :::<-'!"' ,,~ It'_

Ndh

It follows that the proportional cumulative sum Q of the drops
caught on the first n segments is given by

(6)

,

Q"" :£J('x.- n::l)f!.Y. 1- h_n +- I ,.2 V]
;x;.1 ~ 2.:x.. \t 2x""f (7)

the value of n being restricted since the sum for all drops caught
must be equal to unity and n cannot be greater than x. It can be
seen that equations (6) and (7) are linear equations in the ratio of
velocities~. , and will thus be straight lD,es.

''/"
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Appendix III

Determina tion of ,th'U:1is trtbt!ti9.£...2.t~£fL2.llJ.!l"! S¥}!2l£Ltr~J?Y.'

~eometrical const~~

For any e;ivGn set of oonditions the expeoted distribution of drops
on the sample tray may be determined by a si;'.lple eeometrical conaeruc Hon,
In Figure 10a such a cons t:ruotion is 8iven for the oase when the drops
are falling at an angle of 20° to the vertioal in a direotion opposite
to the motion of the tray and with a velooity equal to the ve.Looi t: of
the tray, The fixed volume is re pre s en ted by ABeD and the sample tray
and oove r. by A' B' 0' D'. The drops enterin[! the fixed volume must
be oontained by the parallel planes XAXt, and YJ3Y1, such that the angle
DAX, is 20°, All drops ini tial1y present above a oertain plane A:J!iIN
will be out off pro[!ressively by the oover as this moves aoross the volume.
The position of this plane is suoh that the ratio Ri to BAt equals the
ratio of the velooity of the drops to that of the cover (unity in this
oase). S~nilarly all drops below a plane DiPO, parallel to A1~IN will
fallout before the tray passes. Therefore the drops in the volume of
spray represented by N.MPO will be caught between the tray and the cover.
A line EF parallel to AB may also be oonstruoted such that the drops in
the volume NEF will not fall out until after the 'bray has come to rest.
The point E is fixed by making the ratio EO to DX1 equal to the ratio of
the velooity, of the drops to that of the tray (unity in this case),
The distribution of the a~ops in segn~nts 1 to 12 of the tray will then
be represented by the areas sh01vn. Segments 1 to 3 will oatch drops
only while the tray is moving but the other segments will catch eUrops also
after the tray has come to rest. The drops in the small shaded portion
will not be caught in any of the 12 segments and will il overshoot" the
slide.

Similar oonstructions have been given for the drops movine at an
angle of 20° in the direction of motion of the slide (Figure 10b) and
for drops movinE! vertically (Figure roe). By inserting lines RQ and
ST on Figure 100 the clistribution of drops on the slic1e may be obtained
for sprays falling through only the central ~ portion of the volume,
and for only the au tsia,e 2/3 portion of the volume,

ERR
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