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Liquid jets exposed to a low subsonic cross airflow are studied experimentally to

determine spray trajectories of the jets' upper boundaries. The water jet's trajectory of the

lower boundaries is also investigated qualitatively. The nozzle diameter as well as the

cross airflow and water jet speeds are varied to provide a wide range of experimental

conditions. Although the study of a water jet in subsonic crossflow is not entirely novel,

the results of previous research are extended to a low subsonic crossflow range having a

maximum axial velocity of about 70 m/s. The previous assertion that data from the

supersonic range could be extrapolated to subsonic cases is shown to be largely true, even

with a wider range of momentum flux ratios than those considered previously. In

addition, an attempt is made to unravel the 'mystery' behind the lack of a single water

spray trajectory correlation and to appraise previous correlations with a view to knowing

their limitations. While many investigations have been carried out for water jet in cross

airflow, little work has been done for viscous liquids. Consequently, the effect of tiquid

viscosity on the trajectorylpenetration of liquid jets in a low subsonic cross airflow is also

studied. It is shown that, as the viscosity increases initially penetration also increases but

a fuither increase in viscosity produces a decrease in the penetration especially far from

the nozzle exit.
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The combustion and energy industries are striving today to increase their efficiency. In

addition to cutting cost through increased efniciency, a better mixture of fuel and air will

reduce pollution, which is increasingly becoming an issue in this age of global warming.

Airplanes (commercial, military, ffid private), automobiles, and fuel burning power

generation plants are just a few of the many examples that would benefit immensely from

an increase in combustion efficiency. Also, certain teclrnologies like hypersonic air-

breathing engines, which are not practical due to fuel consumption issues, could become

feasible if a significant increase could be attained in combustion efficiency. The injection

of a liquid fuel in a cross or co-axial airflow is a common scenario prior to combustion in

several liquid fuelled combustion systems.

Chapter I

INTRODUCTION

A co-axial liquid jet in an airflow has been the most researched area of liquid injection,

compared to transverse liquid injection in a cross airflow. The desire to have overall,

better combustion has prompted the study of liquid jets in a cross airflow. The

significance of a liquid jet in a cross airflow is evident in the area of combustion, the

cooling of turbine blades and reacting gases, liquid jet metal cutting, propulsion systems,

coatings, etc' While an unbroken liquid jet with great momentum is desired in liquid jet

cutting applications, a liquid jet broken into smaller droplets is preferred in combustion.

The emergence of the Ramjet and Scramjet has fuither heightened interest in studying

liquid jets injected into cross airflows.



Recent developments in engines design and the existence of new hybrid fuels possessing

large ranges of viscosity and surface tension calls for a better understanding of the effects

of liquid viscosity on the overall dynamics of a jet's trajectory/penetration and breakup

(Nejad and Schetz [1]). One reason for exploring alternative fuels is their potential to

have cleaner air for future generations. One other application of a viscous liquid jet is the

lubrication of rotating components in the bearing chambers of a jet engine. "For example,

the objective of injecting lubricating oil through anozzle onto a rotating annular airflow

in the cavity of aero-engine bearing chambers is to have the lubricating oil travel as a

continuous jet before impinging on the outer shaft surfaces. The oil films created will

then travel to the bearings in order to lubricate them. However, before the oil jet reaches

the target, it must traverse a gas flow caused by the rotational motion of the shafts. It is

possible that the jet will hit the surface of the shaft. Alternatively, it could be deflected by

the gas flow and miss the shaft or it could be broken up by the differential velocity of the

gas" (Birouk et al- l2]). It is in the context of these applications that a study of the

traj ectory/p enetration of viscous liquids is appropriate.

Several aspects of a spray plume are deemed important in giving an overall picture of the

behavior of liquid jets in crossflows. The liquid jet's upper trajectory in the crossflow,

which is the highest penetration attained by the liquid jet in the cross airflow at all

locations throughout the spray plume, is one aspect that has been studied extensively. An

improved knowledge of the upper trajectory of liquid jets in cross airflows will give a

better understanding of the combustion phenomenon in several combustors. In order to

make the design of these types of combustors easier and more tractable, much effort has



been expended to find empirical correlations that help engineers. Although data for the

upper trajectory of water jets abound in the open literature, in which several predictive

correlations have been proposed, much still needs to be done because most of the

published correlations produce large discrepancies when compared with one another. The

presence of these discrepancies seems to compound the very essence of proposing these

correlations. This leads to the fìrst major aspect of this study; viz

l' to investigate the trajectory/penetration of a water jet in a low subsonic, cross

airflow over a wide range of momentum flux ratios than previously covered and

determine a carefully researched and documented correlation. This investigation

should bring to light the reasons for the discrepancies.

All aspects of a spray plume are important. Previous investigators have been concerned

with the width of the spray plume, droplet mass density, penetration from the standpoint

of maximum flux density, etc. However, the lowest penetration of the liquid jet into the

cross airflow has not been explored. This leads to another aspect of this investigation:

2' to investigate the lowest penetration of water jet, which is a measure of the

dispersion of a spray plume.

The breakup of the riquid corumn of a fuel jet in a cross airflow is

because it controls the combustion process in a combustor. Breakup

location is the point where the continuous liquid jet column breaks

very significant

or the fracture

into droplets or



ligaments. It is at this point that the liquid jet ceases to be called a liquid column but,

rather, it transforms into the ligament region, Breakup of a liquid jet into droplets

increases the surface area of the jet, which enhances mixing with the airflow. A few

studies have involved a quantitative analysis of the column break up of water jet in a

cross airflow [3, 4]. We are not interested here in this aspect, however, because there is

good agreement amongst most researchers in this field, we only verified their findings.

Another aspect of this field that has drawn attention is the effect of liquid properties such

as density, viscosity, and surface tension on the tralectory/penetration of a liquid jet in a

cross airflow. While a less viscous liquid jet, like water, has been investigated

thoroughly, very little has been accomplished in understanding the effect of liquid

properties on a jet's trajectory and breakup l2l. Nevertheless, there is good agreement in

the open literature on the effect of surface tension on the penetration, but disagreement

occurs when viscosity is the liquid property considered. Also, the study of the effect of

liquid viscosity on the normalized penetration has been limited to a couple of positions

(Nejad and Schetz l5l) or the liquid column region (Wu et al. tal). This deficiency leads

to the second major aspect of this study:

3. to investigate the effect of liquid viscosity on the trajectory and penetration of

liquid jets in a low subsonic cross airflow.

It is believed that the results of the present investigation will considerably improve the

knowledge of a liquid jet's trajectory in a low subsonic cross airflow. In particular, the



reasons for the previous failure to establish

highlighted. Also, the effect of viscosity on a

better perspective.

a single trajectory correlation will be

liquid jet's trajectory will be placed in a



The injection of a liquid jet into a gas crossflow is a very important phenomenon.

Applications could involve either a subsonic or supersonic crossflow in the combustor of

a Ramjet or a Scramjet, respectively, or a strictly subsonic crossflow in a combustion

chamber. To improve the efficiency and performance of these systems, it is critical to

know the trajectory and breakup of liquid jets exposed to crossflows. The combustion

efficiency of these systems depends largely on the outcome of the jet's breakup 14,61.

LITERATURE REVIEW

Chapter 2

While much attention has been given to a jet interacting with a high subsonic or

supersonic flow of Mach number 0.2 and above, less attention has been paid to a low

subsonic crossflow. This is one of the main reasons for this investigation, which is

directed at a much wider spectrum of momentum flux ratios than covered previously.

Indeed, there is almost no open literature that covers the low subsonic cross airflow

scenario under consideration in this study. It has been suggested by most researchers,

however, that the correlations and conclusions for a liquid jet in a supersonic crossflow

can be extended to the subsonic case. It was shown on the other hand that the trajectory

of a liquid jet in a crossflow is a function of the momentum flux ratio q, the streamwise

distance x, and nozzle diameter, d l4l.One pertinent question is: can straightforward

extrapolations be made from the high subsonic case to the low subsonic case? This is one

motivation behind this study.



Chen et al' l7l focused on the trajectory of a water jet in a high subsonic crossflow by

means of the Mie-scattering technique. They proposed a complex, three term exponential

correlation for the jet's trajectory. Wu et al. [4] distinguished the liquid column regime

from the ligament and droplet regimes. They proposed a correlation for the liquid jet

trajectory that is applicable up to the jet's column breakup (i.e. fracture) location. Wu et

al' [8], while utilizing the coruelation of Wu et al. þ] for the liquid column region,

proposed a different correlation that applies exclusively to the droplet region. previous

correlations for the jet trajectory have mainly two different forms; a power-law (see, for

example, [4, 8-10]), which is also adopted in the present study, and a logarithmic function

[1i-13]' Theoretical work in this field is quite sparse and few results are available in the

open literature, especially those dealing with the dynamics of the penetration of a spray

plume. See, for example, Refs. [14-16].

The common elements of concern when a liquid jet is injected into a hypersonic,

supersonic, or subsonic crossflow are largely: the jet column trajectory and break-up,

column fracture locations, the effects of liquid properties (surface tension, viscosity, and

density) on the jet's structure, effects of injection angle on penetration and breakup, jet

penetration height; effects of nozzle or injector geometry, effects of cavitation and

turbulence in the near-field dynamics, near-field spray characteristics, atomization

regimes, droplet size and distribution, and much more. The spray plume has been divided

generally by many researchers, such as Wu et al. [4] and Fuller et al. [3], into three main

regions. They are the (a) liquid column, (b) ligament, and (c) droplet regions. other

investigators employed different terminologies for these regions. For example, Nejad and



Schetz [5] used the following categorizations to compartmentalize the spray plume: (a)

the cohesive jet body, (b) the spray formation zone, and (c) the atomization region of the

fine drops' The primary breakup process is very important in sprays because it initiates

atomization and leads to further breakup processes like the secondary breakup of droplets

which has been studied extensively. See, for example, recent review articles by Gelfand

[17] as well as Hsiang and Faeth [18].

The effects of liquid properties on jet penetration heights and trajectories have also

attracted the attention of researchers. Nejad and Schetz Ii,5], for example, investigated

the effects of a liquid jet's properties on the breakup and atomization of the jet in a

supersonic airstream. Schetz and Padhye [19] on the other hand, considered a jet,s

penetration and measured the maximum penetration height at 6.25 jet diameters

downstream from the nozzle exit. They concluded that the liquid jet,s penetration had

attained its asymptotic value at this position. Moreover, they also obtained a correlation

of a jet's maximum penetration as a function of the momentum flux ratio, q. Becker and

Hassa [20] investigated the breakup and atomization of a kerosene jet in a crossflow at

high pressure environment. They also found empirical correlations for the jet,s trajectory

that are appropriate in the range from 1 to 40 nozzle diameters downstream of the nozzle

exit.

Jet column fracture (or breakup) locations have also been studied extensively in the open

Iiterature' wu et al. Pl observed that a jet's transverse fracture locationy¿, normalized by

the nozzle diameter, d, (i.e. yb/d), is a function only of the momentum flux ratio, q. They



found that the jet's streamwise fracture location, normalized by the nozzlds diameter

(i'e'xuf d) is constant for all their explored values of q. This observation suggests that the

streamwise fracture location is insensitive to q which confirms Inamura et al.'s [11]

finding. However, Wu et al. [a] determined that xof d equaled 8.06+ 1.46 butlnamura et

al' [11] found xoldto be in the range of 3.0 to 3.5. Li and Karagozian l2il studied the

breakup of a liquid jet in a supersonic crossflow in order to analytically predict the jet,s

column breakup location by using the experimental observations of Schetz et al. 122].

They noted that the liquid jet column fractures shortly behind the local sonic point and

the streamwise fracture locations have the same magnitude as those found by Wu et al.

[a]' The sonic point criterion was judged to be a better method of predicting the jet

column breakup location in comparison to the tension point criterion also tested by the

same authors [21].

All the boundaries of a jet as well as the relevant features of the spray plume should be

studied for a complete spray plume description. It is on this basis that 'Wu et al. [g]

investigated the penetration of the spray plume from the standpoint of maximum flux

location' Another aspect of the spray plume, which was also considered by Wu et al. [g]

and lnamura et al [11], is the width of the jet which was correlated to x/d, q,and the jet,s

nozzle diameter, d- Inthe present study, the lower boundary of the jet is investigated with

a view to proposing a qualitative empirical correlation due to the limitation of our

imaging system. This investigation is important because there is a need to completely

define the jet spreading. Recall that the lower boundary, which is the lowest penetration

attained by the liquid jet in a crossflow, is the region where droplets stripping is intense.



A liquid's viscosity has already been studied by several researchers to evaluate its effect

on the jet's column breakup and penetration. Nejad and Schetz [23] observed that, for

less viscous liquid jets with a conespondingly low surface tension, the jet's breakup and

atomization is due to wave formation. On the other hand, for a high viscosity liquid jet,

ligament formation is the principal mechanism for the jet's breakup and atomization. For

example, Nejad and Schetz [23] observed that, for very high viscosity injectants and low

q,thejet breaks into ligaments rather than droplets over the range of x/d they covered.

However, even for the very high viscosity liquids (viscosities much higher than that of

water), Nejad and Schetz [23] observed that at high q, thejet breaks up into droplets.

Birouk et al. [2] proposed two correlations to determine both the transverse and

streamwise penetrations of viscous liquid jets before breakup. The breakup locations they

found for low viscosity liquid jets (viscosities comparable to that of water jet) agreed well

with those of Wu et al. [4]. Conversely, formore viscous liquid jets, both the transverse

and streamwise penetrations differed from the data of wu et al. [4].

V/hile extensive research has been performed on the penetration of a water jet in a cross

airflow, much still needs to be understood about the effect of viscosity on a liquid jet's

penetration. There seems to be different views concerning this effect amongst different

researchers. Nejad and Schetz [1] observed that, with increasing viscosity, there is a

corresponding increase in penetration. In a sfudy by Nejad and Schetz [1] of the effects of

viscosity and surface tension on a jet plume in a supersonic crossflow, it was found that

penetration measurements at x/d : 26 and 52 for water/glycerin mixtures of viscosities

27.6 to 59.8 CP collapsed around a single line but consistently produced a higher

i0



penetration than that of water alone. For example, at q:20, viscous liquid jets penetrate

about 20Yo more than water. Wu et al. [4], however, in the measurement of the

penetration for a 40o/o glycerollwater mixture, observed a very unstable injection process

in the liquid column region. They also observed a noticeably lower penetration very close

to the nozzle exit than that of water. A little farther from the nozzle exit, a very unstable

process occurred where there was more penetration for some injection processes and less

for others. Lastly, Reichenbach and Horn 1241, in their investigation of the liquid

properties on a jet's penetration in a supersonic stream, observed that in contrast, the

liquid viscosity did not affect the liquid jet's penetration.

There is good agreement amongst Reichenbach and Hornl24l, Nejad and Schetz [1, 5],

and Wu et al. [4] that surface tension has negligible effect on penetration. Therefore, it is

not studied here. On the other hand, the effect of viscosity on the jets' normalized.

penetration in supersonic/ high subsonic streams has been limited to a few x/d rafios

(Nejad and Schetz [1, 5]) or to the liquid column region (Wu et al. [a]). Also, there are

only limited data for highly viscous tiquids. In the present study, we are interested in

investigating the entire spray plume (i.e. the liquid column region, ligament region, and

droplet region) of liquid jets having a wide range of viscosity.

ll



EXPERIMENTAL FACILITY, INSTRUMENTATION AND

EXPERIMENTAL METHODS

The experimental facility consists of a wind turmel and a liquid injection system. The

associated instrumentation or measuring devices are: a seeding particle generator, a laser

Doppler velocimetry (LDV), a high-speed imaging system, a viscometer, a thermocouple,

and hydrometers. Brief descriptions of the different components are presented in this

chapter.

3.1 Experimental Facility

3.1.1 Wind Tunnel

Chapter 3

The wind tunnel delivers a wide range of airflow speeds with an invariably low

turbulence intensity of about IYo in the test section. It is an open loop, subsonic type (see

Fig. 3.1) that operates at atmospheric pressure.
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Fig. 3.1: Schematic of the wind tunnel.
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Air is "sucked" into the wind tunnel by means of a blower after which it passes through a

diffuser. At the exit of the diffuser, the air goes through a set of airflow conditioning

screens and honeycombs in the settling chamber. Afterwards, the air is accelerated

through a contraction section and then passes through the test section, which is a square

duct. The sides of the test section are made of transparent acrylic for visualization. A

drum is placed under an open diffilser that is connected to the test section's exit to collect

the expelled liquid. The wind tunnel is controlled by using an H7 True Torque Control

Adjustable Speed Drive to vary the blower's frequency from about l0 Hz to 60 Hz which

corresponds to an airflow (i.e. cross airflow) speed ranging from 12 to 71 m/s in the test

section.

The main components of the wind tunnel are:

I. Blower section'. The blower is a centrifugal fan with airfoil type impellers

purchased from Northern Blower, Winnipeg. It has a motor capacity of 25 HP. An

H7 Adjustable Speed Drive (ASD), which is a product of TOSHIBA, drives rhe fan.

The H7 True Torque Control Adjustable Speed Drive is a standard-duty solid-state

AC drive that features True Torque Control. It uses digitally controlled, pulse width

modulation. It has an easy-to-read240 x 64 pixel graphical LCD sc¡een with a user-

friendly Electronic Operator Interface (EOÐ that is used primarily to control the

wind tunnel operations, particularly the speed drive of the blower.

il. Dffiser: Two diffusers are used in the wind tunnel. Diffuser 1, which is placed

between the blower fan and the contraction section, diffuses the airflow prior to the

settling chamber. Diffuser 2, which is located downstream of the test section, is

used to diffuse the airflow downstream of the test section and hence slow the
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airflow to reduce power consumption. The diffuser i is made of fiberglass and has

inlet and outlet dimensions of 718 mm x 543 mm and 762 mm x 762 mm,

respectively, and a total length of about 1.7 m to prevent flow separation. The

second diffuser is made of aluminum sheets and has inlet and outlet dimensions of

400 mm x 400 mm and 1170 mm x 700 mm, respectively, with a length 2.9 m. Its

top is opened to the atmosphere. Also, an approximately 400 mm diameter hole is

drilled at its bottom sheet, to empty the expelled liquid into a drum placed

undemeath.

Settling Chambers: The settling chamber separates the first diffuser and the

contraction section. It consists of honeycombs, followed by a series of conditioning

screens. Honeycombs are positioned in the settling chamber just before the

contraction section to remove swirl and lateral, mean velocity variations.

Conditioning screens are used to improve the airflow's uniformity. The settling

chamber has inlet and outlet dimensions of 762 mm x 762 mm and.762 mm x 762

mm, respectively, and a length of about 400 mm. Its outer surfaces are aluminum

sheets.

Contraction section: Its main purpose is to increase the velocity of the airflow

immediately before the test section. The contraction section is made of f,rberglass

and it has inlet and exit dimensions of 762 mm x 762 mm and 305 mm x 305 mm,

respectively, and it is about 940 mm long.

Test Section: The test section has a 305 mm square cross section and a 600 mm

length. It is made of acrylic to facilitate flow visualizationand iaser diagnostics.

ilI.

IV.

V.
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3.1.2 Liquid Injection System

A liquid injection system was designed to deliver a liquid jet into a cross airflow [25].

The liquid injection system is composed mainly of a pressurized liquid chamber, a

nozzle, a compressed nitrogen tank, and a set of stainless steel pipes and valves, as shown

schematically in Figure 3.2.

Liquid Supply line Digtg

To Nozzle

Stainless Steel
Pipes

ure Gauges

The volume flow rate of the water jet is controlled by regulating the compressed

nitrogen's pressure in the pressurized liquid chamber. Liquid jets are injected vertically

downwards into the low subsonic airflow from a nozzle whose exit is flush with the

inside of the test section's top surface. The pressure inside the chamber is controlled by

using a digital pressure gauge whose working range is between 7.0 PSIG and 120.0

PSIG. The resulting jet speed is between 7 nls and 30 m/s at thenozzle's exit. This speed

Regulator

Figure 3.2: Schematic of the liquid injection system
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range is obtained by using two identical nozzles having different diameters of 1.000 mm

and 1.905 mm. Note that the nozzle is positioned 200 mm downstream of the test

section's inlet. The main components of the liquid injection system are described briefly

below.

3.7.2.1 Pressure Chamber

The pressure chamber is the core of the liquid injection system l25l.It is where the liquid

is stored first before it is forced through anozzle. The chamber is made of 12 inches of 6-

inch inner diameter pipe, with a 6-inch cap on top and a 6:3 inch cone reducer followed

by a 3-inch cap on the bottom. The cone reducer is included to reduce turbulence at the

exit. On the top surface of the pressure chamber, there is all}-inchNPT port to fill the

chamber with the liquid, a 114-inch NPT fitting for the pressure gauge and a 3/8-inch

NPT fitting for the nitrogen line. On the bottom there is a single 3/8-inch NPT f,rtting for

the liquid outlet. A steel bafÍle plate sits inside the chamber beneath the nitrogen line to

prevent the nitrogen from impacting the liquid. The pressure chamber is stainless steel.

To avoid corrosion, the chamber was heated initially to more than 1000 oC for an hour to

allow chromium, which could cause rusting to dissolve. The chamber was then pickled

and pacified to make the chamber inert [25].

3.1.2.2 Pressure Gauge

The pressure gauges are very important in determining a jet's nozzle exit velocity. Two

gauges are used, one with a range of 0-100 PSIG and another up to 500 PSIG. Absolute

Process Instruments Inc. supplied both gauges. The gauges are digital, each powered by

two AA batteries. One set of batteries could last for about 2500 hours. The 0-500 PSIG
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gauge ts accurate to 0.25o/o while the 0-100 PSIG gauge is accurate to 0.lYo. Both gauges

supplied with a 1/4 NPT fitting, are coated with plastic to give the gauge additional

corrosion resistance. This is important as the gauge is near the funnel used to fill the

chamber with the test liquid. The gauges have a double overpressure rating (i.e. the gauge

is damaged when exposed to twice its maximum design pressure) and a quadruple burst

rating.

3.1.2.3 Nozzles

Nozzles have two different diameters but the same geometry. They are used to inject

liquid into the test section. The design of each nozzle is based on the specifications of Wu

eL al. l4l. Therefore, to maintain a laminar jet flow from the nozzle, a length to diameter

ratio, L/d, of 4 is used. Also, the transition from the nozzle's tapered section to its straight

exit section is rounded to avoid cavitation. Figure 3.3 shows a schematic of the nozzles.

inlet diameter:75 mm

Fig. 3.3: Schematic of nozzle design
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3.2 Instrumentation

The measuring devices used are described below:

3.2.1 Seeding Particle Generator

The seeder is a 1O-bar LaVision droplet generator,

drops to seed the airflow for its characteri)ation.

range 0.2 p,m to 1.0 pm which are small enough

seeder is positioned at the blower section air intake.

3.2.2 Laser Doppler Velocimetry (LDV)

Laser Doppler velocimetry whose main components

intrusive technique for measuring fluid flow velocity.

next.

which produces micro-sized olive oil

The diameter of drops is within the

to follow the airflow faithfully. The

are shown in Figure 3.4 is a non-

Its operating principle is described

F¡rewlre CaÞle

Photo Detector Modute

PDM (1000)

Figure 3.4: Schematic of LDV technique [26]

Transmitter/
Receiver optics
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3.2.2.1Operating Principle of the Laser Doppler Velocimetry (LDV)

The Laser Doppler Velocimeter measllres the velocity of flow tracers (generated by the

particle generator). The one dimensional LDV measurement technique uses a laser

(Innova 70C series, 5 W', argon-ion type laser) to generate a coherent (fixed frequency)

beam to illuminate the flow seeders. The laser used in this experiment generates two

green beams of equal intensity (having a 514.5 nm wavelength). These two beams are

transmitted through an optical fiber into the transmitting system that uses a 363 mm focal

length lens to intersect the beams. The intersection at the focal point of the lens forms a

probe volume. The probe volume consists of a set of bright and dark fringes. A particle

scatters light as it crosses the bright fringes. The scattered light is collected by receiving

optics and converted to electrical signals by Photomultiplier Tubes (PMTs) (i.e. the Photo

Detector Module i000 (PDM 1000). The PDM 1000 sends an electrical signal ro the TSI

Flow Size Analyzer 4000 (FSA 4000) processor. The latter extracts the frequency at

which the seeding particle crossed a bright fringe. This frequency is known as Doppler

frequency,/¿, and because the fringe spacing, ô¡ is geometrically fixed, the Flowsizer can

determine the particle's velocity, uû, as

u- : õf-fo.

3.2.3 High Speed Digital Imaging System

A MotionScope, high-speed digital camera having a frame rate between 60 and 8,000 þs

was used to record the images of the dynamics of the liquid breakup processes and the

jet's trajectory. The camera has a zoom lens of 5 to 75 mm with a magnification of 1.8

and a maximum shutter speed of 6.25¡rs. It has a maximum resolution of 480x420 pixels

at 60 to 250 þs which degenerates to 60x68 pixels at 8,000 fps. We used a frame rate of
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500 fps which gives a pixel resolution of 320x280. The imaging system stores these

images in an Image Memory on the Controller Unit. The components of the MotionScope

camera are: (i) lens, (ii) CCD chip, (iii) shutter, and (iv) trigger switch. Images can be

viewed in a forward or reverse mode at selectable frame rates from 1 to 8000 frames per

second, a frame-by-frame mode or a freeze frame mode To analyze motion and time

during the event. A sequence or part of a sequence can be saved in a computer file on a

computer disk or removable media for later retrieval and study. All the settings of the

camera (frame rates, record rates, frame storage, recording, etc) are adjusted from the

dedicated computer. Two halogen lamps having a power of 250 and 750 W were used

simultaneously to provide illumination. Backlighting technique was employed for a good

contrast and better illumination.

3.2.4 Instrumentation for Measuring Liquid Properties

The density of the liquids is measured by Fisherbrand hydrometers from Fisher

Scientific. The hydrometers all had +0.5kgf # accuracy. The viscosities of all the test

liquids were measured by using a viscometer. The results of the viscosity measurements

were found to be comparable with those from the CRC Handbook of Chemistry and

Physics l27l and all the references cited therein. Finally, surface tensions were taken

froml27l.

3.3 Experimental Methods

3.3.1 Selection of 'Working Fluid

Tap water is chosen to provide a reference in terms of liquid properties and because

published data for a water jet in a cross airflow are readily available. However, the choice
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of the 40o/o, 60Yv and 80o/o glycerol/water mixtures was made because glycerol is quite

soluble in water, easy to mix and, above all, limited data is readily available for the 40o/o

glycerol/water mixture for comparative purposes. The crossflow is air and the air

pressure in the test section is atmospheric.

3.3.2 Experimental Procedures

The liquid to be studied is poured through a funnel into the pressure chamber while the

bleed valve is open. After filling the chamber, the H7 adjustable speed drive is turned on

and set to the required fan speed drive. Once the wind tunnel is operational, the required

jet speed is set by opening the nitrogen tank valve and adjusting the pressure delivered to

the chamber by means of a regulator (nozzle calibration is presented in the next chapter).

Once the pressure stabilizes at the required value measured by the pressure gauge on the

pressure chamber, the valve connections on the stainless tubing are opened to deliver

liquid to the nozzle.

The imaging system is positioned to capture the liquid jet's trajectory and the breakup

processes. Once the irnages have been captured, they are saved in a JPEG format. Twenty

images were saved for each set conditions. Twenty images were chosen because it was

observed in preliminary tests that the average values from 20 or 100 images were

comparable. A MATLAB code (given in Appendix A) was written to determine the jet's

trajectory. The code averages the twenty images to determine an average value for every

¡ and y position of the jet in a cross airflow. Figure 3.5 shows a schematic of the

experimental procedure while Table 3.1 gives a summary of the experimental conditions.
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Table 3.1: Summary of test conditions"

Liquids

P¡, kgf m'

lt¡xl}3,kgfmfs
ox103, Nl*
d, mm

v.,, mf s

u-, mf s

q

Oho xI03

ll'e, xl0-3

W,,

Rerx 10-3

Re"x 10-3

Water

1001

r.002

72.0

1.000, 1.905

7.02-27.01

23.56-70.78

8.3-726

2.7,3.7

0.69-19.3

9.3-rs9

7.0r-5t.4

1.6-8.99

'Air was at atmospheric pressure and 294 + 5 K in the test section resulting in a density of 1.20 + 0.0i kg I *t

40%

1113.8

4.86

67.6

1.000, 1.905

8.39-23.05

23.s6-70.78

12.2-280.5

12.8,17.7

r.t6-16.7

9.9-r70

1.9-10.06

1.6-8.99

Glycerol/Water

60%

1168.4

15.47

66.7

1.000

6.37-20.rzs

23.56-70.78

10.6-210.1

55.2

0.7r-7.09

10-90.3

0.5-1.5

1.6

80%

r2r7.8

81.16

6s.2

1.000, 1.905

s.r9-20.t6

23.56-70.78

5.5-146.2

208.7,288

0.5-14.5

r0.2-t75.4

0.078-0.s8

1.6-8.99
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Chapter 4

NOZZLE CALIBRATION AND AIRFLOW

The two nozzles, which had diameters 1.000 mm and 1.905 mm, were calibrated to

determine the liquid's exit velocities for the range of operating pressures inside the

pressure chamber. The airflow in the test section was also charactertzed to determine its

mean velocity and turbulence intensity profrles. This chapter provides detailed

information on the nozzleícalibration and the airflow's chatacterization.

4.1 Calibration of Nozzles

CHARACTERIZATION

Up to nine (9) liters of liquid is poured f,rrst into the pressure chamber by using a funnel.

A bleed valve is kept open to allow gas to be vented from the pressurized chamber, so

that the filling process is speeded up without generating air bubbles. Once the liquid

chamber is fil1ed, a valve connecting the chamber to the liquid supply line is shut. Then

the valve, which controls the opening and closing of the compressed nitrogen tank, is

opened while the regulator on the nitrogen tank is closed. The knob on the regulator is

turned slowly clockwise to increase the pressure, which is read on the highly accurale

digital pressure gauge on top of the pressure chamber. Once the desired pressure is

achieved, a valve on the stainless steel liquid supply tubing system, which connects the

bottom of the chamber to the nozzle, is opened so that the liquid flows to the nozzle. The

nozzle is calibrated by measuring the liquid's exit velocity. Once all the liquid is purged,

the nitrogen tank is closed and the system is vented to room pressure. If part of the liquid
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remains in the chamber after atest, the bleed valve is used (after the tank is shut off) to

vent the chamber pressure to room pressure. An alternative procedure is to close the

valve located immediately after the regulator, instead of closing the nitrogen tank' This

last procedure allows the chamber to be refilled and recompressed quickly to a given set

pressure.

The two nozzlesare calibrated for all the liquids used, except for the 60o/o glycerol/water

mixture for which only the 1.000 mm nozzle diameter was calibrated' Note that the

digital pfessure gauge displays only the pressure in the chamber, not the speed or volume

flow rate of the liquid jet. As a result, the speed at which a liquid exits a nozzle is

determined indirectly for a given pressure. This procedure involves rururing the apparatus

at a given pressure (as described above) and collecting the liquid volume discharged from

the nozzle over a period that is measured by employing an electronic timer with an

accuracy of 0.1 seconds. Knowing the nozzle exit's cross sectional atea,l, as well as the

volume of the collected liquid, V, and the discharge time, /, the jet velocity, vr', is

determined by using equation (4.3) below. This equation is derived from the volume flow

rate, i/ ,

.r/
V=' =Av,

Ltr

where, for anozzlehaving a circular cross section with diameter, d,

A = I-d'
4

so that, by combining equations (4.1) and (4'2),

4V
v. 

-t zrd'l

(+ t)
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Three measurements were taken for each set pressure to check the repeatability of the

experiment. Then the average velocity of the three measurements was calculated for the

given set pressure. The procedure was repeated over the operating pressures range

extending from 7 to I20 PSIG depending on the liquid tested. The uncertainty error in the

measurement ofjet velocity was about +2.8o/o. Figures a.I@) to 4.1(d) show the liquid

jet's velocities for the set pressure. These figures indicate that, as expected, the velocity

of the liquid jet increases with setpressure. The same figures also show, not surprisingly,

that a more viscous jet has a relatively lower velocity for the same set pressure. In

addition, there is a slight drop in velocity from the 1.000 mm i¡ comparison to the 1.905

mm nozzle as the viscosity increases. This behavior is attributed to the increase in the set

pressure needed to force a more viscous liquid out of the smaller nozzle diameter.
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Fig' 4.1(b): Velocity of 40o/o glycerol/water mixture jet versus the applied pressure
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Fig- 4.1(c): Velocity of 60% glycerol/water mixture jet versus the applied pressure
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4.2 Ãirflow Characterization

A lD (TSI) laser Doppler velocimetry is used to characte nze the cross airflow. The LDV

operating technique was described briefly in section 3.2.2.1. The fan drive speeds to be

calibrated corresponds to motor frequencies of 10, 20, 30, 40, 50, and 60 Hz. Agiven

frequency is set by using the H7 True Torque, Adjustable Speed Drive. A run of the

airflow characterization is initialized on the flowsizer, after which the pMT voltage, burst

frequency, band pass filter, signal-noise-ratio, and downmix frequency are adjusted

iteratively, until a very high data rate with an acceptable signal-to-noise ratio is achieved.

It is at this point that measurement of the airflow velocity data starts. Twenty five

thousand (25,000) samples are taken for each position in order to ensure good statistical

averaging' This procedure is repeated for all the drive frequencies. Although the
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flowsizer gives many details of the flow, only the mean airflow velocity and the

turbulence intensity profiles in the vertical and horizontal central planes of the test

section are of interest here. Figure 4.2 shows the planes used for the airflow's

characterization and the coordinates used to plot the mean airflow velocities and

turbulence intensities.

152.5 mm

x:545 mm Nozzle Exit

152.5 mm

Fig.4.2: Planes and coordinates used for the cross airflow's charactenzation

LDV measurements are not performed along the entire (approximately 600 mm) length of

the test section, but only in the region extending from (x equal) 95 mm to J45 mm

starting from the test section's inlet. This region and the corresponding -x and y co-

ordinates illustrated in Figure 4.2 is sufficiently large to ensure well controlled airflow

conditions in the jet's area of interest. The distance between neighboring measurement

stations at the center of the test section is 30 mm for the L0 Hz and 60 Hz frequencies and

80 mm otherwise. These distances are reduced to 15 mm and,2.5 mm close to the test

section's wall, as shown in the mean velocity and turbulence intensity plots of Figures

a'3(a)-(c) and 4.4(a)-(c). Vetocity measurements along the two central orthogonal planes

are entirely symmetrical so that only the velocity profiles along the central vertical plane

are presented explicitly here. Figures a.3(a)-(c) give typical airstream's mean velocity

x: 95 mm

Cross
Airflow
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distribution near the nozzle location and along the entire vertical central plane for three

frequencies of the fan-speed drive, i.e. l0 Hz, 30 Hz, and 60 Hz. Figures a.a@)_(c)

display the corresponding turbulence intensity profiles. The velocity and turbulence

intensities prof,rles for the 20H2,40H2, and 50 Hz drive frequencies are presented, for

completeness, in Appendix D.
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These f,tgures show clearly that, for each drive frequency, the mean velocity profiles

overlap, regardless of the ,Y-l measurement plane. This coincidence demonstrates that the

airflow distribution is uniform throughout the entire test section except in the thin

boundary layer near the test section's wall. In addition, the mean airflow velocity

increases as the fan speed increases. Figures a.a@)-(c) show that, except in the boundary

layer, the turbulence intensity is about IYo even for the highest (60 Hz) fan-speed. The

boundary layer thickness is found to increase with airflow speed but it remains relatively

small, 7 .5 mm, for the higher (47 -7 | m/s) speeds, and about 5 mm for the lower (12-36

m/s) speeds. The turbulence intensity level and boundary layer thickness are critical

factors as they may impact the jet's overall behavior and breakup. The airstream,s
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operating temperature is determined by

the fan drive.

In summary, all the preceding sections are very important because the accuracy of the

experiments depends on the accuracy of the measurements of the liquid jet and airflow

velocities' Turbulence intensities are invariably quite low; they are comparable to those

reported in [4, 1l]. This suggests that extraneous factors like turbulence effects are

minimized significantly.

using a thermocouple for each set frequency of
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Results are presented on the behavior of water jet, its trajectory, as well as the

penetration/trajectory of glycerol/water mixtures in a low subsonic, cross airflow. The

main focus, however, is on the determination of a liquid jet's trajectory in a cross airflow

based on the upper boundary of the jet. A new empirical correlation is proposed for the

water jet's trajectory based on the upper contour. The new correlation is then compared

with published correlations. In addition, an attempt was made to discuss the reasons

behind the lack, in the open literature, of a single jet trajectory correlation. Furthermore, a

qualitative correlation is proposed for the water jet's lower trajectory that gives a two-

dimensional description of the spray contour for every q and x/d explored in this study.

Finally, the results of the effects of liquid viscosity on a jet in a low subsonic, cross

airflow are also presented.

5.1 Behavior of water Jet Exposed to a Low subsonic, cross Airflow

RESULTS AND DISCUSSION

Chapter 5

Instantaneous images of each water jet in a subsonic cross airflow were taken and

analyzed to determine the jet's trajectory. A typical water jet issuing from the 1.905 mm

nozzle under the influence of a cross airflow (flowing from right to left) is shown in Fig.

5'1. As expected, the cross airflow is seen to "bend" the jet to the left. The extent of the

crossflow's influence on the jet's trajectory is govemed by the momentum flux ratio, q.

For instance' a very low q corresponds to a large change in the jet's orientation/bending

and the associated breakup is aerodynamically or wind induced. The converse is termed

surface breakup. This latter type of breakup is associated with alarge momentum flux
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ratio, q, so that the water jet starts to break up almost at the nozzleexit. Figure 5.2 shows

the evolution of the water jet's breakup at almost the same momentum flux ratio, q,but

for nozzles that are identical except for their diameters of 1.000 mm and 1.905 mm. One

obvious observation from these images is that the larger nozzle diameter produces a

higher number density of droplets. Moreover, as expected, the penetration of the jet into

the airstream is higher forthe larger nozzlediameter. Figure 5.3 shows the evolution of a

water jet at different injection velocities but the same cross airflow velocity. As expected,

the higher water jet velocity leads to a higher jet penetration in the airstream. Figure 5.4

displays a typical evolution of water jets having the same injection velocity but exposed

to different cross airflow velocities. These figures show that the water jet injected into the

slowest cross airflow has the highest penetration and the lowest curyature (or bending)

into the airstream's direction, compared with that for the fastest cross airflow. Also, as

expected, the water jet that has the highest curvature in the airstream direction is the one

exposed to the highest cross airflow speed.

Fig.5.1:Atypicalwaterjetinacrossflow(d:1.905 ftirlt,v¡:7.02m/s,u_:23.56m/s)
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Fig. 5.2: Water jets from two different nozzle
flux ratios: (a) ,¡:10m,/s, q :16.7, d
d:i.905 mm

(a) (b)

diameters with very
:1 mm and, (b) v7

Fig' 5'3: Water jets having different injection speeds that are exposed to the same
47.02rn/s cross airflow speed: (a) v¡:9.9I m/s, q :37.6, d: 1.905 mm;
(b) ,; : 2I.Il9 m/s, Q = 167.4, d: I:905 mm and, (i), r¡: i.OZ mls, q: 1g.5,
d:1.905 mm.

(a)

similar momentum
:99 mls, q :16.4,

(b) (c)

_tt
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Fig. 5.4: Typical water jets having
different crossflow speeds:
(b) u-: 47 .02 m/s, q :18.5,
d:1.905 mm

(a)

5.2 water Jet Trajectory in a cross Airflow Based on the upper contour

The trajectory of water jet exposed to a cross airflow is described simplistically by the

maximum penetration (i.".y value) attained by the water jet at any x location. It is also

described as the contour of the jet's upper boundary in the cross airflow, as illustrated

schematically in Fig' 5.5. The -r and y co-ordinates have their origin at the edge of the

upper boundary at the nozzle exit. The upper and lower boundaries are sometimes called

the windward and leeward sides of the liquid jet, respectivery [4].

(b) (c)

the same 7.02 m/s velocity but exposed to
(a) u*:23.56 m/s, q :73.7, d :I.905 mm;
d:1.905 mm and, (c) u*:70.78 m/s, q :8.2,
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Previous investigators have taken different approaches in measuring jetlspray trajectories.

Some investigators concluded that one empirical correlation is insufficient to describe the

trajectory of the entire spray plume [4, 8]. However, most researchers took the opposite

viewpoint 17,10, n-I21. With the invariable use of the coordinates illustrated in Fig. 5.5,

we observed that a single correlation could describe the trajectory of the water jet's upper

boundary. This observation was a consequence of only slight undulations being noticed

in the upper boundary of the spray plume, which led to little error in the description of the

jetlspray trajectory.

ev j
o.ó

+.lio'o ' <-

ooY.j{_

" þ"j

Fig 5.5: Schematic of a jet penetrating a subsonic cross airflow

Nozzle

Lower
boundary

Cross airflow

Upper boundary

Two forms of correlation that have been mostly used previously (see, for exampl e,14, B,

10]) were chosen to describe the water jets' trajectory. They were

and

yld ='(;n)'
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A comparison of the predictions made by the two forms indicated that the exponents å

and m were very similar in value with only about 2o/o dífference. However, coefficient D

needed to be adjusted somewhat to compensate for the slight difference between these

exponents' On the other hand, equation (5.1) rvas preferred due to its simplicity.

5.2.1 Effect of Nozzle Diameter

Figure 5'6 shows each water jet's normalized penetration, y/d, against the product of the

two terms, (xld) and Q, on a natural log-rog prot for both the 1.000 and 1.905 mm

diameter nozzles. All the experimental data fall approximately on a single line so that

equation (5'1) applies universally over the experimental conditions considered. A

straightforward linear regression produced:

y/d = D(x/d)'q''. (s-z)

The above correlation generally predicted the measured data with an accuracy between

+6Yo to -\Yo and a maximum scatter of l3Yo. The correlation coefficient of the regression

analysis for all the test conditions was 0.997 with a 0.044 standard error of fit. The

average ratio of the measuredy varues to those predicted was found to be r.000 with a

standard deviation of 0.045. The method outlined by Holman [2g] and Rabinowic z lzgl
was used to calculate the uncertainties of the numerical values arising from

measurements and calculation biases. Details can be found in Appendix B. The

calculations led to the following correlation

7 .¡ 0.444

yld =t.ggtl !ql
\d' )

y / d = (r .ost x o .ot{} ø; 

(o aa'a ro oor )

(s ¡)
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1000

o Present data , 1.000 mm nozzle

+ Present data, 1.905 mm nozzle

- 
Present correlation

--- Wu et al. [8]

'-- - -. Wotel et al. [30]

100

ì

l0

v_
d

1.99

I.008+00 L00E+01 I.00E+02 I.00E+03 I.00E+04 I.00E+05
(x/d)q

Fig.5.6: The present measurements and their comparison with several other correlations

5.2.2 Comparison of Water Jet Trajectory Correlations

In this section, our water jet trajectory correlation and data are compared with those of

previous researchers. Especially the most referenced ones, that is, the data of Wu et al.

[4] and the correlations proposed by V/otel et al. [30], Wu et al. [8], lnamura et al. [11],

Baranovsky and schetz lrzl, and, chen et al. [7]. Also, in order to make direct

comparisons with wu et al. l4], chen et al. l7l, and Baranovsky and Schetz [12], our

previously used graphical coordinates, y/d and. (r/d)q, are changed, to y/(dq) and x/(dq)

(i'e' for Wu et al. þl and subsequently to y/d and x/d (i.e. for Chen et al. [7] and

Baranovsky and Schetz [12]), respectively.

!: r ',(;r)

! :4.
d '(;n)"'
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5.2.2.1Comparison with Wu et al. [al

wu et al' Pl used a momentum analysis to correlate column trajectories for various

liquids' They derived the correlation given by Eq.(5.5) in Table 5.1 that described besr

their water jet data. This data applies exclusively to the liquid column region, which is

the region before fracture, or the breakup point. This unbroken liquid column region

normally extends from x/d = 0 to about x/d = 12, although it was concluded that a liquid

jet column always break up at an average distance of x/d: g.06. For the sole purpose of
comparing data of wu et al. l4], only the liquid column region considered by V/u et al.

[4] is utilized' Both data sets agïee very well, as shown in Fig. 5.7, probably because all

the nozzles used have very similar geometricar configuration.

t0

o Present data

o tlru et al. [4J

è
È

0.1

0.01

L00E-04

x/(dq)

Fig. 5.7: Comparison of present water jet data with Wu et al. [4]

r.00E-03 1.00E_02 1.00E-01 1.00E+00 1.00E+01
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Table 5.1: Summary of present and previous correlations

Ref.

Present
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x/d
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5.3-48.8 s0-s00

6-12 unknown

unknown 0-63.5

3.0s-45.3 0-60

Crossflow Mach
number

<0.2

0.2-0.4

>1

0.2-0.4

0.17 - 0.40

>1

0.4
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5.2.2.1Comparison with Wotel et al. [30]

The correlation of Wotel et al. 130], which is given by equation (5.6) of Table 5.1, was

developed at streamwise measurement locations of about 5 to 140 jet diameters

downstream of the nozzle exit. Figure 5.6 shows the comparison between their

correlation and the one proposed here. This figure shows that the same trend is exhibited

by the two correlations but, at any given location, Wotel et al.'s correlation predicts

approximately 40% lower penetrations. Note, however, that the exponents of q and, x/d

are almost identical for both correlations.

5.2.2.2 Comparison with Wu et al. [S]

The correlation of wu et al. [8], given by Eq.(5.7) in Table 5.1, was proposed for the

droplet region in which 50<xld<500. Its use to predict the trajectory in the liquid

column region is erroneous because the correlation was developed for regions far from

the nozzle exit. Wu et al. [8] adopted the correlation of Wu et a|. l4l, which applies to the

liquid column region to describe their liquid column. The range of momentum flux ratios

used in [8] was 5.3 to 48.8 with airstream speeds having a Mach number between 0.2 and.

0.4. Figure 5.6 presents the fit of the correlation of Wu et al. [8] in which the dashed line

represents the range not covered in [8] and the solid line (overlapped by our experimental

data) indicates the range they covered. Figure 5.6 shows that Wu et al.'s [8] correlation

gives a higher penetration for the water jet trajectory in the liquid column region

compared to the present correlation. On the other hand, it predicts a slightly lower

trajectory in the droplet region furthest from the nozzle exit. Overall, there is reasonable

agreement, within the present experimental errors, between the two correlations in the
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range of x/d and momentum f'lux ratio, q, common to both studies (i.e. g.2 < q I 4g.g and

50 < xl d < 64.5 or, in combination, 410 < (x/ct)q < 2928). The agreement is bette r for x/d

slightly higher than 50 (i.e. (x/ct)q = 4I0 to 2234) because the rrajectory much beyond 50

jet diameters downstream from the nozzle exit (i.e. (x/d)q > 2234) was not always

measured in this study. This is because the water jet is barely bent at very high q, which

corresponds to low x/d. As a result, the error of the present correlation is higher as the

maximum value or x/d explored in the present study is approached.

5.2.2.3 Comparison with Inamura et al. [ll]

Eq. (5.8) presented in Table 5.1, which was proposed by Inamura et al. Ill], was again

found by using a least square fit of data from experimental conditions that consisted ofjet

velocities between 7 and 26 rn/s and air crossflows between 55 and i40 m/s. It seems that

the correlation was proposed for positions no more than 15 jet diameters downstream of

thenozzle exit' This correlation and that of Lee et al. 131], who modif,red the correlation

of [1 1], are the only correlations to our knowledge that still retain the nozzle diameter, d,

in their expressions after normalizing the jet's penetration and streamwise distan ce by d.

The jet's penetration obtained with the correlation of Inamura et al. [1i] is lower than the

predictions of most correlations, including the one proposed here. The correlation of Lee

et al' [31], on the other hand, has a slightly higher penetration than that of Inamura et al.

[11] but it still predicts shorter penetrations.
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5.2.2.4 Comparison with Baranovsky and Schetz [12]

Apart from the information that the airstream's velocity used by Baranovsky and Schetz

[12] is supersonic, few other details of their study are unknown. Their conelation, which

is given by Eq. (5.9) of Table 5.1, is compared with the present ernpirical correlation

because of its use by Chen et al. [7] and Wu et al. [4]. Figure 5,8 shows trajectory plots

for three typical values of q (i.e. 8.3, 45, and 500). The q varues of g.3 and 45 are

common to all three studies but q equal to 500 is only considered in the present study.

The figure shows that the present correlation has a lower penetration in the liquid column,

region and partly in the ligament/droplet zone, but it has a higher penetration in the

droplet region for all q except the very high q of 500 not covered by Baranovsky and

Schetz [12]. The error bars given in Figure 5.8 indicate the combined errors due to the

uncertainties in the coefficients of our correlation and measured spatial distances. This

f,tgure reveals no agreement between the two correlations but an explanation of this

discrepancy is impossible because important details are not provided in Ref. 14,71.

5.2.2.5 Comparison with Chen et al.l7l

Eq' (5'10) below, which corresponds to Eq. (5.11) of Table 5.1, was proposed by Chen et

al' l7l to account for previously observed discrepancies. They defined three different

regions in the jet plume and considered the distinct behavior of each region. The

coordinates used here are identical to those employed by Chen et al. l7). Their

momentum flux ratio, q, varied from 3 to 45 but the cross airflow was maintained at a

Mach number of 0'4. Chen et al's. [7] cor¡elation was found for a water jet penetration up

to 60 jet diameters downstream of the nozzleexit. Its original form was
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vld = orqooo [t-"*p(- x/d raz)]lt+a3exp(- x/d /r+)l[t+a5exp(- x/cr /a6)] (s ro)

The constants a2 through a6 were determined empirically from various test cases and

resulted in Eq. (5.11) of Table 5.1. However, al was given a value of g.g1 based on

previous experiments. The variations (fluctuations) of the remaining constants are

tabulated in Table 5.2.

Table 5.2: Fluctuations of the constants used in Eq. (5.10)

Constants

Fluctuation (%)

Tlre fluctuation in a2, which is a length scale that represents the droplet zone, was lg.3%.

on the other hand, the fluctuation in the length scales representing the ligam ent zone, a4,

and the liquid-core region, a6, were 27.4% and. 47%io, respectively. These latter, large

fluctuations in addition to our experimental uncertainties, may explain the discrepancies

between the two correlations. Figure 5.8, which corresponds to three typical values of q,

shows that the agteement befween the two correlations breaks down in the liquid-core

and ligament regions. The 0.44 exponent for q isvery similar for both correlations. If it is

assumed that Ref. [7] has similar errors to those of the present experiments, then the

agreement is fairly good throughout the entire region of the spray plume. Figure 5.9

extends the previous comparison to include all the q values explored in the present study.

overall, the two correlations still agree reasonably well within the combined

experimental uncertainties.

a2

18.3

a3

12.7

a4

27.4

a5

45.6

a6
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Fig'5'9: Comparison of the present corelation with that of Chen et al.l7l for all valuesofq covered in the present study

5.3 Reasons for Discrepancies

It is very important to develop a working jelspray trajectory correlation to construct

more realistic spray atomization cFD models (wu et al. [4]). However, there are

noticeable discrepancies in previously proposed correlations. They are discussed

qualitatively in this section with the benefit of the present experimental data. A holistic

approach is taken as a means of highlighting the likely causes of the discrepancies as well

as the pitfalls of using existing correlations. Although several researchers have mentioned

most of the points covered, no comprehensive discussion has been found in the literature

concerning the di fferences.

0.1

x/d
l0

one important source for the discrepancies could be the nozzlelinjector,s geometry.

Previous studies have mentioned the effect of turbulen ce at ajet exit on the length of the

100
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liquid core (Hiroyasu et al. l32l and Chehroudi et al. [33]). Grant and Middleman [34]

and Phin¡rey [35] observed the effect of turbulence on the stability and onset of breakup

of a jet, while De Juhasz et al. [36] as well as Lee and Spencer [37] showed that the

quality of the atomization and mixing rates are different for laminar and turbulent flows

downstream of a jet's exit. Great care was taken in this study to design each nozzle to

considerably reduce turbulence and the effect of cavitation by following the suggestions

of Wu et al' [4]. Although the effect of nozzle geometry has been mentioned cursorily by

several authors, details of the nozzle designs used by most contributors are not known so

that it is difficult to quantify this effect. Fuller et al. [3], for example, designed anozzle ïo

deliver a turbulent liquid jet, at the nozzle exit, by using a length/diameter ratio, L/c{, of

20. Results for the liquid trajectory and breakup locations show that turbulence influences

the spray dynamics. Their predictions of the liquid column penetration are lower than

those of Wu et al. l4l, who used a nozzle designed to discharge liquid with low

turbulence intensities. We believe that turbulence could be a factor in this difference. For

example, at x/d: 10 and q:20, values which are common to both studies, Wu et al. [a]

had a 38o/o greater penetration than that of Fuller et al [3]. Similar increases can be

observed for all their common q values. It has been mentioned by several researchers that

laminar jets are stable and their breakup occurs relatively far from the nozzle exit. (See,

for example, Reß. [4, 38]). On the other hand, 'Wu 
et al. [38] observed that the onset of

the turbulent primary breakup is always closer to the jet's exit as the jet becomes more

turbulent. These observations suggest that a turbulent jet's intensity may become weaker

and, hence, may follow a different trajectory than its laminar counterpart. The degree of

this difference may depend very much on the jet's turbulence level.
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Another significant reason for discrepancies might be the cross flow conditions. For

example, some wind tunnel designs generate airst¡eam that are largely uniform in the

entire test section. Others produce relatively more turbulent airstrearn and, therefore, they

could be operatin g at a lower mean airstream velocity than reported. For example, Becker

and Hassa [20] showed about a l0o/o difference between the actual velocity in the core of
the flow and the nominal airstream velocity. In the present study we had less than 1olo

turbulence intensity from the center of the test section to about 7.5 mm from the nozzle

exit, within which the turbulence intensity increases to less than 5%o. wu et al. [39] also

mentioned that the different boundary layer thicknesses in various studies could

contribute to these discrepancies.

chen et al' l7l attributed discrepancies between different correlations proposed prior to

theirs to the observation that the spray plume has three distinct zones but each zone is

treated identically' consequently, they proposed a trajectory equation having three

exponential terms to accommodate the th¡ee different zones and their peculiarities (i.e.

Eq'(5'11) in Table 5'1). However, within the experimental conditions covered in the

present study, and even for similar x/d and q ranges to those employed by Chen et al.l7l,

it was possible to describe the jet trajectory by using a simple power-law correlation. This

simplification was also shown to be possible by several other studies published after the

work of Chen et al' [7]. See, for example, Becker and Hassa l20l and,Inamura et al. [1 1],

to cite only a few references.
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Becker and Hassa [20] suggested that one reason for the discrepancies is the exponent n,

which may depend on the range of q on which a correlation is based. They proposed

different values of n for different q ranges, that is, n:0.36 and, n:0.42 for q ranging

from 1 to 12 and I to 40, respectively. Table 5.3 shows the dependency of n on q

considered by different investigators. It can be observed from this table that apart from

Wu et al' [8], who had a relatively low n for a wide range of q, allother researchers who

investigated wider ranges of q, generally had n greater than 0.4. This difference could be

attributed to the range of x/d covered by wu et al. [g]. In this study, however, such a

change in n was not noticed, even over values of q much wider than most other authors.

Table 5.3: Dependence of ¡z on the range of q

Reference

Range ofq

Exponent, n

Lastly, the definition of the spray plume's boundary itself could bring about a

discrepancy, although to a smaller extent. This was not a significant factor in all the

photographic studies, including the present study. However, as the jet boundaries are not

perfectly smooth in all the regions of the jet's plume, it could still be a cause of a

discrepancy' Wu et al. [8] observed discrepancies between their spray penetration and

that of lnamura et al. [11] which theyattributed to the definition of the spraytrajectory

boundary' Wu et al. [8] defined the boundary as one of constant volume flux. They

measured this boundary by using a phase Doppler particle Anemometry (pDpA)

technique whereas Inamura et al. Ii i] used a photographic method. Indeed, Inamura et al.

[1i] had a 20o/o difference in penetration at x/d : 30 for measurements undertaken with

L4l

3.38-148 r-40 1_t2

0.5 0.42 0.36

l20l l20l Present

8.3-724

0.444

[11]

6-12

0.36

t8l

5.3-48.8

0.33

L7l

3.05-4s.3

0.44
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the aid of photography as opposed to an iso-kinetic probe. For the iso-kinetic probe the

definition of the spray contour was taken to be the location of 0.001 g f ,.**t droplets. In

our study, we have taken cognizance of the possibility of a discrepancy as a result of the

treatment of the upper boundary. Therefore, we measured points lying at the edge of the

spray plume rather than making adjustments to minimize the error associated with the

boundary's definition.

5.4 Trajectory of Water Jet in a Subsonic Cross Airflow Based on the Lower
Boundary

It was mentioned previously that it is important to define the jet boundaries/spreading for

better combustor designs. This is why several researchers have investigated the width of

the spray plume (Wu et al. [39] and lnamuraetal. [11]) and other various aspects of the

spray. The trajectory of the lower spray plume contour is defined here as the lowest

penetration of the cross airflow by the spray plume, as sketched in Figure 5.5. In the

present study, due to the limitations of our imaging system, only a qualitative assessment

of the lower jet boundary is considered. It was impossible to measure accurately the edge

of the lower boundary because the leeward side of a jet is not as smooth as the windward

side as a consequence of very intense droplet stripping. Therefore our determination of

the jet's leeward trajectory is limited to droplets having diameters greater than

approximately 0.1 mm' The same images, which were captured to determine the

windward trajectory of the jet, were also used to find the leeward trajectory. The

functional form of the correlation is

#=4;)'n
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where A, b, and h are constants to be determined from a regression analysis. After

performing multiple regressions, we found the final correlation to be

#=ro{i)o,u ro,,

Figure 5.10 shows this correlation relative to all the measured data. The correlation

coefficient (from the regression analysis) for all the test conditions was 0.76 with a

standard error of 0.30. On the other hand, the average ratio of the measured penetration to

that predicted was 1.06 with a standard deviation of about 0.31. These values indicate a

fair fit of the experimental data.

l0

è
Y

I =t.ol(*ld)o'3ø noas

0.1

(s il

0.01

t Measured (1. 000 mm nozzle)

d Measured (1.905 mm nozzle)

- 
Predicted

1.00E-05 1.00E-04 r.008-03 1.008-02 1.008_01 1.008+00

(*/d)q-"'
Fig' 5.10: Trajectory of the lower boundary of the spray prume

Several observations can be drawn from the correlation displayed in Figure 5.10: (i) the

curyature with respect to the momentum flux ratio, q, is almost the same for both the

upper and iower spray plume boundaries; (iz) although a single correlation may

"i::*
'¿Á
Â

Á

.Á
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sufficiently describe the lower trajectory for both nozzle diameters, there is more scatter

for the larger nozzle; (tit) y/(dq) is more sensitive to q than to x/d for the leeward

trajectory but not for the windward trajectory; (iv) there is more scatter for the leeward

boundary' so that the error is consequently much higher when compared to the upper

boundary. In view of these observations, the correlation Eq.(5.13) provides only a rough

idea about the leeward boundary even for its valid range of penetrat ions, y/d < 40.

5.5 Effect of Liquid viscosify

The results of three different glycerol/water mixtures (4)yo,60yo, and g0%by volume)

are presented next. The trajectories or penetrations of these viscous liquid jets in a

subsonic cross airflow are compared to those of water jet to assess the effect of viscosity.

First, the effect of nozzle diameter is explored before comparing the trajectories of the

viscous jets.

5.5.1 Behavior of viscous Liquid Jets in a cross Airflow

Figures 5. i 1 (a) and 5 . 1 I (b) show instantaneous images of the 60% and g0%

glycerol/water mixture jets, respectively, at almost the same q: 16.5 a1d, d: 1.000 mm.

These figures show similar but a slightly higher penetration by the 60yo glycerol/water

mixture jet into the airstream. Moreover the 60%o glyceroVwater mixture jet breaks up

largely into droplets whereas the 80Yo glyceroVwater mixture jet breaks up into

ligaments' Figures 5.12(a) and 5.12(b) also show instantaneous images of the 60yo and

40o/o glyceroVwater mixtures, respectively, for q : 47.g and. a nozzle diameter, d : 1.000

mm' It can be seen that the 60% glyceroVwater mixture jet has a greater penetration into

the cross airflow downstream of the nozzle exit. Figures 5.13 (a) and 5.13(b) on the other
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hand illustrate the effect of the nozzle diameter. The images given in these figures

involve the same q:49.5 and.40o/o glycerol/water mixture (i.e. the same viscosity) but

different nozzle diameters. The jet's penetration is higher at any x location for the larger

nozzle diameter, as expected. In addition, the ligament and droplet density increase for

the larger nozzle diameter. Nevertheless, the effect of the cross airflow and liquid jet

velocities is very similar to that of the water jet presented in section 5.1 . More succinctly,

the jet's penetration decreases for an increase in the cross airflow speed if the liquid jets

have the same speed' Hovrever, the jet's penetration also increases for an increase in the

liquid jet speed when the cross airflow speed remains constant.

Fig' 5'11: 60% and 80Yo glycerollwater mixture jets exposed to almost the same
conditions-(a) 60% glycerol/water mixture, g: 16.5, d: 1.000 mm and
(b) 9}%glyceroVwater mixture, Q 

: 16.4, d: i,000 -*.

(b
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Fig. 5.12: 600/o and 40o/o glycerol/water mixture jets exposed to
(a) 60% glycerol/water mixture, q 47.9, d
(b) 40% glycerol/water mixtura, Q: 47.8, d: 1.000 mm.

(b)

Fig. 5.13: 40o/o glycerol/water mixture jets from two nozzle diameters but exposed to
almost the same conditions-@) a0% glycerovwater mixture, q : 49.r,
d : L.000 mm and (b) 4}%glyceroVwater mixture, q : 49.5, d : 1.905 mm.

1"
same conditions-
1.000 mm and
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5'5'2 Comparison of the Viscous Liquid Jets with Water Jet in a Cross Airflow

Trajectory data for the 4O%o and'80o/o glycerol/water mixtures and solely water relate to

both nozzle diameters, i.e. 1.000 mm and 1.905 mm. On the other hand, for the 600/o

glycerol/water mixture only the 1.000 mm nozzle is used. Fig. 5.14 shows that

normalizing -r and y with (dq) cancels the effect of the nozzle diameter and produces

ahnost identical data to the water jet in a cross airflow. Details of the plots are given in

Appendix C.

Figure 5.14 also compares the data for the 40||o glycerol/water mixture and water. The

viscosity of the 40o/o glycerol/water mixture is about 4.5 times that of water. It is clear

that, from the nozzle's exit up to about ,/(dq): 0.01, the normalized penetration of water

jet is higher than that of the 40% glycerol/water mixture jet. However, the normalized

penetration of the glyceroVwater mixture jet equals and eventually exceeds that of the

water jet as x/(dq) increases. For example, the normalized penetration (i.e. y/d) at x/d :
I'57 and q:66.7 is about 15.7 for water jet but 14 for the glycerol/water mixture jet.

However, at x/d : 34.9 with the same q : 66J, the normalized penetration is about 62.4

and7l'5 for water jet and the 4oyo glycerol/water mixture jet, respectively. Viscosity has

a role in this difference, as suggested by Wu et al.l4l. (Exclusive comparison of the 40%

glyceroVwater mixture with some error bars and water jets is presented in Appendix C.)

Figure 5'15 compares the 40o/o glycerol/water mixture data of Wu et al. þlwith the

present data but for only the liquid column region (i.e. x/d:0 to x/d = 12) that was

covered by Wu et al. [4]. Close to the nozzle exit, Wu et al. [4] had relatively lower
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x/(dq)

Fig'5'14: Comparison of the jet trajectories of water, 40yo,60yo,and 80% glycerol/water mixtures in a low subsonic cross airflow
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normalized penetrations, which were much lower than for the water jet in the same

region' Greater scatter is also seen in both data, especially close to the nozzle exit. Wu et

al' þl attributed this scatter to the instabilities in the injection process of more viscous

liquids.

l0

+ 4026 glycerol/water mixture

o l4/u et al. [aJ

è
\-

0.1 +
+

+* +*
+

0.0 r

r¡l'. ¡+
+'itt¡r¡

++t r+

**

0.001

J"

Fig'5'15: Comparison of 40% glyceroVwater mixture jet with 40o/o glyceroUwater
mixture data of Wu et al's. [4].

trot
OO

There is no known literature available for the 60%o glycerol/water mixture. Figure 5.14

shows that, close to the nozzle exit, the normalized penetration of this mixture is almost

identical to that of water. However, the penetration of the 60ll,o glyceroVwater mixture is

much higher than that of water at large x/d. Clearly there is an effect of viscosity since the

surface tension has been shown to have a negligible effect by most authors such as Nejad

ooo o

0.01

or**#$
I#oo

+++ *

x/(dq)
0.1
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and Schetz [1, 5]. (Exclusive comparison of the 60o/o glycerol/water mixture and water is

presented in Appendix C.)

The 80% glycerol/water mixture is the highest viscosity liquid mixture used here (see

Table 3'i)' Data are presented here for both nozzlediameters. Figure 5.14 shows that the

penetration of the 80Yo glyceroVwater mixture is consistently higher than that of water at

all locations except at vety low x/(dq) where they have identical penetration. (Exclusive

comparison of the 80o/o glycerollwater mixture and water is shown in Appendix C.)

5'5'3 Comparison Between Viscous Liquid Jets in a Subsonic Cross Airflow

Figure 5'14 compares all the data for the 4OYo,60yo, and 80% glycerol/water mixtures.

The figure indicates that there are two distinct regions for all these mixtures. First region

is close to the nozzle exit (i.e.0.0018 < x/(dq) < o.2g), the other region is a little farther

from the nozzle exit (i.e. approximately x/(dq) > 0.2g). The 80% glycerol/water mixture

jet has a wider first region followed by the 60%o glycerol/water mixture jet. There is an

increase in the jet's penetration close to the nozzle exit as the viscosify increases. In

addition, there is an increase in the jet's penetration in the second region, as the

glyceroVwater mixture increases from 40o/o fo 60%o.After this increase, however, the jet,s

penetration decreases as the glyceroVwater mixture is increased from 60% to g0%. On

the other hand' the latter's penetration (i.e. 80% glycerol/water mixture) is still higher

than that of the 40%o glycerollwater mixture. Nejad and Schetz [5] also reported this

behavior' The data for the 80o/o glyceroVwater mixfure have more scatter over a wider x/d

range. Further study is underway to urnavel the reason.
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Nejad and Schetz [5] compared the normalized penetrations of liquid jets having

viscosities ranging from I to 60 Centipoise and q : I to 12, at asingle location, x/cl :26.

Their findings did not follow a regular pattern even though they demonstrated that

viscosity affects the penetration of a jet in a cross airflow. In the present study, the

normalized penetration appears to provide good agreement with the findings of Nejad and

Schetz [5] for common q between 10 and 12. This assertion remains to be completely

confirmed because of slightly different viscosities and q values used in the two studies.
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CONCLUSIONS AND RECOMMENDED FUTURE VYORK

This chapter highlights the major conclusions from the experimental investigation of the

trajectories of liquid jets in a cross airflow. Also, several suggestions are enumerated for

future work.

6.1 Conclusions

6.1.1 conclusions for a water Jet in a subsonic cross Airflow

1' It is shown that the only variables needed to predict a water jet trajectory are

x, y, d, and q.

2' A new empirical correlation is developed to describe the upper (windward)

boundary of the water jet's trajectory for a relatively wide range of

momentum flux ratios, q.

3' Comparisons over wide q and, x/d ranges of the correlation proposed in this

study for the water jet's trajectory with published correlations indicate

reasonable agreement with Chen et al.l7l and Wu et al. [8]. Also, the present

data agrees very well with that of Wu et al. [4] in the liquid column region.

This good agreement implies that a single correlation could be used to

describe water jet's trajectory in both low subsonic and high subsonic cross

airflows. However, there is disagreement with several other correlations. The

reasons for these differences are mostly unexplainable as important

information is missing from previous literature. However, several factors are

identified to qualitatively explain them. They could involve, for example, (a)
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the effect of nozzle design (such as L/d, taper angle and surface finish) on a

jet's characteristics in a cross airflow and, (b) the crossflow boundar y layer

and turbulence. The penetration of the spray plume into the airstream is also

considered from the standpoint of the lower (leeward) spray boundary.

However, only a qualitative description of the jet's leeward trajectory is

proposed because there is noticeably more scatter in the data for the lower

boundary than for the upper boundary. It is observed that the curvature with

respect to the momentum flux ratio, q, is almost the same for both boundaries.

Far downstream of the jet's exit, the penetration's reliance on x/d decreases

for the lower boundary compared to its dependency on the upper boundary.

6.1.2 conclusions for the viscous Liquid Jets in a subsonic cross Airflow

1' A liquid jet's viscosity is found to affect its penetration/trajectory. The overall

jet penetration into the airstream is seen to increase initially as the viscosity

increases. However, a subsequent viscosity increase lowers the penetration but

remains higher than that of the 40o/o glycerol/water mixture.

There is a very unstable injection process observed close to the nozzleexit for

the 40Yo, 60Yo, and 80/o glycerol/water mixtures. This instability diminishes

further from the nozzle exit. This phenomenon is not well understood.

There is a gradual increase in penetration close to the nozzleexit when the

40%o glycerol/water mixture is substituted by a 60% gryceroliwater mixture.

The same trend is repeated when the working liquid is changed from 60% to

the 80%o glycerovwater mixture. The x/d range for this scenario changes for

the different viscosities explored. However, there is an increase in penetration

)

3.
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farther from the nozzle exit when the 40o/o mixture is changed to the 60%o

glycerol/water mixture. However, a decrease is observed in the penetration

when changing the 60% to the 80Yo glycerol/water mixture. This behavior

agrees with the findings of Nejad and Schetz [5].

4. There appear to be inconsistencies in the measured data especially for the B0%

glycerol/water mixture. These "inconsistencies" correspond to data scatter

shown in Fig. 5.14. Their origin remains to be resolved.

6.2 Recommended Future Work

Most reasons given for discrepancies in the trajectory correlations are candidates for

future research. Suggestions are given below.

1' The effects of nozzle geometry: Several nozzles could be designed to deliver

turbulent jets and laminar jets. This could be achieved, by changing the nozzle

geometry, especially L/d, the taper angle, and surface f,inish.

2. Boundary layer: The effects of the boundary layer thickness on a jet,s

trajectory could also be explored. Rough surfaces to generate boundary layer

with different thicknesses could be used inside the test section to

parametrically investigate their effect.

3. Different ranges of x/d could be explored separately. For examp le, x/d : 0-12,

12-50, and 50 and beyond for the same values of q could be investigated to

quantitatively assess their effects on the resulting correlations. Though, the

ranges of x/d : 0-12 and rz-50 produced no difference in the present

investigation of a water jet in a cross airflow.
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4. It is important to note that all the existing jet trajectory/spray correlations are

based on two-dimensional observations. Three-dimensional studies could be

very helpful to completely describe a jet's evolution in a crossflow.

It has been shown that by testing only 40yo, 600/o, and. g0o/o glycerol/water

mixtures, large intermediate viscosity gaps remain. For instance, changing the

percentage of glycerol in water from 40o/o to 80Yo increases the viscosity by a

factor of 20.In order to accurately correlate the effect of viscosity on a liquid

jet's penetration/trajectory, liquids with viscosities between 1.00 cp and g0

CP with an increment of, for example, 4 Cp should be used.

The minority of the 80% glycerol/water mixture data especially close to the

nozzle exit, which did not lie on the general trend line shown in Fig. 5.14

should be explored further to unravel the reasons behind the apparent

inconsistencies.

5.

6.
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MATLAB CODE FOR DETERMINING LIQUID JET'S

TRAJECTORY

A = imread('30/60

B TF AVERÀGING IS

lM Nl = size (A) ;

A = zeros(M,N) ;

numFiles = 20 ¡

Appendix A

_00005.jps, ) ;

for i = 1:numFifes
if (i <= 10)

filename = ['30140 0000,

DESTRED I.INCOMMENT THIS SECTTON

end
if(i>10&i<=100)

f il_ename = ['30l40_000,
end
B = doubl-e ( imread (f ilename)
À = À¿Þ.

end
A = A/numFiles;
A = A/max(max(A)
A = A*255;

imagesc (A) 
,-

title('Original
colorbar

A = fliplr(A) ;

num2str(i-1) ,.jpg'

num2str(i-1) ,.jpg'l

ldummy indexl = max(A(l, : ));
offset = ?,.

A(:, 1:13) = [];

A = A(:, (index-of fset) :end.) ,.Original = A;
A(1:l-5, :) = [];
A(J- : end, 200 : end) = 0 ; tremove
A(200:end,1:end) = 0 ;

?Original single or averaged image
Single or Averaged Image' ) ;

);

'I .
l¡

8F1ip for positioning of origin in imagesc

8In Lhe first row, find max
Sassume jet start.s here (at this max)
Eoffset can be modified to keep more,/l-ess

8of injection point

St.hrows away "upstream" of inject.ion point

" downsLream t.urbulence "
tthis indices may need. ad.justment

72



Original = A;

figure
ì-magesc (A)
colorbar
tit.le ( 'Upstream chopped
colormap (gray)
tM Nl = size (A) ;

I Image filtering*
threshold = 100;
A(A>Lhreshold) = 255;
A(A<=threshold) = 0;

A = bwareaopen(A,
A = A( : ,2:end) -A(
A = A(:,2:end)-A(

and turbulence

lx,yl = size(A) ; tcal-culate axes
xplot. = l-inspace (0, x*x-distance,/pixel , x) ;yplot = l-inspace(0,y*y-distance,/pixe1,y) ;

figure
imagesc (1¡plot, xplot., A)
Litle('Filt.ered lmage for Stream Boundaries' )

400 )

:,1:

suppressed Imagre' ) ;

colorbar
colormap (gray)
pixval

lasLfndex = 0;
tM Nl = size(A)
B = zeros(M,N) ;
YL = zeros (l- , M)
YR = zeros (l-, M)
YM = zeros (1,, M)

end-1 )

end-1 )

S"darken" Lhe stream
Smay need adjust.ment on >, <=

Eremove " is]ands,'
8x-direct.ion differencing 1st. order
8x-direction differenci-ng 2nd order

EFind the "First.,, edge on LHS
for i = 1:M

row = A(i,:);
nonzeros = find(row -= 0);
f inished = 0,.
if (-isempty(nonzeros) )

for k = 1:l-ençrth(nonzeros)
start = nonzeros (k) ;
if start >= last.fndex -1 && finished == 0

last.Index = starL;
B(i,start) = 1;
flnished = 1;
YL(i) - 1491ot.(start) ;

end
end

end
end
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? %Find the ',Last" edge on RHS

for i = l-:M
row = A(i,:);
nonzeros = find(row _= Q);
if (-isempty(nonzeros) 

)

l-ast. = nonzeros (end) ;
B(i,1ast) = I;yR(i) = yplor(lasr);

end
end

I Average j-ndex of t.hese edges
C = zeros (M,N) ;
Y = zeros(1,M);

Original = double(Original) ;
for i = 1:M

ror¡r = B(i,:);
nonzeros = find(row --= Q¡,.
if length (nonzeros) ==2

avgfndex = f l-oor(sum(nonzeros) /2\ ;C(i,avglndex-1 :avglndex+1-) = L;
B(i,avglndex-1:avgfndex+1-) - _2;
YM(i) = yplot(avgïndex) ;
Original ( í, avglndex_1 : avgtnd.ex+1 )

end

end

figure
imagesc (yplot, xp1ot, B)
colormap (gray)
title('Outsides and Middl_e Average of Ffow,);colorbar

figure
imagesc (1p1oL, xplot , C )
colormap (gray)
title('Middle Of Flow' ) ;
col-orbar

figure
plot (xplot, yM) ;
[maxYM index] = max(1.M) ;
YM = YM (l_ : index) ;
¡ = xplot(1:index);
hofd on
plot (X, yM, ,r' ) ;
tPM Sl = polyfit (x,ytvl,2);
hold on
plot(X,pol1rua1 (pM,X) ,,g, , 'LineWidth, ,2) ;title('Middte Fl-ow and pollmomial FiL of Middle Flow,

figure

Ejust.the center line
Eout.side and center lines

Sfor poly fitting
400;Sadded to original
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plot (xplot, yL)
lmaxYl, indexj = max(yL);
YL = yL(1:index);
X = xplot (1: index) ;hold on
plot (x, yL, ,r' ) ;
IPL Sl = polyf ir (X,yL,2) ;
hol-d on
plot (X,polyval (pL,X) , ,g, ,'Linewidth , ,2) ;tit.le('Left Flow and pollmomial Fit of Left Flow,

figure
imagesc (yplot, xplot , Original )coforbar

text (polyva1 (pM, X) , X, 'o , , 'Col_or,
col-ormap (Sray)
text (polyval (pL,X),X,' o','Cofor,
X = X';
YM = YM',.
YL = YL';
YR=Y

, I0 1 0l )

, i1 1 0t )
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An unceftainty analysis involves systematic procedures for calculating error estimates for

the experimental data. The total uncertainty in a measured quantity is the sum of the bias

component, B, and a precision component, P. The primary sources of bias uncertainties

are due to the camera's resolution, calibration, and errors due to measurements of

fundamental quantities. Precision errors arise as a result of a spray's unsteadiness. They

are reduced by increasing the number of measurement samples. The method outlined by

Holman 122], Rabinowicz [23] is used to determine the bias uncertainties and calculate

the precision uncertainties. For water jetlspray trajectory measurements in a low

subsonic, cross airflow, the penetration, normalized by the nozzle's exit diameter, is

reduced to Eq. (5.1) given in section 5.2 at any location of the water jet's upper boundary.

UNCERTAINTY ANALYSIS

Appendix B

8.1. Uncertainty Analysis for Water Jet in Cross Airflow

The bias error of a normalized penetration measurement is related to the elementary bias

based on the sensitivity coefficients of C and n whose values are obtained from a

regression analysis. Consequently

B1ø:r7iai+r1iai

where the sensitivity coefficients are defined às î1,=a(yla)l}v. The elementary bias

limits are shown in Table 81 for a typical momentum flux ratio, q : 16.72, nozzle

diameter, d: 1.000 mm, andx/d: 14.48.
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Variable,v

C
tx

Magnitude

Table B 1:

1.997
0.444

There is a bias introduced by the measurements of normalized penetration, y/d. This is

because the correlation is a product of the experimental d,ata and all the uncertainties in

the experimental data are introduced into the correlation.

Bias errors due to correlation coefficients
B,

0.010 11 .442 0.114 0.447
0.001 141.233 0.141 0.553

ZB,rt, =0.255 Brld =0.182
Bias error :22.849 + 0.797%

ry,

Table B2 show the elementary bias in the measurements of y and, d. An uncertainty of

one (1) pixel is taken reasonably fory, which corresponds to a spatial distance of 0.591

mm in both the vertical and horizontal planes. An uncertainty of 0.013 mm isused for the

diameter. It arises from the inaccuracy of the gauge used in the measurement of a nozzle

diameter. If a typical case considered in Table B1 is also used as a basis for determining

the uncertainties in the measurement of normalized penetration, the bias shown in Table

B2 is found.

solution
Variable,v Magnitude B, ,/, B,rt,

1.950 0.349

B,r/, B,rl, (n,rt")

0.013
0.020

d 1.000

The major source of penetration uncertainty comes from the spatial resolution of the

camera, Ay and A-x. The precision component, P, of the uncertainties is shown by the

0.013 -22.141 -0.288 _0.950

:22.141 +
ZB,rt, = 0.303 Brld =0.657
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standard deviation and mean of the data. The standard deviation for the typical case

considered above, which arises from the specified y/d shownin Table 82, is about 2.g7%.

A Precision error is given by

o-to
¡/

where I known as the confidence coefnicient is 2 for a

o is the standard deviation of the sample of i/ images

expression

å[(;).-F)'

The mean is defined by the following equation

/l r N

li)=*F*r
The combined error is given, therefore, as

¡/-1

"=^lBi +B|+p2

95Yo confidence level [23]. The

that is defined by the following

which, in this case, is 0.69 (or 3.IZ%). With the

correlation can be written in the form given below

(s z)

y ld = (t.sot + o.or 
\,;)(o 

arato oor)

(¡ ¡)

foregoing definitions the

(a q)

(r.s)

predictive
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8.2. Uncertainty Analysis for 40o/o Glycerol/Water Mixture Jet in a Cross Airflow

The goal here is to perform an effor analysis for the liquid mixture jet producing the

highest variability. This corresponds to the 40o/o glycerol/water mixture, particularly near

the nozzle' s exit as shown in Fig. 5.14. Although only few data deviate from the general

trend line (see Figure 5.14), one especially noticeable outflier corresponds to y/(dq):

0.4729 where q : 12.23, */(dq) : 0.0544, and d: 1. 000 mm. This jet trajectory location

is y : 9.471 mm as seen from the raw image below (Figure Bl). The jet exits at y :

3.6887 mm as shown in Figure 81. In this analysis, we used y/(dq):0.774 rather than

0.4129 to avoid artificially exaggerating the error. The bias error, which is computed by

using the methodology discussed in section 8.1, is given in Table 83.

Fig. B 1 : 40o/o glycerol/water mixture jet from 1.000 mm nozzle at q : 12.23

Table B3: Bias error for 40o/o glyceroVwater mixture jet
Variable,v

v
d
q

Magnitude B,

y:9.471mm

9.471
1.000
12.23

y : 3.6887 mm

0.369 0.081 0.03 -1.30
0.013 -0.774 -0.01 0.43
0.681 -0.063 -0.043 1.87

LB,rl, = -0.023 B yt(¿q.¡

Bias error :0.4729 t 6.80/"

ry, B,T, B,rl,lLB,ry,
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Table 83 shows that the major contributor to the bias error is q. To calculate the

precision error, 20 images were analyzed again to determine each individual penetration

for the same condition and same x/(dq) as above. Applying the same relations as those

given in section 8.1, we found o equal to 0.0258 and the corresponding precision error

is Pykd,ù = 0.4729 t0.33%. Therefore, the combined error for this position is:

Ê y/(dq) = 0.479 + 6.80/0.

Similarly, for another 40%o glycerol/water mixture jet trajectory location, y/(dq): 0.055

which corresponds to q: 189.55, x/(dq) :0.00414, and. d: 1. 000 mm, the combined

error is:

€y/(¿q)=0.055+6.2%.

Finally, for the location, y/(dq) : 0.8346 arising from q : 12.23, x/(dq) : 0.177, and,

d : 1.000 mm, the combined error is:

ty/(¿q)=0.83+6.3%.

The foregoing cursory analysis indicates that there is more uncertainty error in very close

to the nozzle exit. Therefore, extreme care should be taken to avoid considerable error in

this region.
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EXTRA PLOTS FOR THE VISCOUS LIQUID JETS IN A

SUBSONIC CROSS AIRFLOW

t0

Appendix C

s
\-À

0.1 o 'ó+4' +qLof++
+ .r*+o

0.01

o

0.001

Fig. C1: Comparison of 1.000 and 1.905 mm data for fhe 40o/o glycerol/water mixtu¡e
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x/(dq)

I

t0

81



10

o 80% glycerol/water mixture (1.905 ntm)
+ 80% glycerol/water mixture (1.000 nun)

è
Y

0.r

0.01

+*

0.001

Fig. C2: Comparison of 1.000 and 1.905 mm data for the 80% glyceroVwater mixture

10

0.01

¿ 40Yo g,lycerol/water mixture data

o water

s-,
.¿
\

0.1

x/(dq)

0.1

0.01

0.0001

Fig. c3: comparison of 40Yo glycerovwater mixture jet with water jet data

0.001

l0

iPs

0.01 0.1

r/(dq)
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l0

o 60'% glycerol/water mixture jet
+ lI/ater jet

è
\"\

0.1

0.0 r

0.0001

Fig. C4: Comparison of 600/0 glyceroVwater mixture jet with water jet data.

0.00 r

10

I

è
\\

0.i

o'or x/@q) o'1 I lo

o 80oÁ glycerol/water mixture jet
+ lí/ater jet

0.01

0.0001 0.001

Fig. C5: Comparison of 80% glyceroVwater mixture jet with water jet data.

0.01 0.I 1

,/(dq)
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10

o 80'% glycerol/water mixtt¿re

^ 60'% glycerol/water mixture

x 40016 glycerol/water mixture

è
Y\

0.1

0.01

1.00E-04 1.00E-03 1.008-02 1.00E-01 1.00E+00 1.008+01

x/(dq)

Fig. C6: Comparison of 40, 60, and 80o/o glycerol/water mixture.
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EXTRA PLOTS FOR THE AIRFLOW CHARACTERIZATIOI\
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Fig. D4: Turbulence intensity for airflow
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Fig. D5: Turbulence intensity for airflow frequencies of 40Hz
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Fig. D6: Turbulence intensity for airflow frequencies of 5OHz
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