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The spray characteristics of a liquid jet traversing subsonic airstreams were experimentally investi-
gated. The disintegration phenomena of liquid jets were observed by instantaneous photographs and
high-speed video movies. The waves on the liquid jet surface are three dimensional and show very com-
plicated behaviors. These waves are an important cause of the liquid jet disintegration. Droplet mass
� uxes were measured using an isokinetic sampling probe. Empirical equations of their distributions that
are expressed by the standard normal function were deduced. Droplet sizes and droplet velocities were
measured by a phase Doppler particle analyzer. At low air velocity, the mean droplet diameter reaches
its maximum in the peripheral mixing region. At high air velocity, however, the mean droplet diameter
reaches its maximum in the core region. The droplet velocity peaks in the peripheral mixing region over
the whole range of the air velocity.

Nomenclature
A = constant in Eq. (2)
B = constant in Eq. (3)
C = constant in Eq. (5)
D = droplet size
d = inner diameter of liquid nozzle
Ma = air Mach number
m 0 = droplet mass � ux
m 0p = maximum droplet mass � ux
m 00 = liquid mass � ux at liquid nozzle exit, rjVj

q = liquid-to-air momentum ratio, 2 2r V /r Vj j a a

Rej = liquid jet Reynolds number, Vjd/nj

U = relative velocity between liquid and air
Va = representative air velocity in Z direction
Vd = droplet velocity in Z direction
V j = injection velocity of liquid jet
WX1/2 = width of droplet mass � ux pro� le at position where

mass � ux is half of maximum mass � ux in X plane
WY1/2 = width of droplet mass � ux pro� le at position where

mass � ux is half of maximum mass � ux in Y = 0
plane

X = distance from liquid nozzle exit in direction of
liquid jet injection

Xp = X at position where droplet mass � ux is maximum
Y = distance from center axis of wind tunnel in the

direction perpendicular to X and Z axis
Z = distance from windward liquid nozzle edge in

direction of air� ow
a = constant in Eq. (2)
b = constant in Eq. (2)
g = constant in Eq. (3)
d = constant in Eq. (3)
« = constant in Eq. (5)
z = constant in Eq. (5)
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n = kinetic viscosity
r = density

Subscripts
a = air
d = droplet
j = liquid jet
X = in X plane
Y = in Y = 0 plane

Introduction

T HE disintegration phenomena of a liquid jet that was tra-
versing an airstream were observed in liquid-fueled com-

bustors, for example, in the afterburner of a jet engine or in a
liquid-fueled ramjet engine. The ramjet engine has recently
attracted attention as a potential space plane engine. The in-
formation about performances of the ramjet combustor has
been made available on a gradual basis. In the case of the
liquid-fueled ramjet engine, the atomization of a liquid fuel jet
in a high-speed airstream will be considered. The liquid fuel
jet disintegrates into small particles because of the shear force
between a fuel jet and the airstream. It breaks up into liquid
clumps farther downstream of its own accord. A liquid clump
then disintegrates into � ner particles. The spray characteristics
of atomized fuel are very important for the design of combus-
tors because they greatly in� uence combustion characteristics,
for example, the evaporation rate of fuel, � ame holding, com-
bustion ef� ciency, etc.

Liquid jet disintegration has been investigated by some re-
searchers in a supersonic or hypersonic airstream. Schetz and
his colleagues studied liquid jet disintegration in a supersonic
airstream.1– 3 They deduced empirical equations for penetration
and jet width, and they measured droplet sizes and droplet
mass � ux distributions in a supersonic airstream.4,5 Catton et
al.6 deduced theoretical equations for jet penetration in a hy-
personic airstream. Heister et al.7 proposed a model for the
behavior of liquid jets that were injected transversely into a
supersonic cross� ow. Forde et al.8 studied the penetration of
liquid jets in a supersonic � ow theoretically and compared
them with experiments.

In a subsonic airstream, Schetz and Padhye9 deduced the
empirical equation of liquid jet penetration. They also mea-
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Fig. 4 Isokinetic sampling probe.

Fig. 3 Details of liquid nozzles.

Fig. 2 Details of wind tunnel.

Fig. 1 Experimental apparatus.

sured droplet sizes. Kashiwagi et al.10 studied droplet mass � ux
distributions of a liquid jet that was traversing a subsonic air-
stream. They deduced the empirical equations of mean droplet
diameter and jet penetration. Recently, Oda et al.11 have in-
vestigated liquid jet breakup in subsonic airstreams. They mea-
sured droplet mass � uxes and droplet sizes.

However, the spray characteristics of a liquid jet that was
injected into a subsonic airstream are not fully understood re-
garding the rational design of a combustor. In particular,
changes in droplet size and droplet mass � ux distribution along
the spray � ow have not been clari� ed in detail in spite of their
importance. Spray behavior measurements along the stream
line are also required to verify the predictions by means of
numerical simulation of the spray � ow. They are useful in the
construction of a realistic liquid breakup model.

Our series of studies aims to clarify in detail the disintegra-
tion mechanism and the spray � ow of a liquid jet traversing
subsonic airstreams and to contribute to the design of a liquid-
fueled ramjet combustor. In a previous paper, empirical equa-
tions of jet penetrations and jet widths of a liquid and a slurry
in a subsonic airstream had been deduced.12 In this paper, the
droplet mass � ux distribution, mean droplet size distribution,
and droplet velocity distribution were measured in detail at
several downstream locations. Furthermore, empirical equa-
tions for droplet mass � ux distributions were deduced.

Experimental Apparatus and Instruments
The experimental apparatus is shown in Fig. 1. The air is

supplied from a blower (1) to a wind tunnel (4), passing
through a settling chamber (2) and an air nozzle (3). After
passing through the wind tunnel, the air-droplets two-phase
� ow is ejected into the ambient air and then it is exhausted by
a fan (5). The blower is driven by a motor (6) whose rotational
speed is controlled by an inverter (7). The air velocity is ad-
justed by changing the rotational speed of the motor. The liq-
uid is supplied from a pressure vessel (8) to a liquid nozzle
(11). The pressure in the vessel (8) was kept constant during
experiments by a pressure regulator (9). The � ow rate of the
liquid is measured by an electromagnetic � ow meter (10).

Figure 2 depicts details of the wind tunnel and the employed
coordinate system. The wind tunnel is a subsonic blowdown
type and has a rectangular cross section of 60 3 60 mm and
a length of 350 mm. Two Pyrext glass plates are attached to
both sides of the wind tunnel for easy observation. Liquid
nozzles with inner diameters of 1 and 2 mm and lengths of 20
and 40 mm, respectively, were used. These nozzles have a
length-to-diameter ratio of 20. The liquid � ow at the nozzle
exit seems to be an almost fully developed turbulent � ow. The
details of the liquid nozzles are delineated in Fig. 3. The co-
ordinate system is right-hand, where the X coordinate is in the
direction of the liquid jet injection, the Y coordinate is in the
direction of the width of the wind tunnel, and the Z coordinate

is in the direction of the air� ow. The origin of the coordinate
system is placed at the upstream side of the liquid nozzle tip
as shown in the � gure.

The disintegration phenomena of a liquid jet were observed
by instantaneous photographs and high-speed video movies
with a frame speed of 40,000 fps.

Local droplet mass � ux was measured by an isokinetic sam-
pling probe. Figure 4 shows the sampling probe in detail. It
has an i.d. of 1.2 mm and an o.d. of 3.0 mm. The isokinetic
conditions in the sampling probe were maintained by adjusting
the velocity and static pressure in the � ow stream ahead of the
probe. Two static pressure holes were provided 10 mm down-
stream from the probe entrance for this purpose. Local droplet
mass � ux was calculated from the total weight of collected
droplets and the sampling time. The total weight of the col-
lected droplets was measured by an electric balance that has
high accuracy. Experimental uncertainties for the droplet sam-
pling system are estimated to be less than 5%.

Droplet sizes and droplet velocities were measured simul-
taneously by a phase Doppler particle analyzer with a 10-mW
He-Ne laser (PDA, Dantec Electronics Inc.). The sizing reso-
lution of the PDA was around 1.7 mm according to the
catalogue. The optical setup is summarized as follows: laser
wavelength 0.6328 mm, focal length 600 mm, fringe spacing
6.33 mm, fringe number 85, waist 537 mm, maximum mea-
surable droplet size 419 mm, and maximum measurable droplet
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Fig. 6 Variations of droplet mass � ux distribution with momentum ratio. Z = a) 100, b) 140, and c) 180 mm.

Fig. 5 Photographs of liquid jet breakup: a) side, b) right-top,
and c) top views.

velocity 222 m/s. Averaged quantities were calculated by col-
lecting 5000 valid sample data for each measurement point. It
was estimated by Bowen and Davies13 that to obtain 95% con-
� dence for a measurement of droplet size, more than 5500
droplets should be measured. The repeatabilities for the mea-
surements of mean droplet size and mean droplet velocity were
more than 95%.

Experiments were carried out under the following condi-
tions: air velocity range was from 75 to 110 m/s (Ma = 0.22
– 0.32), liquid injection velocities varied from 6.4 to 13.2 m/s
(Rej = 6.4 3 103– 2.64 3 104), and liquid-to-air momentum
ratios were limited to 6.0, 9.0, and 12.0. These conditions were
determined keeping in mind the operating conditions of a ram-
jet engine. All experiments were carried out using tap water
as the injectant.

Results and Discussion
Air Velocity Distribution

The air velocity distribution near the liquid nozzle was mea-
sured by a hot wire anemometer without liquid injection. The
air velocities were almost uniform over the wind-tunnel cross
section. Variations in the mean air velocity in the cross section
were less than 4% of the maximum mean velocity, except in
the boundary layer. Boundary-layer thickness was around 2
mm at the exit of the liquid nozzle. The turbulence component
was less than 5% of the mean air velocity over the range of

present experimental conditions. Representative air velocity
was de� ned by measurement at the center of the wind tunnel
just above the liquid nozzle windward edge with liquid injec-
tion.

Disintegration Phenomena of Liquid Jet

Figure 5 shows instantaneous photographs of typical disin-
tegration phenomena of a liquid jet from a liquid nozzle with
d = 2 mm. Photographs show the evolution of disintegration
processes with respect to air velocity under constant liquid-to-
air momentum ratio. The liquid jet penetrates perpendicularly
into a subsonic airstream near the liquid nozzle exit and is
then bent downstream. From Thomas and Schetz’s study,3 the
cross section of a liquid jet is almost circular near the nozzle
exit and then is transformed into a kidney shape by the dy-
namic pressure of an airstream. This shape transformation ap-
pears to cause an increase in the drag force and the interaction
with the liquid jet results in rapid downstream bending. By
means of observation using magni� ed photographs, in the vi-
cinity of the point where the liquid jet bends downstream rap-
idly, the disturbance waves on the liquid jet surface were
greatly ampli� ed.

Figure 5a shows side-view photographs. The disturbance
waves on the jet windward surface look two dimensional and
their wavelengths decrease with an increase in air velocity.The
disturbance wave is ampli� ed rapidly downstream along a jet
surface and then it results in liquid jet disintegration. Thus, the
disturbance wave on the windward surface of the liquid jet
plays an important role in liquid disintegration. Figure 5b
shows right-top-view photographs that were taken simultane-
ously with those in Fig. 5a. Figure 5c shows top-view photo-
graphs. A small amount of white paint was added in the injec-
tant water for better visualization. It was con� rmed that
physical properties of the injectant scarcely changed by the
addition of this paint. From Fig. 5a the surface wave looks
two dimensional, however, Figs. 5b and 5c show waves that
look more complex. At low air velocity, regular disturbance
waves that look to be two-dimensional appear on the surface.
However, at high air velocity, the regular motion of the surface
wave is no longer recognizable. Numerous hollows were ob-
served on the liquid jet surface instead.

Vertical Distribution of Droplet Mass Flux

Local droplet mass � ux distributions were measured using
an isokinetic sampling probe. Figure 6 shows the variation in
droplet mass � ux distribution in a Y = 0 plane for a 1-mm jet
at several horizontal locations. The mass � ux distribution peak
has a vertical location that approaches the center of the wind
tunnel from the exit of the liquid nozzle with an increase in
momentum ratio. The maximum mass � uxes decrease down-
stream. The in� uence of the liquid-to-air momentum ratio on
the maximum mass � ux, however, is small.
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Table 1 Constants in Eq. (2)
(in upper region)

d, mm A a b

1.0 0.96 0.06 0.46
2.0 0.22 0.21 0.79

Table 2 Constants in Eq. (2)
(in lower region)

d, mm A a b

1.0 0.92 20.17 0.60
2.0 0.56 20.04 0.71

Table 3 Constants in Eq. (3)

d, mm B g d

1.0 0.19 20.31 20.73
2.0 0.40 20.31 20.98

Fig. 7 Variations of droplet mass � ux distribution downstream.

Fig. 8 Comparisons between measurements and calculations of
horizontal distributions.

The mass � ux distribution function of a two-phase � ow is
generally expressed by the standard normal function.14 In this
study it is assumed the empirical distribution function can be
expressed by the following equation:

2
mÇ 0 X 2 XY p

= exp 20.693 (1)F S D GmÇ 0 Wp Y1/2

WY1/2 is a function of q and Z. Therefore, it is assumed as
follows:

a bW /d = Aq (Z/d ) (2)Y1/2

The half-width in the upper region of the jet plume beyond
the jet centerline is different than that in the lower region.
Therefore empirical constants, A, a, and b in the previous
equation were obtained separately in the upper and lower
regions by the least-square method as shown in Tables 1 and
2, respectively. As shown in Tables 1 and 2, a is plus in the
upper region and is minus in the lower region. This means that
the droplet dispersion is increased in the upper region and is
lessened in the lower region with an increase in the liquid-to-
air momentum ratio.

In the case of a droplet-laden jet that was injected into still
air, b equals unity.15,16 In the present study, b is less than unity,
and this appears to be because of wind tunnel walls that re-
strain the turbulent dispersion of spray droplets.

can be assumed similarly regarding the half-width asmÇ 0p
follows:

g dmÇ 0 /mÇ 0 = Bq (Z/d ) (3)p 0

where equals rjVj. The empirical constants, B, g, and d werem 00
obtained by the least-square method as shown in Table 3.

Hetsroni and Sokolov15 reported that d equals 22 for a uni-
form droplet-laden jet injected into still air. Yatsuyanagi,16

however, reported that d equals 21.5 for an airblast atomiza-
tion into still air. In Hetsroni and Sokolov’s study,15 particle
loading is small and the in� uence of particles on the air� ow
decays. This causes a smaller d than that for a dense spray jet.
Furthermore, in the present study, the wind-tunnel walls re-
strained droplet dispersion. This causes a gentle streamwise
decrease in maximum droplet mass � ux and results in a smaller
absolute value of d.

Figure 7 shows the variation of droplet mass � ux distribu-
tion in the Z direction. The solid line indicates a comparison
of experiments and calculations from Eq. (1). The distribution
becomes � at downstream. The vertical location where the mass
� ux reaches a maximum of d = 2 mm is higher than that of

d = 1 mm, and the maximum mass � ux of d = 2 mm is also
larger than that of d = 1 mm. Since the liquid-to-air momentum
ratio is kept constant, the liquid injection velocity is also kept
constant. Therefore, the liquid � ow rate of d = 2 mm is four
times as large as that of d = 1 mm. This causes a higher X
location for the peak as well as its larger mass � ux of d = 2
mm.

As shown in Fig. 7, the vertical location where the mass
� ux reaches its maximum does not change downstream of Z
= 100 mm with d = 1 mm. That of d = 2 mm, however,
approaches the bottom wall downstream of Z = 100 mm be-
cause of gravity. The liquid injection nozzle of d = 2 mm
generates relatively larger droplets than that of d = 1 mm.
Some larger droplets lose their momentum in the X direction
up to Z = 100 mm, and then fall down because of gravity.
Upstream of Z = 100 mm, droplet dispersions in the X direction
are almost dominated by momentum in the X direction at the
time of injection. Downstream of Z = 100 mm, however, the
air� ow and the gravity dominate them. An empirical equation
of droplet mass � ux distribution was deduced in the region
where the droplet dispersion is dominated by the droplet mo-
mentum, that is, Z # 60 mm.

Horizontal Distribution of Droplet Mass Flux

The mass � ux distribution in a Y = 0 plane can be presented
by means of the error function. Accordingly, the empirical dis-
tribution function of the droplet mass � ux in the X plane was
assumed to be expressed by the standard normal function as
follows:

2mÇ 0 /mÇ 0 = exp{20.693(Y/W ) } (4)x p X1/2

WX1/2 is a function of q and Z, therefore, it is assumed as fol-
lows:

« zW /d = Cq (Z/d ) (5)X1/2
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Fig. 9 Variations of mean droplet size distribution with momentum ratio. Va = a) 75, b) 90, and c) 110 m/s.

Fig. 10 Variations of mean droplet size distribution downstream
at Va = 75 m/s.

Fig. 11 Variations of mean droplet size distribution downstream
at Va = 110 m/s.

C, «, and z are empirical constants, and were 0.636, 0.195,
and 0.532 for the 2-mm jet, respectively. is obtained frommÇ 0p
Eq. (3). In addition, for the horizontal distribution, z is less
than unity as mentioned earlier. Horizontal droplet dispersion
is slightly promoted with an increase in the liquid-to-air mo-
mentum ratio. As shown in our previous paper,17 spray width
is independent of the liquid nozzle diameter. Therefore, the
effect of the liquid nozzle diameter on the horizontal distri-
bution of droplet mass � ux appears to be small.

Figure 8 shows droplet mass � ux distribution in the X plane
for a 2-mm jet at the location where droplet mass � ux distri-
bution in a Y = 0 plane is at its peak. The lines of spray width
are calculated from an empirical equation that was deduced by
Inamura et al.17 Solid lines of droplet mass � ux distribution
indicate comparisons of the experiments and calculations from
Eq. (4). The mass � ux distribution peak becomes lower and
the distribution becomes wider downstream. The distribution
shows an almost symmetrical pro� le to the Y = 0 plane at every
downstream location.

From comparisons between the measurements and calcula-
tions that are shown in Fig. 8, the curve-� ts agree reasonably
well with measurements.
Droplet Size

Droplet sizes and velocities were measured simultaneously
by PDA. Figure 9 shows the variation of the mean droplet size
distribution for a 1-mm jet with a liquid-to-air momentum ratio
under several air velocities at Z = 180 mm. At low air velocity,
the droplet size reaches its maximum at the periphery of a jet
plume. At high air velocity, however, it reaches its maximum
in the core region. At low air velocity, larger droplets penetrate
the airstream and some of them can arrive at the periphery
because of their larger inertia. At high air velocity, even larger
droplets cannot penetrate the airstream very far because of the
large aerodynamic drag force, and the periphery is occupied
by the � ner droplets that are detached from the jet’s surface
by aerodynamic shear force. From Nejad and Schetz’s exper-
iments4 done under the supersonic air� ow conditions, droplet
size reaches its maximum in the core region. Oda et al.,11 how-
ever, pointed out that droplet size achieves its maximum value
at the periphery over the air velocity range less than 140 m/s.

Figure 10 shows the variation of mean droplet size distri-
bution in the Z direction at Va = 75 m/s. With d = 1 mm, in
the vicinity of the liquid nozzle exit, Sauter mean diameter
(SMD) becomes large both in the core region and in the pe-
riphery. SMD in the periphery increases downstream and even-
tually it reaches its maximum in the periphery farther down-
stream. For a 2-mm jet, in the vicinity of the nozzle exit, SMD
distribution peaks in the core region. SMD in the periphery
increases and in the core region it decreases. As a conse-
quence, SMD in the periphery reaches its maximum in sections
farther downstream.

Figure 11 shows SMD variation at Va = 110 m/s. For both
conditions of d = 1 and 2 mm, SMD distributions have peaks
in the core region throughout. SMDs of d = 1 mm are much
smaller than those of d = 2 mm overall. The differences of
SMD between d = 1 and 2 mm are appreciably large, even at
Z = 280 mm.

Droplet Velocity

Figure 12 shows the variation of mean droplet velocity dis-
tribution for a 1-mm jet with momentum ratio at Z = 180 mm.
Mean droplet velocity has a minimum value in the core region.
It increases in the direction of liquid injection after it achieves
a minimum value in the core region and then gradually de-
creases. This corresponds to the tendency of droplet size var-
iation in the X direction as shown in Fig. 9. The mean droplet
size decreases in the X direction after it reaches its maximum
in the core region and it then increases toward the periphery.
Thus, the periphery appears to consist of large droplets with
low velocities that are generated by the disintegration of liquid
clumps.
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Fig. 12 Variations of mean droplet velocity distribution with momentum ratio. Va = a) 75, b) 90, and c) 110 m/s.

Fig. 13 Variations of mean droplet velocity distribution down-
stream at Va = 75 m/s.

Fig. 14 Variations of mean droplet velocity distribution down-
stream at Va = 110 m/s.

The droplet velocity totally increases with an increase in the
air velocity. With an increase in the liquid-to-air momentum
ratio, the minimum droplet velocity decreases and the vertical
location where droplet velocity has a minimum value ap-
proaches the center from the bottom wall.

Figure 13 shows the variation in mean droplet velocity dis-
tribution in the Z direction at Va = 75 m/s. In the vicinity of
the liquid nozzle exit, the droplet velocity reaches its minimum
in the core region and its maximum in the periphery. Mean
droplet velocity distribution becomes uniform downstream.
The in� uence of the liquid nozzle diameter on distribution is
relatively small.

Figure 14 shows the mean droplet velocity distribution at Va

= 110 m/s. In the vicinity of the liquid nozzle exit, the droplet
velocity distribution is similar to that at Va = 75 m/s. However,
it is nonuniform even at Z = 280 mm, in contrast with that of
Va = 75 m/s. The mean droplet velocities for the 2-mm jet are
totally smaller than those for the 1-mm jet. The in� uence of

the liquid nozzle diameter on the droplet velocity distribution
is larger than that at Va = 75 m/s. The tendency of the in� uence
is stronger with regard to the liquid nozzle diameter on the
droplet velocity, with an increase in air velocity the same as
the tendency of the in� uence of the nozzle diameter regarding
the average droplet size.

Conclusions
This study has been carried out to clarify the spray � ow

structure of a traversing liquid jet in a subsonic airstream.
From photographic observation, surface waves on the liquid
jet show not a two dimensional, but a more complicated struc-
ture, and they play important roles in the liquid jet disintegra-
tion process.

Droplet mass � ux distribution in the X or Y direction can be
presented by the standard normal function. The half-width of
droplet mass � ux distribution was obtained as a function of
liquid-to-air momentum ratio and streamwise distance from the
liquid nozzle. By means of the empirical equation of the drop-
let mass � ux distribution in the X direction, the droplet dis-
persion is promoted in the upper region beyond the peak of
the mass � ux, and is lessened in the lower region with an
increase in the liquid-to-air momentum ratio. With mass � ux
distribution in the Y direction, droplet dispersion is slightly
promoted with an increase in the momentum ratio.

At low air velocity the droplet size reaches its maximum at
the periphery of the jet plume. At high air velocity, however,
it reaches its maximum in the core region. The maximum drop-
let size decreases downstream and the droplet size distribution
approaches the uniform pro� le.

Droplet velocity reaches its minimum in the core region of
the jet plume and the minimum droplet velocity decreases with
an increase in the liquid-to-air momentum ratio. The minimum
droplet velocity rapidly increases downstream. Thus, droplet
velocity distribution approaches the uniform pro� le. Mean
droplet velocities for the 2-mm jet are totally smaller than
those for the 1-mm jet.
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