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1. Introduction 

Injection of the liquid fuel across the incoming air flow is widely used in gas turbine engine 
combustors. Thus it is important to understand the mechanisms that control the breakup of 
the liquid jet and the resulting penetration and distribution of fuel droplets. This 
understanding is needed for validation of Computational Fluid dynamics (CFD) codes that 
will be subsequently incorporated into engine design tools. Additionally, knowledge of 
these mechanisms is needed for interpretation of observed engine performance 
characteristics at different velocity/altitude combinations of the flight envelope and 
development of qualitative approaches for solving problems such as combustion 
instabilities (Bonnel et al., 1971). This chapter provides an introduction and literature review 
into the subject of cross-flow fuel injection and describes the fundamental physics involved. 
Additionally highlighted are experimental technique and recent experimental data 
describing the variables involved in fuel spray penetration and fuel column disintegration. 
In recent years, there has been a great drive to reduce harmful emissions of oxides of 
Nitrogen oxides (NOx) from aircraft engines. One of the several approaches to achieve low 
emissions is to avoid hot spots in combustors by creating a lean homogeneous fuel-air 
mixture just upstream of the combustor inlet. This concept is termed as Lean Premixed 
Prevaporized (LPP) combustion. Creating such a mixture requires fine atomization and 
careful placement of fuel to achieve a high degree of mixing. Liquid jet in cross flow, being 
able to achieve both of these requirements, has gained interest as a likely candidate for spray 
creation in LPP ducts (Becker & Hassa, 2002). Since the quality of spray formation directly 
influences the combustion efficiency of engines, it is important to understand the 
fundamental physics involved in the formation of spray.  
As seen in Fig. 1, the field of a spray created by a jet in cross flow can be divided into three 
modes: 1) Intact liquid column, 2) Ligaments, and 3) Droplets. The liquid column develops 
hydrodynamic instabilities and breaks up into ligaments and droplets (Marmottant & 
Villermaux, 2004; Madabushi, 2003; Wu et al., 1997). This process is referred to as primary 
breakup. The location where the liquid column ceases to exist is known as the column 
breakup point (CBP) or the fracture point. The ligaments breakup further into smaller 
droplets and this process is called secondary breakup. 
The most relevant parameter for drop breakup criterion is the Weber number, 

fuelairair DUWe  /2  (in this formula ρair and Uair - density and velocity of the crossing air 

respectively, D - diameter of the injection orifice and Ϭfuel is the surface tension of the fuel). 
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We is the ratio of disruptive aerodynamic force to capillary restoring force. The critical We 
above which a droplet disintegrates is We=10 (Hanson et al., 1963). When Weber number is 
high (We >200), another mode of breakup called the shear breakup becomes dominant. 
During shear breakup, aerodynamic forces exerted by the flow on the surface of the liquid 
jet or ligaments strip off droplets by shear. Though both modes of breakup contribute to 
atomization of the liquid jet, the domination of one mechanism over the other is dependent 
on We and on liquid jet momentum flux to air momentum flux ratio, q.  
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Fig. 1. Schematic of spray created by a liquid jet in cross flow (from Ann et. al., 2006)  

Currently two parameters that characterize disintegration of the fuel jet in the cross flow 
are subjects of great interest among the users of the experimental data. They are (1) 
column breakup point (CBP) and (2) penetration of spray into the cross flow. The location 
of CBP is important for the development of computational models for the prediction of 
spray behavior. Since the aerodynamic drag for the liquid jet is significantly different 
from that of droplets, it is crucial to know the exact location of jet disintegration into 
droplets to be able to predict the extent to which the droplets penetrate into the air 
stream. On the other hand direct measurements of the spray penetration are significant 
for development of the design tools for use by the engine developers as well as for 
validation and adjustment of the spray computational models. Various researchers have 
measured CBP location and spray penetration with reasonable uncertainties. However, 
these parameters are still not explored extensively because of ambiguities in definition 
and due to experimental difficulties. A number of experimental studies of column 
breakup and spray penetration under conditions that simulate those in gas turbine 
engines were undertaken and are briefly reviewed below. 
In the early work on the aerodynamic breakup of liquid droplets in supersonic flows 
researchers (Ranger & Nichollas, 1969) carried out experiments to find the time required for 
individual droplets dropped into a supersonic cross flow to breakup to form a trace of mist. 
They found this time (tb) to be proportional to the droplet diameter (d), inversely 
proportional to the relative velocity between the droplet and the airflow (ua), and 
proportional to the square root of liquid-to-air density ratio (

al  / ). Based on the images 

taken, they found that the constant of proportionality (tb/t*), defined by equation (1) to be 5. 
Another conclusion of their study was that the effect of the shock wave on the aerodynamic 
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breakup of the droplets was minimal. The main function of the shock wave is to produce the 
high speed convective flow that is responsible for the disintegration of droplets. This 
prompted subsequent researchers to use this characteristic time (t*) for droplets in subsonic 
flows as well by. 

 

* 1/2
5.0

( / ) /
b b

l a a

t t

t d u 
   (1) 

Lower values of tb/t*=3.44 were reported later (Wu et al., 1997) for liquid jet disintegration in 

the cross flow with Weber number in the range of We=71 – 200. The column breakup 

location for higher We flows could not be determined. They also found that the CBP was 

located at about eight diameters downstream of the orifice in the direction of airflow for the 

cases reported. 

Other researchers (Sallam et al., 2004) measured column breakup point at We range of 0.5-
260. Their studies yielded different value of tb/t* = 2.5. However, the uncertainties became 
high as We of the flow was increased. This can be explained by the fact that the experimental 
methods that have been employed so far for measuring the CBP position involve the 
analysis of the spray images obtained by back illumination technique. This method works 
reasonably well for low We flows in the absence of shear breakup. In the shear breakup 
regime, that is relevant for the gas turbine applications it becomes very difficult to analyze 
the spray images and find the location of CBP because of the presence of droplets in high 
density around the liquid column. This paper demonstrates a method to overcome this 
shortcoming. 
Method used in the current study was first suggested by (Charalompous et al., 2007) who 
developed a novel technique to locate the CBP for a co-axial air blast atomizer. In this 
atomizer high density of droplets around the liquid jet column limited optical access to the 
jet. To overcome this problem, they illuminated the liquid jet column seeded with 
fluorescent Rhodamine WT dye with a laser beam from the back of the injector. The liquid 
jet acted as an optical fiber up to the point it breaks up. The jet is visible due to florescence of 
the dye until the location of the CBP and the light gets scattered beyond that location giving 
the precise location of the CBP. The current study aims at extending this technique to locate 
the CBP of liquid jets in cross flow. 
Spray penetration into the cross flow have received significant attention by the 
experimentalists hence placement of fuel in a combustor is significant for its design. In 1990s 
researchers (Chen et al., 1993, Wu et al., 1997) have carried out experiments at different 
momentum flux ratios of water jets and developed a correlation of the dependence of the 
upper surface trajectory of jets in a cross flow with liquid to air momentum flux ratio. Later 
(Stenzler et al., 2003) a Mie scattering images were used to find the effect of momentum flux 
ratio, Weber number and liquid viscosity on jet penetration. As in other previous studies, 
they found that increasing momentum flux ratio increased penetration. Increasing the 
Weber number decreased the average droplet size and since smaller droplets decelerate 
faster, the overall penetration of the spray decreased. However, many of these correlations 
are applicable to specific operating conditions, injector geometries and measurement 
techniques. 
It was also found (Tamaki et al., 1998, 2001) that the occurrence of cavitation inside the 
nozzle significantly influences the breakup of the liquid jet into droplets. The collapse of 
cavity bubbles increased the turbulence of the liquid jet accelerating its breakup into 
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droplets. Additional researchers (Ahn et al., 2006) explored the effect of cavitations and 
hydraulic flip of the orifice internal flow on the spray properties created by a jet in cross 
flow. They found that while spray trajectories followed the previously obtained correlations 
(Wu et al., 1997) in absence of cavitations and hydraulic flip, the presence of these 
phenomena resulted in significant disagreements between the observed trajectories and the 
ones reported (Wu et al., 1997). Consequently, they concluded that the design of the injector 
has a significant effect on the spray trajectories. 
Practically all previous studies of fuel spray attempted to describe its penetration trajectory 
into the cross-flow of air in the form of equation that typically incorporate momentum flux 
ratio of the liquid jet to air flow, 22 / airairfuelfuel UUq  , Weber number and certain function 

that describe shape of the outer edge of the spray. Usually, these equations incorporate a 
number of empiric coefficients that were obtained by processing experimental data. In spite 
of availability of dozens of correlations their practical use remains problematic because they 
all provide different results. Figure 2 shows result of application of different correlations to 
one spray with q=20 and We=1000. 
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Fig. 2.  Comparison of the spray penetration trajectories (x and z – coordinates in the 
direction of fuel injection and crossing air flow respectively, d  - is diameter of the injection 
orifice) 

It can be observed that the spray penetration trajectories differ from each other to an extent 
of 100%. Among factors that causes such a big difference the following ones seems to be the 
most important: 

 Design of the injector and its position in the cross flow (i.e. l/d, shape and quality of the 
internal fuel path, presence or absence of the spray well or cavity between the injection 
orifice and the channel e.t.c). 
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 Factors that vary flow conditions in the experiment inconspicuously for the researcher 
such as temperature of the crossing air flow which may change the temperature of the 
injector and thus surface tension and viscosity of the injected fuel. 

 Turbulence of the core and boundary layer characteristics of the crossing air flow that 
may significantly influence spray penetration but rarely mentioned by researches. 

 Imaging technique that was used for many years for capturing spray trajectories was 
static photography that typically captured superposition of sprays on one image due to 
the fact that time constant of such oscillatory phenomena as liquid jet disintegration in 
the cross flow is by several orders lower than expose rate of any available camera used 
in most of experiments. 

The objective of this study was to investigate the spray trajectories and determine locations 
of the column break up points (CBP) formed by the Jet-A fuel injected from the injectors of 
different geometries into a cross flow of air while the above mentioned influencing factors 
will be isolated. For this purpose:  
 Both injectors used in the study that had the same diameter of the orifice and a different 

shape of the internal path were manufactured using the same equipment and 
technology. They were installed with orifices openings flush with the air channel wall 
(i.e. with no spray well, or cavity). 

 Crossing air flow was of the room temperature. Its turbulence level in the core was 
~4%. Thickness of the boundary layer was ~3mm. 

 High speed imaging technique (~24,000fps) with spray illumination by the short laser 
flashes of 30ns duration was used to capture instantaneous images of the spray several 
times during its movement from maximum to minimum position. That allowed 
statistically relevant processing of the images and thus extracting information about the 
averaged spray trajectories and their RMS values.  

Sprays penetration into the cross flow were investigated using Jet-A fuel for a wide range of 
momentum flux ratios between q=5 and q=100. Velocity of the air flow was varied to attain 
Weber numbers in the range of We=400 to We=1600. Air pressure and temperature in the 
test channel were P=5 atm and T~300K respectively. Column breakups were investigated 
also at higher air temperature of 550K (in addition to T=300K) and by using water injection 
in addition to jet fuel experiments in attempt to achieve wider range of non-dimensional 
parameters. 

2. Experimental setup 

Figure 3 shows a schematic of the experimental setup used to study the injection of a liquid 
jet from a flat surface into the cross flow of air at elevated pressure. This setup had a plenum 
chamber, a rectangular air supply channel, a test section with injector under investigation 
and a pressurized chamber with four 38mm (1.5 inch) thick windows for optical access to 
the spray. 
Plenum chamber was 203.2 mm in diameter and 457.2mm long. Two perforated screens 
were installed at the entrance and at the exit of the plenum to achieve necessary level of 
turbulence and flow uniformity in the test section. The rectangular supply channel was 
62.3mm (2.45 inch) by 43.2mm (1.7 inch) in cross-section and was 304.8mm long. It was 
equipped with a “bell-mouth” air intake which was connected to the bottom of the plenum 
chamber to smoothen the air flow. On the other end of the channel four aerodynamically 
shaped plates were attached to the channel creating a test section with a cross-section 31.75 x 
25.4mm (1.25 x 1.00 inch). 
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Fig. 3. Schematic of the test facility 

This test section has ~50mm (2.00 inch) long, 6mm (1/4 inch) thick windows on three sides 
for optical access to the spray zone. The fuel injectors were installed on the centerline of the 
plate 10mm downstream of transparent section. The whole system was fixed to a massive 
optical table while optical tools were installed on a traversing mechanisms, which provides 
precise movement (minimal step is 0.0254mm) in three mutually orthogonal directions 
using step motors and electronic drivers controlled using a computer. In the current study, 
1mm increments of movement were typically used for characterizing the spray. Maximum 
possible flow conditions in the test sections were P=4.2MPa (600 psi) and T=755K (900F) 
which correspond to supercritical flow conditions for the Jet-A fuel. These flow conditions 
were achieved by supplying preheated air flow from the controllable high pressure air 
supply at P < 5.0Mpa (720 psi) and T < 800K (10000F) into the plenum, where it then enters 
the 1.25” × 1.00” test section. 
Velocity in the test section was controlled by the motorized control valve in the exhaust line 
(see Figure 3). Cooling of the test channel, test section as well as inner and outer windows in 
case of the preheated air use was achieved by pressurizing of the pressure vessel with the 
high pressure air flow (P<5.0MPa, T~295K). This cooling air was eventually mixed with the 
high temperature air from the test section in the exhaust path. Pressure of this cooling air 
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was ~1.4KPa (2 psi) higher than in the test section to keep temperature in its surrounding 
below 1000C. Mixture of the air passing the test section, injected Jet-A fuel and cooling air 
left the rig through the exhaust line, passing through the control valve, flow straightener 
and afterburner where fuel was burned in the pilot flame of natural gas to prevent fuel from 
entering the atmosphere. 
Flow conditions in the test section were monitored using 3mm (1/8inch) diameter Pitot tube 
and thermocouple, which were located within the 2.45” × 1.70” test channel (see Figure 4). 
An additional pressure transducer and thermocouple were installed just downstream of the 
test section. Differential pressure sensor measured pressure drop along test section to 
support flow velocity measurements by the Pitot tube. Axes of the coordinate system used 
in this study were designated as shown on the Figure 5. X was direction of fuel injection. Y – 
Lateral spread of the spray and Z – Direction of the air flow. 
 

 

Fig. 4. Instrumentation of the test section 

 

 

Fig. 5. Coordinate system for spray characterization 
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3. Results and discussion 

This section consists of several parts including  

 Characteristics of the incoming air flow; 

 Characteristics of the tested fuel injectors which include: 

 Hydraulic characteristics 

 Images of the fuel jet exiting from both injectors in the absence and in the presence 
of the crossing air flow  

 Droplet sizes 

 Locating of the jet breakup position 

 Results of the spray penetration measurements obtained by processing of images 
obtained at different Weber numbers and different momentum ratios 

 Development of the empirical correlations for spray penetration into the cross flow 

3.1 Characteristics of the incoming air flow 
Velocity profiles of the incoming air flow in the test channel were measured in three 

representative cross-sections in the presence and in the absence of spray using three 

dimensional (3-D) Laser Doppler Velocimetry (LDV) system. This system consisted of two 

transceivers oriented 90 degrees apart, which were installed on the rail connected to the 3-D 

remotely controlled traversing mechanism. This system optically accessed test section from 

the orifice plate (X=0) to the coordinate X<25mm. To obtain velocity measurements 

incoming air was seeded with 3-5mkm alumina particles. Results of measurements are 

presented on Figure 6 in the form of the mean and RMS velocity profiles. It is clear that the 

mean and RMS velocity profiles are of trapeze-shape form typical for turbulence flow in 

tubes. Presence and absence of spray did not produce any significant differences in velocity 

profiles. No significant differences in the profiles were indicated while measured across the 

test channel 5mm upstream (z/d~ 10) and 20mm downstream (z/d~40) of the point of 

injection.  
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Fig. 6. Characterization of the crossing air velocity field in the test section 
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3.2 Characteristics of injectors 
The main difference between the investigated injectors was shape of the surface between the 
plenum and the injection orifice. 
 

   
(a) Sharp edged injector  (b) Round edged injector 

Fig. 7. Schematics of the tested injectors  

One injector had sharp edge as shown on the Fig 7-a and the other one had smooth 
transition path from the plenum to the orifice (i.e., round edge, see Fig 7-b). Their hydraulic 
characteristics presented on the Fig. 8 reflect this difference in the injector’s internal shape. 

Specifically, discharge coefficient 

.. 2 injfuelinj
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C






 of the sharp edge orifice was 

relatively constant Cd~0.75 in the tested range of ReD numbers while the discharge 
coefficient of the round edge orifice is Cd~0.96 at the Reynolds numbers exceeding 
ReD=10,000 (Pinj.>60psi) which is relevant to the current study. 
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Fig. 8. Hydraulic characteristics of the tested injectors (ReD=fuelDinj.Ufuel/fuel) 

Effect of injector geometry on jet disintegration was first demonstrated without cross flow of 
air. Images of the fuel jets injected from both injectors into the atmosphere are presented on 
the Fig. 9. It is clearly seen that the jet coming out of the sharp edged orifice disintegrated 
forming spray structures, ligaments and droplets (see Figure 9-a) while jet injected from the 
round edge orifice was relatively smooth and intact (Figure 9-b). 
A closer look on these fuel jets without cross flow in a near field (see Figure. 10) reveals that 
the jet injected from the sharp edge orifice expands and disintegrates while the jet from the 
round edge orifice shows the development of the hydrodynamic instabilities (see Figures 10-
a and 10-b respectively). This observation suggests that internal turbulence created by the 
sharp edge at the entrance of the cylindrical orifice (L/D~10) dramatically change jet 
boundaries and may lead to the differences in spray creation especially when the 
mechanism of the jet disintegration in the cross flow at elevated Weber numbers (We>200) is 
“shearing”. In fact images of the fuel jets shown on the Figure 11 clearly indicate that 
significant scale difference in liquid border structure on the outer edge of the jet remain 
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while jets are injected into the cross flow. Size of the outer border structures on the jet 
exiting from the round edge orifice (Figure 11-b) is at least ten times smaller and more 
organized than on the jet exiting from the sharp edged orifice (Figure 11-a). 
 

 
(a) Sharp edged injector 

 
(b) Round edged injector 

Fig. 9. Images of the fuel jet injected into the atmosphere (no cross flow) from injectors 

 

   
(a) Sharp edged injector   (b) Round edged injector 

Fig. 10. Zoom in the liquid jets injected into the atmosphere (no cross flow) from injectors 

 

   
(a) Sharp edged injector    (b) Round edged injector 

Fig. 11. Images of the fuel jet injected into the cross-flow of air at We=1000, momentum flux 
ratio q=20 and Re=14,700. 
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The above mentioned difference in the outer border structure of the jet can potentially 
influence size of the created droplets. In fact, sharp edged injector used in the current study 
produces larger droplets as indicated on the counter plots of the Sauter Mean Diameter 

  iiii nDnDDSMD 23
32 / , with Di – diameter of the individual droplet) presented for 

both tested orifices (sharp and round edged) on the Figure 12 (-a and –b respectively). 
Measurements were undertaken using PDPA in the representative cross-section of the spray 
located 60 orifice diameters downstream of point of injection (z/d=60) where spray was fully 
developed at the same flow conditions (We=1000 and q~20) for both orifices. Comparison of 
the SMD along the center line in the same plane (z/d=60) presented in the Figure 13 reveals 
~10% larger droplets on the periphery of the spray produced by the sharp edge orifice. 
 

   
(a) Sharp edged injector    (b) Round edged injector 

Fig. 12. Sauter Mean Diameter (SMD) in the cross plane of the spray at z/d=60 for tested 
injectors 
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Fig. 13. Comparison of the SMDs along the central plane at z/d=60 
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3.3 Locating of the jet breakup position 
Liquid column breakups were investigated using the same pair of the injectors (sharp and 
round edge) shown on the Figure 7. For this purpose injectors were modified to allow 
installation of the fiber optic connector coaxially with the injector orifice to provide 
capabilities for application of the light guiding technique. Measurements were conducted at 
the room and elevated temperature of the crossing air flow (T=300K and 555K respectively). 
Two liquids (Jet-A and water) were used to extend range of possible correlation of the jet 
location versus non-dimensional parameter. 
Figure 14 schematically shows liquid jet light guiding technique that was used for locating 
the column breakup point (CBP) by letting the liquid jet act as an optical fiber and transmit 
light through it. 
 

 

Fig. 14. Experimental schematic for the liquid jet light guiding technique 

Pulsed laser light was introduced from the back of the injector using an optical fiber to 
illuminate the liquid jet. The laser light propagates through the liquid in the injector and 
reaches the liquid jet column. Light coming out of the orifice undergoes total internal 
reflection and is guided by the liquid jet like in optical fibers. This effect is based on the fact 
that the critical angle for total internal reflection for the interface between the Jet-A and air is 
43°. In other words, if the liquid jet column bends by over 430 abruptly, a ray of light 
entering the liquid jet parallel to the injector will also be refracted out of the liquid jet 
column in addition to being reflected. No such abrupt bends were observed in this study. 
This ensures that the attenuation of light intensity in the liquid jet column due to refraction 
is not significant enough to completely terminate the light propagating through the jet. 
Slightly different jet illumination techniques were used in this study for the Jet–A and water. 
When the liquid used was Jet A, Metalaser Technology MTS-20 pulsed Copper Vapor 
laser with tunable pulse frequency (in the range of 5 kHz – 8 kHz) and a power of about 
5mJ per pulse was used for illuminating the liquid jet. When water was used as the liquid 
for creating the spray, a Nd:YAG laser with a frequency of 10 Hz and a power of about 
50mJ per pulse was used for illumination. To make the entire mass of the liquid through 
which light is passing visible both liquids were seeded with a fluorescent dye. The dyes 
used were Pyrromethene 567 with Jet A and Fluorescein with water. Both these dyes 
absorb the laser light and fluoresce in the yellow region. An optical filter was used to cut 
off the scattered light. The farthest visible point from the center of the orifice in the image 
is considered to be the CBP. 
Figure 15-a shows a typical image of a jet in cross flow obtained by employing the liquid jet 
light guiding technique. This raw image was eventually inverted into a binary field shown 
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in Figure 15-b by application of the threshold that was set to the intensity of the image 
which corresponds to the sharp fall in intensity of the liquid jet. The edge of this binary field 
was tracked to obtain the complete boundary of the liquid jet (see Figure 15-c). The farthest 
point on this boundary from the center of the orifice is defined as the CBP in this study. This 
CBP position was averaged over 150 images. Figure 15-d shows the averaged image of the 
liquid jet obtained using this technique with crosses indicating individual CBPs and circle 
indicating the average CBP location for the investigated operating conditions. 
Figures 16-a and -b show the coordinates of the mean location of the CBP in the direction of 
fuel injection (X) and airflow (Z) downstream of the orifice respectively. Data of all four 
experimental series demonstrate the same effect of the CBP approximation to the orifice 
with the growth of momentum flux ratio (q). Two competing factors control position of the 
CBP: (1) Increase of the liquid jet velocity with the growth of q and (2) acceleration of the jet 
disintegration with the growth of the liquid velocity and thus its internal turbulence. This 
competition is clearly indicated by the maximum on the graph, which shows X/d coordinate 
of CBP on the Figure 16-a. This effect is much stronger for the sharp edged orifice at higher 
temperature of the crossing air flow. This fact supports hypothesis of the influence of 
internal turbulence of liquid jet upon the location of CBP because of possibility of cavitation 
at increased temperature of the injector internal surfaces caused by the high temperature of 
the crossing air. 
 
 

  
(a) Raw image   (b) Binary field 

  
(c) Boundary with indicated CBP (d) Averaged image and CBP location 

 

Fig. 15. Methodology for locating the column breakup point (CBP) 
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(a) In the direction of fuel injection  (b) In the direction of crossing air flow 

 

Fig. 16. Location of the column breakup point (CBP) 

Figure 17 shows position of the CBP as a function of Weber (We) number. In fact CBP 

location was determined to be at about 1-4 diameters downstream of the orifice. This 

distance is reduced with increase of We similar to the dependence upon the momentum flux 

ratio in Figure 16. This occurs because an increase of We causes an increase of the fuel flow 

rate and thus velocity of liquid which in turn enlarge the scale of structures (see Figure 11) 

in the jet boundary. Presumably these larger structures accelerate process of jet 

disintegration by aerodynamic shearing. 
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Fig. 17. Typical dependence of the CBP location upon the Weber number for the round edge 
orifice 

It is worth to note that distances at which fuel jet disintegrates in this study are much 

shorter compared to prior studies (Wu et al., 1997; Sallam et al., 2004) that reported the CBP 

to lie at a distance of 8 diameters downstream of the orifice for most of the investigated 

cases. This discrepancy can be attributed to the difference of operating conditions and 

measuring techniques used for the CBP locating. 
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Finally, the entire set of CBP obtained in this study for various values of airflow velocities 
(66 – 140 m/s) and velocity of the liquid jet (19 – 40 m/s) for two liquids (Jet-A and water) at 
two different cross flow air temperatures was summarized in the form of non-dimensional 
breakup time (tcb, defined in equation 1), which was calculated from the experimental data 
with the assumption that velocity of the jet in the X direction does not change until the 
column breaks up. tcb was obtained by dividing the X  distance of the column breakup point 
from the orifice by the jet exit velocity. Dependence of the tcb upon the liquid jet Reynolds 
number (Rej) is shown in the Figure 18. Non-dimensional breakup time (tcb ) is chosen as a 
parameter that is commonly used in computational models of spray formation (Wu et al., 
1995). Choice of the Re number is self explained by the fact that only one injector diameter 
was used in the current study and any variations in the Weber number (We) and momentum 
flux ratio (q) led to strong variation of velocity of the liquid jet (19 – 40 m/s) and thus of the 
Re number. This correlation is described by Equation 2 and as shown on the Figure 17 to be 
valid in the Rej range of 2,700 – 45,000. 

 
*

9.98 0.908ln(Re )cb
j
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t
  . (2) 
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Fig. 18. Non-dimensional breakup time dependence upon the Reynolds number of liquid jet 

3.4 Results of the spray penetration measurements 
Measurements of spray penetration were obtained using NAC GX-1 high speed camera that 

captured shadowgraph high definition images of the spray at the rate of 24,000fps at a 

resolution ~8.5 pixel/mm with a record length of about 20,000 frames. Illumination of the 

spray was achieved by the copper-vapor laser flashes (30ns) synchronized with the shutter 

openings. Laser light was introduced into the test section through the 1mm diam. quartz fiber 

from the laser. Collimator lens and diffusing glass plate created a uniform light beam that 

illuminated spray from one side through the window in the pressure vessel.  Camera that was 

installed on the other side of the pressure vessel captured shadowgraph images of the spray. 

Each of several thousands images (see example on the Figure 19-a) that compose a high 
speed movie of the fluctuating spray was processed individually in order to characterize the 
outer border of the spray pattern. For this purpose the following procedure was applied: 
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 Each image was corrected by subtraction of the averaged background. Images of the 
background were captured before any fuel was injected at each flow condition and then 
averaged for the experimental series to be processed. 

 Dynamic range of each image was adjusted to eliminate possible influence of laser 
pulse intensity fluctuations (i.e. to avoid affecting the overall brightness of the image). 

 Threshold was applied to all images in the series to equalize pixel intensity value in the 
spray region to unity and background region pixels to zero. The result of this 
conversion to a binary field is shown on the Figure 19-b. Line that divided white and 
black zones on the image represented outer border of the spray. 

In the final stage of processing, standard algorithms for calculating mean and maximum 
values and RMS were applied to the spray border lines. 
 

20 mm20 mm

45 mm45 mm
CrossCross--flowflow

 
(a) Raw image    (b) Binary field 

Fig. 19. Procedure for characterization of the outer border of the spray 

All together 58 high speed movies of the spray were captured at different flow conditions 
that are divided into two series. In the first one (so called We-sweep) fuel to air momentum 
flux ratio was kept constant equal to q= 20 while Weber number was changed from movie to 
movie. Spray movies at We=400, 600, 800, 1000, 1200, 1400, and 1600 were captured. 
In the other series of experiments (so called q-sweep) Weber number was kept constant 
(We=1000) while momentum flux ratio was varied from movie to movie. In the q-sweep 
momentum ratios of q=5, 10, 20, 40, 60, 80, 100 were examined. We-sweep and q-sweep 
were performed for both sharp and round edged injectors. 
Typical results of the We-sweep are presented on the Fig. 20 in the form of the mean 
positions of the spray outer boarders at different Weber numbers (see Figure 20-a) and their 
RMS values (Figure 20-b). It is clearly seen that the position of the spray outer edge and its 
RMS are practically independent of We number. RMS value increases almost linearly with 
axial position downstream the injection point. Similar result (luck of dependence on the 
Weber number) was obtained in the We-sweep performed with the round edged injector. 
Luck of dependence of the spray outer border on the Weber number allows significant 
simplification of the correlation function. 
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Fig. 20. Spray penetration (X) into the cross-flow of air at different Weber numbers (We=400 
...1600) for sharp edge injector 
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Series of curves each representing the mean position of the spray outer border at a certain 
momentum flux ratio (q-sweep) are shown on the Fig. 21 for the sharp- and round–edged 
orifices. Graphs reveal strong dependence of the spray border upon the momentum flux 
ratio. Both series of curves follow the same trend. At the same time they indicate greater 
spray penetration into the cross flow (~12%) for the sharp edge orifice comparing to the 
round edged orifice. 
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Fig. 21. Mean spray penetration into the cross flow of air at different momentum flux ratios 
(q=5…100). Note: We=1000=const. 

This difference can be attributed to the larger droplets size created by the sharp edge orifice 

shown on the Figures 12 and 13 and to the difference in the fuel velocity profiles reflected by 

the difference in flow coefficients Cd of the two tested injectors (see curves on the Fig. 8). 

Both factors are working towards higher spray penetration. In spite of the fact that the 

average fuel velocity discharged from the sharp edge orifice is lower than from the round 

edge orifice because of hydraulic losses, velocity in the center of the jet may be higher and at 

least some droplets will have higher momentum exclusively because of velocity difference. 

It is worth to note that the spray border curves obtained for both orifices converge 

significantly while being normalized by the Cd, (i.e., by the maximum velocity) and by the 

diameter (D32) of droplets. 

Curves on the Fig. 22 were obtained by normalizing the jet penetration into the cross flow 

by square root of the momentum flux ratio value, q. All the curves obtained in a wide range 

of q=5…100 and previously shown on the Figure 21 collapsed here in one line. This fact 

provides a good opportunity for the approximations of the spray penetration X using self 

explained physical dependence X~sqrt(q) ~ Ul. 
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Fig. 22. Normalized values of the mean spray penetration into the cross flow of air at 
different momentum flux ratios (q) 
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Measurements of the spray border obtained in the current study using high speed 

imaging technique were compared with the spray border data obtained using Phase 

Doppler method. For this purpose the data rate measured with the PDPA is used as a 

metric to locate the edge of the spray. The edge of the spray is assumed to be around a 

region showing 10% of the maximum data rate as shown in Fig. 23-b. Figure 23-a 

demonstrates a good agreement between the spray trajectories obtained using statistically 

relevant high speed imaging technique and borders of the spray measured by the 

processing of the PDPA data rate. It is clearly seen that the maximum spray penetration 

determined as X*=Xmean+ 2.8RMS is equal to the border determined at the level of 10% 

threshold of the PDPA data rate curve maximum. 
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Fig. 23. Comparison of the maximum spray penetration (i,e X*=Xmean+ 2.8RMS) at q=20 
measured by the high speed (HS) imaging technique and by the PDPA  

3.5 Development of the empirical correlations for spray penetration into the cross 
flow 
Literature sources suggest correlations for the spray outer border x/d=f(z/d) in several 
different forms that definitely include power function of the momentum flux ratio qn. 
Correlations may or may not include power function of Weber number. Shape of the spray 
pattern is typically described using logarithmic or power function. In spite of the fact that 
the accuracy of correlation can be improved by increasing number of empiric constants, 
current study seeks to simplify correlations. This was achieved by using self explained 
proportionality of droplets penetration into the cross flow to their velocity at the point of 
discharge (i.e. x/d~Ul~q0.5) and reducing number of the empiric constants by one (i,e qn = q0.5 ). 
This significant simplification was proved experimentally on both tested injectors in a wide 
range of momentum ratios between q=5 and q=100. 
Another simplification of correlation function was attained by limitation of the Weber 
number range between We=400 and We=1600. This in turn limited number of possible 
mechanisms of the jet disintegration to only one mode of liquid jet breakup; i.e., shear 
breakup excluding column break up. Independence of spray penetration upon the Weber 
number in the investigated range allowed an exclusion of the Weber number from 
correlations. 
As a result spray penetration for both injectors was correlated using only one empiric 
coefficient (a1) that depends only upon the shape of the injector internal surface by the 
following formula: 

b) Spray border determination 
using PDPA data rate curve 
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The other coefficient (a2) only shaped the spray border described by the logarithmic 
function and was independent of the injector design. Thus average and maximum spray 
penetrations were correlated using coefficients a1 and a2 presented in the table 1. 
 
  
 

Penetration Average Maximum 

Injector Type a1 a2 a1 a2 

Sharp Edge 1.2181 

1.8806 

1.9866 

0.7403 

Round Edge 1.0724 1.8641 

 

Table 1. Empirical correlation coefficients for the average and maximum spray penetration 
into the cross flow. 

Comparison of the experimentally measured and correlated spray penetrations X are 
presented on the Fig. 24 for the average and maximum penetration of the spray created by 
the sharp edged injector. 
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Fig. 24. Comparison between the correlated and experimentally measured values of spray 
penetration X  
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4. Conclusions 

1. Outer borders of the Jet-A spray trajectories created as a result of fuel jet disintegration 
in the cross flow of cold air at elevated pressure of 5 atm were measured by application 
the high speed imaging technique that allowed obtaining series of instantaneous images 
of the fluctuating spray. Locations of the liquid column breakup points (CBP) were 
determined using the light guiding technique that make mass of liquid illuminated 
from inside fluoresce till the moment jet losses its continuity.  

2. Crossing air flow had core turbulence ~4% and thickness of the boundary layer near the 
rectangular channel walls ~3mm. 

3. Both injectors used in the study had the same diameter of the orifice d=0.47mm and a 
different shape of the internal path (i.e., sharp and round edge orifice) were 
manufactured using the same equipment and technology. They were installed with 
orifices openings flush with the channel wall. 

4. Application of light guiding technique significantly improved accuracy of  the jet in 
cross flow column breakup point (CBP) determination especially at elevated Weber 
number (We>200) when traditional shadowgraph methods are not effective because of 
presence of droplets in high density around the liquid column.  

5. CBP was found to be strongly dependent upon velocity of the jet and internal 
turbulence of liquid inside the orifice. Jet injected from the sharp edge orifice 
disintegrates earlier compared to the round edge orifice. Dependence of the CBP 
location upon temperature of injector is much stronger in the sharp edge orifice 
compared to the round edge orifice. 

6. CBP locations were well correlated while converted to the non-dimensional form of 
characteristic time against the liquid Reynolds number. In fact, CBP location determined 
in this study were found to be 1-4 diameters of the jet downstream from the injection 
orifice which is much closer than it was reported in the previous studies (z/d~8).  

7. Spray trajectories were found to be independent upon Weber number in the 
investigated range between We=400 and We=1600 due to only shear breakup mode of 
liquid jet disintegration. 

8. Spray penetration into the cross flow was found to be proportional to square root of 
momentum flux ratio of the fuel jet to crossing air in the investigated range between 
q=5 and q=100 due to self explained dependence of droplet penetration upon the jet 
velocity at the point of injection. 

9. Spray created by the sharp edge injector penetrated 12% further into the cross flow than 
from the round edge orifice. This observation was attributed to a larger droplet size 
created by sharp injector and, possibly by the higher velocities of some droplets.  

10. Good agreement between the spray trajectories obtained using high speed imaging 
technique used in the current study and borders of the spray measured by the 
processing of the PDPA data. It was found that that the maximum spray penetration 
determined as Xmax=Xmean+ 2.8RMS is equal to the border determined at the level of 
10% threshold of the PDPA data rate maximum. 

11. Simple correlations for the spray trajectories were obtained using only two empirical 
coefficients. One of them corresponded to the shape of the injector internal path and 
the other one only adjusted shape of the logarithmic function that determined 
average or maximum penetration of the spray and was independent of the injector 
design. 
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