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Abstract

Three methods of estimating radii of spray dropéetsdiscussed drresults of their practical application in
case of explosively produced water spray are regoRarameters of model radii distributions areditusin
the least squares method. Finally, the data oltaioe a number of tests are used for estintpfiraction o
explosion energy used for pulverization of watethi@ process of explosive production of water-spray

Keywords: spray droplets, radii distribution, pulzation energy, fire extinguishing.
© 2010 Polish Academy of Sciences. All righteresc

1. Introduction

Fire extinguishing properties of water spray ardl Ww@own and from some time they are
used in extinguishing small and medium-size files2]. The size of the spray droplets is one
of the crucial factors influencing the effectivesed fire-quenching. Therefore measurement
of droplet sizes is one of the introductory tedtshe quality of a spray-producing device.
Technical solutions used for producing water-spi@ysuch purpose cannot, however, be
simply scaled-up to make devices suitable for gxtishing large-scale fires.

Although a fire-extinguishing machine designed tprenching large scale fires must
comprise many components like the high precisiondelivery system [3], explosive
production of water-spray is its core [4, 5]. Detaration of the explosion energy distribution
among the basic dissipation channels is one otrheial problems for modelling the process
of production of the spray.

As was shown in our previous papers [6, 7], knogtedf the distribution of diameters of
droplets allows one to estimate the part of therggnesed for pulverization of water. It is
rather difficult to compute such a distribution ahetically since even if one can model its
shape, parameter values must be determined byierqres [8]. Therefore, development of
experimental techniques allowing one to determinie bf crucial importance.

Some research of this sort had been done befoebn®iskii [8] has reported results of
distribution of droplets’ size measurements obthingith quite clever and elaborate
equipment including a trapping device in which detg are collected on an immersion
covered plate. His experiments, however, had besfopned for about 5 g of explosive
material and less than 100 g of water. Such a ssoalé allowed to run the experiment inside
a bucket-size cylindrical chamber located inside ld&boratory. The results allowed to shed
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light on the initial stage of expansion of the fohke liquid and on the process of its
fragmentation.

The tests whose results are reported in this pageheen run with amounts of explosive
material and water exceeding those used by Stekmdoysabout three orders of magnitude.
The scale entailed, on the one hand, some limitatand, on the other hand, opened some
new possibilities. The tests had to be run in ghencair, and measurements had to be made at
least 5 m from the axis of explosion. On the othand essential parameters could be
measured at distances at least an order of magni@der than in the case of Stebnovskii's
micro-scale spray generator.

In this paper in Section 2 we give formulae desecglihe relation between the energy used
for pulverization of water and the distribution thfe radii of the resulting water droplets.
Section 3 is devoted to a general review of phemaralowing one to estimate droplets’
diameters. In Section 4 we discuss results of nreasents of droplets using various methods.
In Section 5 we present the reconstruction of aehoaldii distribution from experimental
data. Results of pulverization energy estimati@sirown in Section 6. Finally, in Section 7
we present a discussion of the results and comelssi

2. Droplets’ radii distribution and pulverization energy

As was shown in other papers [6, 7], the total gnef explosion is dissipated into three
channels: the pulverization channel, the accelmrathannel and the loss channel. This
classification is strictly connected with the olijee of explosive dispersion of water:
production of droplets as small as possible anthgithem the axifugal velocity as large as
possible. The part of explosion energy not usedeithher of these purposeise. the lost
energyExssis stored in the shock-wave overrunning the expandiater-spray cloud.

The pulverization energy can be computed usinddta outer area of all droplets and the
surface tension coefficient. The acceleration eneen be estimated using the distribution of
droplets’ velocities and the total mass of the watally the lost energy may be estimated
using parameters of the shock-wave.

Here we will focus our attention on the estimatadrthe pulverization energy, which is, in
a way, the simplest one. One can estimate thigggr®y the potential energy of the surface
tension of all droplets generated in the processxpfosion. In the case of fragmentation of
the water bulk intdN identical droplets one would have:

1

S = NS, (1)

whereS is the outer area of a single droplet &dis the outer area of the initial water bulk
of approximately spherical shape.

In practice, one does not obtain identical dropietshe process of pulverization. Their
radii should exhibit a certain distribution inste@he can describe it in the form:

p(r)=ap,(r), (2)
where g, is the probability density function fulfilling theormalization condition:

J',op(r)dr =1, €))

and coefficientr guarantees fulfillment by the distribution functip of the condition:
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T,o(r)V(r)dr =V,, (4)

which follows from the assumption that the totalwoe of waterVy must be preserved.
Assuming a spherical shape of droplets and takiegadius of the ball of the initial volume
R, one has:

V(r)=4m*/3 andV, = 47R° /3. (5)
After substituting (5) into (4) the formula:
aT,op(r)r?’dr =R’ (6)
Is obtained. Taking into account that:0

jpp(r)r3dr =m,, (7)

l.e., it is the third order ordinary moment of the lpability density function, one gets the
flowing formula for the weighting coefficient.

a=R*/m,. (8)
The total area of the spray droplets in such a isagiwen by the formula:
Ao = [ PDA(r), (9)
where: 0
A(r) =4m?. (10)
As such:
Ao = anp (r)4rm *dr. (11)
The integral: O
T,op(r)rzdr =m, (12)
0

is the second order moment of the probability dgrfanction. Thus finally one has:
Ao = 4TR°m, [ m,, (13)

and, under the assumptialy, >> A, the fragmentation enerdi.q reads as:

Eyag = 47KR'M, /M, (14)

whereK denotes the surface tension coefficient of water.

As is clear, it is enough to know the second amd thrder moments of the corresponding
probability density function and not the densitpdtion itself. Their values may be estimated
for a sufficiently numerous sample of droplets,yided a method of determining their radii is
available. In such a case, after determining radof N droplets, one would have:
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zizN:rz andms~iir3 (15)
Nn=1n ’ Nn=1n .

This is a fortunate circumstance, since from tlosapof view the reconstruction of the
actual distribution is of secondary importance, aederminingp from first principles is
rather not a simple task.

Measuring the radii of a decent sample of dropletsyever, is no trivial task since the
droplets are literally volatile objects, short higi due to both evaporation and/or merging. As
such, one has to estimate the radii indirectly,dejermining some variables whose values
depend on them or to collect droplets in a way thatld allow to determine their radii
almost instantaneously. Below we will describe twethods based on the first of the
mentioned philosophies and one based on the sexund

3. Determination of the droplets’ radi

Determination of radii of droplets can be achievadseveral ways. Some limiting
estimates can be obtained from measurement ofitselaictheir uniform fall in the static air.
The method is simple enough to use it directlyh field tests. On the other hand, however,
in this way one can determine only the lower liofithe radius.

The method that, under some assumptions, can l¥ fosedetermination of the radii
distribution is based on the Fraunhofer diffractafrlight on water droplets. We sketch the
fundamentals of the method. Although in princiglesiquite accurate it can hardly be used in
field tests of this type. Therefore it is used eatfor calibration of the measuring apparatus
that is based on “catching” droplets on a glasteptavered with soot. Although this method
does not allow to measure directly the radius gplaerical droplet due to it deformation upon
adhering to the plate, the directly measured diamseif adhering droplets can be scaled down
thanks to calibration, to give a relatively accarastimate of the radius of a spherical droplet.
On the other hand the apparatus is robust enoulga tsed in close vicinity of the explosion
axis, and therefore applicable in field conditions.

3.1. Thefall-velocity method

The method is based on the assumption that dugetonicroscopic sizes the droplets fall
under the influence of only the gravitation foreeldhe Stokes viscosity generated friction. In
static air both forces act along the vertical aisl have opposite senses. The velocity of a
droplet almost instantaneously achieves the valwehach both forces cancel. The condition
for the equality of the gravity ford@ and the Stokes frictioR is given by the formula:

R=P. (16)
The forces are given by the formulae [9]:

P= gV (17)
and
R=6mrgv, (18)

whereV is the droplet’'s volume; —its radius,v — its fall-velocity, o — water densitys7 —
dynamical viscosity coefficient of air argl — gravitational acceleration. From Eg. (16) one
can obtain the following formula for the dropletadius with respect to the equilibrium fall
velocity v and universal parameteps andg:
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IV (19)

As such, knowing the fall velocity in principle onan immediately compute the droplet’s
radius. It is not possible, however, to determihe welocity of an individual droplet.
Practically one can determine the fall-velocitytb& upper edge of the cloud. This in turn
allows one to estimate the lower limit of the radiaf the droplets whose number is
statistically important.

We report results of such measurements but thepraexercise rather than the source of
comprehensive information about the distributionradii of the cloud’s droplets, since the
knowledge of the lower edge of the distribution slo®t allow to compute its moments.
Therefore this method cannot provide data necedsargomputing the fraction of energy
used for fragmentation.

The fall velocity was estimated using a high-regotuvideo camera Sony HDR-FX1E
(image resolution 1440x1080, registration frequeBbyfps). A sample image of the fully
developed cloud is shown in Fig. 1.

Fig. 1. Determination of the upper edge of the wapray cloud with respect to a fixed referenceleVhe
initial stage of cloud’s fall is registered.

It is clearly visible that the upper edge of theud is quite fuzzy and, consequently, the
determination of either its vertical coordinatettoe fall velocity cannot be too accurate.

3.2. Method of measuring adhering droplets

In this subsection we describe the methodology @&suaring radii of droplets that adhere
to a glass plate degreased or covered with sod.tiEp-box for collecting and measuring
droplets will be described further in this subsattand at the beginning we analyze the basic
problems connected with measuring sizes of dropleébering to the plate and rescaling them
to get the sizes of the same droplets being oharsgal shape. In Fig. 2 we show a schematic
cross-section of a droplet adhering to a hydrophsurface (degreased glass) and to a
hydrophobic surfaces(g glass covered with soot).

The figure shows schematically deformations of titgpupon adhesion. In the case of the
hydrophilic surface, when the adhesion coefficisfairger than the cohesion coefficient (Fig.
2a) the adhesion angle is smaller than 90°, thelelras considerably flattened and the
diameter of the adhesion area is the same as dneetkr of the droplet itself and larger than
the diameter of the droplet in the air. In the ca$dehe hydrophobic surface, when the
adhesion coefficient is smaller than the cohesmeffcient (Fig. 2b), the adhesion angle is
larger than 90°, the droplet is only slightly defied and the diameter of the adhesion area is
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smaller than the diameter of the droplet in thewalich, in turn, is smaller than the diameter
of the adhering droplet.

a) b)
7/— glass 7_ _—— 00t
water

water

Bl > IR 5] < IE|
% %

Fig. 2. Variation of the apparent diameter of aheathg droplet measured with a microscope when coeth
with the diameter in the air: a) degreased glastepb) glass plate covered with soot.

The above idealistic considerations do not take mxtcount breaking of the rotational
symmetry upon adhesion nor other distortions. Pphidlem will be discussed later. Now we
are coming to the description of the droplet trap-bnd the methodology of collecting and
measuring droplets.

a) b) )

SV

M1 M2
M1—|
E
E

Fig. 3. Droplet-collecting trap-box (P — microscapass slide — 22 mm by 22 mm by 258), S — shutter, SV —
servomechanism, E — electric signal connection ~Miked part of the glass plate fastening elemii2 — its
movable part, W — shutter driving shaft connectéth the servomechanism): a) side view; b) frontwie
c) top view.

The triple-view schema of the trap-box is showrrig. 3. The trap-box can work in two
modes. In the so-called regular mode the shuttisr gpen for the timey starting from the
while to after the explosion exposing the wholesglalide P to which droplets adhere.

In the so-called drop-mode the shutter apertuream@eross the slide. Its width secures an
identical exposition time of 10 ms for all points the slide. Such a solution makes it possible
to collect individual droplets even if their flow intense. In this mode too the initial moment
of the registration can be fixed by the experimente

The movable part M2 of the fastening element hagds allowing one to remove quickly
the glass slide from the box and to place it urither microscope. The shorter the time
between collecting droplets on the slide and thasurement with a microscope, the smaller
the errors following from the change of dropleigesdue to evaporation.

The trap-box is used for collecting droplets pragthn the act of explosion. Therefore it
must be located at a point excluding the dangedashage of the box or its internal parts
either by the jet of droplets or by the shock-wawel securing a reasonable (not too large,
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since too many droplets collected would merge wiach other making diameter
measurements impossible) flow of droplets that thié glass slide as close to the
perpendicular as possible.

The above-mentioned objectives can be achievetieifltox is mounted on top of an
adjustable mast fastened with stays at the héiglhiove the ground the same as the water bag
is hung and at the distance D from it.

If one is interested in the determination of spatariation of the radii distribution, the
distance D may be varied within the range secuttiegabove mentioned safety measures of
the trap-box and measurability of the radii disitibn — too small a distance would cause the
risk of damage of the box and merging dropletshandlass slide and too large a distance
would cause a decrease of the number of registbmgalets, making the determination of the
radii distribution very difficult due to the paugiof the sample.

3.3. Method of light scattering on water droplets

As was already mentioned, this method is rathdicdif for an application in the field.
On the other hand, since it is quite accurateay tme used for determining scaling factors for
the measurements performed for the adhering doptdlected in the trap-box. We will give
here a concise description of fundamentals of ththod.

3.3.1. Fraunhofer diffraction theory
Scattering of light on spherical droplets can becdbed by the Fraunhofer diffraction
theory. A scheme of the diffraction is shown in .Fiy One considers laser light shed

orthogonally on a screen scattered on a spherioplet of diameted = 2ry, whose distance
from the screen is L. In such a case circular &sgre observed on the screen.

7

Fig. 4. Schematic view of Fraunhofer diffraction.

The dependence of the intenditgf the fringe whose angular distangdrom the axis of
the incoming beam is given by the formula [10]:

| = 2J,(krysina) i (20)
' kpsing )’
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where J; is the first order Bessel functiok,is the laser light's wave-number ahgdis the

light-beam’s intensity. The anglesfor which the dark fringes are observed in thérattion
image are given by the formula:
PA
=, 21
" xd (21)
wherepg is thek-th zero of the first order Bessel functioh;- denotes the wavelength of the
incident light (632.8 nm), and — the diameter of the aerosol droplet. After inivey the
formula with respect td one has:
pA [180

d=—"+—. 22
= (22)

This is an approximated formula which cannot berowpd within the Fraunhofer theory
of diffraction assuming a flat disc- scatterer eatthan a spherical one.

3.3.2. Mielight scattering theory

A more sophisticated description can be achievetinvihe theory of light scattering. In
the case of uniform spherical scatterers, the Meoity [11] should be sufficient, although
more general theories are also available [12, 1h3Wlie theory, coefficients,, by, ¢, andd,
describing the amplitudes of the scattered fieédabtained from Maxwell equations:

a, =M IR, (9] = Ol (3] 23
(YDA (0]~ GOLmg, (mx]
_ (MG, 00 = J,(0Tmx, (m] 24
" AP (O]~ Golm, (mR]
o = OADNPOT P00, (9] 5

T i (mYIXAEP O] — PO, (mX)]

4 = MEOODN(T ~mHPOODG,0l 26)
" (MY (]~ hP (olm, ()

wherem is the refraction coefficient which in the casenater ism = 1.33+0.01ix = Krg is
the size parameterg is the droplet’s radiusk = 2% is the incident light wave-number, and

A — its wavelength. Functiong(z) and h®(z) = J (2) +iy,(2) aren-th order spherical Bessel
functions. The apostrophes in equations-@Z& denote differentiation:

[2},(D] = Zia (D -njn(2); [2H7(2)] = 2H5(2) -nh° (). (27)

The relation between Bessel functions and spheBeakel functions is described by the

formulae:
jn(z) = \/g‘]n+0.5(z)a 128
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yn(z) = \/7Yn+0.5(z) ’ 290
2z

whereld,, i Yy, are first- and second-order Bessel functions.
The intensity of the forward-scattered light isevoy:

Qua= 53 @n+1(a, +h/). (30

Scattering of the light-beam has axial symmetryer&fore, the intensity of the scattered
light can be represented with a function of thetecag angle only. Results of computations
of this function for scattering of laser light diet wavelength 632.8 nm on water-sprays
consisting of droplets with radiy =1 um and 1Qum for the whole range of 0° & < 180° are
shown in Fig. 5. In Fig. 5a plots of intensities the light scattered onuin droplets for
depolarized light and two perpendicular polarizagiof the incident beam are shown.

Fig. 5b shows analogous plots in the case of soagten a water-spray consisting of 10
um droplets. Higher resolution plots for 0°a<< 10° (forward-scattering) and for 170°a<<
180° (back-scattering) in the case of the sameyspra shown in Fig. 6a and Fig. 6D,
respectively.

a) b)

ro = lum, A =632.8nm, m =133 - 0.01z ro = 10pm, A = 632.8nm, m = 1.33 — 0.01
100 T T T T ] 10000 T T T T
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Fig. 5. Plot of the scattered light intensity faj:1um; b) 10um droplets.

As is clearly visible, the intensity of the forwasdattered light is from two to four orders
of magnitude larger than the intensity of the bachttered light irrespective of light's
polarization. This implies that measurements shbelgerformed for forward-scattered light.

It is also clear that in the case of forward-scatldight its polarization plays a marginal role
and, consequently, one can measure the intensithedlarized light. Since the intensity of
the scattered light decreases with square of thiartie, one should place detectors close to
the sample spray.

Taking the dependence of intensity of the scattégkd on the scattering angle one can
simulate scattering images for various dropletsfiiraResults of such simulation based on
Mie theory for the scattering of monochromatic tigh water spray are shown in Fig. 7.
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a) ) b
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Fig. 6. Plot of: a) the forward-scattered; b) tlaelscattered light intensity for 1@n droplets.

Forward scattering

Fig. 7. Simulation of the forward-scattering imdgethe beam of light withl = (632 + 1) nm and sprays
consisting of spherical droplets of various radii.

3.4. Recalculating results obtained from microscopic measurements

Purely theoretical recalculation of the trapped ptets’ diameters measured with a
microscope to obtain corresponding diameters ok#me droplets in the air is a task of high
complexity. Therefore a less ambitious but suffithe efficient way was chosen. By
comparison of diameters determined from light scatit) with those measured by microscope
for the same set of droplets produced in laboratibry scaling coefficient was determined,
allowing one to scale the results of the latteretgh measurements for the droplets collected
in field experiments, where the light scatteringmoels are not applicable.

Such an approach allows one to combine a fieldiegiple method giving distorted results
with higher accuracy of a method applicable onlg laboratory.

4. Experimental results

In this section results of experiments based onntle¢hods described in Section 3 are
presented. We report results obtained in experisneinall three types.
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4.1. Measuring droplets using the fall-vel ocity method

Measurements of the fall-velocity are based onstegng the upper edge of a selected part
of the spray cloud with a video-camera and proogsgata from subsequent frames. Typical
plots for a dozen of series of such measuremen®isdime interval (computed from the
number of the frame) is shown in Fig. 8a. As isdlevisible, the general shape of the plot of
data series is the same for all particular cashs. plots have the same shape: in the initial
stage of the spray cloud expansion the heighsaipper edge above the ground increases and
later begins to decrease. After several secondsdioeity of this decrease stabilizes and the
plot is close to a straight line.

a) b)
40 ‘ ‘ 28,0
i
. L i | 278 \t&
wi ! “:m: 216 \ V(1) = -0.5393t + 30,545
f e S > R2=0,971 |
N Rt ——, | 274 o e00NE

25 fadad

272 A

Exn E 210
*
*

268
15 *

26,6 = >
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Ay=+/-10m
51— 26,2
At=+/-004s *

o I O B 26,0

00 05 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 5,0 55 6.0 65 7.0 75 80 85
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Fig. 8. a) Series of data for the height of thearmalge of 11 selected parts of a water-spray cdtgined in a
test with a water-bag containing 1500%hwater and scattered with a charge of Emuliriidpicing an
explosion energy of 10.8 MJ. b) A series of valakthe height of the upper edge of the spray cherdus time
obtained in a test with a water-bag of 1500’ dinwater and a charge of Emulinit producing anlesion energy
of 10.8 MJ, shown together with the plot of theelin regression computed with the least squaresoeheTthe
absolute value of the slope coefficient gives amege of the fall velocity, which in this caseaisout 0.5 m/s.

As experience gained during a series of tests shiowimes exceeding about 5 s after the
explosion the fall of the upper edge of the cloaduniform. Therefore, in all cases the
uniform fall-velocity is determined for the timeténval from 5 to 8 s after the explosion,
since later the cloud becomes too thin to measwréeight of its upper edge.

The uniform fall-velocity is obtained as the abselualue of the slope coefficient of the
linear regression fitted to the experimental pointshe aforementioned time interval using
the least squares method. An exemplary plot showoty the experimental points and the
computed linear regression is shown in Fig. 8b.iA@knto account all experiments, an
average diameter of droplets of (140-23) um diameter has been obtained. This is an
estimate for a small fraction of the water-sprayalway one can say that the method based
on measuring the fall velocity allows to detectplets with diameters of (140 +25) um.
The optical method to be discussed in the subsédiestion allows to determine diameters
of droplets belonging in general to another fratti©@onsequently, a direct comparison of
results obtained with both methods would not nesrégde reasonable.

4.2. Measuring trapped droplets using a microscope
This subsection is devoted to measuring with a eswope the diameters of droplets

adhering to the glass slide of the trap-box. Twaeseof tests have been performed: one for
degreased slides and another for slides coverddseit.
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4.2.1. Preliminary tests

Practical implementation of the program of the expent is not simple. Therefore the
first series of experiments served mainly as thaudger of the program from “good” ideas
that turned out to be absolutely impractical duditficulties not foreseen ahead of time.

Testing various positions and orientations of ttep4ox with respect to the axis of
explosion allowed to choose efficient configuraorComparison of tests with droplets
collected on the degreased and soot-covered siatshown that the earlier were of little use
due to rapid evaporation of droplets. It was alsec&ed that cooling down the slide to -3 °C
was not a remedy since it caused an even largbtgmodue to the appearance of a mass of
artifact condensation droplets.

Only after collecting sufficient experience the @aat series of tests with the soot-covered
slides had been carried on. In this series theck@tl droplets evaporated as quickly as before
but their traces on the soot, corresponding taatiteesion area, could be measured even quite
long after the disappearance of the droplets thieseThe soot proved a good medium for
“eternizing” droplets’ traces, and, consequenthe difficulties following from the fast
evaporation of droplets have been removed. As wsaisised in Section 3, the diameter of a
trace left by the droplet is not identical with thed the droplet itself. However, the scaling
factor for determining the diameter of a dropleinirthe diameter of its trace on the soot has
been obtained from parallel measurements in therdabry of the diameters of traces left by
droplets on the soot using a microscope and measmts of diameters of the droplets
themselves using the optical methods describe@atich 3.

4.2.2. Droplets on soot-covered slides

In this series of tests the water-bag was loweoetl. 7 m. This allowed to place the trap-
box in a position allowing almost immediate remowélthe glass slide and simultaneously
being optimal from the point of view of the flow dfoplets. Such a lowering was made
possible thanks to hanging the bag from a solidl Stame instead of using a mobile crane.
The bags were filled with 1200 drof water and “stuffed” with an explosive chargeighing
4.5 kg.

a) b)

T 1
0 50 100 150 200 250
d [um]

Fig. 9. a) Exemplary image registered for a teg¢h whutter time delaty = 100 ms in aperture mode. The water
capsule hung 1.7 m above the ground and the traplaced at the same height of 8m from the expfoaids.
b) The histogram of droplets’ diameters for thecetroplets.
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The glass slide was covered with a layer of sooéxXposing it to the flame of a paraffin
candle. As preliminary tests have shown, the thitke soot layer (the longer exposition to
the flame), the smaller the traces left by dropl&tserefore, for the later tests a set of slides
with an identical soot layer has been prepared.

It turned out that the shutter opening time 1 shi regular mode was too long and the
slide was covered uniformly with water. Therefatee drop-mode was used in further tests.
Under such conditions, more than a dozen of welassed droplets were registered An
image of the registered droplets is shown in Fay.Again, the number of droplets is large
enough to construct a histogram show in Fig. 9b.

In the next test the shutter was opened for 0.8rking in the regular mode. It allowed to
obtain an image of separate traces left by thistexgd droplets, shown in Fig. 10a.

The large central disc in the center of Fig. 10aoscaused by inhomogeneity of soot layer
but follows from inhomogeneous illumination of tlséde by the microscope lamp. The
histogram corresponding to the droplets shown gn Fda is presented in Fig. 10b.

Another test was performed for the determinatiothefdistribution of droplets’ diameters
8 m from the explosion axis in the time intervadrfr 250 to 550 ms after the explosion,
which corresponds to a delay time of the shuttey, ef 250 ms and an opening timetgE=
300 ms. The resulting histogram is shown in Fig. 11

L
228 um x 248 um

i
) =

500 600

Fig. 10. a) Exemplary image registered for a te#t shutter time delag = 50 ms and opening timig= 300 ms
in the regular mode. The water capsule was hungnlabBove the ground and the trap-box was placttkat
same height, 8 m from the explosion axis. b) Tistolgram of droplets’ diameters for the set of detgl

0 100 200 300 400 500
d [um]

Fig. 11. The histogram of droplets’ diameters far set of droplets registered for a test with gnudiime delay,
=250 ms and opening tinig= 300 ms in the regular mode. The water capsutehmag 1.7 m above the
ground and the trap-box was placed at the samé&t@im from the explosion axis.
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Comparison of histograms from Fig. 10b and Figsthéws that the flow of aerosol in the
time interval 50 ms ¢ < 350 ms is about twice larger than in the timterwal 250 ms < <
550 ms. It is also clear that the droplets reachhmg trap-box in the earlier interval are
smaller.

The next test was performed for the time inten&aD Ins <t < 450 ms, the explosive
charge enlarged to 5.5. kg and the trap-box pl&edfrom the explosion axis. The height
above the ground of both the water-bag and theldopwas equal to 1.7 m as in the previous
tests. The image of the registered droplets is showFig. 12a and the corresponding
histogram of the diameter is given in Fig. 12b.

It is clear that the increase of the explosive ghaesulted in a larger number of smaller
droplets. This is in accordance with the expectatitat larger explosion energy results in
more efficient pulverization. After increasing tregistration time in a subsequent test by 100
ms, the slide was almost completely covered wittewkke in the first test witly = 1s. One
can conclude on this ground that the 9 m from tf@asion axis the aerosol flow generated
by 5.5 kg explosive charge is the largest in theriral 450 to 550 ms after the explosion.

a) b)
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Fig. 12. a) Exemplary image registered for a ta#t shutter time dela = 150 ms and opening tintg= 300

ms in the regular mode. The water capsule was huhg above the ground and the trap-box was platéte

same height, 9 m from the explosion axis and tmoske charge enlarged to 5.5 kg. b) The histogsém
droplets’ diameters for the set of droplets

4.2.3. Corrections for non-circularity of trapped droplets

Part of the droplets enters the trap-box with nerezomponent of velocity tangent to the
glass slide. As a result the shapes of the adhdrimglets are rather elliptic than circular.

In such a case the diameter of the virtual circtriazed was obtained from the lengths of
the main semi-axesandb of the ellipse as the geometric average:

d = 2/ab. (31)
Only after this recalculation the correction focaeulating the trace diameter on the glass-
slide was used for determining the diameter (oiusddf the same droplet in the air.

4.3. Measuring the diameters of aerosol droplets using forward-scattered light

Determining the radii (diameters) of aerosol dréplasing a glass slide and microscope
requires support with a calibration procedure duartknown adhesion angles of droplets to
the slide. To work-out correcting procedures, th@meters of droplets in the air have been
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measured using forward-scattered laser light amdpemed with the diameters of identically
produced droplets adhering to the glass slide.

A schematic view of the experiment with light seattg is shown in Fig. 13. Droplets
produced by an atomizer have been illuminated wilight-beam emitted by the 15 mW He-
Ne laser, and expanded 20 times transversally éyeipander to cross a sufficiently large
part of the spray. Monochromatic light was usedtlier sake of simplicity of interpretation of
the results.

The screen made of a sheet of paper was placed almdrom the stream of aerosol. The
extended light-beam was focused on the screen whash perforated at the focal point to
guench the principal beam that was dissipatedenid cavity constructed behind the screen.

The diffraction image was photographed with a Nilgody 3D camera at an inclination
angle 30° with respect to the beam’s axis fromstadice of 30 cm from the screen. Due to
dynamic evolution of the image the pictures havenbtaken in the multi-shot mode. The
distances were chosen to optimize the quality efgilctures.

170 cm

30 cm

Aerosol

123

Laser He-Ne A = 632.8nm Beam Expander M=20x e R . - B ]
Ste o IiTTIzm

-—
15 cm

L=100 cm

Fig. 13. A scheme of the diffraction experiment.
4.3.1. Sampleimages of the scattered light

In Fig. 14 an image of forward scattered light takg a camera in a dark room is shown.

Fig. 14. An image with quenched principal beam.
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The large intensity of the principal beam resultedaturation of the CMOS matrix and,
consequently, in lowering general sensitivity andmvisibility of interference fringes.

Therefore, the principal beam has been quenchethvetlowed to take the picture with
higher sensitivity, which resulted in better vistigiof interference fringes by several orders.

4.3.2. Analysis based on the Fraunhofer diffraction theory

To determine diameters of aerosol dropttshe radiir of subsequent dark fringes have
been measured in terms of pixels. After recalcudpinto standard length units the radii have
been transformed into the corresponding diffractémglesax. For each of the angles the
estimate ofd was computed. The average of the estimates was tak the estimate of the
“standardized” droplet diameter.

Table 1. Analysis of fringes from a particular piet. Recalculation was done on the equivalenc&d9 bixels
and 110 mm, which gives the coefficient 0.069664/pixel.

. Iy re Qi d
Minnok | Root | o [mm] ] [um]
1 3.8317 226 15.74 0.90 49.01
2 7.01558 335 23.34 1.34 60.55
3 10.17346 462 32.18 1.84 63.68
4 13.32369 548 38.18 2.19 70.32
5 16.47063

The analysis gives the average valud ef64um.
4.3.3. Analysis based on the Mie light scattering theory

The Mie light scattering theory described in subisec3.5.2 fits better the obtained image.
To determine diameters of droplets one has to gbkvéVie inverse problem. To achieve this
objective one has to determine from the photogthptdependence of the light intenditgn
the scattering angle. In the next stage one has to fit to this numédyiakefined function a
function similar to that from Fig. 6a.

Since the pictures had been taken at the anglefr86f the normal to the screen, the
circular fringes were deformed into elliptic on€Bherefore applying a transformation
compensating this deformation was necessary. Hmsfsrmation is relatively simple since it
consist in extension of the short axes of the tdlifringes to make them identical with the
corresponding long axes. The result of such transiton is shown in Fig. 15.

Fig. 15. The corrected picture with deformation oeed.
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The next stage of the procedure consists in detémmithe position of the center of the
circular interference fringes and verifying its accy by placing circles with centers in that
point. plotting the light intensity as a functiof the distance from the center in terms of
pixels. The next step consists in precise deterwinaf the center of the interference fringes.
The result is verified.

The dependence of the light intensity on the dsgdnom the center of fringes is shown in
Fig. 16a. Maxima and minima are barely visible &nd not possible to fit the Mie curve to
such a plot. Variability of intensity of the scatid light is much better visible in the plot of
the derivative of the light intensity with respeatthe radial distance. This is shown in Fig.
16b.

a) b)

10 T T T T T T T T 0.5

[N
o
™
T

-15r

!
N
T

Scattered light intensity

-
T

=
S}
{
N
o

Derivative of scattered light intensity

1
w
T

-35r

0

10

. . . . . . . . . . . . . . . .
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Distance from the center of fringes [pixels] Distance from the center of fringes [pixels]

Fig. 16. a) Scattered light intensity and b) damnxeaof the scattered light intensity as a functidrthe radial
distance from the center of fringes.

4.4. Correction of diameter distributions determined from microscopic measurements

To determine coefficients allowing to scale theuhssof direct measurements of droplet
diameters with the microscopic method, results stinsates of diameters from the light
scattering method have been compared with the tsesfil microscopic measurements of
diameters for the same set of droplets. This socomparison has been performed both for
droplets collected on a degreased glass sidle ghaka slide covered with sooth.

For the etalon sample the forward-scattering metrasigiven diameters g4n £ 10 um.

For the degreased slide the corresponding valuel@@pum + 115um (Fig. 17(a)). The
scaling factor in this case was estimatedsigr 6.25. For the sooth-covered glass slide the
values of diameters were 165 + 41um (Fig. 17(b)), and the corresponding scaling facto
was estimated &g, = 2.58.

After multiplying the microscopically measured deeters by the scaling factosg, ands,
respectively, new histograms were constructed (B8).and Gaussian curves are fitted. As is
clear, the fitting is definitely not satisfactorgchother model distributions must be used.



www.czasopisma.pan.pl P N www.journals.pan.pl

N

Metrol. Meas. SystVol. XVII (2010), No. 3, pp. 363382

a) b)

d =400 + 20 [um] 304 . d=165+7 [um]
" =115 £ 20 [um] 6=41+7[um]

254

204

04 u u

T T T T T T T T T T T T
0 200 400 600 800 1000 0 50 100 150 200 250 300
d [um] d [um]

Fig. 17. Histogram of water droplets’ diametersteg)istered on a degreased glass sidle; b) regiktar a glass
slide covered with sooth.
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Fig. 18. Rescaled histograms for experiments shaviaig. 17.
5. Distribution of the droplets’ radii

Experimental data are used for determining valdiggmmameters of the model distribution
of radii of the form:
n(r) = Nyr” ex;{—ﬁrj, (32)
a,

wherer denotes the droplet’s radiudy is a normalization factor ang ap are parameters of
the distribution. The normalization factor is oétform:

-1

a, )"
N, = (—OJ Mu+1)| . (33)
U
The expectation value offor this distribution is given by:

(r)= (%j(uﬂ), (34)

and its standard deviation is:
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0’:(&] ,U+1- (35)
M

Parameters had been determined for a number ofimedal data.

Table 2. Parameters of the model radii distribui(82) for five various experiments.

Water | Explosion | Eg/V. <> o

volume | energyEex | [MJ/ =N U No Corr.

\V; [m3] [MJ] m3] [um] [um]
0.6 4.4 7.3 17.9 1.0 0.8 35.5 25.1 0.616
0.6 7.3 12.2 5.7 2.8 8.8 7.7 3.9 0.990
1.2 10.8 9.0 23.5 2.0 1.6 35.6 20.7 0.993
1.2 13.1 10.9 8.1 2.0 14.0 12.2 7.0 0.997
1.2 16.6 14,8 5.2 2.0 8.0 9.1 5.2 0.998

6. Determination of pulverization energy from the doplet radii distribution

Even having relatively few radii of droplets onenasstimate the, andnm moments with
reasonable accuracy and, consequently, determeneniergy used for fragmentation of water,
using Eq. (14). Such estimates for a number of ex@ats are shown in Table 3.

Table 3. Pulverization energy.

\ Eexpl Eepr/ A Efrag Efrag/ Eexpl
[m’] MJ] [MJ/ ] (kJ] (%]
0.6 4.4 7.3 2.8 0.064
0.6 7.3 12.2 11.2 0.153
0.6 7.3 12.2 2.0 0.027
0.6 7.3 12.2 18.6 0.255
1.2 10.8 9.0 3.6 0.033
1.2 10.8 9.0 3.0 0.028
1.2 13.1 10.9 7.5 0.057
1.2 13.1 10.9 8.3 0.063
1.2 16.6 13.8 36.7 0.221
1.2 16.6 13.8 13.2 0.080
1.2 16.6 13.8 19.0 0.114

As is clear, this energy is not particularly immige and varies around 0.1% of the total
explosion energy. On the one hand it is not toprssing since water is not a highly cohesive
medium. On the other hand, even an essential iserefthis energy would not affect the
amount of energy used for acceleration.

7. Conclusions

As was demonstrated, measuring the distributiodroplets’ radii is not a trivial task due
to evaporation and deformation of droplets by animeforces. Therefore the obtained results
should be treated as rather rough estimates timavary within an order of magnitude. It is
not clear yet how much of this variability should ascribed to the actual variability of the
fraction of energy dissipated into the pulverizatichannel and how much to errors in the
estimates connected with, say, under-representatiemallest droplets, with inaccuracies of
the rescaling procedustc

Nevertheless the estimates show that the energiidnadissipated into the fragmentation
channel is much smaller than the fractions disegbatto the two remaining channels. This, in
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turn, means that relatively large increase of fragtation energy and pulverization of water
into essentially smaller droplets should not infilce the explosive acceleration of water. The
only problem that has to be solved would be figdgnmechanism that would allow one to
pump more energy into the fragmentation channel.
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