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A STUDY ON LIQUID SPRAY EYAPORATION INTO A HIGH TEMPERATURE GAS STREAM.
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ABSTRACT - An analytical model has been developed for the process ot
liquid spray evaporation into a hlgh temperature gas stream. In this
model, the calculation scheme utlllizes the cellular appreoach in-vhich
each cell is regarded as a control volume and the gas-droplet
interaction lIs considered., Based on an experimental data, dcopleks of
a liquid gspray are classified lnto several size dlstribution groups.
The conservation laws of mass, momentum and energy are applled to
each group considering the evaporatlion and diffusion of
dropleta. Predictions of gas-droplet flow-fleld, trajectories oF the
Individual droplets, rate of evaporation and change of size distribu-
tlon of the spray droplets have been abtained.

An experimental verificatlon of the predictlon results has been
carrid out. An optlcal arrangement is ugsed for measurements of sire
distribution of spray droplets Into a high temperature gas stream.
The comparison shows a reasonable agreement of the results based on
the analytical model with the experimental measurements for each of
droplet size dlstribution and changes of Sauter mean dlamckter at
different axlal distances from the injection nozzle plane.

INTRODYCTION

Evaporation of spray dreplets finto a high temperature gas
stream 1s an lmportant ©process In many industrlal appllcatlons
of spray systems. The effectlveness of spray drylng systems is
dependent on droplet evaporation process. Fire suppression by

sprinkler systems requizes Flne control of spraying process to produce
droplets to be evaporated and penetrated sufflclently enough lnto the
high temperature flame zonc. The combustion ln the primary zone of a
gas turblpne combustor {3 influenced by the atomization, penetration
and evaporation processes of the liguid fuel spray. The character of
the fuel spray and lts evaporatlon process can also aEfect the nltric
oxlde and the carbon monoxlde emission levels from spray flames.

Spray parameters, such as mean droplet size, droplet sire
dlstributlon and droplet trajectory also gos-flow properties such as
pressure, temperature and velocity, are Lnfluencing the overall rate
of spray evaporation. Detailed 1information on the aerodynamics of
the gas-droplet flow-field ln a given spray system conflguratiaon
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im essentlal Eor predictlon of droplet evaporation rate. Such
aerodynamic Lnformatlon can be obtained elther from measurements or
from mathematical simulatlon of the events taking placde 1ln the actual

system.

A number of investligators (1) - (4) have presented theoretlcal
analyses for the droplet evaporatlon problem starting wlth the
droplet heat and mass transfer correlations and the standard drag
coefflcient curves. Impliclt In these analyses lm that lnvolving
some falrly drastic assumptions which inevitably cast doubt on the
valldity of the relationshipe obtained. These atudles had tended to
concentrate on the evapopration of a single droplet, on the qground
that 1t 1is fundamental to the understandlng of the spray as a whole.
Hovever, 1ln a spray the evaporatlon process 1s far too complex tec be
regarded merely as an extension of the single droplet case,as reported
by Willlams (5) and by Rao and Lefebvre (6).

Several studles have bLeen concerned with the evaporatlon of
clouds of spray droplets. Crowe (7) has reported a numerical model
for the gas droplet flow-fleld near an atomlzer. Boyson and Swlthen-
bank [(B) have theoretically studled spray evaporation in reclr-
culating flow. A three dimenslonal model for gas-dreoplet of the
1iquid fusl sprays has been reported by Westbrook (9), but lt does not
lnclude the effect of droplets on the gas-flov fleld. Hohsho et al.
{10} studied the evaporation process of a group of droplets oander
substmoapheric pressure.

The alm of the present study is to 1Introduce an analytical
method for predictlng the rate of evaporatlon of liguld apray droplets
lnto a high temperature gas stream. This lncorporates the basic
concepts of the mixing-lengh hypothesls of boundary layer and s
solved by the finlte difference method and the marching integration
technigue. The basic approach is to determine gas flow-fleld first,
and then proceed to the calculatlon of trajectories of indlvidual
droplets, droplet veloclties along these trajectorles, rate of droplet
evaporation and change of droplet size and droplet size distribution
of the spray. Also, an experimental

verification of the predlction results is Ligutd ot
carried out. An optlcal arrangement L "’
developed by El-Emam (l11) has been used for ll““‘
measurements of size dlstributlon of spray /31””§
droplets injected intoc a high temperature —H
stream of air. A comparison between measured M- T
and predicted results of size distributlon LS & [fh
and changes of the Sauter mean diameter of W TN
spray droplets at different axlial dlstances LT Sy
from the Llnjection nozzle plane have been ~ e il
carried out. 3 bl Rf—
§ o
ANALYTICAL MODEL Exl 1L R VR VI
TN O TR N
w i
The analytical model cf 1llquld spray :'IL}Z;L$+;$
evaporation 1lnte a high temperature gas oy J| LRI TR
stream 1la shown tn Figq. 1. The high tem- = ET_h4 T N
perature gas stream 1ls 1ntroduced co-axlally Tt
through a duct of cyllndrical shaps with an L
axlal veloclity at the inlet plane. Droplets s N
of the liquid spray are lIntroduced through (MELERR T NI MR
l[xll.‘plaE_j' N

an injectlon nozzle symeetrically around the
axis of the duct. Based on experimental

measurements of spray droplets Immedlately Fig. 1 Analytlcal model.
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atter formatlion, the spray 1ls divided lnto £flve maln groups,

.38

each
group contalns {i)th ranges of droplet slzes. The flow-field

is

sudlvided into a serles of cells, 1n-which each cell 18 considered as

Lhey wlll exchange momentum and heat wvlth the gas phase contained
the cell and then evaporatlaon ls cansidered from the thermal polnt
view, The gas-droplet mass, momentum and enerqgy exchanges
treated with an approach based on the BS1-Cell method developed
Crove et al. {12}.

The following assumptlons are introduced:

& control volume. As droplets traverse a glven cell in the flow-fleld

in
af
are

by

1. The vwhole flow-£fleld ls of the boundary layer type and there ls no

countez flow occurs.

2. The droplets of the spray are assumed to be spherical in shape.
3. The vapour generated by the evaporation of droplets dl1ffuses lnto

the gas phase in the flow-fleld.

4, Effect of the gravitatlonal force on the gas phase Is negllqlble,

S. Chemical reaction in the flow-fleld are not consldered.
6. The dislntegratlon reglon of the spray in the wviclnlty of
injection nozzle is not considered.

the

Under these assumptlons, the conservation laws of mass, momen-
tum, energy and droplet mass Efraction belonging to the (l)lth size

groups are written on the von Mises plane as the following:

Conservatlon of mass:

Conservation of axial momentum;

aug 3 Zu 1 ap 1
=—-—(repgug ”eff )~ — * SU """

Ax ay v ung 3x pguq

Conservation of radial momentum;

Ip 1
— - g .
I Pgugr V¥

Conservatlon of energy;

2,

ah 3 T E'qu‘luprr 3 > 1 a(uﬁXZI 1
——-=—(~—o_—l+—[rpgugu(,”(l— ) Y ] +——— 38

x d

ax 3 h,eff v Oh.err “ay
Conservatlon of droplets ln the (1)th size group (13);

2
am 2 r u m 1
a2 (B P terr Mg s .
ax 2 M
v od,eff ch pg ug

where Sy, Sy, 85 and Sy are source termn of axial momentum, radjial
momentum, energy and vapour mass respectlvely. md is the mass of a

droplet.
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Based on the Prandtl's mixlng-lenght hypothesis, the effective

viscosity,uefr is casted 1ln the follovwing form; - *
3uq
Wapg = pg L1 B:. Yo e {6)
wheref , the mixlng length, ls deflned as;
L =k ¥ P R

W

iy 1s the distance from the wall to the local position and k is a
constant=0.435%, Ref. {14).

DROPLET EVALUATION

Since the range of Lthe volume Erachtlon of the droplet phase
occupation in the cells of the consldered Elow Firld Is small, FGhe
average lnterdroplet spacing is larger than the gas boundary layer

thickness. Therefore the Lagqrangian description is adnpted tol rrootrd
and analyse the hehaviour af each qroup sizer nf droplets Individually.
Based on the introduced assumptions mentioned before, a droplet of

each slze group is subjected to the drang and the gravity forces. The
eguation of motion for a droplet is given by;

-

- - - - A +
_—= = ‘ - e PP
L e Cng( Ug Ud ) Ug Ud ; mdq {8
- -

vhere CD is the drag coefflcient, U”, vV, are gas and Aroplet velocity

vectors, Aq is the droplet area, m, ls the mass of droplet and § is

the gravity vector.

based on leocal measurements Ln a dilute turbulent two-phase
suspenslon flow, Lee (15} has determined a reallstlc drag coefficlent
for dropletas over a wlde range of flow condltlions, that arec encoun-
tered 1ln this study, where;

Cp o ~— ————= (9)

For an evaporated droplet, drag coefficient value will be reduceddnesto
mass flux from the surface, for which Ballly et al. (16) suggeated the
following coxrelation;

¢
C = ——u0 creee 10}

b {1+8}

vhere B is Spaldlng transfer coefficlent glven by;

e {11}

where €, being the speclfic heat of the dlEfusing vapour, T, and T
are gas and droplet temperatures, respectively, and L is Ehe latept
heat of droplet vaporizatlon.
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The rate nof change of the temperature of a droplet during Its
heating up period is estimated 1gnoring evaporatlon durlng thls
perlod. 1If the radlant heat transfer from or to the droplet and the
inhomogenous temperature dlstribution wilthin the droplet are lgnored,
the following relatlon ls obtained from the heat balance;

vhere Cyls the speciflc heat of droplet, h i3 the coefflclent of heat
transfer which ls estimated from the following equatlon;

Hu X,
h = — %, (133
D

where A_ls the heat conductlvity of the gas, HNu ls the Nusselt number
which la taken to vary wlth the Reynolds number, Re, and the Prandtl
number, Pr, and ls eatlmated from the following emplrical formula,
given by wWhltaker as reported by Halman (17);

2
Nu = 2 + (0.4 Re! + 0.06 Re’ ) Br IEE-) T (143

Eatlmatlion of Reynolds number, Re, of a droplet !s based on the
relatlve veloclity of the tvo-phases, vhere;

p Vo= Y4 ‘D

Here

Here, it 1Is assumed that the droplet starts to vaporlze when its
tenperature reaches evaporatlon temperature {wet-bulb temperature), T,
and that droplet temperature is kept at a consktant value through-out
the evaporatlon process,

Based on the heat balance eguatlion betvweon the convectlon heat
and a droplet heat exchanges, the following equation for droplet

evaporatlon temperature, Ter Is reached;

—— Y {16)
p. c. (Le)¥

vhere 95 ls the dry saturated vapour density at T, and Le 13 the
Levls number. T, ls estimated uslng eq. (l6) by trlal and error.

The rate of vaporlzation of a spray droplet ﬁe ls calculated
Erom the followlng relation;

T D NHu

ﬁe = ——— A (T. -T
L ) g e

o L {17)

Thus the rate of change of decrease of droplet dlameter with
tlme ,t, ls evaluated from the followlng eguatlon;

2
4D

= - K ceeen (183
4t [
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where K, 18 the evaporation constant. The values of K, la estlmated
from the folloving equatlon;

4AdNu

Ke = (T

g ~ Te? {19
L fAg

For a droplet traverses a control volume wilth known locatlon
{x,r) and veloclty componenta (u,v] at the opatream cross-section,
veloclty components at the downstream cross-section can be calculated

through Eq. ({8}, then, the location of the droplet can be calculated
by using the next formula;

u + 1 v + v
{(x, ) = (x,ry + (L5 0S5 US 05 yat ..... (20}
B.5 03 2 2

vwhere the subscrlpts D.38 and U.8 dencte downstream and upstream cross-
sectlons of the control volume, respectlvely.

E AR

An experimental verification of the predlction results has been
carried out. A schematlc diagram of the used experimental apparatus
is tllustrated In Flg. 2. A stream of air is supplied by an air
blower (11]. The alr flovw rate is controlled and measuredthrough a
control valve [2] and a meterlng oriflce plate (3], respectively. Then
alr ls preheated up to 130°C by an electric heater [4] lnstalled about
1.5m upstream of the entrance section of the injectlon dQuct (51. The
Lnjection duct ls made of thin steel with 200 mm in dlameter and 500mm
in length and is provided w«ith windows to carry out the reguired
measurements. The entrance section of the lnjection nozzle ls designed
to ensure an approximately flat veloclty distrlbution of the air. The
temperature and the wveloclty of the alr stream are measured wlth a
thermocouple (6} and an impact probe 7], respectlvely. A liguld
water of temperature 25°C is contalned in a pressure vessel [(10] and
injJected through an Indection nozzle (121 hy means of compresseod

11! Aiz blower

12] Conkrol valve
1)l oritice plate
[41] Flectric heater
131 injectlon duck
i6) Thermocouple

171 Impact probe

(8! Alr compressor
2! P. control valve
(10] Preasurs vessel 13
[11] Hekering burettse

[11] Pressurs gauge

{13] Injection nozzle 12

Flg. 2 Experimental apparatus.
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air. The injectlon nozzle is a Delavan suifl pressure type with
nominal speciflcations of; spray cone angle 30 and injection capacl?y
zatlng 4.5 I/h. The used compressed air is supplied by tpe air
compressor [B] aod controlled through a pressure valve [9] ko maJnFain
constant 1njectlon pressure during a glven experlmental period.
Injection Elow rate and injection pressure rate are monitored t@ruugh
a metering burektte [11] =aod a pressure dJauge 121, respertl?e!y.
Mecasurements of droplet size distribuliun immedlalely alier Formation
as well as at different axial distances from the nozzle plane have
been obtained using an optical method developed hy El-Emam {11) and
described hereafter in Appendix A.

RESULTS AND DISCUSSTONS

Values of initial size 14
dlstributioen and velocity of
spray droplets wused in the
analytical model are taken from _
the experimental measurements of v oI, Tm{is
the droplets immediately after QH;]'_BG 5um
formation at an air stream TEEER
temperature nf 400 K. Since it 20— -6
leads to nolbiceable ecror to
calculate the mean diameter nf
droplets directly from the
experimental raw data, Sauter
mean diameter is estimated after
applying Hukiyama-Tanasawa's
size distribution Eunctien (181}.
Typical example ot such a 3
calculation process results
is shown In Fig. 3 [for size 0 | I — N
distribution of spray droplets 0 50 1090 150 200
immediately after tormation.
The curve in the figure repre- i .
sents the Nukiyama-Tanasawa's Fig. 3 8ize dlstributlen and mean
function applied to experimen- veloclity for spray droplets
tal results histogram. immediately after formatlon.

|
o
velucity,{m/s)

(%)

Proonlet

15 Pz U.7HPa
T =40DK
o
10l Vq:l.Omi’s

nl;‘Enl x 100

Droplet dlameter, D (pm}

In the analytical model
shown in Flg. 1, the gas-droplet flow-field inside the injection duct
is divided into 40 dlvisions of egual rAadial intervals with an
integration steps of 0.25 mm in Lthe axial direction.

Based on the experimental results of droplet measurements
immedlately atter formatlion, shown in Flg. 3, the spray is divided
into [Five main groups, each group contains ({(1l)th size ranges of
droplets. Predlctions of the spray droplets evaporation process are

carried out for dlfferent values of the temperature and the velocity
of the gas stream.

Comparison betwveen predlctlon results and experimental measure-
ments of size dlstributlon of the spzay droplets at an axlal distance
x=100mm from the injection nozzle plane is shown Iin Filg. 4. The pre-
dlcted results show a reasonable agreement wlth the experimental
measurements 1In the trend of the size distrlbutlion curves and the
locations of thelr peaks. Flg. 5 shovs a comparlson between predict-
fon and experimental results of the changes of Sauter mean diameter
agalnst the axlal dlstance from the lnjectlon nozzle plane. The flqgure
shows that there is an agreement in the tendency of the predicted and

the measured results of the rate of change of the Sauter mean dlameter
due to droplet evaporatlon pzocess.
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25 e~ Predigtion 100— —_— Predicliaon
E r ——— Experimental ’E —— = Experlmental
o 20 Zaol
r=)
= -
15 P =0.7 MPa X
- T =400 K 2 80— p z0.7MPa
w10 vV =1,0m/s w T =400 K
~ 9 g
= x =150mm 40 VvV =1.0m/s
9
3
0 ) i ) L 1
0 50 100 150 200 0 100 200 300 400 500
Droplet diameter,D {um} Axial dlstance, x [(mm)
Fig. 4 Predicted and measured Fig. 5 Predicted and measured
slze distrlbutions of changes of the Saugter
a spray drogplets. mean diameters.

predicted results of the radial profiles of the gas stream
velocity at dlfferent axial dlstances are shown in Fig. 6. It can
be noted that gas wvelocltles inside the smpray are hlgher than those
cutside the spray and have a maximum values near the axis of the
apray. Also, gas veloclty Inside the spray decreases with increase 1n
the axial distance from the injection nozzle plane.

Influehce of gas temperature on predicted averaqe_ values  of
the evaporatlon rate of spray droplets, as represented by Ke, in mm/s,
for wvarlant gas veloclties at dlfferent axilal distances ls shown In
Flg. 7. @Generally, !t can be noted that Increase in gas temperature
ralses spray evaporatlon rate. Evaporation rate increased almost

v im/s}
g

qubU[l i

1.0y 01 2 3u4

0.8 |-

0.6
33. v
~ 0.4

0.2)

0 AL ! \ . |

0 100 200 300 400 500

Axial dlstance, x (mm)

Fig. 6 Predicted profliles cof gas stream velocity
at different axlal distances. ’
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2 vV (m/s)
o~ g
€ 08| 1.0 x (mm) S
= —— 5.0 _::’-;;:,':’:
| T BO0TT L T
o 0.6]_ .
(™)
m
[ ]
S o4
-]
.
m
§ =
o
2 n2
o~
>
ul
0 ] | ] 1 { L | |
300 400 S00 600 700

Gas temperature,Tg (K}

Fig. 7 InEluence of gas temperature on predicted
5pray evaporation rate.

lineary with gas ‘temperakture until about 550K. At hlgher temperatures,
the effect of Increase 1n gas temperature on spray evaparation s
decreased., Also, Gthe fiqure shpows that evaporation rate of the spray
is lncreased vith increase in the axial dlstance and the veloclty of
the gas stream. W#hen a spray is injected Into the gas stream, the
droplets may accelerate or decelerate to the stream velaclty, depend-
lng wupon the relative velocity and the drag cecefflcient. Evaporation
rates of droplet are higher during thls initlal stage, vhen Ehe rela-
tlve veloclty is hlgh, thap at later stages whep the relatlve velocity
becomes negliglble. lNawever, as the axial distance ipcreases, the mean
droplet slze reduces and therby Ilncrease the droplet surface area and
hence spray evaporatlon rate.

V =1.0mfs
g m

(m /mg}
=] o =] —
2 g :
- o [>-} [}

=]
-
[a*]

Unevaporated mass

fractiom,

4] 10 20 Jo
Tlme, t© {ms)

Flg. B Predicted unevaporated mass fractlion against time.



M.45 2., H., El-Emam and H. M. Awad

PR —
T
€12 l)o(um)
S 10 150
El 100
v g 50
5 25
T
> &
13 {— -'"-.._ -"—-:_:-_-_—-_"'-—_._..
E_ 2 B .-...“..“-'.-. - —— .
0 1 i f 1
0 100 200 100 400 500
Axlal dlstance, x {mm)

Flg. 9 Predicted mean velocltles of spray droplets.

Profiles of predicted results of upevaporated mass fraction
against time at different wvalues of the gas stream temperature for
droplets of different size groups are shown in Fig. 8. Aas expected,
the evaporation rate of droplets with decrease in droplet slze group.
Also, Ethe heating-up tlme of a droplet becomes shorter and the
evaporation rate Increases with lncrease ln gas stram temperature as
well as decrease ln droplet size. These results are In good agreement
with the experimental results observed by Chigler et al. {19).

Predicted results of the change of mean veloclties for droplets
of different slze groups against the axlal distence are shown ln Fig.
9 From the figure, 1t can noted that small droplets lose thelr momen-
tums and reach thelr terminal wvelocltles early while large slze
droplets move wlth higher velocitles inside the spray.

Predicted resulta of £flight trajectories of Indtvidual size
group droplets are shown in Flg. 10. Droplets of the spray are spread-
out with different flight trajectorles depending on the Influence of
the drag force on each size group. Droplets of small sirzes are 1n-
clined towards the !nslde of the apray. Also, the flgure shows that
small size droplets are evaporated completely early while large
droplets move avay and hit the wall of the lnijectlion duct.

1.0 S
Op{um) .
0.8 - 150 -’,‘-"_‘__ﬂ-':::."
——— 100 e
- D.ﬁL_____ 50 /"'%‘“ =
o | e 25 42ﬁ$ I el
0.4 e E3 - —:-_,_--:'.'::“‘_..........
o ""f T, =500K
0.21- 8ty vV :1.0m{s
ol 7 1
ol 1 11 | |
0 100 200 Joo 400 500
Axial dlstance, x {mm}

Flg. 10 Predicted trajectorlesof spray dropletz.
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CLUSTI

An analytical model has been developed to descrlbe the process
of 1liquid spray evaporation into a high temperature gas stream.
Predictions of gas-droplet flow-Eleld, trajectories of the lndivideal
dropletd, droplet e#vapcration rate and changes of droplet slres have
been obtalned. An experimental verlfication of the predlctlon results
has beaen carrled out, Although the predlctlon results can only be
consldered as semlquantitative, a number of general concluslons can be
dravn;

l. The comparlson shows a reasonable agreement of the results based
on the analytical model with the experimental measurements for each
of droplet sire distribution and changes in Sauter mean dlameter at
different axlal distances from the injectlon nozzle plane.

2, velocltles of the gas stream 1inside the spray are higher than
outslde the spray . -and it has maximum values near the axls of the
spray.

3. Dropleta of the spray are spread-out wlth different £fllght trajec-
tories dependlng upeon the influence of the drag force on each size
group.

4. Drnpgets of amall sizre loose their momentum and reach thelr termlinal
velocities early while droplets of large size move away with hlgher
veloclty.

5. The heatlng-up time of a droplet becomes shorter with increase in
gas stream temperature and wlth decrease Ln droplet slze.

6. Bvaporatlon rates of spray droplets Increase with locrease in gas
stream temperature, gas stream velocity and axlal dlstance and with
decrease in droplet sizes.

=

LATU

Area

: Spalding transfer coefficient

: Specliflc heat

Drag coefficient

: Droplet dlameter

: Gravlty vector

Speclflc enthalpy or coefficlent of heat transfer
: Evaporatlon conetant

: Latent heat of vaporlzation

: Mlxlng length

: Mass

: Nuember of droplets

Husselt number

i Preesure

Pr t Prendtl number

r : Radlal coordinate

Re : Reynold's number

SH ¢ Source term of energy

SM : Source term of vapour mass

Sy ! Source term of axlal momentum

Sy ! Source term of radial momentum

SMD : Sauyter mean diameter

T t+ Temperature

t ! Tlime

u t Veloclty component Iln x direction

? : Veloclty wector
v
x

m 2
N

w:g:za [l ol - e Wl N

: Velocity component 1n r dlrection
: Axial coordlnate
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Greek Symbolg

t+ Heat conductivity

t Denalty

¢ Stream function

i Effectlve vlacoslty

: EEfectlve Prandt}l number

merr= Effectlive Schmidt number

Subscripta

«coboon o
L4s]

10.

11.

12.

13.

Droplet
Evaporation

GCas

: Down-stream

: Reference value
: Burface
Up-stream
Vapour

e e oaa

e,
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Appendix A
The Optical System for Droplet Heasurement:
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Fig. 11 Optical system

The arrangement of the optical
system used for droplet measurements is
shown in Flg. 1l. In this systam, a 5C mm
Mlkkor lens, f 1/2 mounted in-revers# on
an adapter attachment, was fitted to 2
Nikon FE camera with an extension beluws.
4 graticule scale mounted to a travarser
was placed 1in the plane of focus to
callbrate and determine characteristics
of the optical sYystrm. Results of the
measured characteristics of the optical
syatem are shown in Fig. 12. Two micro-
strobcscopes were used to give Fkwp
flashes of light, ooe firlng after the
other. The 1light beams were alligned in
the same directlion by wusing a half-
silvered mlrror as a beam splltter. The
lnterval between the two flashes was con-
trolled by an electronic tlme delay unit.
The lnterval between flashes was choosen
s0 that complete separation of the imaqes
was achieved for most of Lhe lmaye pairs.

An example of dreoplets Image
photographa 1ls shown in Flg. 13, Data
obtained Erom such photographs were:
corrected for its connt Lo any bias and
then processed through a computer program
to calculate droplet slze distribution,
Sauter mean diameter, mean velocity and
mean £llght directlon.
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Flg. 12 Characteristics
the aptical system.

of

w
4-1.4%

p.5 oM
1.t 3
.5 w
ST
w5l

[t}
N
b

b

Fig.

13 Example of droplet
photographs.



