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An experimental study to investigate the effect of nozzle length-to-diameter ratio and the inlet curvature on the

surface properties of turbulent liquid jets in gaseous crossflowwas carried out. Straight nozzles with length/diameter

ratios of 10, 20, and 40were used to generate turbulent liquid jets in gaseous crossflow. The radius of curvature of the

nozzles used was 0.6, 1.2, and 2.4. The present study was limited to small Ohnesorge number liquid jets (Oh< 0:01)

injected in crossflow within the shear breakup regime (WeG > 110). The diagnostics consisted of double-pulsed

holographic microscopy and shadowgraphy. The measurements included liquid-jet surface properties, breakup

location of the liquid column as a whole, and the breakup-regime transitions. The measurements were interpreted

and correlated using phenomenological analyses. It was observed that the injector passage length plays a role in

determining the breakup length and influences the characteristics of the jet upwind surface.

Nomenclature

D = inner diameter of the nozzle
dj = jet exit diameter
L = length of the nozzle passage
Oh = Ohnesorge number, �L=��Ldj��1=2
q = flow momentum ratio (�Lv

2
j=�Gu

2
G)

ReG = cross-stream Reynolds number (�GuGdj=�G)
ReLd = liquid-jet Reynolds number (�Lvjdj=�L)
t = time
u = cross-stream velocity (in the horizontal direction)
v = streamwise velocity (in the vertical direction)
WeG = crossflow Weber number (�Gdju

2
G=�)

WeL� = jet Weber number (�L�v
2
j=�)

x = cross-stream distance (horizontal)
y = downstream distance (vertical)
� = viscosity
� = turbulence integral length scale, dj=8
� = length scale corresponding to ligament and drop size

during primary breakup
�G = gas density
�L = liquid density
� = surface tension

Subscripts

b = end of the liquid-core property
G = gas property
j = jet exit property
L = liquid property
lig = ligament property
1 = freestream property

I. Introduction

T HE breakup of liquid jets in crossflow (see Fig. 1) is specifically
relevant to many propulsion applications such as in gas turbines

and ramjet engines. The study of the effect of a plain orifice atomizer
with a finite straight-passage length on the breakup of turbulent
liquid jet injected by it in uniform crossflow was motivated by its
relevant application to fuel injection systems in jet engines for which
rapid fuel penetration, mixing with crossflow, and sustainment of
combustion are desired. It is known that the disintegration of a
cylindrical liquid jet in a quiescent atmosphere arises from thegrowth
of perturbations initiated at or before the ejection nozzle. The
disintegration process for turbulent liquid jets is brought about by the
breakup of the ligaments, which have been generated by the jet
surface instabilities into droplets. As pointed out by [1,2] the injector
geometry influences the liquid-jet breakup, whereas the turbulence
and cavitation within the nozzle are factors that can decisively cause
the breakup of the liquid jet. The role played by the internal
turbulence in the liquid jet can never be ruled out as a high degree of
turbulence in a jet could initiate jet instability and be the driving
mechanism in causing the jet to disintegrate earlier than it would due
to the aerodynamic interplay alone. In most practical cases, however,
onewould expect that the instability initiated by the turbulence to get
amplified by the aerodynamic forces acting on the jet and that the
cumulative effect causes the jet to disintegrate. In practical injectors
sharp-edged injector entry causes cavitation to be generated within
the nozzle. The upwind-surface instabilities are most likely influ-
enced by the turbulent shear stresses.

Early work on atomization of turbulent liquid jets was conducted
by [3–8], among others. Later studies carried out by [9–14] have
shown that the liquid-jet breakup in still air was significantly
influenced by the geometry of the injector passage, which could be
designed to control the fuel atomization quality. McCarthy and
Molloy [9] explained the effects of injector geometry and internal
flow conditions on the breakup of glycerol–water jets in still air and
showed that for increasing L=D ratios, the roughness of the jet
surface increased, which resulted in the jet breakup changing from
the varicose type to the secondary atomization one, as shown in
Fig. 2. Hiroyasu et al. [11–13] studied high-velocity jet breakup, as
encountered in diesel engines, and observed that cavitation at the
nozzle’s entrance decreased the breakup length in general. This
cavitation could be controlled by the jet velocity and the nozzle entry
(shown in Fig. 3b), and for strong cavitation, the flow reattachment in
the nozzle resulted in increasing breakup lengths. The results were
less pronounced for high-pressure atmospheres (3MPa), because the
aerodynamic effects far outweighed the hydrodynamic instabilities.
Wu et al. [15,16] showed that the boundary layer generated along the
injector passage walls led to jet surface instabilities. Hiroyasu et al.
[11,12] and Arai et al. [14], carried out similar tests for Reynolds
numbers higher than 30,000 and observed that for L=D ratios up to
50, the breakup length increased with L=D, because the strong
turbulence created by separation at the nozzle entrance was reduced
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and the internal nozzle flow profile became fully developed [12]. In
the spray region, however, the increase in the nozzle aspect ratio
caused separation and cavitation, exhibiting hysteresis effects,
resulting in changes in the nozzle’s internal flow pattern and the
corresponding jets having short breakup lengths. Other studies [8,12]
suggested that the liquid turbulence has a great effect on jet stability,
the onset of breakup, and spray quality after breakup.

Sterling and Sleicher [10] compared the results of breakup of
capillary jets at high jet velocities from nozzles with L=D� 0, 49,
and 96 (Fig. 3) and found the jet length to be in disagreement with the
prevailing theories, due to overestimation of the aerodynamic

factors. They proposed a modification toWeber’s theory considering
the effect of ambient fluid viscosity on the normal stresses at the jet
surface.

Breakup properties of turbulent liquid jets in crossflow for
different fluids and conditions, including atomization of the liquid
core, has been pursued by Wu et al. [17], Cavaliere et al. [18], Yoon
[19], Zhang et al. [20], Bellofiore et al. [21], Birouk et al. [22], and
Mashayek and Ashgriz [23]. Their respective nozzles are shown in
Fig. 4a [17], Fig. 4b [22], and Fig. 4c [21]. A concern about their
findings, however, is that the effect of L=D on the upwind-surface
characteristics in the shear breakup regime is lacking. This is of
interest because the jet upwind surface represents the strength of the
turbulence in the jet. Since the upwind surface experiences the
opposing aerodynamic force first, it influences the cycle of events
that follow for a jet in crossflow.
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Fig. 1 Schematic of a turbulent liquid-jet breakup in uniform
crossflow.

Fig. 2 Effect of nozzleL=D on the stability of glycerol–water jets. At the
extreme left L=D� 0 and the breakup regime (not shown in the field of

view) is varicose, and on the extreme right L=D� 10 and the breakup

regime is secondary atomization (McCarthy and Molloy [9]).

Fig. 3 Nozzle geometry used by a) Sterling and Sleicher [10] and

b) Hiroyasu [13] (both A and B).

Fig. 4 Nozzle geometry of a) Wu et al. [17], b) Birouk et al. [22],

c) Bellofiore et al. [21], and d) Lee et al. [24].
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Lee et al. [24] carried out investigation on the breakup of fully
turbulent liquid jets (L=D > 100, see Fig. 4d) in crossflow and
compared their results to the breakup of nonturbulent liquid jet
(L=D� 0) in crossflow [25] at conditions in which liquid viscosity
had negligible effect (Ohnesorge numbers were less than 0.12). They
observed that the formation of ligaments and drops on the downwind
side was enhanced by the presence of crossflow, which was due to a
reduction in the pressure along the sides of the liquid jet. The onset of
turbulent primary breakup was accelerated because of this reduction
in pressure and it always occurred at some distance from the jet exit,
approaching the jet exit at large jet Weber numbers. The breakup
times of the turbulent liquid jets were smaller than those for
nonturbulent liquid jets [25]. A concern is that the behavior of liquid
jets issuing from an injector having L=D in the range of 0 to 40,
which is typical of the practical fuel injectors, is hardly known,
because most of the studies concern themselves with the fully
developed jet (L=D > 40). From a review of the work done above, it
is clear that significant studies have been undertaken to understand
the role played by the injector L=D ratio on jet stability in still air,
while a similar study for turbulent liquid jets in crossflow is lacking.

The present study extends the recent studies of breakup of liquid
jets in gaseous crossflow by Lee et al. [24], Wu et al. [17], Vich and
Ledoux [26],Mazallon et al. [27], and Sallam et al. [28] to investigate
the effects of the nozzle length/diameter L=D ratio and the nozzle
inlet curvature R=D ratio on the breakup characteristics of turbulent
liquid jets in gaseous crossflow. The objectives of the present study
were to complete new measurements for the onset of drop and
ligament formation on the upwind surface, the breakup-regime
transitions, and the end of liquid core. The present experiments were
carried out usingL=D� 10, 20, and 40 andR=D� 0:6, 1.2, and 2.4.

II. Experimental Methods

A. Apparatus

The experimental setup consisted of the liquid injection system,
the crossflow generation and the optical setup. A sketch of the liquid
injection system is shown in Fig. 5. The liquid-storage chamber was
constructed of type 304 stainless steel and had an inside diameter and
length of 76 and 165 mm, respectively. The turbulent round liquid
jets were injected vertically downward from a nozzle with a smooth
rounded entrance, with different radii of curvature followed by round
constant-area passages, as shown in Fig. 6 using an air pressure feed
system into the test section of a subsonic wind tunnel. The liquid-jet

injection was initiated by admitting pressurized air to the top of the
test chamber by triggering a solenoid valve. The pressurized air was
stored on the upstream side of the solenoid valve in an accumulator
tank (volume of 0:18 m3) that was fed with compressed air from a
RixSweetAir air compressor. Themixing between the air and the test
liquid was minimized by a baffle. The liquid injection times were
kept long enough such that flow development times and premature
outflow did not present problems.

The test section of the open-circuit wind tunnel was made of float
glass side walls and floor and an acrylic ceiling to provide optical
access. The wind tunnel had a contraction ratio of 16:1, and the
velocity variation inside the test section was less than�1% of mean
freestream velocity. The test section was 0:3 � 0:3 � 0:6 m, with air
velocities maintained at 70 m=s at normal temperature and pressure,
which was measured by a pitot-static tube (United Sensors model
PDC-18-G-16-KL) installed at the end of the test section. The pitot-
static tube was connected to an inclined tube manometer (Dwyer
model no. 400-10-Kit).

B. Instrumentation and Optical Setup

Double-pulsed shadowgraphy and holography microscopy were
the twovisualization techniques employed. The opticsweremounted
on a breadboard under the test section of the wind tunnel. The
breadboard could bemoved horizontallywith a resolution of 0.5mm.
The light sources for shadowgraphy and holography were two
frequency-doubled Nd:YAG lasers with 7 ns pulse duration (Spectra
Physics, Lab 150-10), which could be fired independently and
synchronized appropriately to obtain double-pulsed shadowgraphs/
holograms. The shadowgraphs/holograms were recorded using
double-exposure charge-coupled-device (CCD) camera (PCO 2000,
2048 � 2048 pixels) that had an interframe time as small as 400 ns.
Shadowgraphy, which is a diagnostic in which the intensity of the
shadow formed when coherent light is passed through the phase
media is dependent on the variations in the optical density of that
transparent media, gave the projected size of the droplets and the jet
surface structures formed at the jet periphery, but any overlapping
ligament or droplet information was lost due to obscurity by the
larger structure. Pulsed shadowgraphs can provide a large field of
view that is useful for the investigation of the breakup of the liquid
column as a whole.

Holography, which is a techniquewhereby the interference pattern
between a wave field scattered from the object after transmission
through it and a coherent background (called the reference wave) are
recorded photographically [29], does not have the limitation of the
depth of field and can be reconstructed at any distance normal to the
2-D image plane. In the present holographic setup, ligaments and jet
surface irregularities as small as 5 �m could be observed. The field
of view was 8 � 8 mm. After the hologram was recorded, it was
reconstructed numerically. The average intensity was subtracted
during the hologram reconstruction. Since the present CCD sensor isFig. 5 Sketch of the jet in crossflow apparatus.

Fig. 6 Sketch of the nozzle geometry used in the present investigation.
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capable of imaging an area of 64 mm2, the entire region of interest
was obtained by recording it in terms of an 8 � 8 mm area matrix
and then combining the images together according to their location.
An average sample size of up to 10 holograms was collected at
each location. The displacements of jet surface irregularities and
ligaments weremeasured using double-pulsed holograms, and the jet
surface velocitieswere calculated by dividing these displacements by
the pulse separation time. The calculated jet surface velocities were
calibrated in terms of the nozzle pressure drop. Experimental
uncertainties of average jet velocity within 95% confidencewere less
than 10% dominated by sampling limitations. The measurements
considered in the present experiment included the breakup-regime
transitions, conditions required for breakup of the liquid column as a
whole, and the jet surface characteristics at the jet upwind surface.

C. Test Conditions

The test conditions are summarized in Table 1. The present study
was limited to small Ohnesorge number liquid jets (Oh < 0:01)
injected in crossflowwithin the shear breakup regime (We1 > 110).
Water was used as the test liquid and was injected from a nozzle with
a smooth rounded entrance with different radii of curvature followed
by a round constant-area passages having length-to-diameter ratios
L=D of 10, 20, and 40. The nozzle diameters D used were 2.0 and
4.0 mm. The values of the radius of curvature of the nozzle passage
entry, normalized by the nozzle diameter, R=D, used were 0.6, 1.2,
and 2.4. The passage length L, nozzle diameter D, and radius of
curvatureR at the entry to the nozzle passage are shown in Fig. 6. The
different nozzle geometries considered wereL=D� 10,D� 4 mm,
and R=D� 1:2; L=D� 20, D� 2 mm, and R=D� 2:4; L=D�
40, D� 4 mm, and R=D� 1:2; and L=D� 40, D� 2 mm, and
R=D� 0:6. The jets were injected at a Reynolds numbers greater
than 104 with a noncavitating smooth entry. Gravity effects were
negligible for the present test conditions. For gas turbines [30,31] and
ramjet engines [32] the fuel is injected into airflow velocities of
15–1000 m=s. The present test conditions are comparable to a
nominal range of Ohnesorge (less than 0.1) and crossflow Weber
numbers (100–105) in those engines.

III. Results and Discussion

A. Flow Visualization

The shadowgraph of the breakup of turbulent jet in crossflow for
the test conditionsWeG � 330, dj � 4 mm, uG � 70 m=s, and vj �
20 m=s are shown in Fig. 7a for L=D� 10 and in Fig. 7b for
L=D� 40. Both nozzles had R=D� 1:2. The crossflow is from left
to right and the liquid jet was injected vertically downward. The thin
wire shown in the background was mounted on the wind-tunnel
window to indicate the vertical direction and serves as a reference for
cross-stream displacements. The region of interest was recorded into
multiple shadowgraphs that were later pasted together according to
their respective downstream positions. A similar approach was

adopted for visualization of the jet using holographic microscopy.
The patched holographic images of the liquid jets up to 20 jet
diameters are shown in Fig. 8a injected from a nozzlewithL=D� 20
and D� 2 mm and shown in Fig. 8b injected from a nozzle with
L=D� 40 and D� 2 mm. The field of view of each individual
hologramwas 8 � 8 mm. The obtained images revealed a number of
general features that were observed during earlier investigations,
such as the roughening of liquid surface due to ligament protrusion
and surface wave irregularities, relatively close to the jet exit.
Subsequently, the size of the liquid-surface roughness elements
progressively increased with increasing distance from the jet exit.
The small-scale disturbances existed independently of the larger
liquid structures appearing far downstream [15,17,33,34]. Small
turbulent disturbances appear first and grow faster than large
disturbances. The adjustment of turbulent flow after exiting the
nozzle passage causes themean position of the liquid surface to bulge
outward near the jet exit. Of interest are the ligaments’ formation at
the upwind surface, which is a phenomenon thatwas not observed for
the breakup of laminar jets in crossflow [25].

B. Jet Surface Velocities

The streamwisemean liquid-surface velocities for the four nozzles
are shown in Fig. 9. Jet surface velocities were calibrated in terms of
the nozzle pressure drop bymeasuring the displacement of jet surface
irregularities such as surface waves and ligaments using double-
pulsed holograms. The average of the displacements of the jet surface
irregularities divided by the delay between the two pulses gave the
mean streamwise velocity at that particular streamwise position.
Because of the wall retardation effect, the jet surface velocities were

Table 1 Operating and initial conditions

Parameters Turbulent

Nozzle diameter, m 0.002, 0.004
Nozzle entrance curvatureR=D 0.6, 1.2, 2.4
Nozzle passage lengthL=D 10, 20, 40
Density of gas, air �air, kg=m

3 1.215
Dynamic viscosity of gas, air �air 1:85E � 05
Surface tension of test liquid, water �w, N=m 0.0708
Density of test liquid, water �w, kg=m

3 997
Dynamic viscosity of test liquid �w, Ns=m

2 8:94E � 04
Crossflow velocity U1, m=s 69
Crossflow Weber numberWe1 376, 332, 166
Jet Weber numberWeLD 104–105

Jet velocity Vj, m=s 10–46
Crossflow Reynolds number Re1 �104
Jet Reynolds number ReLD 20000–200000
Ohnesorge number Oh 0.001682

Fig. 7 Shadowgraph of turbulent jet in crossflow at a) L=D� 10 and

D� 4 mm at Weg � 330, u1 � 70 m=s, and vj � 20 m=s and b) L=D�
40 and D� 4 mm at Weg � 330, u1 � 70 m=s, and vj � 20 m=s. The
pin indicates the vertical direction.
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reduced near the jet exit but increased further away from the nozzle
and reached a constant value that was within 10% of the mean value
at 15 jet diameters for the present test conditions.

C. Breakup-Regime Transitions

To investigate the breakup-regime transitions, an average sample
size of up to 10 holograms constituted a single location. The jet
issuing from the longer passage had a greater degree of instability

marked by the higher density of surface irregularities and so was
more susceptible to earlier breakup. At the upwind surface it had
larger and visibly more ligaments showing up, compared to the
lower-L=D-ratio jet. At high Reynolds numbers the jet had sufficient
turbulent kinetic energy to cause the eddies formed inside the jet to
shoot out as ligaments against the upcoming crossflow and form
droplets. Depending upon the presence of droplets along the
upstream surface, the breakup was classified as turbulent breakup,
whereas in the absence of them, the breakup was considered as
aerodynamic breakup.

A quantity representing the turbulent–aerodynamic force balance,
WemL�q

1=n, was phenomenologically derived in order to predict the
nature of breakup. The streamwise integral length scale�was taken
to be �� dj=8 based on the measurements of Laufer [35] for fully
developed turbulent pipe flow, as cited by Hinze [36]. A simplified
representation of the ligament-drop formation is shown in Fig. 10.
The characteristic size of the eddy causing the onset of ligament
formation on the upwind surface is �, similar to that in [15] in
turbulent breakup. The amount of kinetic energy per unit mass in the
large-scale turbulence is assumed to be proportional to u2, where u is
the characteristic velocity of the eddies. The transfer rate of energy is
proportional to u=l, where l represents the size of the largest eddies
and is related to the integral scales of the turbulence. The rate of
energy supply to the small-scale eddies is thus on the order of

u2:u=l� u3=l (1)

Correlating the velocity and length scales of the ligament and the
largest eddies � inside the jet yields

�vlig=vj�3 � �=� (2)

The turbulent forces within the jet are aiding the formation and
growth of ligaments at the upwind surface of the liquid jet, whereas
the aerodynamic forces and the surface tension forces are opposing
the formation of ligaments at this location. Neglecting the viscous
and other dissipative forces associated with the ligament formation
process, the energy balance on the upwind surface can be simplified
as follows (where KE is kinetic energy):

Fig. 8 Hologram of the turbulent jet in crossflow for nozzle diameter of

2 mm and a) L=D� 20 and b) L=D� 40 shown for a distance of 20 jet

diameters for Weg � 170 and u1 � 70 m=s.
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Fig. 10 Simplified representation of a primary breakup process.
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�turbulent KE�lig � �aerodynamic work�lig
� �surface tension work�lig (3)

or

�Lv
2
lig�

3 	 Cd�Gv2G�3 � ��2 (4)

or

�Lv
2
lig�=� 	 Cd�Gv2G�=� � 1 (5)

or

��Lv2j�=����=���vlig=vj�2 	 �Cd�Gv2Gdj=����=�� � 1 (6)

or

�WeL����=���vlig=vj�2 	 CdWeG��=�� � 1 (7)

Substituting �=� from Eq. (2),

�WeL���vlig=vj�5 � CdWeG�vlig=vj�3 � 1 (8)

The above equation could be rewritten in the form of an energy
function E�X�, where X � vlig=vj is the variable parameter affecting
the upwind ligament breakup. Of concern here are the minima of
E�X� in the neighborhood of zero, sinceE�X�> 0 for the breakup to
occur:

E�X� � AX5 � BX3 � C (9)

where A�WeL�, B��CdWeG, and C��1. Setting @E=@X� 0
for minima yields

@E=@X� 5AX4 � 3BX2 � 0 (10)

or simply

X � �vlig=vj� �
p�3CdWeG�=

p�5WeL�� � Z=
p
q

where Z is a constant and q�WeL�=WeG. From the present study
(see Sec. III.D),Wu andFaeth [16] and Sallam et al. [37], the distance
of onset of breakup (Xdiu) can be written as

Xdiu=�	 K�WeL���m (11)

where K, and m are positive real numbers. The time of onset of
breakup is given by Xdiu=vj. A ligament with velocity vlig should
attain its maximum breakup size (i.e. pinch-off length), Lpinch off , in
the same time. The pinch-off length is then given by �Xdiu=vj�vlig, or
simply

Lpinch off � �Xdiu��vlig=vj� � K�WeL���m 
 �Z=
p
q� 
� (12)

or

Lpinch off=�� K0=�WemL�q1=2� � 1 (13)

where K0 is a constant. Generalizing the form above, WemL�q
1=n

represents the nondimensional threshold length of disintegration of
the ligaments on the upwind side and should be approximately the
same for different nozzles.

To estimate the values of m and n, the breakup map was plotted
withWemL�q

1=n on the y axis vs the crossflowWeber numberWeG on
the x axis for different values of m and n. The plot of the breakup-
regime transition points for WeL� � 103–104; n� 2, 3, and 5; and
m� 1 is shown in Fig. 11. For n� 3 the fit through the breakup-
regime transition points gives a straight line, thus separating the
breakup-regime map into an upper turbulent breakup region and a
lower nonturbulent (or aerodynamic) breakup region. The lower
aerodynamic region also includes the column, bag, and multimode
breakup regimes [37], in addition to the present shear breakup
regime. Thefit line had a value ofWeL�q

1=3 	 17; 000. In Fig. 12 the
plot of �WeL��mq1=3 against the crossflow Weber number WeG for
m� 0, 1, and 2 is shown. The value ofm� 1 gives a straight-line fit,

as in the previous case. Thoughm� 2 appears to be a straight-line fit
too, it is not so upon closer observation. There is also a larger scatter
of the transition points. Thus, the value of WeL�q

1=3 � 17; 000
represents the boundary between the turbulent/aerodynamic breakup
regimes and is valid within the present experimental uncertainties.

D. Onset of Breakup at the Upwind Surface

The streamwise location of the onset of ligaments (turbulent
primary breakup on the upwind surface),Xligiu, and the onset of drop
formation,Xdiu, weremeasured and are plotted against the jetWeber
number in Fig. 13. Though the fit follows the same trend of round
turbulent liquid jets in still gases for L=D� 40 [16,37], the onset of
drop formation was observed to occur later. This can be explained by
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considering the disturbances induced by the aerodynamic forces and
the turbulent forces within the jet. On the upwind side the
aerodynamic and surface tension forces compete with the dynamic
pressure induced by the turbulent eddies within the jet. The onset
distancewas smaller for the shorter-passage-length nozzle for values
ofWeL� less than 8000, as compared to its behavior at higherWeL�.
The observation could be theorized in the followingway: the onset of
ligaments and drops are brought about by the instabilities in the free
liquid surface, which could be due to a number of factors and is
usually characterized by the jet Weber number and the nozzle
geometry. After leaving the nozzle the shear layer in the jet thins
rapidly and the boundary layer relaxes to a free-surface condition
from the no-slip condition within the nozzle. Turbulence plays a
dominant role in the growth of nonaxisymmetric disturbances and is
characterized by eddy vortices that are transformed or propagated
radially outward, interacting with the boundary layer and inducing
motion/instability of the jet surface. Upon injection, the turbulent
eddies start inducing a rollup motion that takes some time and
distance to develop, known as the relaxation time tr and relaxation
length lr, which can be scaled with the nozzle length, respectively
[38,39]. At low jet Weber numbers the energy content of the eddies
is small. For the shorter-passage nozzle the velocity profile is
undeveloped, liquid turbulence is less, and the relaxation length is
small in comparison with the longer-passage nozzle, where the
turbulence content is relatively high. Also for the shorter nozzle, the
velocity relaxation time is less than that of the longer nozzle.
Therefore, in the case of the shorter nozzle, the eddies traveling
radially outward arrive at the jet surface earlier and with a higher
energy to form ligaments and drops earlier than the case of the longer
nozzle. However, at higher jetWeber numbers, though the relaxation
length and time increase, the exceedingly dominating turbulence in
the jet core of the longer-passage nozzle results in the eddies arriving
at the jet surface earlier, breaking the relaxation-length barrier, due to
their relatively high energy content, thus resulting in quicker surface
breakup, as compared to the shorter-passage nozzle. The larger wave
instabilities associated with the higher L=D nozzle lead to signif-
icantly more atomization and erosion of the liquid core. This
phenomenon merits further studies, however.

The correlations of the presentmeasurements (Fig. 13) of the onset
of ligaments Xligiu were as follows:

Xligiu=�� 6816�WeL���0:74 for L=D� 40; D� 4 mm

(14)

Xligiu=�� 37�WeL���0:15 for L=D� 10; D� 4 mm

(15)

The present measurements of the onset of drop formation Xdiu are
shown in Fig. 13, together with the experimental correlations for the
onset of breakup of liquid jets in still air from [16,37]. The present
correlations were

Xdiu=�� 8; 258; 409�WeL���1:5 for L=D� 40; D� 4 mm

(16)

Xdiu=�� 17; 244�WeL���0:76 for L=D� 10; D� 4 mm

(17)

The correlation coefficient of the fit was 0.97 and 0.96, respectively.

E. Ligament Sizes Along the Upwind Surface of Liquid Jet

The variation of the ligament diameter on the upwind surface as a
function of the distance from the jet exit was measured as done by
Sallam and Faeth [40] for round free jets. To isolate theL=D effect on
the ligament formation characteristics nozzles with the same R=D
ratio of 1.2 (D� 4 mm) but different L=D ratios (10 and 40) have
been considered for the jet Weber number range of WeL� � 3�
104–1 � 105. The present measurements of the ligament diameter
normalized by the integral length scale dlig=� were plotted vs

ylig=�We
1=2
L� are plotted for L=D� 10 and 40 and R=D� 1:2 in

Fig. 14. The correlations from [40] for R=D� 1 and L=D� 40 and
from [24] for L=D > 100 are also shown in Fig. 14. The ligament
effective diameter dlig is calculated from the measured ligament
length Llig and the ligament projected area on the hologram, Alig, as
done in [40] as

dlig � Alig=Llig (18)

The effective diameter is an approximate representation of the
ligament size. It can be seen from Fig. 14 that the ligament size
increases along the streamwise direction for both nozzles; the longer
L=D nozzle produces larger-sized ligaments. The correlations for the
present measurements were as follows:

dlig=�� 0:40�ylig=�We1=2L��0:59 for R=D� 1:2; L=D� 40

(19)

Fig. 13 Onset of breakup against the jet Weber number.
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Fig. 14 Ligament size vs the streamwise distance on the upwind surface

for different passage lengths and D� 4 mm.
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dlig=�� 0:39�ylig=�We1=2L��0:62 for R=D� 1:2; L=D� 10

(20)

The correlation coefficients of the fit were 0.80 and 0.70, respec-
tively. Changing the value of � causes the correlations to be
displaced along their respective line of slopes, such that a decrease in
� would result in a displacement away from the origin and an
increase in�would result in a displacement toward the origin. Next,
the measurements were carried out for nozzles with the same L=D
ratio of 40, but with R=D ratios of 0.6 and 1.2 and a Weber number
range of WeL� � 1 � 104–3 � 104, as shown in Fig. 15. It was
observed that the change in the entrance curvature, R=D, causes the
correlation of the ligaments size distribution to deviate from the
previous correlation to the following:

dlig=�� 0:47�ylig=�We1=2L��0:29 for R=D� 0:6; L=D� 40

(21)

The correlation coefficient of the fit was 0.73. This could possibly
be due to the smaller radii of curvature and it needs a further
investigation. The ligament size distribution measurements for
nozzleswith the samediameterD� 2 mm but differentL=D (20 and
40) andR=D ratios (2.4 and 0.6) and jetWeber number,WeL�, range
of 1:3 � 104–4:4 � 104 are shown in Fig. 16. The correlation is
given by

dlig=�� 0:36�ylig=�We1=2L��0:37 for R=D� 2:4; L=D� 20

(22)

Thus, for the same jet diameter the slope of the correlations were
closer to each other. The correlation coefficient of the fit was 0.90. It
can be observed that with diminishing diameter the ligament size
distribution somewhat flattens out. This could be explained by
considering the effect of the jet Reynolds number on the onset of
primary breakup for turbulent round liquid jets in gaseous crossflow.

A modified form of dlig=�, that is C1�dlig=��C2 was plotted

against (ylig=�We
1=2
L� ) in Fig. 17 so that the data points fall along the

line R=D� 1 [40], where C1 and C2 would be linear functions of
L=D and R=D. Using a fitting routine the coefficients were

calculated as tabulated in Table 2 and were of the form a�
b�R=D� � c�L=D� � d�L=D��R=D� as following

C1 ��2:59� 3:19�R=D� � 0:14�L=D� � 0:12�L=D��R=D�
(23)

C2 ��2:63� 3:16�R=D� � 0:16�L=D� � 0:13�L=D��R=D�
(24)

Rewriting the above we have

dlig=�� �1=C1��ylig=�We1=2L��1=C2 (25)

The plot of the modified variables is shown in Fig. 17. In Eq. (25) the
crossflow Weber number was kept at a constant value of uG �
70 m=s and only the jet Weber number was varied. Hence, the effect
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Fig. 15 Ligament size vs the streamwise distance on the upwind surface

for nozzles with L=D� 40, D� 4 mm, and R=D� 1:2, and with

L=D� 40, D� 2 mm, and R=D� 0:6.
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of the aerodynamic forceswas not considered. The equation obtained
for the final fit line was

dlig=�� 0:38�ylig=�We1=2L��0:61 (26)

with a correlation coefficient of the fit equal to 0.78.

F. Breakup of Liquid Core

The breakup downstream distance yb, the breakup time tb, and the
breakup cross-stream distance xb were measured from the large-
field-of-view shadowgraphs and compared with the data of
[17,21,22,25] for L=D� 0 (their nozzles are shown in Fig. 4.). It
would be helpful to define a turbulent length scale in the context of
the nozzle passage length, here. Although the Reynolds numbers of
these jets are high the jets issuing from a nozzlewithL=D� 0 cannot
be considered as a turbulent jet, since a certainminimum length in the
nozzle is needed before the turbulence (mean flow and fluctuations)
becomes developed. Otherwise, it would just be a developing
turbulent flow with the turbulent characteristics changing until the
flowbecomes fully developed. The breakup time tb of the liquid core,
given by

tb � yb=vj (27)

was analyzed by associating the time of penetration of the jet
elements with the aerodynamic characteristic time t�, given by [41]
as

t� � ��L=�G�1=2dj=uG (28)

The value of tb=t
� yields the empirical time constant Cyb associated

with the breakup of the liquid column and its values for differentL=D
ratios are presented in Table 3, where n is the index of q in the plot
(Fig. 19) and is derived from

yb=djq� �xb=djq�n (29)

The breakup cross-stream distance, xb=dj, has a constant value for a
particular L=D as seen in Fig. 18. The measurements of tb and xb
were plotted as a function of crossflowWeber number together with
previous results [24,25] forL=D� 0 andwere close to the results for
nonturbulent jet breakup in gaseous crossflows. The difference in the
values ofCyb is possibly because the tests for [24,25]were carried out
in shock tube with a thinner boundary layer as compared to the
boundary layer in a wind tunnel.

The penetration of liquid jets injected into crossflow was also
considered in the form similar to that in [25]. The plot of the
normalized breakup length, yb=dj, as a function of the momentum
flux ratio, q, for the three nozzles is shown in Fig. 19. For a complete
comparison the present results for L=D� 10, 20, and 40 are plotted

alongside those of [17,21,22,25]. The following correlations
between the breakup length and L=D were obtained:

yb=dj � 3:3q1=2 L=D� 10; D� 4 mm (30)

yb=dj � 3:1q1=2 L=D� 20; D� 2 mm (31)

yb=dj � 2:7q1=2 L=D� 40; D� 4 mm (32)

The correlation coefficients of the fit were 0.98, 0.92, and 0.92,
respectively.

It can be seen clearly that with the increase in the nozzle length, the
breakup length decreases. The long passage length introduces high
turbulence in the jet at high values of momentum ratio, which
increases the instabilities induced in the jet and causes an earlier
breakup, resulting in shorter breakup lengths. The discrepancy in the
breakup behavior between [25] for L=D� 0 and [17,21,22] for
L=D� 4 may be explained by the fact that the measurement of the
breakup location from shadowgraphs is subjective and different
authors have different criteria of determining the point of breakup.
However, a more plausible explanation is that the L=D� 4 results
were obtained in a wind tunnel [17,22] and a crossflow chamber
reproducing the geometry and the operating conditions of the
premixing channel of a lean, premixed, prevaporized (LPP) gas
turbine engine [21] (where a large boundary layer exists near the
nozzle exit) but the results of [25]were obtained in a shock tube (with
a thinner boundary layer). In a shock-tube facility the jet experiences
the freestream crossflow as soon as it exits the nozzle, whereas in a
wind tunnel it would have to cross thewall boundary layer in order to
do so, and this could delay its breakup time. This results in a shorter
liquid column. For the present investigation,WeG was kept at a fixed
value of 166 and 332 in the shear breakup regime, corresponding to a
value of ReG equal to 9 � 103 and 20 � 103 for the 2 and 4 mm
nozzles, respectively. The tests by [21] were carried out for LPP gas
turbine conditions with water/kerosene at elevated temperatures

Table 2 Coefficients in the C1�dlig=��C2

vs (ylig=�We
1=2
L� ) plot

L=D R=D C1 C2

10 1.2 1.15 1.12
20 2.4 2.00 1.65
40 1.2 0.91 0.98
40 0.6 1.90 2.30

Table 3 Coefficients in the breakup equation

L=D n Cyb

4 0.53 3.07
10 0.50 3.29
20 0.50 3.09
40 0.50 2.65
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Fig. 18 Plot of jet breakup time and breakup location against the

crossflow Weber number.
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(300–600 K) and pressures (1–2 MPa) with ReG � 5000 to 26,000
and the breakup length was grouped on the basis of a threshold value
of ReG � 13; 000.

IV. Conclusions

An experimental study of the effect of the injector geometry on the
breakup of turbulent liquid jets in crossflow at STP was conducted.
The present investigation involved measurements of the turbulent
primary breakup properties at the upwind surface of turbulent round
liquid jet in uniform crossflow and the mechanisms involved to find
the effects of the nozzle internal geometry. The nozzles used for
injecting the liquid jets were designed to have negligible cavitation
and had the following geometries: L=D� 10, D� 4 mm, and
R=D� 1:2; L=D� 20, D� 2 mm, and R=D� 2:4; L=D� 40,
D� 4 mm, and R=D� 1:2; and L=D� 40, D� 2 mm, and
R=D� 0:6.

The test conditions included jet exit Reynolds numbers of 20,000–
200,000 (corresponding to jet velocities 10–46 m=s), jet exit Weber
numbers of 10,000–100,000, and liquid/gas density ratios of 810 at
conditions in which direct effects of liquid viscosity were small
(Oh < 0:01). The major conclusions were as follows:

1) It was observed that the injector passage length does play a role
in determining the breakup length and the breakup time. The results
show that the increase in the injectorL=D ratio resulted in decreasing
breakup lengths of turbulent liquid jet for the same jet velocity. It was
also observed that the breakup lengths depended on the nature of the
crossflow in which the jet was injected. The breakup lengths of
turbulent jets in thewind tunnelwere different from those observed in
the shock tube.

2) The jet upwind-surface characteristics, i.e., onset of ligaments
and drops and size of ligaments along the surface, were influenced by
the passage length of the injector and the radius of curvature of the
nozzle entry. The results were, however, close to turbulent jet in
crossflow [24] and turbulent jet in still air [40].

3) The formation of ligaments on the upstream surface of turbulent
liquid jet in crossflow was used to classify the breakup-regime map
into two major regimes known as aerodynamic breakup regime and
turbulent breakup regime. These two regimes are separated by the
dimensionless number:WemL�q

1=n.
Finally, measuring turbulence level inside the liquid jet at the

nozzle exit is very important to understand the effect of the injector
geometry on the turbulent primary breakup mechanism. Measuring
the turbulence kinetic energy at the nozzle exit location is needed to

provide a better understanding of the role of turbulence in fuel
atomization processes.
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