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A fiber-optic array was created by arranging four Corning lensed fibers in a 

parallel, horizontal plane.  It has been shown that through the use of multi-

wavelength spectroscopy, this fiber array is capable of probing a spray in four 

discrete locations.   

 

Two wavelengths of laser-sourced light were selected based on the optical 

properties of water, the fluid under investigation.  Water was used as the working 

fluid only to evaluate the measurement techniques described here; the intent is to 

apply the techniques, once developed, to fuel sprays.  One wavelength that is 

absorbed by water (1450nm) and one that is not (1310nm) were used for the 

spectroscopic analysis.  A super-continuum (1300nm-2000nm) and diode lasers 

were independently used as the source of light for this experiment.  In the case of 
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the super-continuum source, the absorbing and non-absorbing wavelengths were 

selected using fiber Bragg gratings or a custom filter based on a profile gauge.  

 

By generating two pulses of different wavelengths and temporally separating 

them by various delay fibers, it was possible to make each wavelength distinct 

when received by a photodiode (detector).  The dual-wavelength signal was split 

four ways to service each branch of the lensed-fiber array. Additional delay fibers 

were placed after the splitter and before the lensed fibers with the purpose of 

making each branch’s signal distinct.  By keeping each delay described to the 

minimum detectable amount of time, it was possible to “freeze” the spray in time.  

In this situation, the dynamics of the spray are much slower than the dynamics of 

the optical system, a key requirement facilitating quantitative measurements 

even though the amount of scattering in the spray varies dramatically. 

 

After the light has been transmitted through the spray, the light was collected by 

a detector.  By comparing the transmitted strength of the absorbing and non-

absorbing wavelengths, one may begin to make quantitative statements about 

the spray.  Using the quantifiable measurements of droplet size, spray-plume 

geometry and fluid properties, complete measurements of the quantity of liquid 

can be made.  Through the use of the multi-point measurements described in this 

work, one can produce a map of liquid and vapor throughout the spray plume at 

a given distance from the nozzle tip.    
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The results of trials using the various sources of light are consistent, as the diode 

lasers were tuned to produce similar characteristics to the super-continuum 

source.  Further development of the processes described here depend on light 

sourced from super-continua, as this method provides greater flexibility and 

expandability. 

 

Single-point measurements were also conducted using careful spatial filtering of 

the transmitted light.  Through this method, it was possible to determine whether 

the light has contacted liquid only, vapor only, or both phases.  The method of 

collecting light based on its direction of incidence at the detector is discussed in 

the body of this work.  Future iterations of the multi-point technique may 

incorporate advanced spatial filtering techniques. 
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1 INTRODUCTION 

1.1  Goals  

The research objective was to develop advanced optical diagnostics to be 

applied during liquid spray events. Given recent discoveries in combustion and 

spray dynamics, it has been shown that there is potential to control spray 

development, air entrainment, and atomization through the use of unique injector 

designs incorporating micro-nozzles. The aim of this research was to specifically 

examine the effect of injection pressure and nozzle configuration for cold and hot 

spray conditions.  The use of water sprays described in this investigation is 

intended as a basis for continued investigation of hot and cold liquid hydrocarbon 

fuel sprays. 

 

One technique with great potential is an enhanced version of absorption 

spectroscopy based on combined wavelength and spatial scanning of a laser 

beam [1].   In this technique, a laser that rapidly scans in wavelength is used to 

measure high-resolution absorption spectra along a line-of-sight; the laser beam 

is also scanned through space by a vibrating mirror so that data are recorded 

along many lines-of-sight. Tomographic reconstruction can be employed to 

obtain spatially resolved information (such as a 2-D image of fuel vapor 

concentration in a planar slice through the spray).  A simplified version of 

tomography was used in the multi-point spray analysis used as the basis for this 

work. 
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Few measurements exist that have demonstrated the ability to describe 

quantitative fuel properties in practical, combusting sprays.  A primary goal of this 

project has been to develop sensors for simultaneous liquid and vapor 

concentration as well as provide the groundwork for measurements of other 

quantities, including local temperature, oxygen concentration and liquid volume 

fraction.  Multi-color laser sensors are critical to obtaining such quantitative 

information in sprays, and Prof. Sanders’ group has developed into a unique 

expertise in this area.  

 

Due to the absorption characteristics of hydrocarbon fuels, this technique was 

first conducted using a water spray. Liquid and vapor water have vastly different 

wavelength absorption characteristics, and through previous testing of water 

sprays, information has been collected and processed for evaporating water 

sprays. The previous method was not conducted in such a way as to be 

applicable to fuel sprays. The technique described here can be applied to fuel 

sprays. By first testing the technique with water, it was possible to compare 

characteristics to previous water spray tests. 

 

1.2 Why Water?  

One of the keys to effective diagnosis of sprays is the ability to distinguish liquid 

and vapor phases of the working fluid, so that effects of atomization and 

evaporation can be understood.  In small molecules, such as H2O, liquid and 
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vapor can be easily distinguished because of their unique absorption spectra as 

shown in Figure 1.1.   

 
 

Figure 1.1:  Water absorption spectra showing easily distinguishable 
features of liquid and vapor. 

 

This fortuitous situation allows simultaneous, independent measurements of 

liquid and vapor.  In a previous experiment, measurements of H2O liquid and 

vapor were performed in non-evaporating and evaporating water sprays, with the 

results shown in Figure 1.2.  The liquid and vapor were distinguished on the 

basis of their spectra.  This experiment was conducted using single line-of-sight 

measurement through the axis of the spray.   

 

As can be seen from the water absorption spectra, liquid water results in the 

attenuation of a wide span of wavelengths.  Water vapor causes attenuation to 
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narrow bands of wavelengths.  These characteristics are quite distinct, and it was 

possible to create a LabView program to simultaneously analyze the attenuation 

from both phases.  This was the first step in the spray research described here, 

and techniques more applicable to fuel sprays have since been developed based 

on these initial tests. 

 

 
 

Figure 1.2:  Simultaneous Liquid and Vapor Measurements 
 

Unfortunately, in the larger molecules of interest in fuel injection research, 

distinguishing liquid and vapor by unique spectra is impossible.  In larger 

molecules such as hydrocarbon fuels, the vapor spectra look nearly identical to 

the liquid spectra.  It becomes impossible to detect one spectrum in the presence 

of another.  In the case of an evaporating liquid spray, both phases would be 

present simultaneously.   
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As an example, the spectrum for liquid heptane is shown in Figure 1.3.  Note that 

it is essentially indistinguishable from the heptane vapor spectrum shown in 

Figure 1.4.  Thus, an alternative approach is required for distinguishing liquid and 

vapor in hydrocarbon fuel sprays.  The work presented here serves as the 

starting point for research that will allow simultaneous analysis of liquid and 

vapor phases of fuels. 

 

 
 

Figure 1.3:  Hydrocarbon Fuel Spectra 
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Figure 1.4:  Heptane Vapor Spectrum 
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2 BACKGROUND & LITERATURE REVIEW 

2.1 Impetus for Investigation of Sprays 

Diesel engines are capable of much higher fuel economy than comparably sized 

gasoline engines.  Correspondingly, the diesel engine produces far less carbon 

dioxide emissions.  These benefits have led to immense popularity of the diesel 

engine throughout the European market.  Due to more stringent diesel engine 

emissions in the United States, this engine has remained a very small player in 

this market.  Further impeding acceptance among U.S. customers is the 

historically high level of noise and vibration in passenger-car diesel powertrains.   

 

Air-fuel mixing is a key component to achieve efficient combustion with minimal 

emissions.  It is widely accepted in the engine community that the fuel injection 

process plays a significant role in the performance, economy, emissions and 

refinement of a modern Diesel engine [2-8]. 

 

2.1.1 Cavitation 

It has been shown that cavitation within the injector contributes to the break-up of 

fuel jets and fuel atomization.  Researchers at DaimlerChrysler Research and 

Technology have developed optical diagnostics and simulation tools to 

investigate this technique [4].  Their optical analysis utilizes a high-speed CCD 

camera and a transparent nozzle.  Results of this analysis have shown that 
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hydrodynamic cavitation is the most significant effect.  Pressure changes inside 

the nozzle cause bubbles to form inside the nozzle and subsequently collapse 

once the spray leaves the nozzle tip and the external conditions change. 

 

2.1.2 HCCI 

New manufacturing techniques are becoming available that will enable precise 

control of injector tip characteristics with holes sized significantly smaller than 

what is available today.  Additionally, manufacturing techniques have shown the 

ability to produced grouped holes and alter hole geometry, including radiusing 

and conicity.  The engine research community is finding new ways to take 

advantage of this technology. 

 

One method being investigated to combat the high particulate matter (PM) and 

NOx engine-out emissions from the Diesel cycle is Homogeneous Charge 

Compression Ignition (HCCI) technology.  In this form of combustion, the engine 

designer attempts to achieve a roughly homogeneous mixture in the combustion 

chamber, the same manner used in most gasoline engines.  However, 

combustion essentially occurs as a random act of uncontrolled, compression-

ignited combustion.   

 

This regime results in low temperature, lean combustion and produces low NOx 

and PM emissions.  Unfortunately, it is also incapable of high specific output at 
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its current state of development.  As a result, high power requirements must be 

met through larger engine displacement or use of a dual mode cycle.  Although 

HCCI combustion is largely uncontrolled, one way to influence the in-cylinder 

dynamics and combustion is through the use of advanced fuel injector strategy.  

This includes injector tip geometry and injection pressure. 

 

2.1.3 NADI 

A product of these new manufacturing techniques is aiding in the development of 

dual-mode combustion technology.  Narrow Angle Direct Injection (NADI) is an 

active dual mode combustion strategy being developed at Institut Francais du 

Petrole (IFP) [2].  This technology uses injectors that produce a narrow included 

angle spray cone.  These injectors produce an included angle between 50-100o, 

versus typical Diesel injectors which spray at an included angle of 145-155o.   

 

Under low and medium load, the system utilizes early injection.  This causes the 

fuel to swirl in the specially-shaped piston bowls and become highly premixed.  

At high loads, the system performs as a normal Diesel cycle and is capable of 

high specific output.  The result at low and medium loads is approximately 100 

times less PM and NOx emissions than Diesel engines, and significantly less 

unburned hydrocarbon (HC) and carbon monoxide emissions than HCCI.  

Currently, this method is being investigated in test engines.  Neither IFP 

publications nor the IFP website describe optical analysis of this injection 

technique. 
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2.1.4 Grouped Holes 

Another product of emerging injector manufacturing technology is that of grouped 

holes [3].  This strategy provides a passive means of operating a dual mode 

engine.  Using newly-developed drilling techniques, it is possible to drill smaller 

holes in groups of two or three.  These holes can be convergent, cylindrical or 

divergent, and they can be drilled at different lateral angles from each other.  The 

result is greater surface area to volume ratio of the spray at low load.  This 

promotes vaporization and mixing.  As load and cylinder pressure increases, the 

sprays from each grouping of holes begin to merge, until they become a single 

large spray at peak load pressures.  This single larger spray lends itself to 

traditional diesel combustion at high loads and increases peak engine power and 

torque. 

 

This method promises many of the same benefits as the NADI system, and holds 

the potential to be a simpler system.  As with the NADI system, the injector hole 

geometry and pressure is key to development of spray distribution and 

atomization.  The researchers of this technique are currently investigating the 

spray invasively by measuring the momentum at different distances from the 

injector tip.  They are also measuring the mass flow rate at ambient conditions as 

well as performing computational fluid dynamics simulations of spray 

development.  While some of these measures are quantitative, they are also 

invasive techniques which alter the behavior of the spray. 
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None of the promising techniques described above utilize a means of analysis 

that is both quantitative and non-invasive.  Clearly, such a technique would be 

valuable in comparing CFD simulation to actual spray patterns and atomization.  

The lack of such a technique served as a primary motivator to develop multi-

wavelength absorption spectroscopic analysis. 

 

2.2 Alternative Techniques 

There are many methods of investigating sprays, depending on the type of 

information one wishes to gather.  Diagnostics for spray length and angle exist in 

the form of CCD cameras, emission spectroscopy is useful in the analysis of 

combusting sprays, and droplet sizing can be accomplished by commercially 

available equipment to quantify sprays. 

 

2.2.1 CCD Cameras 

One popular method of qualitatively analyzing sprays is the use of high-speed 

charge-coupled device (CCD) cameras.  CCD cameras are tools that are used in 

conjunction with specific optical methods of optical analysis, including emission 

spectroscopy and qualitative imaging.  As with any method of analysis, CCD 

cameras have advantages and disadvantages.  One of their primary advantages 

is their ability to produce spatially-resolved images of a spray.  They are also 
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capable of providing qualitative information of a spray, such as its penetration 

length and cone angle. 

 

Unfortunately, CCD cameras are limited by several types of noise.  Of concern 

when researching low light intensity is dark noise.  Dark noise is generated within 

a potential well at a rate proportional to the amount of time the well is occupied.  

In low light conditions, it is necessary to record over a long period of time.  This 

generates an unacceptable amount of noise.  Additionally, given the dynamics of 

a spray, it is not possible to make a measurement of a single point in time if the 

shutter must remain open for an extended period.  Finally, CCD camera images 

have limited ability to produce quantitative results. 

 

At DaimlerChrysler Research and Technology, an image intensified digital 2-

channel CCD camera is used in conjunction with a long distance microscope 

(LDM) [4].  Using a transparent acrylic nozzle to minimize refraction of light, they 

are able to resolve cavitation bubbles within the nozzle.  The light is able to 

transmit efficiently through the fuel and acrylic media, but vapor bubbles result in 

a dark patches within the image.  This particular method is claimed to be 

effective to a minimum exposure time of 20ns.  This technology is appropriately 

applied in this case, as the research involves the qualitative investigation of an 

observed event. 
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2.2.2 Emission Spectroscopy 

A general method that is used in the investigation of combusting sprays is that of 

emission spectroscopy.  This is not a single method but several methods that 

may be used individually or in conjunction with each other or other methods to 

evaluate combustion.   

 

The method of OH chemiluminescence takes advantage of the luminosity of the 

product gas OH.  This gas is formed in the rich combustion zone of a traditional 

Diesel spray.  OH chemiluminescence is valuable in the detection of the lift-off 

length, the most distant location of high-temperature combustion [9].   

 

Laser-induced fluorescence (LIF) and laser-induced incandescence (LII) are 

used to monitor the formation and amount of soot in a combusting spray [10].  In 

each of these methods, incident laser light is used to excite light emission from 

soot precursors or soot, respectively.  In doing so, light of a particular wavelength 

is absorbed by a molecule under investigation.  By absorbing a photon of light at 

a specific wavelength, the molecule is excited to an unstable energy level.  Due 

to instability at this excited state, the molecule emits a photon of light at a 

different wavelength and drops to a stable (but different) energy level.  The 

amount of light emission from the molecules of interest is proportional to the 

quantity of that molecule present. 
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2.2.3 X-Ray Absorption 

One very accurate method of analyzing sprays is through the use of x-ray 

absorption.  Researchers at the Argonne National Laboratory have taken 

measurements very near the tip of a high pressure nozzle using synchrotron x-

rays from their Advanced Photon Source [11].  This light source is not subject to 

the scattering experienced by other sources, and thus is able to overcome the 

large attenuation that other optical methods face when probing very near the 

nozzle tip.  These researchers have been able to record time-resolved, 

quantitative measurements of fuel sprays.   

 

Unfortunately, this method is time consuming and very expensive.  This method 

of investigation requires mapping of the spray.  For each spray condition, 

measurements were taken at approximately 1500 combinations of axial and 

radial locations, with each location representing a single pixel in the final spray 

image.  Furthermore, in order to overcome a low signal to noise ratio, each 

measurement had to be repeated 50 times.  Although expensive and time-

consuming, the results are complete and accurate.  The method produces a 

spatially-resolved map of fuel volume fraction, and the rate of injection can be 

derived based on this data as well. 
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2.2.4 Malvern Sizing 

The final competing technique used to evaluate the content of a spray is through 

the use of a Malvern droplet sizing instrument.  Malvern Instruments Limited 

produces a commercially available line of droplet sizing devices that operate on 

the Low Angle Light Scattering principle (LALS) [12].  Malvern uses Mie Theory 

and a transmitted wavelength of 630nm to calculate particle size distribution 

based on volume.  Its capabilities span the range of particles from 0.02 – 

2000um.  

 

This technique is capable of producing quantitative results, however the Malvern 

is limited by several factors.  It typically has a refresh rate on the order of 

2500Hz.  Considering that this rate is on the same order as the speed of an 

internal combustion engine, it is capable of taking only one sample per spray.  

Additionally, while this technique can monitor liquid and solid phases, it is 

incapable of detecting vapor.  Rather, due to the internal simulations employed 

by the Malvern equipment, the system is unable to cope with beam steering 

produced by the presence of vapor.  As a result, it is not useful during vaporizing 

or combusting sprays.  Thus, the Malvern technique is ineffective for the type of 

sprays that we wish to analyze.   
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2.3 Simulation 

Prior to the development of our optical spray sensor, simulations were conducted 

in LabView. The purpose of these simulations was to evaluate the effects of 

droplet size distribution on the transmission of the wavelengths selected.  

Different size droplets have different extinction efficiencies at various 

wavelengths.  For example, a given droplet may transmit less light than its 

geometric size would indicate at one wavelength, while allowing more light to 

pass at another wavelength. 

 

A LabView simulation was developed to show these effects using the optical 

properties of water, the wavelength range used by this research, and 

representative droplet sizes as inputs.  Figure 2.1 shows the extinction efficiency 

as a function of wavelength for a 5um droplet over the range of 1300nm to 

1460nm.  Figure 2.2 shows the same effect for a droplet of 7um diameter.  

Clearly, these two droplet, although similarly sized, yield vastly different 

extinction efficiencies over the range of wavelengths used in this experiment.  

The spray under consideration contains a wide range of droplet sizes.  Given the 

large differences in behavior of different sized droplets, it is a reasonable 

assumption that this diverse spray will have consistent extinction efficiency  

throughout the range of wavelengths considered. 
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Figure 2.1 5um droplet extinction efficiency vs. wavelength 
 

 

 

Figure 2.2 7um Droplet extinction efficiency vs. wavelength 
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2.4 Mie Scattering 

Mie Scattering occurs when a given wavelength of light is elastically scattered by 

a particle much larger than the wavelength of the incident light.  Unlike Rayleigh, 

a special case of Mie scattering, which is scattered by molecular scale objects, 

Mie scattering is the result of solid dust or liquid droplets present in the path of 

light.  Mie scattering theory is required for certain particle sizing and other 

experimental  techniques.  More information is available regarding the physics of 

Mie Scattering [13]. 

 

2.5 Absorption Spectroscopy 

2.5.1 Background 

Absorption spectroscopy is an optical technique which measures changes in 

quantum states for the substance under investigation.  Absorption of light occurs 

when a molecule or atom is excited from a lower quantum state to a higher one, 

absorbing a photon of a specific wavelength of light in the process [14].  

Typically, the substances being examined are excited by a laser light source, and 

transmission data is recorded by a photodiode (detector).  As a result of the 

absorption of light by the substance under investigation, the detector will report a 

decrease in transmitted power.   
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Absorption is predictable, because a given substance will always absorb the 

same wavelength for a given species at a given set of external conditions.  

Absorption is calculated using Beer’s Law: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

oI
IAbsorption ln

 

As shown by the equation above, absorption is the negative of the natural log of 

transmitted intensity, I, divided by the initial intensity, Io.  Thus, one requirement 

of absorption spectroscopy is knowledge of the strength of the laser source prior 

to its transmission through the absorbing medium.  A reference detector is used 

to monitor the output power of the light source for this reason. 

 

2.5.2 Benefits 

Absorption spectroscopy has several benefits compared to physical 

instrumentation.  As an optical method, it does not interfere with the process 

being analyzed.  Often in combustion or fluid events, the presence of a 

thermocouple or pressure transducer will disturb the system.  When this is the 

case, the results produced by the analysis do not necessarily reflect the 

dynamics that the system would typically exhibit in the absence of the 

measurement tool. 

 

Absorption spectroscopy also has a very fast time response.  Because the probe 

itself is an electromagnetic wave (light), it is clearly not a limiting factor in the 
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response time of an instrument.  It is the detection method that will limit the rate 

at which data can be recorded, and modern detectors and digital oscilloscopes 

allow material property data to be acquired on the order of 106 times per second.  

The more frequently a sample of data can be recorded, the more continuous the 

data will become.  Because physical instrumentation is based on the physics of 

weight and thermal capacity, they are unlikely to exhibit the fast response time 

exhibited by optical techniques.   

 

Fast response times also have the benefit of being able to take more data in less 

time.  Comparing two optical systems of different response time, a system with a 

refresh rate on the order of 106 samples per second can take one thousand times 

more data than a system taking 103 samples per second.  Since signal to noise 

ratio is often dependent on the number of averages taken, the faster equipment 

will produce better results in less time.   

 

 

2.6 Two-Wavelength Spectroscopy 

It has been shown in the preceding sections that there was no single technique 

with the ability to quantify an evaporating or combusting spray.  As a result, a 

multi-wavelength spectroscopy technique was developed.  The concept of multi-

wavelength spectroscopy is not a new one.  As many as 25 years ago, a 

variation of this technique was being developed at the General Motors Research 

Laboratories [15].   
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In his research, Chraplyvy accounted for scattering through calculation.  This 

method utilized a Malvern droplet sizing instrument to provide the distribution of 

droplet sizes.  Mie theory was used to estimate the extinction coefficient of the 

spray under consideration.  Using this estimation, it was possible to determine 

what amount of light intensity attenuation was due to scattering and what was 

due to vapor absorption.   

 

This technique, although not fully developed at the time, bears a strong 

resemblance to the method that has been used in this work.  The principle of the 

technique is to compare the transmission of two wavelengths along the same 

path through a spray.  The wavelengths are ideally chosen such that they are 

close together but where one wavelength is not absorbed by the working fluid 

and the other is heavily absorbed.  The difference in the absorption of the two 

wavelengths should be as pronounced as possible, within the constraint that the 

wavelengths should also be as similar as possible so that they behave similarly 

with respect to scattering in the spray.  Large differences in wavelength could 

lead to significantly different diffraction behavior of the two wavelengths and 

could alter the results. 

 

There are constraints to the selection of the two wavelengths.  As seen below in 

Figure 2.3:  Liquid water absorption spectrum highlighting the choice of an 

absorbing (1450 nm) and a non-absorbing (1310 nm) wavelength, 1310nm was 
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chosen as the non-absorbing wavelength, and 1450nm for the absorbing.  

Ideally, 1925nm would have produced a more pronounced difference in 

absorption.  Unfortunately, the diffraction difference between 1925nm and 

1310nm would negatively affect performance.  In addition, the fiber Bragg 

gratings used to select the two wavelengths are not commercially available 

above 1700nm.   

 

 

Figure 2.3:  Liquid water absorption spectrum highlighting the choice of an 
absorbing (1450 nm) and a non-absorbing (1310 nm) wavelength 

 

In performing two-wavelength spectroscopy, the power of each wavelength must 

be known prior to its entry into the spray.  For the purposes of this investigation, 

a reference detector serves this function.  By splitting the initial signal, it was 

possible to transmit 90% of the light intensity through the spray, while measuring 
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the remaining 10% before the spray.  Post spray, the intensity of the light was 

measured by a detector of the same type used for reference measurement.  To 

compensate for variations in the emitted power of the laser, the transmitted light 

intensity was normalized by the initial intensity of the same color.  Following 

normalization, Beer’s law was applied: 

 

k L

o

I e
I

λ−=  

Where: I  = Normalized transmitted intensity 

Io  = Normalized initial intensity 

Kλ = Absorption coefficient 

L = Transmitted path length 

 

Dividing the normalized transmitted intensity by the normalized initial intensity 

produces the transmission efficiency.  The absorption coefficient is a property of 

the working fluid and is wavelength dependent.  Because this value was known, 

it was then possible to calculate the total distance through which the light was 

passing through the spray.   

 

The key to making two-wavelength spectroscopy a valuable technique is the 

ability to take many measurements throughout a single spray event.  With a laser 

repetition rate of 200 kHz, it was possible to take on the order of one thousand 
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measurements in a single spray.  By accumulating this data, it was possible to 

make a quantitative statement about the amount of liquid in the spray. 
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3 MULTI-WAVELENGTH LASER SOURCES 

Unique properties of laser as light sources, such as power, coherence and 

spectral purity, enable the use of and promote the discovery of advanced optical 

techniques [16].  Dr. Sanders’ research group is in a unique position as one of 

the premier proponents of wavelength-agile technologies.  It is this technology 

that enables the spray analysis described within this work to be carried out. 

 

3.1 Laser Super-continua 

The laser super-continuum is perhaps the most valuable tool available to 

researchers working with Dr. Sanders.  A super-continuum is a specific type of 

broadband light source, featuring high intensity throughout a very broad 

spectrum.  A standard light bulb is a common type of broadband source.  It 

produces a continuous, wide span of wavelength emissions, however, it lacks the 

uniform intensity required to be regarded as a super-continuum. Examples of 

super-continua are shown below in Figure 3.1 and Figure 3.2.  These are super-

continua generated in Dr. Sanders’ lab spanning the visible and infrared regions.  
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Figure 3.1:  Super-continuum in space 
 

 

  Figure 3.2: Super-continuum in fiber 
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The above figures clearly illustrate the wide bandwidth of super-continuum light. 

The light shown in Figure 3.1  is being generated at 1064nm, while the light in 

Figure 3.2 is generated at 1550nm.  Green light can be seen in each super-

continuum, representing a wavelength of roughly 500nm.  Because super-

continuua are roughly symmetric, this results in a super-continuum of 500nm to 

2600nm in the case of Figure 3.2.  Such a wide super-continuum is restricted by 

two opposing factors.  In order to make this source useful, the wavelengths 

would have to be dispersed in time.  However, the long fiber necessary to create 

such dispersion would also limit the transmission efficiency. 

 

3.2 Generating Super-continua 

Super-continuum generation is the spectral broadening of a short, intense pulse 

of a single pumped wavelength transmitted through a non-linear medium.  Until 

very recently, super-continuum have been generated using highly-nonlinear 

(HNL) and photonic crystal fibers (PCF) [17].  These media have very small cross 

sectional area, which are able to support high irradiance at moderate power 

levels.  Typically, this pulse will experience equal red and blue shifts, forming a 

super-continuum centered around the pump wavelength.  This generation relies 

on the high irradiance supported by the HNL or PCF as well as its non-linear 

transmission behavior.  This method of generation is proven successful, and a 

photonic crystal fiber was used for the super-continuum generation used for the 

single point measurement presented in this work. 
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Unfortunately, this method of super-continuum generation has drawbacks.  The 

very small cross section makes coupling efficiency poor, and it precludes 

connectorization of the fiber.  Thus, alignment of the system is critical and 

tedious.  Additionally, as an essentially novel technology, they are relatively 

expensive and not always readily available. 

 

In an effort to find relief from the drawbacks of the PCF and HNL generation 

methods, it has been shown that super-continua can be generated using ordinary 

telecommunication optical fibers [17].  These fibers are low-cost and readily 

available.  They are also able to accept higher power levels due to their larger 

cross sectional area.  Although a longer length of interaction is required with 

standard fiber, the results are largely the same.  For the purposes of the multi-

point measurements, a super-continuum generated in Corning MetroCor fiber 

was used.   
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Figure 3.3 Super-continua output dependence on pump laser power 
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In  

Figure 3.3 above, multiple super-continua are shown with respect to laser input 

power.  These super-continua were generated consecutively using an IMRA 

uJewel pump laser operating at 1557nm in conjunction with a 20cm length of 

Corning MetroCor fiber.   This data was recorded using an Ando optical spectrum 

analyzer; the data sheet for which is located in the Appendix. 

 

From the graph, it is possible to see the progression of broader bandwidth super-

continua generated by increasing input laser intensity.  It is also apparent from 

this graph that super-continua intensity increases to a discrete plateau.  Further 

increases in pump laser power only increase the width of the super-continuum, it 

will not increase the intensity. The generally symmetric nature of the super-
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continuum can also be observed from this plot.  This is due to the negative 

dispersive characteristic of the MetroCor fiber.   

 

There are many sources available to the reader interested in the physics behind 

super-continuum generation [18, 19]  . 

 

3.3 Challenges of Super-continuum Generation 

As will be described in following sections, there are drawbacks to working with 

super-continua.  These challenges involve the generation of stable super-

continua and the ability to maintain an optical setup that utilizes very high 

concentrations of light intensity. 

 

3.3.1 Laser Stability 

The power output of the pump laser greatly influences the intensity and 

bandwidth of a super-continuum.  As a result, the stability of the pump source is 

a crucial aspect of many super-continuum generation systems.  Particularly in 

investigations where fast time response is important, and where little or no 

averaging is to be used, the amplitude and bandwidth of the super-continuum 

must remain stable.  When this is the case, a mode locked source is desirable, 

as it ensures consistency between each pulse generated by the pump source. 
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3.3.2 Fiber Damage 

The bandwidth of a super-continuum is a function of the energy intensity in a 

pulse of light and the elapsed time over which that light is emitted. Therefore, it is 

advantageous to select a laser that emits very high intensity over the shortest 

possible span of time.  Unfortunately, these intense pulses frequently have the 

potential to damage other optical equipment in the super-continuum generation 

system.   

 

Most often, the generation fiber is the weak link in a given system.  This is due to 

an extremely high amount of energy being focused on a very small area, or as a 

result of a non-optimized coupling.  The result is that materials on the fiber 

surface, or adhesives used in the assembly of a fiber connector become burned.  

When the damage threshold of a fiber is exceeded, the result is an inefficient, 

non-circular pattern of light emission.  This pattern is not optimized for 

transmission to other optical equipment, and the fiber must be replaced. 

 

3.4 Fiber Bragg Gratings 

Once a super-continuum has been generated using the methods described 

above, it is often desirable to filter or select certain wavelengths from the 

broadband source.  Fiber Bragg gratings (FBGs) act as a filter that reflect one 

particular wavelength and allow all other wavelengths to pass through 
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unimpeded.  One experimental setup used in conducting the research described 

in this work is shown below in Figure 3.4.   

 

 

Figure 3.4 Fiber Bragg grating setup 
 

Here, a super-continuum was generated by the IMRA µJewel pump laser and a 

20cm Corning MetroCor fiber.  The super-continuum produced by this 

arrangement spans from 1300nm through 1800nm.  For the analysis of water 

sprays, it was desired to select light at 1310nm and 1450nm for use in two-

wavelength absorption spectroscopy.  Data sheets for the IMRA µJewel laser can 

be found in the Appendix. 

 

After the super-continuum is produced in the generation fiber, it passes through a 

dispersion fiber. The dispersion fiber is used to spread out the broadband 

spectrum in time, thus preventing damage to downstream optical equipment.  

The super-continuum is then coupled into a two-way, equal intensity splitter.  The 
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light is emitted through the two opposite leads of the two-way splitter.  One lead 

is unnecessary and is terminated to a beam dump. This results in a 50 percent 

loss of super-continuum power and is an unfortunate side effect of this method.   

 

The other output of the splitter is coupled into the 1310nm FBG.  Here, only a 

narrow band of wavelengths surrounding 1310nm is reflected back to the splitter.  

The remaining super-continuum is transmitted with negligible losses and is sent 

through a 10m delay fiber.  Following the delay fiber, the light is coupled into the 

1450nm FBG. Only a narrow band of light surrounding 1450nm is reflected.   

This light travels back through the 10m delay fiber and then passes through the 

1310nm FBG unimpeded, and arrives back at the splitter.  Due to the delay fiber 

through which the 1450nm light must pass twice, it arrives at the splitter about 

100ns after the 1310nm pulse.  As described previously, this brief delay makes it 

possible to distinguish between the two wavelengths when processing the data 

collected from the experiment.  The remaining broadband light is terminated to a 

beam dump. 

 

At the two-way splitter, the two pulses of light (1310nm and 1450nm) exit through 

the two fibers at the right side of the splitter.  One of these fibers is the delay fiber 

through which the super-continuum is generated.  The light transmitted back 

through this fiber is lost, resulting in another 50 percent loss.  The remaining light 

exits through the other fiber and is transmitted to the experiment.   
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As in any experiment, the use of fiber Bragg gratings has benefits and 

drawbacks.  As mentioned above, there are two locations where the intensity of 

light is attenuated by 50 percent.  This results in an overall loss of 75 percent of 

initial intensity of transmitted light.  In experiments where high levels of 

attenuation occur within the experiment, this can be a significant drawback.   

 

However, the use of FBG filters is a very simple method to execute and it can be 

very precise.  Fiber Bragg gratings are available commercially (from wavelength 

of ~ 900 nm through 1700nm) and can be obtained with very narrow reflection 

bands (< 1nm) and with very high (95%) transmission of unfiltered light.  They do 

not require alignment, as they are fiber coupled, and they do not require purging 

to prevent interference from airborne species.  FBG filters can be added together 

to select as many or as few wavelengths as desirable for a particular experiment.   

 

 Refer to Appendix A for specifications of the fiber Bragg gratings used in this 

experiment 

 

3.5 Selectable Pin Filters 

Another method of wavelength filtering is available that provides a different range 

of capabilities than the fiber Bragg grating system discussed in section 3.4.  

Through the use of a diffraction grating, the super-continuum can be spread out 

in space.  As wavelengths will be predictably diffracted in a two-dimensional 

pattern in space, it is possible to prevent the transmission of certain wavelengths 
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by placing a physical block in the path of the light.  A schematic of this technique 

is provided below in Figure 3.5. 

 

 
 
 

Figure 3.5 Selectable pin filtering 
 

Here, a device is applied where a series of narrow pins are aligned in the path of 

the diffracted super-continuum.  Lowering a pin prevents the transmission of light 

at that position.  It was desired to transmit only 1310nm and 1450nm.  Since the 

super-continuum in use spans from 1300nm to 1800nm, nearly all pins were in 

the lowered position.  Only the two pins corresponding to the physical location of 

1310nm and 1450nm light are raised, thus allowing light to be transmitted. 

 

After passing through the pin filter, the pulses contact a concave mirror and are 

directed back through the filter and towards the grating.  At the grating, the two 

wavelengths are reflected along the same path and collimated into a dispersion 

600g/mm 
grating 
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fiber.  In this case, the dispersion fiber causes the two wavelengths to spread in 

time by the requisite ~ 100 ns, allowing them to be detected separately by the 

detector. 

 

One benefit of this method is its high level of adaptability.  The method of raising 

or lowing pins to select wavelengths means that there is a wide range of systems 

to which this method may be applied.  This system can be adapted to act as a 

low-pass, high-pass, band-pass or band-rejection filter.  When uses in trials in 

this experiment, it was used as a dual band-pass filter.   

 

One drawback to the system is that it is a free-space system.  Unlike fiber-

coupled systems, it is susceptible to physical creep, airborne particles and 

contaminants.  Alignment can be difficult, and the resolution is dependent on the 

number of pins in the filter.  It is a discrete system that was shown to be capable 

of resolution on the 5nm scale in this experiment.  Additionally, as a free-space 

system, it may require purging if it were used to investigate phenomena involving 

water vapor. 

 

3.6 Diode Lasers 

The use of a super-continuum and wavelength filters proved challenging in this 

experiment.  The nature of this experiment requires high stability and fast time 

response, with no averaging.  Because 1310nm is very near the edge of the 

super-continuum described in this chapter, it is subject to the greatest level of 
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variability in intensity.  Any fluctuation in laser output intensity had a marked 

effect on the intensity of 1310nm light in particular.  This produced an 

undesirable effect in the results of the experiment.  In addition, a significant 

drawback associated with short-duration pulses was revealed in our application.  

The short–duration (1ps) pulses apparently saturate typical InGaAs photodiodes, 

even when low voltages are detected from the amplified output.  This effect was 

evidenced by a highly non-linear response shown by the photodiodes.  The result 

was that for very short pulses, large increases in intensity would yield small 

increases in photodiode output voltage.  In preliminary testing, this effect 

produced what looked like absorption even when no absorbing wavelengths were 

used.  This effect was the primary cause for switching to diode lasers, as diode 

lasers use a much longer (20ns) pulse. 

 

In order to complete this experiment in the time provided, it was not possible to 

further refine the super-continuum source and detection equipment to 

circumnavigate the drawbacks.  Another method was therefore developed using 

established technology.  Diode lasers were selected as a source of stable, 

monochromatic light.  Two diode lasers were available at 1300nm and 1444nm.  

These wavelengths have very similar behavior to the 1310nm and 1450nm light 

used in the FBG and selectable pin trials.   

 

The use of two diode lasers, shown schematically in Figure 3.6, allows the 

system to be fully fiber-coupled.  As mentioned earlier, a fiber coupled system 
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provides ease of use and is physically more robust than a free-space system.  

Here, an ultra-high speed pulse generator (AV-tech model AVM-2-C) was used 

to pulse the diode lasers at 200kHz.  This repetition rate was selected because 

previous trials conducted using super-continua were generated using the IMRA 

uJewel laser, with the same repetition rate.  Due to different input power versus 

output intensity behavior, each diode had to be supplied a separate offset current 

(bias) from an ILX precision current source.  This allowed the two diodes to 

provide the same intensity of light.  Data sheets for the AV-tech pulse generator, 

ILX current source, and both diode lasers can be found in the Appendix. 

 

 

Figure 3.6 Diode Lasers 
 

 

Once again, the absorbing wavelength (1444nm) was transmitted through a 

delay fiber to achieve an approximately 100ns delay.  The two pulses of light are 

combined in a two-way splitter, where one output branch terminates to a beam 
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dump.  The other branch, transmitting 50 percent of the generated power, is fed 

into the experiment. 

 

This method proved to be simple and effective.  This method was used as the 

source of light for the multi-point measurements described in Chapter 5.  The 

diode sources were very stable, and also provided a lower level of noise than 

previous strategies.  The system relied purely on commercially available 

equipment, and was entirely fiber-coupled.  As a result, it was a robust system 

that was not highly susceptible to alignment or contaminants. 

 

Unfortunately, this method may not be as expandable as the super-continuum-

based approaches.  Although adding more wavelengths is theoretically possible, 

use of many more wavelengths becomes an increasing experimental challenge.  

To add more wavelengths would require an additional diode and current source 

for each wavelength.  It would also necessitate the addition of splitters, which 

frequently degrade the intensity of output of the system.   

 

Furthermore, this system is capable of producing only discrete wavelengths.  

Broadband sources can be scaled down to filter single wavelengths, but this 

method cannot be scaled up to produce a wavelength scan.  Because of this 

characteristic, the detection of complete spectra or the measurement of multiple 

species becomes difficult or impossible. 
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It should be clear from the preceding discussion that that the use of laser diodes 

is not the only option available for the experiment described.  The system of laser 

diodes used here was successful due to their combination of good signal to noise 

ratio and simplicity of implementation. The spray investigation could be made 

more adaptable through the use of a super-continuum source.  However, recent 

developments have shown promise for increased flexibility of diode lasers as 

well.   Future development of this spray research will depend on the refinement 

of the laser source. 
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4 SINGLE-POINT MEASUREMENTS 

 

4.1 Ballistics 

The approach chosen to distinguish liquid and vapors in sprays is to take 

advantage of the ballistics of the transmitted light.  Figure 4.1 represents a 

simplified schematic of the possible transmission modes for a laser beam 

incident on a spray.  Transmitted light that never contacts liquid droplets will 

emerge as an “undisturbed” collimated beam, and the remaining transmitted light 

is “scattered” by low angle light scattering (LALS) in a new direction by the liquid. 

Figure 4.1:  Light Transmission through a Spray 
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.  

4.1.1 Collection Schemes  

For the remainder of this work, a color code is used to aid in the interpretation of 

data.  Please be aware that orange borders and data points represent the 

“scattered” setup, green represents the “undisturbed” setup, and magenta 

represents the “combination” setup. 

 

4.1.2 Scattered Light 

The “scattered” collection system receives only light that is scattered by the 

spray.  More accurately, it receives only the light scattered by the spray at an 

angle < 26 degrees from the original path, the remainder of the light scatters at 

larger angles – including backscatter – and is not collected at all.   

 

Collimated light, such as that transmitted “undisturbed,” is focused by the 

collection lens at its focal point.  The scattered light that is incident on the lens is 

focused at a point located at twice the focal length of the lens.  In order to collect 

only the scattered light, a pin is placed at the focal length of the collecting lens.  

This prevents the “undisturbed” light from reaching the detector.  The detector is 

placed at twice the focal length so that it is able to collect the scattered light. 
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Figure 4.2:  “Scattered” collection setup 
 
 

4.1.3 Undisturbed Light 

The “undisturbed” collection system receives only light that never contacts liquid 

in the spray.  This is collimated light, which is focused by the collecting lens at its 

focal point.  By placing the detector at the focal point of the lens, it is possible to 

collect only the “undisturbed” light while minimizing the collection of “scattered” 

light.  This collection technique is illustrated in Figure 4.3.  

 

The detector being used in this experiment has a detection area 1mm by 1mm.  It 

is likely that a very small amount of scattered light is being detected at this point.  
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In the results section, it will be shown that this does not produce noticeable 

effects. Nevertheless, in the next step of this experiment, the multi-point 

measurement, an iris was placed in front of the detector to reduce the amount of 

“scattered” light reaching the detector.  

 

 
 

Figure 4.3:  “Undisturbed” Collection Setup 
 

4.1.4 Combination Light 

The “combination” collection system collects the sum of the “undisturbed” and 

“scattered” light.  In principle, from measurements of any two of the three setups 
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described above, data for the third could be inferred without direct measurement.  

This will prove to be valuable for future experiments. 

 

 
 

Figure 4.4:  “Combination” collection setup 
 

4.2 Experimental Setup 

From the transmission data presented above, only the presence of a spray may 

be determined, not the quantity of the spray.  To infer quantitative information, 

data must be recorded at multiple wavelengths using at least one absorbing 

wavelength in addition to at least one non-absorbing wavelength.  Transmission 

of each wavelength must be conducted in a time that is short relative to any 
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physical timescales of the spray.  To obtain such high-speed, multicolor data,  

the system shown in Figure 4.5 is used.   

 

 

Figure 4.5:  Laser Schematic 
 

An amplified ultra-fast fiber laser generates super-continuum pulses in a photonic 

crystal fiber.  These broadband pulses are split 50/50 using an ordinary single 

mode fiber coupler.  The bottom leg of the splitter is dumped.  The top leg is sent 

to a reflection-delay system based on fiber Bragg gratings (FBGs).  The first fiber 

Bragg grating is chosen to reflect a non-absorbing wavelength (e.g., 1310 +/- 5 

nm).  The majority of the super-continuum falls outside this wavelength range 

and is simply transmitted through the FBG.  The super-continuum travels through 

10 m fiber (in ~ 50 ns time) and reaches another FBG.  This FBG is chosen to 

reflect an absorbing wavelength (e.g., 1450 +/- 5 nm).  The remainder of the 

super-continuum is transmitted through the FBG and discarded.   
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Propagating backwards toward the splitter, then, is a pulse of non-absorbing light 

followed by a pulse of absorbing light ~ 120 ns later.  These are collected in the 

bottom-left leg of the splitter and connected to another splitter.  This second 

splitter is another 50/50 splitter that allows us to determine how much energy is 

contained in each pulse (non-absorbing and absorbing) sent to the spray using a 

reference detector.  The other output leg of the splitter is sent to the spray for the 

experiment. 

 
 
 

4.3 Results 

A sample pulse pair transmitted through the spray experiment is shown in Figure 

4.6. This data was recorded using the “combination” setup. Each of the four total 

peaks represents the average of all 1310nm pre-spray data, 1310nm during-

spray data, 1450 pre-spray and 1450 during-spray. Note that by measuring the 

amplitude of each pulse, we are able to record transmission at two wavelengths 

(non-absorbing and absorbing) within ~ 100 ns. This is a small time scale relative 

to the motion of the spray, and effectively “freezes” the spray in time.  A pulse 

pair recorded prior to the start of injection is shown as a heavy line in Figure 4.6, 

and a pulse pair recorded during the spray is shown as a thin line.  As expected, 

the overall pre-spray transmission is greater than the overall during-spray 

transmission. 
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Figure 4.6:  Two-Color Transmission Data 
 
 
 
Since the light transmitted at 1310nm is not absorbed in the spray, it is known  

that the light transmitted at 1310nm represents full transmission. If the during-

spray data of Figure 4.6 is scaled by a factor of 3.44, the amplitudes of the non-

absorbing peaks match, as shown in Figure 4.7.  However, the amplitudes of the 

absorbing peaks do not match, because of absorption of the 1450nm light in the 

water spray.  From this analysis, it is possible to infer the amount of the absorber 

present in the beam path.  In this case, because the absorption was measured in 

the “combination” collection scheme, the absorption can be used to determine 

the total amount of absorber (liquid + vapor) present in the spray.   
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Figure 4.7:  Two-color Transmission Data with Scaling 
 
 
One pulse pair consisting of 1310nm and 1450nm light is passed through the 

spray every 5us. Compiling this data over the period of one spray produces the 

sample raw data traces shown below. Figure 4.8 represents the “undisturbed” 

case, Figure 4.9 represents the “scattered” case, and Figure 4.10 represents the 

“combination” case.    These traces are consistent with the results expected from 

each collection scheme.  
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Figure 4.8:  Raw Transmission Data for “Undisturbed” 
 

 

For the undisturbed collection scheme, there is little transmission during the 

spray, so the amount of useful data is sparse.  However, the available data 

indicate that the transmission does not deviate significantly from unity.  This is as 

expected for the non-evaporating spray tested in this case.  If vapor had been 

present, a significant deviation from 100% transmission would be observed.   
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Figure 4.9:  Raw Transmission Data for “Scattered” 
 

For the “scattered” collection scheme, no data is available prior to the spray, 

because there is no scattered light at that time.  After entrance of the spray, the 

data show a relative transmission less than unity, consistent with the presence of 

absorbing liquid.   
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Figure 4.10:  Raw Transmission Data for “Combination” 
 

The “combination” collection scheme shows a relative transmission of unity prior 

to the spray and, during the spray, a transmission similar to that obtained in the 

“scattered” case.  As expected, the combination case effectively produces the 

same result as overlaying the other two cases. 

 

The raw data presented above represents all light transmitted through the spray, 

such that there are thousands of data points alternately representing 1310nm 

and 1450nm data.  The plots produced at this point are qualitative data, from 

which one could determine the relative density of the spray, the spray duration, 

and the amount of light scattered versus the amount transmitted undisturbed. 

Each plot represents a single spray event, as it was not possible to record data 

on multiple setups using a single spray event. 
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In order to form a quantitative analysis, the 1310nm intensities must be 

separated from the 1450nm intensities.  The transmitted strength of each color at 

each point in time are first normalized by the initial intensity at the same point in 

time.  Then, the 1450nm (absorbing) data are divided by the 1310nm (non-

absorbing) data at the same point in time.  The results are shown below in Figure 

4.11, Figure 4.12, and Figure 4.13. 

 

 
 

Figure 4.11:  Relative Transmission Data for “Undisturbed” 
 

Figure 4.11 shows the transmission efficiency for the “undisturbed” case.  In this 

case, only light which transmits directly through the spray is collected. Therefore, 

none of the collected light has come into contact with water.  Furthermore, the 

sprays were each carried out at room temperature and pressure.  Because of 
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this, we would expect the sprays to be non-evaporating sprays, consisting of 

liquid water only.  The results show this to be the case.  Although there are few 

data points, owing to the fact that the transmitted light was heavily attenuated, 

those that were collected show that there was no relative absorption of the 

1450nm light.  The trend in this case is for the ratio of transmitted light at 1310nm 

and 1450nm to remain equal at a ratio of approximately 1.0.  

 

 
 

Figure 4.12:  Relative Transmission Data for “Scattered” 
 
 

Figure 4.12 shows the processed data representing the “scattered” collection 

setup. First notice that there is no data prior to the start of injection.  This is 

because prior to injection, all light is contained in a single collimated beam that is 

being prevented from reaching the detector.  After the start of injection, light is 

scattered.  This scattered light is collected by the lens and transmitted to the 
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detector.  It is also shown that there is significantly more data collected by this 

setup.  Very close to the nozzle tip (10mm) the spray is very dense.  This causes 

heavy scattering and provides a large amount of scattered light to be collected at 

the lens.  It is also possible to see from this plot that the ratio of transmitted 

intensity 1310nm / 1450nm is generally less than unity.  This tells us that there is 

relative attenuation of the 1450nm light.   

 

 
Figure 4.13:  Relative Transmission Data for “Combination” 

 
 
In Figure 4.13 results of the “combination” case are presented.  Here, the results 

show that prior to the start of injection, there is full transmission of both 

wavelengths.  As in the “undisturbed” case, this produces a transmission ratio of 

unity.  After the start of injection, the data looks very similar to that from the 
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“scattered” case.  This is because there is so little intensity transmitted without 

contacting water droplets that this effect is negligible in the “combination” case 

after the start of injection. 

 

Figure 4.14, below, presents a direct comparison of the data shown in Figure 

4.12 and Figure 4.13.  These results show that our current spray experiment is 

repeatable in the sense that different sprays contain similar quantities of liquid at 

similar times.  These results also confirm that there is negligible evaporation in 

this tested spray, as expected during our room-temperature testing.  Had there 

been significant evaporation, excess absorption would have been expected in the 

combination case, consistent with absorption due to vapor as well as liquid. 

 

 
 

Figure 4.14:  Comparison of Scattered and Combination Data 
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The data shown in Figure can be converted into a quantitative liquid length 

fraction, as shown in Figure using the transmission equation: 

 
 

K LT e λ−=  

 

Where  T   =  Transmission [%] 

  Kλ =  Absorption coefficient [cm-1] 

  L   =  Path length through absorber [cm] 

 
 
From this experiment, the absorption coefficient of water is known. It has also 

been shown how to calculate the transmission through the spray. It is therefore 

possible to determine the physical distance that the light is transmitted through 

the water.  

 

In this case, with the probe beam ~ 1.0 cm from the injector tip, the liquid length 

fraction is approximately 1%, as shown. This indicates that 1% of the path length 

intercepted by the laser is occupied by water. Obtaining a droplet size distribution 

from a droplet sizing instrument would allow us to determine the actual amount of 

water in the spray (volume fraction).  

 

Data such as this are invaluable for determining the performance of new spray 

nozzle designs.  This result highlights the unique capability of multicolor 

absorption techniques, because they are able to provide quantitative data even 
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under harsh measurement conditions.  Data of similar or better quality is 

expected in hot and combusting environments. 

 

 
 

Figure 4.15:  Quantitative Liquid Length Fraction 
 
 
In summary, we have demonstrated a novel laser diagnostic that is capable of 

both liquid and vapor measurements in practical fuel sprays.  Our intention is to 

apply this diagnostic for tomographic measurements of practical vaporizing and 

combusting sprays contained in a constant volume combustion chamber.   

 

4.4 Discussion 

The spray diagnostic approach described here is one step in the path to the 

complete analysis of a practical evaporating spray. There are several steps that 
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will be taken to make this a more useful analysis. For example, quantitative 

analysis of our current data results in a liquid length fraction and thus the total 

amount of liquid and vapor being analyzed.  

 

The single line-of-sight analysis presented up to this point represents a proof of 

concept for what is to come.  As described here, this analysis is of limited use.  In 

order to produce a more valuable description of the spray under investigation, it 

will be advantageous to take measurements over at least two dimensions 

simultaneously.  To that end, the next step is a multi-point analysis of the same 

sprays.  Taking multiple point measurements, and particularly taking tomographic 

measurements, allows one to integrate the total amount of fuel being injected by 

the nozzle over the length of the spray event.  

 

Another means of improvement is to analyze an evaporating spray. This has 

been done previously by Dr. Sanders’ research group, but it has not been tested 

using the ballistics approach. 
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5 MULTI-POINT MEASUREMENTS  

 

5.1 Experimental Setup 

The final step in this spray analysis was the implementation of a multiple point 

analysis tool.  Used in conjunction with tomographic data processing, this method 

is capable of providing a two-dimensional map of the spray.  For the purposes of 

this analysis, the spray was assumed to be axissymmetric.  This should be a 

reasonable assumption in certain sprays at certain locations, but may be a 

particularly poor assumption near nozzles.  Figure 5.1 below shows a plume at 

full penetration length in a constant volume combustion chamber.  Here, it could 

be reasonably stated that the spray plume appears symmetric.  However, 

research at Honda Motor Co. has recently shown that very near the tip of a diesel 

fuel injector the spray does not exhibit symmetry.  

 

Figure 5.1 Axissymmetric Spray Image 
 



 

 

62

 
In order to take measurements of the spray at multiple points, an array of 

Corning lensed fibers was assembled into a horizontal plane of four fibers.  More 

information regarding lensed fibers may be found in the Appendix.  Each lensed 

fiber is approximately 0.5mm wide, so the array intercepts a 1.5mm wide section 

of the spray.  Figure 5.2 below is a photograph of the fiber array and its position 

relative to the injector.  The data sheet for the Corning lensed fibers is available 

in the Appendix. 

 

Figure 5.2 Four Fiber Array 
 

It was determined that the spray produced by the standard Bosch port-fuel 

injection-style injector produced a 22 degree cone.  This was determined by 

visual assessment of the spray pattern when impinged upon a piece of dark 
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paper.  Again, this test was conducted using water as the working fluid.  Based 

on geometry, placing the fiber array 10mm above the nozzle exit would result in 

the beam from the inner fiber bisecting the spray, and the outer beam being just 

on the edge of the spray. 

 

The fiber optic setup for the multi-point analysis is illustrated schematically in 

Figure 5.3 below, and in photographic form in Figure 5.4.  In this arrangement, 

light from the diode laser source is coupled into a two-way 90/10 percent splitter.  

The 10 percent branch serves the reference detector.  This allows any instability 

in the laser output to be monitored and those effects can be nullified in post 

processing.  The remainder of the light is split evenly in a four-way splitter.  

 



 

 

64

 

Figure 5.3 Multi-Point Optical Setup 
 
 
 

 

 
Figure 5.4 Photo of Optical Setup 

 

Injector Array Lens Detector 

Photo Illustration 
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Following the splitter, delay fibers of different lengths are used to separate the 

pulse from each lensed fiber in time.  The outer lensed fiber has no delay fiber 

and receives light first.  Each subsequent branch has an additional 40m of delay 

fiber.  This results in another 100ns delay between pulses from each branch.  

This delay is roughly the minimum spacing necessary for reliable post-processing 

analysis; closer spacing would raise the risk of information being too close to 

detect. 

 

The lensed fibers are located less than 10mm from edge of the spray cone.  This 

is due to the very short focal length of the lensed fibers.  Significantly greater 

spacing would cause the beams to overlap somewhat before even entering the 

spray..  Closer spacing would risk getting the lensed fibers wet from the spray.  

Because they are very fragile, it would be difficult to clean or dry the lensed 

fibers.  

 

After each pulse is emitted from the lensed fibers, the light travels thought he 

spray.  Through experience with single-point measurements, it is known that 

most of the light is scattered.  In this experiment, only the combination method is 

used, whereby the detector is placed at twice the focal length of the collection 

lens.  This allows effective collection of both scattered and undisturbed light.   
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The light is converted to an electrical signal at the detector, where voltage is 

proportional to intensity of incident light.  The response of the detector with 

respect to wavelength is provided in the Appendix.  

 

5.2 Data Processing 

A Tektronix 7154 digital phosphor oscilloscope was used to collect the signal 

from the detector.   This oscilloscope is used in FastFrames mode, where the 

reference detector provides a trigger signal on one channel out of the four 

available.  This mode allows one frame to be detected per pulse from the laser 

diodes.  Breaking the data into frames simplifies the data reduction in LabView.  

The data sheet for the Tektronix scope is available in the Appendix. 

 

The spray data is split to service two additional channels on the scope.  In doing 

so, one channel is optimized for typical laser intensity, and another is set one 

order of magnitude lower.  This second channel is optimized for instances of very 

weak transmission through the spray.  Here, although the signal is still weak, the 

signal to noise ratio is improved .  This allows more reliable data to be recorded 

throughout all conditions experienced during the spray. 

 

A typical frame is shown below in Figure 5.5 Strong Transmission Data.  Here, 

each of the three monitored channels is apparent.  The reference/trigger signal is 

visible in red at the beginning of the frame.  This represents the intensity of light 

emitted from the diodes at 1300nm and 1444nm, respectively.  It also represents 
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the signal that is split four ways to service each branch of the fiber array.  The 

eight blue, equally spaced peaks represent each 1300nm and 1444nm pulse 

emitted from each of the four branches.  Finally, the eight green, saturated peaks 

are the high sensitivity spray data.  In this frame, transmission is good and the 

standard spray data is acceptable.   

 

 

Figure 5.5 Strong Transmission Data 
 

 

Below in Figure 5.6, the spray is very dense and the high sensitivity data will be 

selected to analyze this frame.  In this figure, it is apparent that the output of the 

laser diodes has not changed significantly.  The transmitted data, however, has 

decreased substantially.  The first and fifth blue peaks below are strong enough 
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to provide acceptable data, and the LabView data processing virtual instrument 

has selected these peaks for processing.  Selected peaks are marked by an “X.” 

 

 

Figure 5.6 Weak Transmission Data 
 

In Figure 5.7, the reference data has been removed and the scale has been 

adjusted to better illustrate the standard spray data and the high sensitivity 

channel.  Again, a black “X” represents a peak chosen by LabView to be used for 

processing.  The first peak is shown to be strong, with LabView choosing the 

standard transmission data.  Peaks two, three and four are weak, and LabView 

has chosen the high sensitivity data.  This data is preferable in periods of weak 

transmission because of its superior signal to noise ratio.  This effect is more 

pronounced in Figure 5.8, where only the high sensitivity data is shown.  The 

presence of black “X”s shows the peaks chosen for processing. 
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Figure 5.7 Magnified Weak Transmission Data 
 

 

Figure 5.8 Magnified High Sensitivity Weak Transmission Data 
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 A LabView Virtual Instrument was produced for the purpose of converting the 

data recorded by the oscilloscope into useful information.  The process is roughly 

described below: 

 

1. From the oscilloscope, one file is saved per trial for each of reference 

data, transmitted data and high sensitivity transmitted data.  This data is 

recorded frame by frame, analogous to single snapshots taken 

successively to form a movie.   

2. In LabView, one trial is observed per execution.  Each execution opens 

the reference, transmitted, and high sensitivity transmitted data from a 

single trial. 

3. From each frame, a peak finder is used to detect the highest points per 

frame.   

a. For reference data, there are two peaks per frame.   

b. For spray data, there are a total of eight points per frame. These 

can be comprised of a mix of standard transmitted data and high 

sensitivity data.  Standard transmission data is preferred, but it is 

tested against a threshold value.  When standard data is rejected 

below a threshold value, High sensitivity data points are chosen 

and standard data is rejected and rejected. 

4. The order of transmitted data points is known a priori based on the design 

of the optical setup.  Within transmitted data, the first peak is the 1300nm 
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light transmitted at the outer line of sight.  The second peak is the 1444nm 

light at the outer line of sight.  The third peak is 1300nm light at the 

second line of sight, moving towards the center of the spray.  This pattern 

continues to the center of the spray.  Using this knowledge, the peaks are 

first normalized by the reference data.  All 1300nm peaks are divided by 

the amplitude of the reference 1300nm peak.  All 1444nm peaks are 

divided by the amplitude of the 1444nm reference peak. 

5. Transmission is calculated after normalization.  For each of the four 

positions, the normalized 1444nm amplitude is divided by the 1300nm 

amplitude.  If no water is present, no absorption occurs and the resulting 

value is unity.  

6. Step 5 is repeated for each frame, of which approximately 1000 are 

recorded per spray.  The resulting data spans a time of approximately 

5ms. 

7. The data is subsequently processed in a variety of ways.  For the 

purposes of later discussion, transmission and tomographic results are of 

the greatest importance.   

 

Tomographic analysis was conducted using the three point Abel method.  More 

information regarding this method is available [20]. 
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5.3 Results 

Initial results processed using the LabView code provided a qualitative illustration 

of the spray.  Simply, the initial analysis shows the start of injection and the 

overall loss of transmission due to the presence of the spray.  Figure 5.9 below 

shows qualitative data. 

 

  

Figure 5.9 Qualitative Spray Data 
 

This qualitative data is comprised of the transmitted data, and the graph above 

shows all data collected over the course of the spray.  Breaking this data down 
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into frames of eight peaks each provides the snapshots of spray that effectively 

freeze the spray dynamics at each moment in time.   

 

After breaking the data down the qualitative data by frames and calculating the 

transmission, the behavior of the spray at each of the four probed points can be 

plotted.  Figure 5.10 provides an illustration of the transmission of the absorbing 

wavelength (1444nm) divided by the non-absorbing wavelength (1300nm) versus 

an arbitrary time scale.  In this figure, the red line is the outermost line of sight, 

with green, blue and orange representing lines of sight approaching the axis of 

the spray.   

 

From this graph, it is clear when the spray begins.  It is also apparent from this 

graph that the outer line of sight, which is at the edge of the spray, encounters 

significantly less liquid water than the other three lines of sight.  It requires 

tomography to make a greater distinction between the other three points. 
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Figure 5.10 Relative Transmission 
 

 

The tomographic reconstruction of the spray takes into account the distance over 

which attenuation is observed.  Each lines of sight intercepts a different length of 

the spray, as seen in Figure 5.11.  The amount of attenuation encountered in 

each imaginary donut of the spray, combined with the distance that the beam 

travels through each of the four rings will affect the final tomographic result. 
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Figure 5.11 Tomography Cartoon 
 
 

The results of many trials were processed using tomography.  Six examples of 

the results are shown below, in Figure 5.12 through Figure 5.17.  These 

represent the most complete single illustration of the events during the spray.  

The vertical axis contains the liquid volume fraction.  This number states the 

distance through which light is in contact with water divided by the total distance 

through which the light is traveling through the spray.  Simply, this unit of 

measure represents what portion of the idealized spray cone is occupied by 

liquid water. 

 

The radial location axis represents the distance from the axis of the spray.  The 

lensed fiber array is approximately 1.5mm wide. In the interest of providing a 
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complete illustration, a fictitious fifth line of sight was added to the array in data 

processing. This point would lie entirely outside of the spray, where absolutely no 

water was present.  The use of this extra line of sight ensures that the edge of 

the surface returns to zero at a point outside of the spray. 

 

The time axis simply represents the time from the start of data recording.  The 

result of this tomographic surface is to quantitatively illustrate the behavior of the 

spray at each distance from the axis over the entire duration of the spray. 

 

Figure 5.12 Tomographic Results (213) 
 



 

 

77

 

Figure 5.13 Tomographic Results (209) 
 

 

Figure 5.14 Tomographic Results (211) 
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Figure 5.15 Tomographic Results (214) 
 

 

Figure 5.16 Tomographic Results (217) 
 

 

 



 

 

79

 

Figure 5.17 Tomographic Results (218) 
 
 

5.4 Discussion 

The tomographic results presented above are the most complete measure of 

spray behavior produced from this experiment.  It is a quantitative measure of the 

spray, and it represents all data accumulated at all points throughout the spray. 

 

From the tomographic results, it is apparent that the spray is generally comprised 

of about 15 percent water.  This amount of water is predominantly located within 

the centermost portion of the spray.  The amount of liquid water present tapers 

quickly as distance away from the axis is increased.  At the edge of the spray, 

along the fourth line of sight, there is a consistent increase in the quantity of 

liquid water.  This is indicative of a hollow spray cone, where there is a ring of 

concentrated liquid water around the perimeter of the spray. 
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The data presented here represents very complete data for the behavior of a 

liquid pray.  However, there are significant limitations as well.  The primary 

limitation with respect to any type of spray to be analyzed with this method is the 

use of only four lines of sight.  This results in a very coarse resolution image of 

the spray under investigation.  Increasing the number of lines of sight requires 

two modifications to this system.  First, the Corning lensed fibers cannot be made 

smaller without seeing a penalty in focal length.  The current 0.454mm wide 

lensed fibers already have a focal length that is less than ideal.  Making these 

smaller would allow more lines of sight to be taken through the spray.  In order to 

achieve the same optical efficiency, the focal length of the lensed fibers would 

have to be retained.  However, the laser bean emitted from the 0.454mm 

diameter lens is only 62µm.  Therefore, there is plenty of excess material that 

could be trimmed off of the lens to facilitate closer spacing of the lensed fibers. 

 

 

The other limiting factor to increasing the resolution is the need to increase the 

intensity of the light used to probe the spray.  The power requirements scale 

linearly with the number of lines of sight.  If one were to use eight lines of sight 

instead of four, twice as much light intensity would be required.  This was already 

a limiting factor in the use of a super-continuum. 

 



 

 

81

Presently, this system would be difficult to implement on a spray other than 

water.  Using a super-continuum would make this system more adaptable to 

fluids with different absorption characteristics.  Future iterations of the spray 

research established with this work will utilize a wavelength agile approach.  This 

will not only ease the adaptability between sprays of different fluids, but will also 

allow the monitoring of multiple species, multiple phases, and possibly other 

physical conditions such as temperature and pressure. 
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6 FUTURE WORK 

6.1 Super-continuum 

As stated previously, the used of super-continuum-sourced light would greatly 

increase the adaptability and expandability of this research.  A powerful and 

stable super-continuum is the key to this improvement.  Once such a super-

continuum is produced and includes the colors required for spray experiments of 

interest, a filtering method such as fiber Bragg gratings could be used to select 

the appropriate wavelengths for the species under investigation.  If multiple 

species were to be investigated, it is very easy to incorporate more fiber Bragg 

gratings to add more wavelengths.  If other physical conditions were to be 

investigated, a pin filter could be used. This would allow a combination of specific 

wavelengths and broad bands of wavelengths to be used simultaneously. 

6.2 Hydrocarbon Fuel Sprays 

The chief interest of the Engine Research Center in spray research is in the 

development of advanced fuel systems.  To this end, sprays using realistic spray 

media must be considered.  Particularly in the case of diesel sprays, it is highly 

desirable to use inject actual diesel fuel using a proper diesel injector.  The 

research described in this thesis is intended to lay the groundwork for the 

investigation of realistic fuel sprays.  Again, this improvement is dependent upon 

the generation of reliable super-continua or the acquisition of 1650nm and 

1720nm diode lasers. 
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6.3 Combusting Sprays 

The ultimate use of this spray research would be to investigate the behavior of a 

combusting fuel spray during in-cylinder conditions.  In order to implement this 

improvement, the optical setup would have to be adapted to fit into or around a 

constant volume combustion chamber.  Currently, the optical setup is too large to 

fit into the vessel, but the focal lengths of the optics are too short to work 

effectively if placed outside of the vessel.   

 

Corning is working on advanced versions of the lensed fiber that was used in this 

research.  One iteration under development at Corning is an array of lensed 

fibers implanted in a clear acrylic block.  This would make the delicate lensed 

fibers much more robust and may allow them to be placed inside of the 

combustion vessel.  If this were the case, the collection lens could also be 

replaced.  One option would be to place a large diameter fiber very close to the 

spray opposite the fiber array.  This would retain the optical efficiency of the 

present arrangement while allowing the optics to be placed within the vessel.   

 

Corning, the manufacturer of the lensed fibers used in the current experiment, is 

developing a more robust system. This Collimator Array system uses multiple 

lensed fibers embedded in a single body of clear material.  This adds strength 

and makes the system easier to align.  One version of the array is shown in 

Figure 6.1 below.  The data sheet for the Corning Collimator Array can be found in 

the Appendix. 
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Figure 6.1 Corning Collimator Array 
 

Most of the improvements listed above is viable using current technology.  They 

were not used in this research due to the constraint of time.  The Corning 

Collimator Array is still in the developmental stage. 
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APPENDIX 

IMRA µJewel Laser 
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JDS UniPhase 34-AIT637 1444nm Diode Laser  

 



 

 

90

 

 



 

 

91

Lucent 741287 1300nm Diode Laser  
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OE Land Fiber Bragg Grating 1310nm 

 

 



 

 

93

OE Land Fiber Bragg Grating 1450nm 
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ThorLabs PDA255 Photo Diode  
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ILX LightWave LDX3525 Precision Current Source 
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AV-tech AVM-2-C Ultra-High Speed Pulse Generator  

 



 

 

97

Ando AQ-6315A Optical Spectrum Analyzer 
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Tektronix TDS 7154B Digital Phosphor Oscilloscope 
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Corning Lensed Fibers 
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Corning Collimator Array 
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