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An experimental investigation has been conducted to study the characteristics of sprays produced from
the breakup of annular water jets exposed to inner airstreams, simulating twin-fluid atomization, by using
phase Doppler anemometry. The spray characteristic parameters, such as droplet Sauter mean diameter
(SMD), mean velocity, velocity fluctuation, and droplet number density, have been measured for various
radial and axial locations and under various liquid and airflow velocities at the nozzle exit. The results
indicate that the spray characteristic parameters are almost symmetric about the spray axis. At each
axial spray cross section, the droplet mean axial velocity reaches the maximum value in the spray center
and decreases from the spray center to the edge. Further, the droplet axial velocity has a jet-like self-
similar spatial distribution along the radial and axial directions when normalized by appropriate refer-
ence parameters. Similar universal correlation is observed for the droplet fluctuation velocity and tur-
bulent intensity as well. The SMD has a minimum value at the spray center and increases toward the
spray periphery. The SMD at the spray centerline has a more complex variation in the downstream
direction because of secondary atomization at high air velocity near the nozzle exit and droplet entrain-
ment and migration farther downstream. The droplet number density has a radial distribution similar
to that of the SMD, whereas its value at the spray center increases with the distance from the nozzle exit,
and is reduced by the high air and liquid flow velocity.

Nomenclature
J = momentum of the air and liquid flow at a given

spray cross section
r - radial location
U = droplet velocity in the spray envelope
Ua = air velocity at the nozzle exit
Ug = air velocity in the spray envelope
Ui = liquid velocity at the nozzle exit
u' = rms of turbulent fluctuation of the droplet velocity
x = radial direction of measurements
y = radial direction of measurements normal to x
z = axial distance from the nozzle exit
17 = r/z
<£ = volume fraction

Subscripts
a = air
/ = liquid
max = maximum value

Introduction

T WIN-fluid atomization is used extensively in practical
spray applications such as in spray drying operations1 and

power generation and propulsion systems.2 The gas medium
used for the promotion of liquid atomization is almost invar-
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iably the air for spray combustion applications such as in gas-
turbine combustors that are found in small and large aircraft
engines; hence, the name of airblast and air-assist atomization,
depending on the relative velocity of the air and liquid fuel
used. The disintegration of annular liquid jets in gas streams
is one typical type of twin-fluid atomization widely employed
in combustion engines. As Lefebvre3 summarized, the principal
factors governing the mean droplet sizes produced by twin-
fluid atomization are the air and liquid velocity, air-to-liquid
ratios, surface tension, and the geometrical design of the twin-
fluid atomizers. The characteristics of the resulting sprays are
known to have a significant impact on the efficiency of com-
bustion processes and the level of pollutant formation and
emission. Hence, a fundamental and practical knowledge of
twin-fluid atomization and resultant spray characteristics is re-
quired for the performance improvement of related spray sys-
tems, and such knowledge is far from complete at the present
time.

Theoretical studies have been conducted in the past on the
instability and breakup process of an annular liquid jet, which
is often referred to as annular liquid sheet. Crapper et al.4 an-
alyzed the instability of an inviscid annular liquid sheet mov-
ing in an inviscid and stationary gas medium, and examined
the influence of the sheet thickness and radius on the unstable
wave growth. Meyer and Weihs5 investigated the capillary in-
stability of a stationary viscous liquid sheet in a moving gas
stream with a particular type of disturbance. The instability of
a stationary viscous annular liquid sheet with different gas ve-
locities for the inner and outer gas streams was considered by
Lee and Chen.6 However, only cases for inviscid liquids were
analyzed. Shen and Li7'8 studied the instability and breakup of
a moving viscous annular liquid sheet, a situation that closely
resembles the reality of practical applications, and investigated
the effect of different inner- and outer-gas stream velocities,
liquid sheet inner and outer radii, and various physical prop-
erties.
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On the other hand, only limited experimental studies have
been reported in literature on the detailed structures and char-
acteristics of sprays resulting from the twin-fluid atomization.
Lavergne et al.9 investigated an annular liquid sheet, 400 fjum
thick, breaking up in two coflowing airstreams. The experi-
ments were conducted using phase Doppler particle analyzer
(PDPA) for spray characterization with limited data presented.
Lai et al.10 conducted an experimental study of droplet trans-
port phenomena in sprays generated by a research simplex
atomizer with and without atomizing air. A two-component
PDPA was utilized to measure droplet sizes and velocities at
different spatial locations in the spray with a fixed air-to-liquid
mass ratio. The analysis of the histogram data showed that the
transport of part of the smaller droplets from the outer region
to the central region was the key process responsible for the
increase in the droplet Sauter mean diameter (SMD), the drop-
let number density, and velocity fluctuations downstream.

In the present work, sprays from the disintegration of an-
nular liquid sheets injected from an in-house-designed annular
nozzle are investigated, and the effect of the airstream velocity
is examined experimentally by using the phase Doppler ane-
mometry. In what follows, the experimental apparatus, condi-
tion, and measurement procedure will be presented, followed
by the results and discussion. This paper ends with conclusions
drawn from the present study.

Experimental Apparatus, Condition,
and Instrumentation

The nozzle used was designed in-house specifically for the
present study. A smooth contraction contour for the liquid flow
was adopted with the contraction ratio of about 1966 to pro-
vide a uniform velocity profile at the nozzle exit with minimal
turbulent level. The smooth contraction was calculated based
on the technique for the design of three-dimensional wind-
tunnel contractions by Downie et al.11 The nozzle configuration
is shown in Fig. 1, and the details are given in Ref. 12. Be-
cause of the large contraction ratio for the liquid flow, the
smooth nozzle contraction contour was formed by two elliptic
arcs (AB and CD in Fig. 1), which was then connected by a
straight line (BC). The annular region for the liquid flow was
formed by inserting a circular pipe concentrically inside the
contoured nozzle, and the thickness of the annular liquid sheet
can be varied by using different sizes of the central pipes
through which the air flows. The nozzle is shown schemati-
cally in Fig. 1, and the relevant nozzle dimensions are given
in the figure caption, where LB, Lc, and LD denote the distance
from points B, C, and D to the nozzle exit, respectively, and
</>*> <t>B, 4>& and (f>D are the corresponding diameters. In addi-
tion, a set of fine-wire screens and honeycomb was placed at
the inlet region of the nozzle for the liquid flow.

The entire test apparatus is schematically shown in Fig. 2.
It consisted of an annular nozzle, as described earlier, with its

Pressure Regulator

From Compressed Air System

Fig. 1 Sectional view of the annular nozzle used in the present
study. Main dimensions (unit: mm): Lt = 105, </>t = 60, c/>2 = 48,
core pipe o.d. <£3 = 2.375, core pipe i.d. (f>4 - 1.588, annular o.d.
at the nozzle exit <j>A = 2.540, <j>B = 10.8, LB = 25, <f>c = 33, Lc =
58, <j>D = 40, and LD = 80.

NOTE

N.O. - normally open
N.C. - normally close

- pressure indicator
XI - gate valve
IX - choke valve

From Compressed Air System
IX

Air Row Meter N-°-

N.C.

Fig. 2 Schematic of experimental setup.

annular section connected to the water-supply tank and the
central core pipe linked to the compressed air supply. The wa-
ter in the water tank was pressurized by the compressed house
air supply to maintain steady water flow during experiments.
Both water and airflow rates were measured by float flow me-
ters. When the pressurized water is discharged from the an-
nular section of the nozzle with its inner surface exposed to a
coflowing airstream, an annular water sheet (or jet) is formed,
which quickly breaks up into a cloud of droplets at a short
distance downstream. The water droplets are collected by an
open tank and then drained out through the floor drainage.

The annular section of the nozzle for the water flow has an
o.d. of 2.540 mm and an i.d. of 2.375 mm at the nozzle exit,
the i.d. of the core pipe is 1.588 mm for the airflow. Sprays
from this annular nozzle are generated at four different water
flow rates of 207, 388, 580, and 780 ml/min (corresponding
to Reynolds numbers of 888, 1666, 2491, and 3351, respec-
tively, based on the hydraulic diameter at the nozzle exit), and
various airflow rates ranging from 22,900 to 35,722 ml/min
(corresponding to Reynolds numbers of 2121-3309). The re-
sulting sprays are characterized in terms of the droplet size
and velocity distribution, spatial variations of the SMD, mean
velocity and turbulent intensity, as well as the droplet number
density.

A one-component particle dynamics analyzer (PDA), from
Dantec Electronics, Inc., was used for the simultaneous mea-
surement of droplet sizes and velocities. The operational prin-
ciple for the PDA is similar to that of a conventional laser
Doppler velocimeter (LDV), except that three photodetectors
are used to resolve the ambiguity in the phase angle of the
measured optical signals for the determination of droplet sizes.

The PDA system used in the present study was operated in
a near-backscatter mode with the receiving optics unit mounted
on the same side as the transmitting optics unit. The Dantec
55X transmitting optics used a helium-neon laser as the co-
herent light source. The laser beam was split, by a beam split-
ter, into two beams of equal intensity, and one beam was
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shifted by a frequency of 40 MHz through a Bragg cell. The
resulting two parallel beams were focused by the Dantec
55X57 transmitting lens of 310-mm focal length and the mea-
surement volume was formed inside the spray droplet field.
The scattered light from the individual droplets passing
through the measurement volume was collected by the Dantec
57N10 PDA receiving optics, whose front lens of 310 mm
focal length focused the collected light onto a slit aperture.
This slit aperture acted as a spatial filter, allowing only the
light scattered from the measurement volume to go through.
Three 55X08 photomutipliers located behind the slit aperture
in the receiving optic unit converted the light signal into an
electric signal, which was transferred to the Dantec 58N10
PDA signal processor for data processing, and was then down-
loaded into a computer for data storage, analysis, and presen-
tation.

The PDA transmitting and receiving optics were mounted
on a three-dimensional traversing mechanism. The center of
the sprays was determined experimentally as follows: before
each set of measurements, the laser beams were focused, i.e.,
the measurement volume was positioned, at the nozzle center-
line near the nozzle exit, then the PDA optics were lowered to
the desired axial location of measurements. Both the axial and
radial positions of each measurement were determined by the
dial reading on the three-dimensional traversing mechanism.
The dial reading had an accuracy of 0.0254 mm (0.001 in.).

Results and Discussion
Three groups of measurements were made during the ex-

periments. First, measurements were made to examine the
spray symmetry along one of the spray's radial direction x and
its orthogonal direction y at the spray axial location of z =
151.6 mm for the fixed water flow rate of 388 ml/min and the
airflow rate of 26,200 ml/min. The coordinate z has its origin
located at the nozzle exit, pointing to the downstream direction
of the liquid and airflow. The direction x is normal to, while
the direction y is parallel to, the page in Fig. 2. Then the
droplet size and axial velocity distributions were measured at
up to 25 different locations along the radial direction x at the
cross sections located at z = 37.3, 75.4, 113.5, 151.6, and 177.0
mm, respectively. For all of the radial profiles presented, the
left side of the figure represents the laser entrance where the
laser beam blockage by the spray was low. Finally, the effects
of water and air velocities were investigated by taking mea-
surements up to 20 locations along the spray axis z for different
water and airflow rates. The details of the measurements along
with the original data are given elsewhere.12 An example of
the droplet velocity and size histogram is shown in Fig. 3.

Spray Symmetry Assessment
Figure 4 shows the arithmetic mean axial velocity of drop-

lets measured along the two orthogonal radial directions at the
axial location of z = 151.6 mm downstream of the nozzle exit.
It is seen that the mean velocity reaches the maximum value
at the spray centerline, and decreases toward the spray edges
as the spray spreads out. The air entrainment from the sur-
rounding to the spray region is responsible for this behavior
of the mean velocity distribution. The velocity profile is nearly
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Fig. 3 Example of the droplet velocity and size histogram.
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Fig. 4 Distribution of droplet mean axial velocity along two or-
thogonal radial directions x and y. Water velocity: 17, = 10.15
m/s, air velocity: Ua = 220.6 m/s, and axial location from the noz-
zle exit: z - 151.6 mm.
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Fig. 5 Distribution of droplet SMD along two orthogonal radial
directions x and y. Water velocity: Ut = 10.15 m/s, air velocity: Ua
= 220.6 m/s, and axial location from the nozzle exit: z = 151.6 mm.

symmetric about the spray centerline z. The small off-the-cen-
ter distribution may be attributed to the fact that the nozzle
positions might not be exactly the same before and after it was
rotated 90 deg during the measurements along the two orthog-
onal radial directions, x and v, although much attention was
paid to it. It may be pointed out that the mean droplet axial
velocities along both directions exhibit a typical Gaussian-type
variation, similar to those observed for sprays formed from
plane liquid sheet breakup13 and from the annular liquid sheet
breakup.9

The variation of the SMDs, shown in Fig. 5, is nearly sym-
metric about the spray axis. It is slightly off the centerline
similar to the velocity profiles presented earlier. It is clear that
the SMD increases from the spray central region to the pe-
riphery. The larger droplets have higher momentum, tend to
follow their own trajectories, and are less affected by the air
entrainment motion near the spray edges. Small droplets are
easily entrained to the central region; hence, showing a nearly
uniform SMD distribution there because of the inner airflow
from the core pipe. This spatial variation differs from the ob-
servations for sprays from the breakup of cylindrical liquid
jets surrounded by an airstream10 and of the sandwich type of
plane liquid sheets,13 where small droplets are typically present
in the center of the spray.

Spatial Distributions of Droplet Properties
The spatial variations of the spray characteristics are pre-

sented in Figs. 6-11 for the droplet mean axial velocity, rms
of the velocity fluctuations, turbulent intensity, SMD, and
droplet number density. These results were measured at various
radial positions at five different axial locations under a fixed
flow condition. It is seen from the figures that all of the spray
characteristics are essentially symmetric about the spray axis.

Figure 6 gives the spatial distribution of the droplet mean
axial velocity U. It is clear that the droplet velocity reaches a
maximum value at the spray centerline and then decreases
monotonically from the center to the spray boundary. The var-
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Fig. 6 Spatial distribution of the droplet mean axial velocity
for the water velocity of Ut - 10.15 m/s and air velocity of Ua -
220.6 m/s.
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Fig. 9 Spatial distribution of the turbulent intensity. Water ve-
locity: Ut = 10.15 m/s, and air velocity: Ua = 220.6 m/s.
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Fig. 7 Self-similarity of the droplet mean axial velocity. Water
velocity: U, - 10.15 m/s, and air velocity: Va = 220.6 m/s. ——,
Eq. (1).
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Fig. 8 Self-similarity of the turbulent fluctuation of the droplet
axial velocity. Water velocity: Ut = 10.15 m/s, and air velocity: Ua =
220.6 m/s.

iation of the velocity profile along the spray axis z in the down-
stream direction indicates the expansion of the spray region
caused by the effect of spray-air interaction and air entrain-
ment. Along the downstream direction, the variation of the
droplet velocity near the central region is just opposite to that
near the edge. Near the center, the axial mean velocity de-
creases as the distance from the nozzle increases, whereas
close to the edge it increases downstream. In other words, the
droplets closer to the nozzle exit have higher velocities than
those farther downstream in the central region. Whereas, near
the spray boundary, the droplets closer to the nozzle exit have
lower velocities than those farther downstream. This is similar
to the characteristics of sprays from plane liquid sheet
breakup.13 At the nozzle exit, the initial larger velocity differ-
ence, i.e., 211 m/s, between the liquid and the core airflow
results in high velocities of the droplets because of strong mo-
mentum transfer and the small sizes of the droplets. After a
certain distance downstream of the nozzle exit, the droplets are
accelerated to the velocity of the core air, which slows down
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Fig. 10 Spatial distribution of the droplet SMD. Water velocity:
Ut = 10.15 m/s, and air velocity: Ua = 220.6 m/s.
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Fig. 11 Spatial distribution of the droplet number density. Water
velocity: U, = 10.15 m/s, and air velocity: Ua = 220.6 m/s.

as a result of the loss of its momentum to the droplets and the
entrained surrounding air. Then, as the droplets and the co-
flowing air are transported farther downstream and spread out,
they are decelerated because of'the continual air entrainment
from the surroundings. Thus, the velocity profile flattens as the
spray region expands downstream along the spray axis.

The foregoing discussion suggests that sufficiently down-
stream of the nozzle exit, the spray droplets would move at a
velocity nearly the same as that of the continual phase air.
Hence, the velocity distribution should behave like a single-
phase jet, exhibiting a self-similar universal velocity profile.
That is, the droplet mean velocity at each axial location, nor-
malized by its maximum value at the centerline, should be a
function of the radial location normalized by the axial distance
from the nozzle exit,14 or

seen2 I 10.4 -
z (1)

where U(r, z) is the axial mean velocity, and t/max(z) is the
maximum velocity occurring at r - 0. Equation (1) is originally
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obtained for a single-phase round and turbulent jet.14 As shown
in Fig. 7, the measured data of the droplet axial mean velocity
fall reasonably well onto the self-similar universal velocity
profile given by Eq. (1). Figure 7 also indicates that the ve-
locity profile does not become self-similar until the distance
from the nozzle exit z is about 29.5 times the nozzle diameter
D (=<£>A, the o.d. of the nozzle at the nozzle exit). However,
for a single-phase turbulent round jet, self-similarity in the
velocity profile begins at z/D around 20. Clearly, the presence
of the dispersed droplets, which have smaller initial velocities
or momentum, has delayed the development of the self-similar
velocity distribution.

As for the single-phase turbulent jet, the turbulent compo-
nent (rms or u') of the droplet axial velocity takes longer to
develop than the mean velocity profile. As shown in Fig. 8, it
is not similar at z/D = 29.5, and does not become similar until
z/D = 44.5. Note that nonsimilar variation of the turbulent
component occurs in the spray central region.

Figure 9 indicates that the turbulent intensity, u'lU, has the
lowest value in the center and increases toward the spray edge
at every axial cross section. It is because the axial mean ve-
locity U, as given in Fig. 6, is the largest at the center and
decreases to zero at the edges, and this variation dominates
over the corresponding change of the velocity fluctuations u'
shown in Fig. 8. It is also seen that at fixed radial locations
the turbulent intensity decreases as the distance from the noz-
zle exit is increased. Also notice the high levels of turbulence
near the spray edges. Because

u
~U

u'/Um (2)

considering the self-similar distributions of U/Umax and w'/£/max
given in Figs. 7 and 8, respectively, the turbulent intensity will
also develop a self-similar universal profile.

The SMD of the droplets is presented in Fig. 10 as a func-
tion of the radial position for the measurements taken at five
different axial locations. Referring back to the variation of the
axial mean velocity shown in Fig. 6, it becomes evident that
the variations of the droplet sizes and velocities are consistent
with each other in the sense that smaller droplets, having
smaller inertia, have been entrained by the high-velocity core
airstream and are accelerated to higher velocities in the central
region of the spray, and larger droplets, having larger inertia,
have smaller velocities in the outer region of the spray. On the
other hand, one might explain that the high mean and fluctu-
ation component of the droplet velocities in the spray central
region results in small droplets there because high shear and
aerodynamic interaction between the liquid and gas phase are
known to be beneficial for the production of small droplets, as
predicted by the linear instability theory and other experi-
mental observations.

The variation of the droplet number density as a function of
the radial position is shown in Fig. 11. It is seen that the
number density has a minimum value at the spray center, and
increases monotonically toward the spray edge, very similar to
the variation of the droplet size shown earlier. Hence, at each
axial spray plane, there are always fewer small droplets in the
central region than the number of the relatively large droplets
near the spray boundary. This is because there is an air core
inside of the annular liquid sheet. The presence of the air core
results in a dilute spray in the central region. It is also seen
that some increase in the average droplet size (the SMD) with
the axial distance occurs near the central region, similar to that
observed by Lavergne et al.9 As will be shown later, this is
mainly because of relatively large droplets migrating toward
the central region.

Effects of Water and Air Velocities
To further investigate the characteristics of the sprays

formed from the breakup of annular liquid sheets in a coflow-

ing airstream, the droplet mean axial velocity, SMD, and
droplet number density were measured at different axial lo-
cations with various water and air velocities at the nozzle exit.
The representative results are presented in Figs. 12-19, and
the variation of the spray characteristics along the spray axis
downstream is shown for pairs of water and air velocities at
the nozzle exit (Uh Ua).

Figure 12 shows the droplet mean axial velocity at the spray
centerline, f/max, for various liquid and airflow rates. It is clear
that C/max decreases downstream, although the droplet velocity
value depends on the magnitude of water and air velocities at
the nozzle exit. This decrease in the axial velocity results
mainly from the boundary-layer growth and the entrainment
of the ambient air. Rapid mixing of the spray droplets with the
surrounding airstream and the resulting momentum exchange
lead to the deceleration of droplets in the spray central region.
At a fixed axial position, the droplet mean velocity increases
with the air velocity for a fixed water velocity. For example,
at the water velocity of Ut = 5.41 m/s, the mean velocity curve
in Fig. 12 moves up as the air velocity is increased from 192.8
to 276.7 m/s. Clearly, when the air velocity is higher, the mo-
mentum transferred from the core airstream to the dispersed
phase or droplets is larger. Therefore, the droplet velocity is
higher. However, the effect of the air velocity on the droplet
velocity becomes smaller when the water velocity is increased.
This is because the momentum is proportional to the density,
and the liquid water density is nearly a thousand times larger
than the air. It is also noticed that similar variation occurs for
the droplet axial mean velocity with the water velocity at a
fixed air velocity. For a fixed air velocity, e.g., Ua = 220.6
m/s, an increase in the water velocity causes the droplet ve-
locity to increase, but the increase is more significant for low
values of the water velocity (from £// = 5.41 to'10.15 m/s) than
for the larger Ut (from U{ = 10.15 to 15.17 m/s). The effect of
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Fig. 13 Correlation for the self-similarity of the maximum drop-
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Fig. 14 Correlation for the self-similarity of the maximum drop-
let mean axial velocity. Water velocity: Ut = 10.15 m/s. ——, cor-
relation, Eq. (5).
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Fig. 17 Effects of water and air velocities at the nozzle exit on
the droplet number density along the spray axis. Water velocity:
Ut = 5.41 m/s.

the water velocity becomes smaller when the air velocity is
increased.

An analysis can be carried out for the variation of the max-
imum axial velocity £/max similar to the radial distribution of
the axial mean velocity presented earlier. According to the con-
servation of momentum, the momentum of the spray droplets
and the coflowing airstream / must remain constant at each
cross section of the spray. That is

r = J <kpJ7jdA + J (f>ipiU2 dA = const = . (3)

where J0 represents the sum of the momentum of the annular
liquid flow and core airstream at the nozzle exit; pa and p/ are
the density of the air and liquid, respectively; $a and <£/ are
the volume fraction of the air and liquid, respectively, at the
specific location of (r, z), and <pa + </>/= 1. With the results
presented in Figs. 6-9, it is reasonable to assume that suffi-
ciently downstream of the nozzle exit, the liquid droplet and
the air velocity are nearly the same (U = Ug), and lie in the
self-similar region as discussed in the previous section. Then,
from the self-similar universal velocity profile given in Eq. (1),
Eq. (3) can be rearranged as follows, noting that the area el-
ement dA = 2irr dr for the axisymmetric spray droplets and
air motion:

Um (4)

where 17 = r/z. By definition, the volume fraction of the liquid
is 0 ^ <f>i ^ 1. In reality, 4>t is typically very small in the dilute
spray region, where the self-similar velocity profile is valid.
However, the density ratio of the liquid to the air is large, such
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that the term <£/(p//pfl — 1) may not be negligible unless it is
sufficiently far downstream of the nozzle exit. However, if the
effect is small, or if </>/ also has a self-similar spatial distribu-
tion like the velocity profile, i.e., <£/ = <£/(TJ), then the denom-
inator in Eq. (4) reduces to a constant. Therefore, Eq. (4) be-
comes

(5)

For a single-phase round turbulent jet, i.e., </>/ = 0, C = 7.4.14

For the present two-phase flow, C is expected to depend on
the conditions of the annular liquid flow and the core airstream
at the nozzle exit, as suggested by Eq. (4). Physically, the
momentum of the high-velocity core airstream available at the
nozzle exit is not only transferred to entrain the surrounding
quiescent air, but is also used to help the liquid atomization
and accelerate the resultant droplets to a higher velocity than
the liquid velocity at the nozzle exit before deceleration starts.

The experimentally measured data shown in Fig. 12 have
been used to determine the constant C for the present two-
phase flow, and the obtained values of C for various water and
airflow conditions at the nozzle exit are presented in Table 1
along with the standard deviation. It is seen that the correlation
coefficient C varies slightly with the water and air velocity at
the nozzle exit, and its numerical value is very close to the
value of 7.4 obtained for a single-phase round jet. This indi-
cates that the assumption made earlier concerning the liquid
volume fraction is realistic for the present flow situations. Fig-
ures 13-15 show a comparison between the correlation [Eq.
(5)], with the experimentally measured maximum velocity at
the spray centerline for various nozzle exit flow conditions. It
is clear that Eq. (5) correlates the data very well, except for
the data points close to the nozzle exit. This is because Eq. (5)
is derived based on the self-similar velocity profile of Eq. (1),
which is only valid at a distance sufficiently far downstream
of the nozzle exit. As expected, this critical distance is influ-
enced by the nozzle exit flow conditions of the liquid and the
air, which is clearly shown in Figs. 13-15.

Figure 16 presents the SMD of the droplets at the spray
centerline as a function of the downstream distance from the
nozzle exit. These results were measured at different axial lo-
cations for three fixed water velocities (£7, = 5.41, 10.15, and
15.17 m/s) and five different air velocities (Ua = 192.8, 220.6,
248.0, 275.7, and 300.8 m/s). The data points shown in the
figure can be classified into three groups. One group of the
lowest SMD values is the result for the water velocity of 5.41
m/s. The group of data points in the upper part of the figure
is for the water velocity equal to 15.17 m/s. The group of data
points in between is for the water velocity of 10.15 m/s. It is
seen that the effects of the water and air velocity on the SMD
are not as obvious and well-defined as on the droplet mean
axial velocity. However, the SMD has, in general, a global
increase with the increase in the water velocity, and for a fixed

Table 1

Uh m/s

5.41

10.15

15.17

Correlation coefficient C

Um m/s
192.83
220.61
248.40
275.72
192.83
220.61
248.40
275.72
220.61
248.40
275.72
300.79

Coefficient
C

6.943
8.240
9.340
9.380
7.385
8.594
9.740
9.590
7.293
8.140
8.735
8.583

in Eq. (5)a

Standard
deviation, %

7.25
1.98
2.60
2.75
3.28
1.32
2.67
2.66
1.03
4.57
5.74
6.86

aPlus associated uncertainties for various water and airflow
velocities at the nozzle exit.

water velocity, the air velocity shows a small effect on the
SMD. The SMD for £// = 5.41 m/s increases downstream be-
cause of air entrainment and the droplet migration toward the
spray central region as evidenced in Fig. 17. The SMD for
Ui of 10.15 m/s seems to remain more or less constant until
the downstream distance of approximately 90 mm, after that
it starts to increase gradually. For the liquid velocity of 15.17
m/s, the SMD decreases initially until z *** 100 mm, and then
continues the general trend of the increase with the down-
stream distance. This initial decrease in the SMD with z can
be attributed to the secondary atomization or the droplet
breakup in the high-velocity core airstream, because the Weber
number based on the relative velocity measured is estimated
to exceed the critical value of 10. Figure 16 also indicates that
air velocity seems to slightly increase the SMD at a fixed axial
location for all measurements obtained at the three water veloc-
ities considered in this study. This is because the high-velocity
core airstream reduces the droplet population in the central spray
region resulting from a dilution effect, and at the same time it
enhances the entrainment of the surrounding air and droplets as
well. As a result, the SMD along the spray centerline is in-
creased by the relatively large droplets entrained there.

The number density of the droplets along the spray center-
line is presented in Figs. 17-19 for the three different water
velocities involved. It is seen that the number densities in-
crease with the downstream distance from the nozzle exit,
mainly because of the droplet entrainment and migration. At a
fixed axial location it decreases with the central core air ve-
locity for a fixed water flow caused by the dilution of the spray.
It is also observed that the number density at a fixed axial
location and a fixed airflow decreases as the water velocity at
the nozzle exit is increased. This is primarily because the drop-
let sizes, as shown in Fig. 16, increase with the water flow,
and at the same time, the larger droplets, having larger inertia,
tend to keep their original trajectories and are less inclined to
be entrained to the central region of the spray.

Conclusions
The characteristics of sprays produced from the breakup of

annular water jets exposed to inner airstreams have been in-
vestigated experimentally by using phase Doppler anemome-
try. The spray characteristic parameters, such as droplet SMD,
mean velocity, velocity fluctuation, and droplet number den-
sity, have been measured for various radial and axial locations
and under various liquid and airflow velocities at the nozzle
exit. The results indicate that the spray characteristic param-
eters are almost symmetric about the spray axis. At each axial
spray cross section, the droplet mean axial velocity reaches the
maximum value in the spray center and decreases from the
spray center to the edge. Further, the droplet axial velocity has
a jet-like self-similar spatial distribution along the radial and
axial directions when normalized by appropriate reference pa-
rameters. Similar universal correlation is observed for the
droplet fluctuation velocity and turbulent intensity as well. The
SMD has a minimum value at the spray center and increases
toward the spray periphery. The SMD at the spray centerline
has a more complex variation in the downstream direction be-
cause of secondary atomization at high air velocity near the
nozzle exit and droplet entrainment and migration farther
downstream. The droplet number density has a radial distri-
bution similar to that of the SMD, whereas its value at the
spray center increases with the distance from the nozzle exit,
and is reduced by the high air and liquid flow velocity.
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Receive free conference registration when you ̂ ^^^^if^e^e courses:*
• Introduction to Aircraft Design loads ;;;,:.. Wiyf^^^i ,

• Satellite Structural Systems— Desigrv ''<m$ify^^

Aeroelasticity: State-of-the-Art ||î lie0$


