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Abstract— A model to describe the behavior of a water spray in an air environment is proposed. For modeling
purposes, the spray is divided into two regimes—sheet portion and droplet portion. The sheet portion is
importantin determining the spray angle. A relation between sheet length and Weber number is obtained. The
computed trajectory of droplets is substantiated qualitatively by measurements using an oil bath to capture

the droplets.
NOMENCLATURE s liquid density [kg m ]
a constant I surface tension [N m™! or dyne cm ™ ]
- N ¢ tan~! (dr/dz)
a distribution parameter !
4 constant 17 stream function.
A fiow area of nozzle [m?] L INTRODUCTION
b, ¢4, ¢, constants
¢p drag coefficient SprAYS have many engineering applications; for
D drop diameter [um] example, sprays are used in combustion systems, in
D, maximum drop diameter [um] direct contact condensers, etc. The main idea of these
D, equivalent orifice diameter [m] sprays is to increase the surface area of the injected
L breakup length liquid, thereby increasing the heat and mass transfer
"y mass flow rate of liquid [kgs™'] rates. We will examine a liquid spray in a non-
N number of drops condensable media in this paper (Paper I} in order to
P pressure of gas inside the water sheet clarify the problem. In the following paper (Paper II),
[Nm~?2] we will examine the spray in a condensable medium and
P, pressure of gas outside the water sheet explain the differences.
[Nm~?] Over the years, numerous research has been
AP pressure difference, P— P, conducted on sprays dealing with the breakup
Q volume flow rate of liquid [m® s~ 1] mechanism, the effects of ambient pressure, injection
r radial distance from the axis [m] pressure and liquid properties [1-10]. Giffen and
t water sheet thickness [m] Muraszew [11], and Reitz [12] as well as others, have
T, temperature of liquid [°C] written extensive reviews on sprays.
u velocity of liquid along streamline Examples of models proposed to describe the
[ms™ 1] breakup mechanism are given by Castleman [13],
V volume of droplets Schweitzer [14], and Dombrowski and co-workers
A velocity difference, \/[(V,, .~ Vg,z}2 [15-20]. Castleman concluded that the atomization of
+(W,— V)] jets is due to the drag of the ambient gas; the jet is
Vi velocity of liquid in radial direction drawnout—resulting in fine drops due to Rayleigh
[ms™ 1] instability. Schweitzer speculated that the breakup
Mz velocity of liquid in axial direction mechanismis caused by turbulent motion which occurs
ms 1] inside the nozzle. The radial disturbance (velocity
Vor velocity of gas in radial direction [ms™!]  fluctuations) tends to breakup the interface as soon as
V. velocity of gas in axial direction [m s~ 1] the restraint imposed by the orifice wall ceases.
We Weber number Dombrowski concluded two principal modes of
z axial distance from nozzle [m]. disintegration—aerodynamic instability and perfor-

Greek symbols

é distribution parameter
4 radius of curvature [m]
f time [s]

Pe gas density [kg m 2]
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ations. The aerodynamic instability is due to interfacial
surface tension and aerodynamic forces. These
aerodynamic forces result in a Kelvin-Helmholtz type
instability. Perforations are assumed to be caused by
either non-wettable particles or turbulence. There are
no quantitative calculations which clearly substan-
tiate these proposed breakup mechanisms.

Rothe and Block [21] proposed a simple one-
dimensional (1-D)model to compute the spray angle. In
this analysis the drop size is assumed uniform and
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Fic. 1. Effect of breakup length and shape of spray sheet on
final shape of the spray.

breakup is assumed to be complete at injection. There
are some review works on the measurements of drop
size, such as in ref. [22], and several mathematical
expressions have been proposed for fitting the droplet
distribution curve in refs. (23, 24]. They concluded that
the upper-limit function fits the droplet distribution
best and is simple to use.

In the present study the behavior of a spray will be
examined in detail—including the water sheet region,
breakup point, and droplet region. A model is
presented and numerical results are compared with
experiments. Usually the nozzles used in direct contact
condensation are wide angle sprays—which are
classified as hollow cone sprays. We will confine our
attention to hollow cone sprays which are generated by
either swirl nozzles or poppet type nozzles. The
experiments involve normal photography, holography,
and the capture of droplets in an oil bath.

2. ANALYTICAL MODEL

2.1. Sheet portion of spray

It has been found in our experiments, that the sheet
portion—its shape and breakup length—plays a major
role in determining the outline of the spray (see Fig. 1).
Up to the breakup point, the sheet can be regarded asa
special case of a water bell. Taylor [25] worked on this

z

FiG. 2. Simplified shape of spray sheet used for calculations

problem extensively—both analytically and experi-

mentally. Referring to Fig. 2, the governingequation for
the sheet portion is

2 2
—g+ g cos ¢

where ¢ is the surface tension, t the water sheet
thickness, { the radius of curvature, AP the pressure
difference between the inside and outside of the sheet,
P—P, and u is the velocity along the streamline.
It should be noted that in this study, we are not
considering the swirl nozzle; although the theory has
been extended to include swirl nozzles [29] and will be
included in Paper II. Usually the gravitational force is
negligible and the velocity of the water in the sheet is
nearly constant. Therefore, the gravitational term in
equation (1) will be neglected.

Q = 2nrut, (2)

2
{
— AP +p.gt sin ¢ J’Lg =0, (1)

where @ is the volume flow rate.

Taylor solved equation (1) neglecting AP. However,
because of the motion of air inside the sheet region, AP
may not be negligible. Parlange [26] computed the
effect of internal airflow on the shape of a water bell and
found it was not negligible. Figure 3 shows the expected
flow of air around the water spray as well as inside the
sheet portion. Closed streamlines will be formed inside
the sheet portion—driven by the drag of the water
sheet. Air is entrained from the surroundings due to the
pumping effect of the droplets at breakup. The motion
of the air circulation inside the sheet region was studied,
following the approach of Parlange, to determine its
significance on the shape of the sheet region of the
spray. The assumed airflow pattern is substantiated
quantitatively by simple experiments. Assuming the air
to be incompressible, and the flow to be axisymmetric
and non viscous; a stream function of the form

Ar?

= m [7'2(1 +ab—za)~—%azz(b—z)], (3)

¥
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z

Fi16. 3. Expected flow pattern of air around the water spray.
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is selected which satisfies the momentum equations.
The shape of the water sheet is denoted by i = 0. The
r and z directional velocities of gas inside the water
sheet will be

1 oy

=__" 4

Ver r oz’ “)
1 oy

- - 5

8.2 o )]

and the pressure difference (AP) at y = 0 will be
AP =3p [VE, +VE.] (6)

By determining the stagnation point (b) and the
velocity at one pointexperimentally, the values of 4 and
a are found from the best fit of equation (1) by iteration.

2.2. Droplet portion of spray

In thedroplet portion of the spray, the liquid droplets
entrain the surrounding air. As the air moves inwards a
dragforce develops on the droplets ; thus decreasing the
spray cone angle. The behavior of the droplets are
computed with the following assumptions:

(a) all droplets are spherical;

(b) the droplets have a size distribution which can be
represented by an upper-limit function;

(c) the velocity of the droplets at the breakup point
are assumed to be the same as the sheet velocity at
the breakup point;

(d) the pressure in the droplet region is assumed to be
uniform and equal to the ambient pressure;

(¢) no interaction occurs between droplets, i.e. no
secondary breakup or coalescence;

(f) gravity force is neglected.

The equation for the drop size distribution (upper-
limit function) is given by Mugele and Evans [23]

aD
y=1n [D — D], U

v _ & D,
dD  /n D(D,,—D)

exp(—56°y7), ®

where D is the drop diameter, D,, the maximum drop
diameter, and a and § are distribution parameters.

The number of droplets produced per unit time with
a diameter between D+ 1/2dD and D—1/2dD is

i 5 D 6
=M m__ 2 exp(—6%?) dD. (9)

an="E 0 Zm
pL /7 D(D,—D) nD

The force balance on the droplet yields

dv., 3Cpp
=1 ke, (10
dv,, 3Cp p
w1 VR (D
L
where
Vo= [(Va= Vo) +(M,— K12 (12)
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F1G.4. Vapor velocity profile model used at the droplet portion
of the spray.

The drag coefficient (Cp) is chosen from ref. [27]—
where Cp is given as a function of Reynolds number.
The effect of evaporation on Cp, was determined by
Yuen and Chen [28].

A momentum balance (z-direction) on the spray-
droplets and gas (in this case, air) yields

n
LED%L Vi dN + L p2nrVZ, dr = const. (13)

momentum of droplets  momentum of gas

The velocity profile of the vapor is assumed to be
similar to that of a free circular jet. This is shown
schematically in Fig. 4. An approximate mathematical
expression for such a profile is

V,, = Cl(z)<1 + %) <1 - %) ,

r
Ver = —C,y(2) R’

(14)

(15)

where C,(z) is the centerline velocity of the gas, C,(z) is
the radial velocity of the gas at the spray boundary, and
Ris the radius of the spray. Other power relations were
assumed for the gas velocity profiles and they had little
effect on the computed path lines of the droplets. For
example, V,, = C,(1+r/Ry*(1—r/Ry*(r/R)*> was as-
sumed. This profile has zero velocity at the center and
edge of the spray with a maximum within the spray.
Another profile assumed was a constant velocity
profile; that is, V., = C,(2).
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FIG. 5. Schematic diagram of the experimental system.

The mass flux of the gas is balanced as

R+dR

2nrpg( V;g,z)z +dz dr
0

2nRp,V,, dz = f

‘f 2nrp(V, ). dr. (16)

0

The velocity and position of droplets will be deter-
mined from

R

(Videras = (VL,,),+<dV“> @ a9
a0 ).

(R). car = (R).+(V,.)(d0), (19)

dz = (1, ,)(d0). (20)

Using these equations the trajectory of the droplets
can be computed.

3. EXPERIMENTS

3.1. Experimental set-up

A schematic diagram of the experimental set-up is
shown in Fig. 5. The electric heaters in the test chamber
were not used in these experiments where the
environment is air. In this study, the test chamber is
maintained at atmospheric pressure ; however, the test
chamber is designed so that its pressure can be set at a
pre-selected value between 1 and 3 atm.

A gear pump supplies tap water to the spray nozzle.
The spray water flow rate is measured with a calibrated
rotameter. Heating tape is wrapped around the water
inlet pipe; thus, allowing one to control the tem-
perature of the water. A poppet type nozzle was used,
which was constructed in the departmental machine

shop to our design. A schematic diagram of this nozzle
is shown in Fig. 6.

Experimental data on spray shape and droplet size
distribution were obtained from holograms and
normal photography. A schematic drawing of the off-
axis holographic set-up is shown in Fig. 7. For normal
photography the laser reference beam was blocked and
the pulsed laser acted as a light source (back lighting)
and shutter. The pulse duration is approximately
8-9 ns. Holography was used to obtain the droplet
size distribution as well as determining the shape of the
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FiG. 6. Schematic diagram of the poppet type nozzle used in the
experiments.
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F1G. 7. Schematic diagram of off-axis holographic set-up : (1) Nd : YAG laser; (2) folding mirror; (3) infrared

trap (1.06 um);(4) prism ; (S) vibration isolated table ; (6) plano-concave lense ; (7) off-axis paraboloid mirror;

(8)focusinglenses ;(9) plane folding mirrors ; (10) test section ;(11) variableiris stop ; (12) holographic plate ;(13)

ELN line-width narrower ; (14) laser power supply ; (15) turn table ; (16) He—Ne laser (for reconstruction) ; (17)
beam splitter ; (18) ground glass diffuser ; (19) plane mirror (for objective beam).

sheet portion; normal photography was used to
determine the spray angle.

3.2. Sheet portion of spray

It is difficult to measure the velocity of the air inside
the sheet portion of the spray by conventional methods
because of space limitations and fog generated by the
spray itself. It was noticed that when a thin needle is
placed vertically inside the sheet region (along the
centerline of the spray), a stationary droplet formed on
the needle which grew in size (see Fig. 8). This droplet is
formed by condensation of the surrounding fog. If the
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Fi1G. 8. Schematic diagram of droplets that form on a vertical
needle inserted inside the water sheet region.

needle is moved up and down the droplet remained
fixed in space. Since the droplet is fixed relative to the
flow field when the needle is moved vertically, the
surface tension forces are small relative to the gravity
and drag forces (the needle may be coated with a thin
film of water since itis in a foggy atmosphere). Thus, the
upward drag force on the stationary droplet is balanced
by the downward gravity force; that is

n

6
The velocity of air (at the droplet location) can be
computed by measuring the diameter of the droplet and
selecting Cp, from ref. [27]. The calculated results of the
relation between air velocity and droplet diameter is
presented in Fig. 9. If the needle is not inserted along the

centerline, but near the edge of the sheet (Fig. 10), no
such stationary droplet appears. Figure 10 shows

T
Dpg = %Copg<z 02) Ves ey

T T TTrTIT
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Droplet diameter(mm)

02 05 1 2 345 10 20
Air velocity (m/sec)

0.1

FiG. 9. Relation between air velocity and droplet diameter
(ambient pressure is 1 atm).
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Fi1G. 10. Schematic diagram of experiments on air/steam flow pattern :(a) needle at center-vertical position ; {b)

needle position is lowered (no droplet stays); (c) needle position is moved to the edge (no droplet stays); (d)

water flow rate increased (sheet portion becomes shorter, droplet stays at higher position) ; (e) needle at center-

horizontal position (droplet stays on upper side); (f) needle at center-horizontal, position lowered (droplet
stays on lower side).

schematically the formation of droplets on the needle
for different locations of the needle and orientation of
the needle (vertical or horizontal).

The stagnation point can be determined by ob-
serving the motion of tiny droplets on the needle (when
at the spray centerline position). These tiny droplets
are moving upward and downward on either side of
the stagnation point (see Fig. 8). Figure 11 shows a
typical photograph of the needle corresponding to the
schematic diagram in Fig. 8.

Surface tension is an important fluid property that is
needed to compute the shape of the liquid sheet as well
as define the breakup region. In these experiments tap
water, whose surface tension may be much lower than
distilled water, is used. Thus, it was necessary to
measure the surface tension of the tap water if the
computed results are to be compared with experiments.
Surface tension was determined from 36 photographs
of water bells (using Parlange’s method). The results are
shown in Fig. 12 where a straight line was drawn
relating surface tension to temperature. The dotted line
above the data points is the surface tension for pure
water. The surface tension for the water used in these
experiments can be evaluated from the relation

¢ =603—0.166T,, (22)

where o is the surface tension (dyne cm ™ !) and T; is the
water temperature (°C). By measuring the meniscus
shape (height and width) of the water surface at a
vertical wall which is partially immersed in the water

bath, the surface tension can also be obtained. This was
done as an independent check (at room temperature)
and it agreed with the water bell measurements (see Fig.
12).

3.3. Breakup point

Thelocation of the breakup point plays animportant
role in the shape of the water sheet region and thus the
overall spray angle. For example, if there is no breakup,
awater bell is formed and the resulting spray angle for a
poppet nozzle would be very small. Although the
breakup of the sheet portion has been studied by many
researchers, its value has not been determined
analytically. In this study, the breakup point (length of
sheet region) is correlated with the Weber number. The
correlation obtained is shown in Fig. 13 for the water
spray in an air environment. The data can be fitted with
an expression of the form

L

T4, = C, We*, 23)
where
C, =25, C, =030 for We < 750,
C, =200, C,=-037 for We > 750,

and L and A are the breakup length and flow area at
the nozzle exit, respectively. The curve has a maximum
which can be explained as follows. At very low velocities
(low Weber number) droplets form at the nozzle tip ; at
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Fig. 11. Photograph of droplets formed on vertical needle inserted inside the water sheet region:
Q=70mls ';air =1 atm.

high velocities when the flow in the sheet is turbulent,
the breakup length is again short. Thus at intermediate
velocities (Weber number) one would expect a maxi-
mum to occur. This is born out by experiments (more
data points are given in Paper II).

3.4. Droplet portion of spray

To compute the trajectories of the droplets after
breakup, the droplet size distribution must be
determined. There are several methods for measuring
the droplet size distributions: oil bath, normal
photography, laser scattering, holography, etc. Their

90 T T T

F1G. 12. Surface tension of air/tap water as a function of

HMT

27:

— v T T T
- 80 B
§ o b
g LA R
2 60 T
C
o 50 r - o,
2 40 Tldyres =60.28-01657 T, (¢)
& e Measured from water bell 1
g 30 * Measured from meniscus shape 1
£ 20t — Least square line of data by water bell .
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advantages and disadvantages are explained in ref.
[22]. Holography was used to obtain the droplet size
distributionin the neighborhood of the breakup region.
A ‘best fit’ of equations (7) and (8) to the experimental
data is made. Using equations (9)—(20), the droplet
trajectories can be computed. To check the compu-
tations of these droplet trajectories, an oil bath is used
to capture the water droplets about 160 mm down-
stream of the nozzle. There are two reasons for not using
holography for these measurements. (1) These
measurements would have required enlargement of the
test section and thus modification in the holographic

40r
30f
20¢
[ ) ® .. L]
° L ) [ ] L ]
10}
s i
<<
T 5t
— 4 L
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F1G. 13. Breakup length as a function of Weber number.
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Fi1G. 14. Schematic configuration of droplet collecting system.

setup.(2) The nozzles used in thisstudy are of the hollow
cone type. In this type of nozzle the number of droplets
per unit volume along the centerline of the spray is
much smaller than along the outer edges; thus,
holography would have required the analysis of many
holograms in order to obtain a meaningful statistical
measurement of droplets in the central portion of the
spray. The set-up for the oil bath measurementisshown
in Fig. 14. The shield is open for a brief period
(approximately [ s)whenitis placed at the outer edge of
the spray, and for a period of about 10s when at the
centerline. A photograph is then taken of the oil bath
and droplet sizes can be determined.

4. SAMPLE CALCULATIONS

Sample calculations for a poppet type nozzle(see Fig.
6) and comparison with experimental results for this

r{mm)

® Measured

Calculated (@ir
circulation taken
into account)

~~~~~ Calculated
(no air circulation)

Q=63 missec

z (mm)

FiG. 15. Effect of internal airflow on the shape of the water
sheet.

-
ar . 3 =110
S =113

o 3 F D 6664
= 2l Poppet type nozzie
~
5 Q =94 missec

1k Air 1atm

0 100 200 300 400 500 600 700

D{m)

F1G. 16. Plot of the drop size distribution.

nozzle are presented. Similar experiments and
calculations were performed with two swirl nozzles and
another poppet nozzle of a different size [29]. Flow
rates were varied as well as the water inlet temperature.
For a typical case under consideration, the flow rate is
6.3 ml s, surface tension is 57.0 dyne cm ™! and the
initial spray angle is 27°. The constant b (stagnation
point) in the sheet region is measured from the
photograph as shown in Figs. 8 and 11; b is equal to
0.025 m. Using the stream function [equation (3)] and
measuringthe location of thestationary droplet (Fig. 8),
one obtains with Fig, 9

Aa
V =
&% 342ab

z2(b~z) = —40ms™?

at z=00153m r=0

Using this relation and iterating equations (1)}-{6), the
constants a and A are determined

a=1272,
A= —504x10%

In Fig. 15, the calculated results for the water sheet
region are compared with experimental measurements.
The effect of air circulation within the water sheet is
small for the non-condensable environment. The
computed values agree with the measurements. The
sheet region calculations are terminated when the
breakup point is reached as given by equation (23).

To compute the droplet trajectories, the drop size
distribution at breakup must be known. This is where
the holographic data are used. Figure 16is a plot of the
data obtained from holographic measurements. The
upper-limit curve {equations (7) and (8)] is fitted to the
data; and thus

a=11,
8 =113,
D,, = 666 um,

are obtained. The droplet trajectories are then
computed for droplets in 50 um size increments using
equations(9)-(20). The computations are performed on
a PDP-11/44 computer and plotted on a Tektronix
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Fi1G. 17. Overall shape of computed spray (the diameter of droplets are grouped in 50 zm increments)

(a)

(b)
Fi1G. 18. Typical photograph of droplets collected at (a} center and (b) edge portions of the spray
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4052 graphics terminal. Figure 17 shows the spray
behavior—starting from the nozzle, computing the
sheet portion to the breakup point, and then computing
the droplet trajectories. It is seen that the smaller
droplets move inward; whereas the larger droplets
deviate little from their original path. Figure 18 shows
droplets that are captured in the oil bath about 160 mm
from the nozzle. The droplets at the edge of the spray
are significantly larger than those at the centerline.
These photographs substantiate the computations that
the small droplets migrate to the center of the spray;
whereas the large droplets continue on essentially their
original paths.

5. CONCLUSIONS

The behavior of a water spray in an air environment
{(non-condensable atmosphere) has been studied both
theoretically and experimentally. The analytical model
agrees with the experiments. To determine the effect of
air circulation inside the sheet region, Parlange’s
approach was applied. For a non-condensable atmos-
phere and relatively short sheet portions, the gas circu-
lation within the sheet region has little effect.
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ETUDE D'UNE PULVERISATION LIQUIDE (EAU) DANS UN
ENVIRONNEMENT INCONDENSABLE (AIR)

Résumé—On propose un modéle pour décrire le comportement d’une pulvérisation d’eau dans un
environnement d’air. Pour la modélisation, le brouillard est divisé en deux régions—la portion couvertureet la
portion des gouttelettes, La portion couverture est importante pour déterminer 'angle d’expansion. Une
relation est obtenue entre la longueur et le nombre de Weber. La trajectoire calculée des gouttelettes est
qualitativement vérifiée par des mesures utilisant un bain d’huile pour capturer les gouttelettes.



Study of liquid spray (water) in a non-condensable environment (air)

UNTERSUCHUNG UBER DAS VERSPRUHEN VON FLUSSIGKEIT (WASSER) IN EINE
NICHTKONDENSIERBARE UMGEBUNG (LUFT)

Zusammenfassung — Es wird ein Modell vorgestellt, welches das Verhalten von in Luft versprithtem Wasser

beschreibt. Zur Modellbildung wird die zerstdubte Fliissigkeit in zwei Bereiche -eingeteilt—ein

Grenzflichengebiet und ein Tropfchengebiet. Das Grenzflachengebiet ist wichtig fir die Bestimmung des

Sprithwinkels. Es ergibt sich eine Beziehung zwischen der Linge der Grenzfliche und der Weber-Zahl. Die

berechnete Flugbahn der Tropfchen wurde durch Messungen, bei denen die Trépfchen in einem Olbad
aufgefangen wurden, qualitativ bestétigt.

W3VYEHUE PACITIBUIEHUS XUAKOCTH (BOJbl) B HEKOHJIEHCUPYEMOM CPEJIE
(BO3JYXE)

Annotauns—I[IpeiokeHa Mozenb, ONMHUCBHIBAIOIAA pPAacnbll BoAbl B BO3aywHOH cpene. C uensio

MO/IEJIMPOBAHUA DACIbl JEJWICS HAa [ABAa yvacTKa:@ MJIOCKMH M kanesjbHbIH. [110CKHH y4acTOK BaXeH

IS ONpelefieHHs yria pacnblieHHd. [lonydyeHa 3aBHCHMOCThL UTHHBI IUTOCKOTO Yy4acTKa OT 4MCla

BebGepa. PaccuuTannas TpaekTOpHs Kalejb NOATBEPXKACHA KAYECTBEHHO NYTEM H3MEDPEHHH, NpPOBEICH-
HBIX C HCMO/b30BAaHHEM MAaC/IAHOH JIOBYHIKH.
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