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Abstract This study examines the effect of fully developed turbulent flow at the exit of noz-
zle/injector on the trajectory and column breakup location of a liquid jet injected transverly
into a gaseous crossflow. Liquid jet trajectory and column breakup for different nozzle
geometries at different velocities of liquid jet and crossflow are analytically and experimen-
tally Investigated. Shadowgraph imaging technique is used to determine the jet trajectory
and breakup location of a transverse liquid jet in a uniform airflow. Particle image velocime-
try (PIV) is used to measure the near-field velocity profile of a liquid jet discgarged into
a quiescent atmosphere. The experimental results show a higher penetration and breakup
height for the liquid jet ensuing from a nozzle with a smaller length to diameter ratio. This
is due to the surface irregularities of the liquid column of a turbulent jet, which breaks up
and consequently follows the cross airflow sooner. In order to capture the effect of turbu-
lence, the analytical trajectory correlation developed in our previous studies is modified
to account for the discharge coefficient of a nozzle. The discharge coefficient is estimated
indirectly by comparing the liquid column trajectory predicted by the modified analyti-
cal correlation with that determined experimentally. The indirectly determined discharge
coefficient is then used in the analytical correlation for predicting the breakup height of a
transverse liquid jet. The results predicted using this approach are in good agreement with
the experimental data of the present study at standard temperature and pressure (STP) test
conditions.
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Nomenclature

Ao nozzle exit area, m2

Bo Bond number, ρlgd2
j /σ

CD liquid column average drag coefficient
Cd discharge coefficient of nozzle
dj liquid jet diameter at the nozzle exit, m
L exit length of nozzle, m
ṁf nozzle mass flowrate, kg/s
q jet momentum flux ratio,ρlv

2
j /ρgu

2
g

Rej jet Reynolds number, ρlvj dj /μl

tb column breakup time, s
ti onset of surface breakup time, s

ts characteristic liquid-phase time,
(
ρl/ρg

) 1
2 dj /ug

t∗v characteristics viscous time, d2
j / (μl/ρl)

ug crossflow velocity, m/s
vj liquid velocity at the nozzle exit, m/s
Weg gas phase Weber number, ρgu

2
gdj /σ

Wej jet Weber number ρlv
2
j dj /σ

x coordinate in gas crossflow (horizontal) direction , m
z coordinate in liquid injection (vertical) direction, m

Greek symbol
μ viscosity, kg/(m.s)
ρ density, kg/m3

σ liquid surface tension, N/m
ψo injection angle

Subscripts
b column breakup
g gas
j jet
l liquid
w water

1 Introduction

The flowfield associated with a liquid jet injected transversely into a subsonic gaseous
crossflow, known as a transverse liquid jet, has superior mixing properties compared to a
jet in quiescent surroundings, which makes this flowfield layout appealing especially for
engineering applications when rapid mixing is desired [1, 2]. This flowfield has various
applications in power generation systems from stationary to avionic combustion engines,
such as low NOx gas turbines, lean premixed prevaporized (LPP) combustors, high speed
direct injection (HSDI) diesel engines and aircraft engine afterburner sections. The applica-
tion of this flowfield configuration in these power systems is advantageous as it enhances
liquid fuel-air mixture, which in turn improves flame stabilization, fuel conversion effi-
ciency, and accordingly emissions reduction [3, 4]. Another application of transverse
liquid jet is the injection of lubricating oil into a rotating annular airflow in the cavity of
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aero-engine bearing chamber [5, 6]. The injection of suspension/liquid radially into a jet
flame during thermal spray processes is also another example of the application of this
flowfield configuration [7].

When a liquid jet is injected transversely into a subsonic gaseous crossflow, it leaves the
injector/nozzle as an unbroken column, begins to ruffle as a result of axial instabilities which
develop along the liquid column, and finally breaks up into ligaments and droplets. This
process is named as the column breakup process [8–10]. As liquid begins to disintegrate
from the surface of the liquid column (as a result of hydrodynamic instabilities on the jet lat-
eral surface), the surface breakup process becomes dominant [8–10]. In the breakup process
of a transverse liquid jet, both column and surface breakup mechanisms coexist but with
the predominance of one over the other depending on flow conditions. Liquid fragments
(i.e., ligaments and droplets) shedding from a jet along its trajectory undergo subsequent
secondary breakup process leading to smaller droplets, and consequently the formation of
a spray. As is illustrated in Fig. 1, the core of a transverse liquid jet (i.e., liquid column)
forms a continuous stream between the jet exit and the location of its complete fracture, and
it is referred to as the column breakup location. Data describing the column trajectory and
breakup location of a transverse liquid jet is important for the design of the aforementioned
power systems. For instance, this information is needed to prevent liquid impingement onto
a combustor’s wall. More importantly, these features are necessary for predicting liquid dis-
tribution which directly affects droplets primary and secondary breakup, droplets collision,
evaporation and vapor mixing rate with the gaseous phase, and thereby affects the over-
all efficiency of a system. Nonetheless, accurate acquisition of these features is difficult
experimentally because of droplets density around the near-field liquid column [11, 12].

Numerous studies examined the role of different parameters which include liquid prop-
erties, test conditions, and liquid injector/nozzle geometry on the column trajectory and
breakup location of a transverse liquid jet (e.g., [14] and references cited therein). Generally,
it is revealed that jet momentum flux ratio, q = ρlv

2
j /ρgu

2
g , plays the most important param-

eter for predicting the column trajectory and breakup height, zb/dj , of a transverse liquid jet.

Fig. 1 Schematic diagram of a liquid jet injected perpendicularly into a gaseous crossflow. Reprinted from
Ref. [13] with permission from Begell House
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Conversely, the column breakup distance, xb/dj , is found to be a constant value. However,
there exist differences in the predictions of these jet features between different published
correlations, even at constant q. The reason for these discrepencies can be attributed to dif-
ferent factors such as the variation in liquid properties, test conditions and nozzle internal
geometries, as well as errors associated with measurement and numerical uncertainties [13,
14]. For instance, q appears and plays a key role in all publsihed correlations for predict-
ing a liquid jet’s trajectory and breakup location. However, this parameter depends on the
value of liquid jet velocity, vj . Thus the reliability of q strongly depends on that of vj . It
appeared that in most published correlations, vj is calculated based on the volumetric flow
rate divided by the injector (or nozzle) orifice cross sectional area, which implies a unity
value of the discharge coefficient [15]. The actual jet velocity is inversely proportional to the
discarge coefficient of an injector/nozzle, Cd . This coefficient, Cd , is a function of several
factors such as nozzle (or injector) internal geometry, liquid injection pressure, jet Reynolds
number (Rej ), turbulence, cavitation and hydraulic flip, ambient pressure, etc. [16]. Con-
sequently, each of these parameters can affect the actual value of vj and hence q, which in
turn can result in different predictions of the column trajectory and its breakup location.

Brown et al. [15, 17, 18] reported that the value of Cd depends on both the internal
geometry and diameter of a nozzle which can change the value of the momentum flux
ratio, q, up to 50% for a nozzle with a length to diameter ratio of L/dj = 4. To address
this issue, they considered a non-unity Cd of a nozzle by taking into account the nozzle’s
injection pressure instead of vj , and proposed a trajectory correlation with different set
of coefficients for each specific nozzle [17]. Ahn et al. [19, 20] investigated the effect of
cavitation and hydraulic flip on Cd and reported that the liquid column trajectory of non-
cavitating and cavitating jets have a similar trend, but were different than that of jets which
experience hydraulic flip as this causes liquid jet flow to detach from the inner wall of the
orifice. They also asserted that the liquid breakup height and distance of a cavitating flow
is smaller in comparison with that of a non-cavitating jet. Lubarsky et al. [21] investigated
the trajectory of Jet-A fuel injected into a cross airflow using different injector geometries
(i.e., sharp edge with L/dj = 10, and round edge with L/dj ∼ 1). They reported that,
within their tested range of Rej , the discharge coefficient of a sharp edge orifice is relatively
constant, Cd ∼ 0.75; while the discharge coefficient of a round edge orifice is Cd ∼ 0.96
for Reynolds numbers exceeding Rej = 10, 000. They indicated a greater spray penetration
into a cross airflow (∼ 12%) for a sharp edge orifice compared to a round edged orifice.

Lee et al. [22] investigated the deformation and breakup properties of a turbulent liquid
jet in a gaseous crossflow. They asserted that the presence of turbulence in a liquid jet has lit-
tle effect on liquid column trajectory but exerted an apparent impact on the column breakup
loction; that is, xb/dj = 5.20 and xb/dj = 8.64 for turbulent and nonturbulent liquid jet in
a crossflow, respectively. Osta et al. [23] measured the column breakup distance of a turbu-
lent liquid jet issuing from nozzles with different length/diameter ratios. They showed that
the column breakup distance of a turbulent liquid jet with different length/diameter ratios
ranged between the two constant values in agreement with the findings of Lee et al. [22] for
turbulent liquid jet, and Sallam et al. [24] for nonturbulent liquid jets; i.e., xb/dj = 5.20−8.
Osta et al. [23] also measured the column breakup height of a turbulent liquid jet by test-
ing nozzles with different length/diameter ratios, and proposed an empirical correlation for
each specific length/diameter ratio, which is expressed as follows: zb/dj = 3.3q0.50 for a
length/diameter ratio of 10 and dj = 4 mm, zb/dj = 3.1q0.5 for a length/diameter ratio of
20 and dj = 2 mm, zb/dj = 2.7q0.5 for a length/diameter ratio of 40 and dj = 4 mm.

To examine the effect of jet exit turbulence on the column trajectory and breakup location
of a transverse liquid jet, the spray regime map provided by Wu et al. [25] for round liquid
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jets injected into a quiescent gaseous environment (see Fig. 2) is utilized. According to this
map, liquid jet has a smooth surface with no reattachment (i.e., implying a non-turbulent
flow) for a nozzle’s length/diameter ratio less than 4–6 at high Rej . On the other hand, a
nozzle with a larger length/diameter ratio generates a fully developed turbulent flow at the
jet exit for sufficiently high Rej .

Furthermore, in order to assess the impact of jet exit turbulence conditions on the char-
acteristics of a liquid jet injected into a gaseous crossflow, details of the geometries and the
range of Rej associated with different studies (e.g., References [9, 21–23, 26, 27]) on the
transverse liquid jets are added in Fig. 2. As it is shown in this figure, the type of nozzles
used in different experiments is either under the range of L/dj = 4 − 6 or above this line,
and there exists no study that examined the rang of nozzles on both (i.e., lower and upper)
side of this line except Lubarsky et al. [21]. In their study [21], however, the shape of noz-
zles are different, and they focused on a comparison between the trajectory of a transverse
liquid jet injected from a sharp edge orifice versus a round edged orifice. This indicates that
the effect of jet exit conditions has not yet been examined. In fact, the impact of nozzle
exit conditions, particularly that of turbulence which could be one of the probable reasons
of the discrepancies between the correlations proposed for liquid column trajectory and its
breakup location, seems to be ignored.

The present study, therefore, aims at examining the role of fully developed turbulent
flow conditions at the nozzle exit on the predictions of the trajectory and column breakup
location of a transverse liquid jet when q and other controlling nondimensional parameters
are kept unchanged. To do so, three round edged nozzles with a diameter of dj = 2 mm and

Fig. 2 Primary breakup regime map for round liquid jets injected into quiescent gases Adapted by the present
authors from Ref. [25] with permission from Begell House
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L/dj = 4, 20 and 40 are used at a sufficiently high range of Rej = 17 × 103 − 57 × 103

(in order to examine the effect of fully developed turbulent exit conditions). The mean axial
velocity profiles and axial turbulence intensity at a region very close to (near-field) the
nozzle exit are obtained using a PIV, and the column trajectory and its breakup location
are extracted from shadowgraphy images. The correlation for predicting liquid jet column
trajectory, which was developed in our previous studies [28, 29], with unknown discharge
coefficient, Cd , is compared with the present experimental data in order to estimate the
value of Cd for each specific nozzle geometry at different test conditions. Based on the
obtained values of Cd , the analytical correlation for predicting the column breakup height
is used to predict these jet characteristics for both non-turbulent and turbulent liquid jet at
standard temperature and pressure (STP) test conditions.

2 Methodology

Both analytical and experimental approaches, which will be described in the following
subsections, are employed to examine the nozzle exit turbulence on the prediction of the
trajectory of a liquid jet and its breakup length.

2.1 Analytical method

For predicting the trajectory of a liquid jet injected perpendicularly into a subsonic cross
airflow, the sinusoidal-exponential correlation proposed by Broumand and Birouk [29] has
the following form:

z

dj

= β

α

(
sin−1

[
sin ψo.exp

((
α

β

)
x

dj

)]
− ψo

)
(1)

where ψo = π/2 is the injection angle, and dj is the liquid jet diameter at the nozzle exit.
β, α and γ are the coefficients which are dependent on different non-dimensional numbers
and their modified forms are presented below. In the present study, two modifications are
performed to estimate the coefficients in Eq. 1. In order to make the liquid injection veloc-
ity independent of the nozzle’s internal geometry and Rej (i.e., nozzle exit conditions) and
deteremine the actual jet velocity needed for calculating q,Rej , and Wej , the nominal jet
velocity, vj,nom, which is calculated based on the metered liquid flowrate divided by the noz-
zle exit area (i.e., Cd = 1), is instead normalized by the actual nozzle’s discharge coefficient
(non-inity discharge coefficient; i.e., Cd �= 1). The discharge coefficient of a plain-orifice
atomizer/nozzle can be expressed as follows [16]:

vj,act = ṁf

ρlAoCd

= vj,nom

Cd

(2)

Equation 1 uses an average value of the discharge coefficient suggested by Brown et al.
[15] with some degree of uncertainty. Thus, in order to improve the reliability of Eq. 1,
a more accurate value of the discharge coefficient of each specific nozzle must be deter-
mined. In doing so, the ligaments and droplets formed by the surface breakup mechanism
are assumed to leave the liquid column from its downstream half [22, 24], as opposed to
droplets formation over the entire periphery of a liquid jet in a quiescent gaseous envi-
ronment [30]. Hence, the mass ratio used for calculating the rate of mass shedding from
the liquid column in Eq. 1 is halved (as indicated in the second term of Eq. 5). Given the
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two afornmentioned assumptions, the coefficients of Eq. 1 can be rewritten explicitly as a
function of Cd . They are expressed as follows:

β = 2C2
d

Wej

−1 (3)

α = γ +
(

Bo.C2
d

Wej

)2
1

γ
(4)

γ = 2CD.C2
d

πq
+ 1

2

⎡

⎣

(
410C2

d

q

) 3
4 (

ρg

ρl

)− 1
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(
μg

μl

) 1
6
(

Rej

Cd

)− 1
2
(

tb − ti

tb

)⎤

⎦ (5)

where q = ρlv
2
j /ρgu

2
g, Rej = ρlvj dj /μl, and Wej = ρlv

2
j dj /σ are simply calcu-

lated based on the nominal jet velocity, vj,nom, and the Bond number is defined as
Bo = ρlgd2

j /σ . An average value of the drag coefficient, CD , along the entire length of
the liquid column for different liquids is adopted from the correlation proposed by Wu
et al. [9] as CD/CDw = 0.984(μl/μw)0.364, where CDw = 1.51 and μw are the water
drag coefficient and viscosity, respectively. The column breakup time, tb, is adopted from

Sallam et al. [24] for Weg<300 as tb = 2.5ts , where ts = (
ρl/ρg

) 1
2 dj /ug is the char-

acteristic liquid-phase time, and the time of the onset of surface breakup, ti , is defined as
ti = 0.0004

[(
μl/μg

)
/Weg

]
t∗v , where t∗v = d2

j / (μlρl) is the characteristic viscous time.
The column breakup height, zb/dj (i.e., liquid jet streamwise direction), is predicted fol-

lowing the approach of Wu et al. [9], who assumed that the time required for the column
to breakup is a fixed portion of the characteristic liquid-phase time, tb = Czts . Assuming
a constant liquid jet velocity, vj , up to the column breakup location, the column breakup
height, zb, can be obtained by multipliying tb by vj . Then, using tb = Czts and the defini-

tion of ts = (
ρl/ρg

) 1
2 dj /ug , and also employing Eq. 2, the correlation for prediciting the

column breakup height can be expressed as follows:

zb

dj

= Cz

[
q

C2
d

] 1
2

(6)

where q is calculated based on the nominal jet velocity, vj,nom, and Cz was adopted from
Sallam et al. [24] as Cz = 2.5 for Weg<300. The column breakup distance, xb/dj (i.e.,
cross airflow streamwise direction), as discussed by Wu et al. [9], should be relatively inde-
pendent of q due to the cancellation of aerodynamic effect on the liquid acceleration and on
the column breakup time scale. Hence, it can be represented by a constant as xb/dj = Cx .

Exploiting these two modified correlations for the column trajectory, Eq. 1, and its
breakup location, Eq. 6, which are explicitly expressed as a function of Cd , the impact of
nozzle exit turbulence can be captured and predicted quantitatively.

2.2 Experimental method

2.3 Test apparatus and conditions

The experimental apparatus is an open wind tunnel which operates at atmospheric condi-
tions and generates a uniform crosswind (crossflow) in a transparent test section made of
acrylic. Several honeycomb and screens are utilized immediately before the test section
to remove lateral and swirl velocity components in the test section. The test section has a
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square cross-section of 305 mm × 305 mm and a length of 600 mm. The blower generating
the wind/flow in the tunnel is controlled by a frequency drive, and the full characterization
of flow in the test section versus different blower’s speed has been performed using laser
Doppler velocimetry (LDV) and reported in our previous publications (e.g., Iyogun et al.
[31], Birouk et al. [32, 33]). The wind tunnel is capable of generating a uniform flow in the
test section with a velocity ranging between 7.5 m/s and 70.7 m/s [22, 31, 33]. The nozzle
is setup flush with the inner surface of the test section.

An injection system is used to deliver the liquid fluid into the test section through a nozzle
which is located 200 mm downstream of the inlet of the test section. It consists of a com-
pressed nitrogen tank which supplies high pressure nitrogen into a sealed chamber which
contains the working fluid. The working fluid is introduced to the sealed chamber via either
a liquid storage tank in the case of water or via a handheld funnel for other liquids. The liq-
uid in the chamber is pressurized to cause liquid to flow out of the bottom of the chamber
into a supply tubing and finally discharges through a nozzle into the test section. The pres-
sure in the chamber is controlled by a typical mechanical pressure regulator attached to the
nitrogen tank. The pressure in the chamber is measured using a digital pressure gauge hav-
ing an output reading in psig with a single decimal digit on a refresh rate of approximately
1 Hz. The pressure gauge assembly includes a manually opened release valve to lower the
chamber pressure, as well as a safety release valve which opens automatically at a chamber
pressure of approximately 140 psig. More detail about the setup can be found in [34, 35].

Three different nozzle geometries with two different types of contraction profiles are
used in the experiment (see Fig. 3). The two different contractions have a conical section
with 60◦ where there is no gradual change in the cross-section, and a rounded one which has
a 2 mm radius edge fillet around the exit diameter. All of these nozzles are manufactured
out of stainless steel rods with an outer diameter of 9.5 mm. The internal cross-section of
all nozzles is circular with a diameter of dj= 2 mm. The nozzle specifications are tabulated
in Table 1.

Each nozzle has been calibrated to determine the relationship between chamber pressure
and nozzle exit velocity. The liquid jet nominal velocity is calculated based on the volume
flow rate divided by the nozzle’s cross sectional area.

Fig. 3 Schematic of the different nozzles: a) Nozzle N (i-iii) with 60◦ contraction, and (b) N (4) and N (2)
with rounded contraction
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Table 1 Geometric parameters
of the nozzles used in the
experiment

Nozzle Name Contraction Type L(mm) dj (mm) L/dj

N(i-iii) 60◦ (L/dj ) 8 2 4

N4 Round (large L/dj ) 40 2 20

N2 Round (large L/dj ) 80 2 40

2.4 Imaging setup

Shadography technique is employed to image the jet trajectory and its breakup location,
while particle image velocimetry (PIV) is used to measure the liquid jet axial mean velocity
and its corresponding axial turbulence intensity at distances very close to the nozzle exit.

Imaging of a liquid jet in the a crossflow is performed in the near- and far-field. In the
near-field imaging, the camera is setup close to the test section to reveal details when the
liquid jet first comes into contact with the crossflow. These images divulge the interaction
between the jet’s surface and crossflow at distances very close to the nozzle exit which
would influence the overall jet trajectory and breakup location.

The imaging of the far-field seeks to determine the overall trajectory of the injected liquid
jet and the column breakup location. For both the near- and far-field imaging of the liquid
jet in the crossflow, 75 images are collected using a high-speed camera with an exposure
time of 5 μs and a frame rate of 30 fps with a resolution of 1280 × 1024 pixels. However,
for the far-field, the camera is setup much farther back from the test section in order to
image a much larger area. In order to improve the uniformity of the light source, the light
is reflected off a spherical concave mirror which has a focal point on the camera’s sensor.
This setup is schematically illustrated in Fig. 4.

The liquid jet upwind boundary is used to determine the column trajectory in the cross-
flow. The jet’s trajectory is determined by averaging 75 images using an in-house developed
MATLAB code. A threshold has been applied to these images to identify the jet/spray
boundary [17, 36]. Following the method of Thawley et al. [37], the breakup length of the
liquid jet is defined as the point where the liquid column first separates. For each test con-
ditions, the breakup location of 10 successive images is first identified manually, and an
average value is used to define the breakup location in the crossflow and liquid jet stream-
wise direction. The uncertainty in the average for the breakup hight is found less than
1 × dj .

Fig. 4 Schematic of the imaging system of liquid jet injected into a crossairflow



162 Flow Turbulence Combust (2017) 99:153–171

A Dantec Dynamics Particle Image Velocimetry (PIV) is used to measure the axial mean
velocity and its corresponding turbulence intensity of liquid jet in a quiescent atmosphere
(without crossflow). The PIV setup consists of a Nd:YAG laser with a pulse energy of
135 mJ and a repetition rate of 10 Hz, a double-frame FlowSense EO 4M CCD camera with
20.4 fps at 2048 × 2048 pixel2 sensor resolution, and Dynamic Studio Software. Silver-
coated hollow glass spheres of 10 μm are used as seeding particles for the liquid jet. The
duration between the two pulses is adjusted according to the jet velocity which ranges
between 2–4 μs. Twelve hundred image pairs are acquired in a field of view of 24 × 24
mm2. An interrogation area of 32 × 32 with 50% overlap in addition to range validation
for spurious vectors elimination are applied in post processing. An average filter of 3 × 3
vectors is used for flow field smoothing.

3 Results and Discussion

3.1 Liquid jet visualization and measurements

To investigate the effect of the presence of turbulence at the nozzle exit on the trajectory and
breakup location of a transverse liquid jet, several experiments were carried out using dif-
ferent nozzle geometries and test conditions. Conditions for the appearance of non-turbulent
and turbulent round liquid jet were obtained from the primary breakup regime map proposed
by Wu et al. [25], as indicated in Fig. 2. Two different sets of nozzles (small: L/dj = 4, and
large: L/dj = 20 and 40 to reach a fully developed turbulent flow) with similar nozzle exit
diameter, dj = 2 mm, were employed.

As is qualitatively illustrated in Fig. 5, the shadowgraph images show that, in the near-
field region (up to zb/dj ≈ 12), the column surface of the liquid jet issuing from a larger
length/diameter ratio (Fig. 5b) exhibits more surface irregularities and produces more liga-
ments particularly at the upwind side of the column (i.e., where crossflow is from right to
left) than its counterpart’s smaller length/diameter ratio nozzle (Fig. 5a). The relatively long
ligaments observed in the jet isused from larger length/diameter ratio nozzle are an indica-
tion of a significant interaction with the ambient (cross airflow). These observations imply
that the liquid jet is turbulent. The influence of the exit conditions of a fully developed tur-
bulent flow on the liquid jet trajectory in the far-field region (up to zb/dj ≈ 80) for both
small and large length/diameter ratio nozzles is qualitatively shown in Fig. 5c and d. As
depicted in Fig. 5d, the turbulent jet exhibits an active and unsteady breakup process with a
shorter breakup length, and it also bends into the crossflow slightly more than the nontur-
bulent jet (Fig. 5c). Hence, it appears that the disturbance of the jet, caused by turbulence,
is an important factor for liquid column breakup in addition to the aerodynamic force of the
crossflow. These qualitative observations will be quantified in the following sections.

In order to support the aforementioned observations, PIV velocity measurements in the
near-field region of the liquid jet injected into a quiescent atmosphere are acquired at several
axial planes; i.e., z = 2, 10 and 20 mm. Figure 6 shows the radial profiles of the liquid
jet axial mean velocity and its corresponding turbulence intensity for different nozzles at
three axial planes. It is observed that the axial mean velocity increases in the flow directions
farther away from the nozzle exit (from the plane z = 2 to z = 20 mm), as shown in Fig.
6a, c, and e. These figures also show that the nozzles with the larger length/diameter ratio
(N (4) and N (2)) tend to produce flatter velocity profiles indicating that the issuing liquid
jet is turbulent. In addition, the higher turbulence intensity of the nozzles with the larger
length/diameter ratio (Fig. 6a, c and e), along with a lower mean velocity profiles (Fig. 6b,



Flow Turbulence Combust (2017) 99:153–171 163

Fig. 5 Flow visualization showing the effect of turbulent nozzle exit conditions on water jet for vj = 21
m/s, Rej = 39965, q = 87, and Weg = 134; where (a) L/dj = 4/dj ≈ 12), (b) L/dj = 40 (up to zb/dj ≈
12), (c) L/dj = 4 (up to zb/dj ≈ 80), (d) L/dj = 40 (up to zb/dj ≈ 80)

d and f), suggest a faster disruption of the liquid column surface and consequently a shorter
column breakup length (see Fig. 5d).

In order to quantitatively assess the effect of nozzle exit turbulence on the liquid jet
trajectory and its breakup location, the effect nozzle geometry was first investigated by
determining the discharge coefficients of each set of nozzles using Eq. 1. Based on the
obtained values of Cd at different range of q, Eq. 6 is then used to find the column breakup
height of the transverse jet for different nozzle geometries.

3.2 Liquid jet trajectory

The main focus of this section is to examine the effect of nozzle’s turbulent exit condi-
tions on the trajectory of a transverse water jet. This is achieved using small and large
L/dj nozzles when keeping all other non-dimensional controlling parameters constant (e.g.,
q and Weg). The predicted liquid jet trajectory using Eq. 1 with an unknown discharge
coefficient, Cd , is compared with their counterpart’s experimental data in order to find the
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Fig. 6 Radial profiles of axial mean velocity of water jet injected into a quiescent atmosphere for vj = 21
m/s at z/dj = 1, 5 and 10. (a, c and e) axial mean velocity, and (b, d and f) axial intensity

Cd of each nozzle over the tested range of water jet velocity (between 9 and 30 m/s) and
two cross airflow velocities (47 and 65 m/s) at standard temperature and pressure (STP) test
conditions.

Figure 7 depicts the near-field experimental data of water jet trajectory for different noz-
zle geometries; namely N (i-iii), N (4) and N (2), under shear breakup regime conditions
(Weg = 134). The other test conditions consists of ug = 65 m/s, and vj = 12, 21 and 30
m/s. As is expected, the jet penetrates farther with increasing q (see Fig. 7a to c). Further-
more, the trend exihibited in these figures reveals that the jet injected from small L/dj

nozzle (N (i-iii)) penetrates farther than that from large L/dj nozzles (N (4) and N (2)), par-
ticularly when the jet velocity increases (Fig. 7c). This is an indication of the fact that the
jet with turbulent exit conditions bends slightly more than the nonturbulent one.

Figure 8 depicts the near-field experimental data of water jet trajectory for nozzles N (i-
iii), N (4) and N (2) under multi-mode breakup regime conditions (Weg = 70). The test
conditions consists of ug = 47 m/s, and vj = 12 (Fig. 8a), 21 (Fig. 8b), and 30 m/s (Fig. 8c).
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Fig. 7 Water jet trajectory for different nozzle geometries in a subsonic crossflow at Weg = 134; (a) vj =
12, q = 28, Rej = 22837, (b) vj = 21, q = 87, Rej = 39965, and (c) vj = 30, q = 178, Rej = 57093

Similar to the shear breakup regime conditions (Fig. 7), the nonturbulent liquid jet (nozzle
N (i-iii)) in multi-mode breakup regime conditions (Fig. 8a–c) penetrates farther than the
turbulent jet.

Jet trajectory predicted by Eq. 1, with unknown Cd , is used to estimate the value of Cd

that is capable of reproducing the experimental data. As is shown in Fig. 9, different ranges
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Fig. 8 Trajectory of water jet for different nozzle geometries at Weg = 70; (a) vj = 12, q = 54, Rej =
22837, (b) vj = 21, q = 166, Rej = 39965, and (c) vj = 30, q = 340, Rej = 57093

of Cd are calculated for different L/dj and q. In essence, the discharge coefficient of a
plain-orifice nozzle/injector is influenced by different factors such as the nozzle/injector
internal geometry, liquid injection pressure, Rej , turbulence, cavitation and hydraulic flip,
and ambient pressure [16]. In this study, as the liquid jet is injected into a cross airflow,
instead of a quiescent atmosphere, and in order to take into account the local pressure at the
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nozzle’s outlet, as well as considering the thickness of the thin non-uniform boundary layer
near the wall of the test section, q (i.e., which is a ratio of liquid inertia to gas inertia) is
used to plot Cd in Fig. 9. As is illustrated in this figure, while the value of Cd shows nearly
the same increasing trend with q for all examined nozzle geometries at different Weg , Cd

is larger for the large L/dj nozzles (N (4) and N (2)) compared with that of the small L/dj

nozzle (N(i-iii)). This demonstrates the importance of considering the influence of turbulent
liquid jet exit conditions (i.e., which can be represented by nozzle’s discharge coefficient,
Cd) on the liquid jet trajectory.

3.3 Liquid jet breakup length

To show the effect of turbulence at the nozzle exit, which is represented by the nozzle’s
discharge coefficient, on the column breakup height of a transverse liquid jet, the breakup
location is calculated using Eq. 6 while taking into account the discharge coefficient of
each nozzle for each corresponding q and Weg from Fig. 9. The computed breakup loca-
tion is compared with its counterparts’ experimental data obtained in the present study.
The column breakup height obtained from the present correlation and that from the exper-
iments are also compared with published correlations (Thawley et al. [37]). As is shown
in Fig. 10, the calculated height (using Eq. 6) shows a good agreement with the present
experimental data, while the correlation from Thawley et al. [37] with a constant coefficient(
zb/dj = 2.5q0.53

)
overestimates the present experimental results at high values of q. This is

again an illustration of the importance of considering the nozzle’s turbulent exit conditions;
that is, the nozzle’s discharge coefficient, in determining the column breakup height.

Figure 11 presents a comparison of the water column’s breakup height, zb/dj , for differ-
ent nozzle geometries obtained from Eq. 6. It is evident that the column breakup height of
the water jet injected from a shorter L/dj nozzle (N (i-iii)) is higher than the breakup height
of the larger L/dj . This is in agreement with the literature where, for instance, Ahn et al.
[20], Lee et al. [22], and Osta et al. [23], stated that the presence of turbulence enhances the
process of liquid column breakup as a whole, and consequently shortens the column breakup
time and length of a turbulent liquid jet in a crossflow when compared with a nonturbulent

Fig. 9 Discharge coefficient for various nozzle geometries at different Weg as a function of q
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Fig. 10 Water column’s breakup height in a subsonic crossflow for various values of Weg as a function of
q for (a) nozzle N (i-iii), (b) nozzle N (4), and (c) nozzle N (2)

liquid jet. In essence, according to Lefebvre [16], for a fully turbulent jet, the radial velocity
component soon causes disruption of the surface film, and consequently the precipitation of
the disintegration of the jet.
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Fig. 11 Comparison of water column’s breakup height of different nozzle geometries

The measurements suggest that the column breakup distance, xb/dj , overall remaines
constant for different nozzle internal geometry, and q. In the present study, the column
breakup distance occurs in the range of Cx = 5.69 to 7.01 jet diameters downstream of the
nozzle, which is in the range that Osta et al. [23] reported for the column breakup distance
using different nozzle geometries, that is xb/dj = 5.20 to 8.

4 Conclusions

The effect of nozzle internal geometry on the ensuing liquid jet turbulence at the nozzle exit,
as well as its impact on the trajectory and column breakup location of a transverse liquid
jet, are investigated at different test conditions. The results show a higher penetration and
breakup height for a nonturbulent liquid jet compared to a turbulent jet. This is attributed
to the surface irregularities produced by turbulent structures along a liquid column of a tur-
bulent liquid jet which causes the jet to break up and follow the cross airflow sooner. It is
shown that since both the jet trajectory and column breakup height are directly proportional
to q, accounting for Cd in determining vj is critical. In this regard, two modified correlations
for predicting a tranverse liquid jet trajectory and its breakup height are proposed which
take into account the discharge coefficient. The discharge coefficient is first found through
a comparison of the analytically predicted trajectory with its experimental counterpart, and
the estimated coefficients are employed in the analytical correlation in order to render it pos-
sible to prectict the breakup characteristics of both turbulent and non-turbulent transverse
liquid jet. Overall, it is concluded that to reach a more comprehensive correlations for pre-
dicting a transverse liquid jet’s trajectory and column breakup location, the effect of nozzle
length to diameter ratio on jet’s exit turbulence conditions should be taken into account via,
for example, the discharge coefficient of a nozzle. Therefore, in order to expand the validity
of the proposed correlation, the effect of the discharge coefficient of other types of nozzles
(such as sharp-edge nozzle) should be determined. The generalization of these correlations
requires further testing to include elevated temperature and pressure (HTP) test conditions.
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