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ABSTRACT 

A planar Laser imaging technique which incorporates an opticaL polarization ratio technique for dropLet 

size measurement has been investigated. A series of pressure atomized water sprays have been studied with 

this technique and coaçared with measurements obtained using a Phase DoppLer ParticLe Analyzer. In 

particular, the effects of assuning a Logarithmic normaL distribution function for the dropLet size 

distribution within a spray has been evaLuated. ReasonabLe agreement between the instrunents has been 

obtained for the geometric mean diameter of the dropLet distribution. However, coaparisons based on the 

Sauter mean diameter show Larger discrepancies, essentiaLLy because of uncertainties in the appropriate 

standard deviation to be appLied for the polarization ratio technique. Coaparisons have aLso been made 

between singLe Laser pulse (teaporaLLy resoLved) measurements with nuttipLe Laser puLse visualizations of 

the spray.

INTRUCTION 

Spray and dropLet measurements in Liquid rocket engines require non-intrusive techniques which possess 

both high spatiaL and teoporaL resolution capabiLities. In addition, due to the short duration and highly 

transient nature of Liquid rocket contustion processes, techniques which provide extensive spatial 

measurement capabilities are highLy desirabLe. Recent progress in the deveLopnent of planar Laser imaging 

techniques have demonstrated the potentiaL for achieving such measurements1 '2 . In the present work, a 

pLanar laser imaging approach which incorporates an opticaL poLarization ratio technique has been 

investigated as a spray diagnostic for sizing dropLets. A series of pressure atomized water sprays have 

been imaged to obtain droplet size. These measurements have been conpared with resuLts obtained with a 

Phase DoppLer ParticLe Analyzer (PDPA) for the same sprays. 

Previous studies eupLoying the poLarization ratio approach for point measurements in sprays have 

observed smaLLer dropLet sizes than typicalLy reported f or other measurement techniques 3'4 . Since the 

polarization ratio technique requires an assuiption regarding the dropLet size distribution, this aspect of 

the problem has been seLected for specific investigation. The present study has focussed on a Logarithmic 

normal representation of the dropLet size distribution, since some of the previous studies using the 

polarization ratio technique have used this distribution in their anaLysis of the droplet measurements3'4. 

Using the information on the dropLet size distribution provided by the PDPA measurements, detaiLed 

conparisons have been made to anaLyze the effects of variations in the geometric mean standard deviation of 

the Logarithmic normaL distribution on the Sauter mean diameter results obtained from the poLarization ratio 

measurements.

LIGHT SCATTERING THE(Y 

The droplet sizing technique seLected for use in the present study invoLves measuring the ratio of the 

horizontaL and vertical conponents of the scattered Light intensity from a Laser tight sheet incident on the 

spray. The underlying physics of the Light scattering process is described by Mie theory and has been 
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extensiveLy discussed in the Literature with respect to appLications to dropLets 5. Hence, onLy a brief 
sumnary of this measurement technique is provided here. 

The scattering cross section for a dropLet upon which Light is incident is a function of the 

refractive index Cm), the non-dimensionaL particLe size CX = iD/i) and the scattering angLe (0). The 

scattering angLe is defined to be in the pLane containing the incident Light beam and the scattered Light 

detector, and is measured with respect to the forward propagation direction of the incident Light beam. The 

particle size dependence is reflected in the non-dimensionaL particLe size parameter X which is proportionaL 

to the ratio of particLe diameter CD) divided by the waveLength of the incident tight (1). 

The power scattered into a unit soLid angle can then be expressed as 

p8,1 =	 N C11 (m,X,O) k	 (1) 

where to,l is the incident power, N is the nurber of scatterers, Cli is the scattering cross section and k is 

a constant which incLudes the effects of the opticaL probe votune and efficiency of the coLLection optics, 

detectors and detection electronics. The subscript i refers to the polarization conponent of the incident 

tight which may be verticaL CV) or horizontaL (H). 

The scatterers in a spray are not monodispersed, and therefore a size distribution effect mist be 

incLuded. A mean scattering cross section is obtained as 

c 11(9) = if P(D) C Cm, iD/i, 0) ci)
	

(2) 

Information on the particLe size can be obtained separately from the effects of the nurber concentration (N) 

of scatterers if a ratio of the scattered intensity for two poLarizations is obtained. The resuLting 

poLarization ratio, y, is given by:

y = (C.J /C) (sin2ø/cos2Ø) 	 (3) 

where 0 is the angle between the poLarization vector of the linearLy poLarized incident tight and the 

horizontaL plane, i.e.,	 = I sinQ and 'o,H = I cosQ. It should be noted that the proportionaLity 

constant, k, and the nuiter concentration cancel in this procedure. Since the voLunetric scattering cross 

section = NC 1 is the quantity actuaLLy measured in the Laboratory, the nuiter concentration information 

can be obtained once the size of the particles has been established by using the measured intensity and the 

caLcuLated mean scattering cross section. This requires that the scattering apparatus has been caLibrated 

to determine k6. If however, onLy size information is desired, no calibration is necessary. 

For the poLarization ratio measurement technique, previous workers3'4 have assuned the size 

distribution to be a logarithmic normaL distribution with a geometric mean standard deviation, °g' equaL to 

0.28515. The argunent behind using this distribution stems from the seLf-preserving size distribution which 

has previously been shown to closely describe a nuiter of aerosol distributions. However, thorough 

measurements of actuaL local size distributions within a spray made with a Phase DoppLer ParticLe Analyzer 

(to be discussed in a Later section) show that this assuiption is unfounded. The assuiption of a 

Logarithmic normaL distribution within a spray is moderately realistic. However, the assuipton of a unique 

vaLue for the geometric mean standard deviation, Q g . is unreaListic. VaLues of this parameter obtained 

throughout the spray show systematic variations from approximately 0.2 to 0.8. The systematic variations in 

alluded to here and its consequences on the poLarization ratio measurement technique wilt be discussed in 

detaiL later. 

The objective of the present investigation is to provide a diagnostic technique capabLe of measuring 

dropLets in a contesting spray environment using a planar Laser imaging approach. This necessitates a 

series of Nie scattering caLcuLations of the polarization ratio for dropLets. Since water was used for the 

experiments performed, a refractive index Cm) of 1.33 was used for the caLcuLations 7. The Nie scattering 
caLculations were carried out for a range of 

°g values for the Logarithmic normaL distribution and the 

resuLts are depicted in Fig. 1. As the results indicate, the polarization ratio is a weak function of the 

geometric mean standard deviation, and hence onLy a singLe set of caLcuLations for any realistic °g' as 

shown in Fig. 2, is necessary. The non-dimensionaL parameter X is varied from 10 to 1000 which corresponds 

to geometric mean diameters of 1.7 pm to 170 pin. The two decade variation of geometric mean diameter 
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corresponds to a decade reduction of the poLarization ratio. Note that the results shown in these two 

figures have taken into account the finite angLe over which scattered Light is collected. For the present 

case, 6 is ±1 for the experimental apparatus utilized in these studies as discussed in the next section. 

The inclusion of a finite colLection angle for the scattering optics is inportant for the droplet 

caLcuLations. For non-absorbing particles in the range of 1 pm to 100 pm, the scattering cross section is 

observed to vary strongly as a function of collection angle. By carrying out the calculations over the 

actual collection angle, a better representation of the polarization ratio is thus achieved. 

A 90' scattering angle for the colLection optics was selected because of the convenience afforded by 

this arrangement for imaging studies. The finite angle over which scattered Light is coLlected (±1') was 

chosen as a coapromise between the needed coLlected Light intensity and the size sensitivity of the 

polarization ratio approach as determined from Mie theory. Other scattering and colLection angles can be 

enployed subject to the optical arrangement and measurement needs. 

Based on the above analysis, a series of experiments have been conducted to determine the quantitative 

measurement capabilities of the poLarization ratio technique for droplets. 

EXPERIMENTAL 

A water spray was used as a test case for validating the poLarization ratio technique. The water spray 

emanated from a Delavan B 0.5 solid cone nozzLe with a fuLL cone spray angLe of 30'. The flow rate of 

this nozzLe is factory rated to be 525 ,an3/sec (0.5 gaLLons per hour) at a differential pressure of 0.86 MPa 

(125 psig). The water spray was introduced verticaLly downward into a quiescent enviroment. Droplet size 

measurements at various positions within the spray were made using a Phase Doppler Particle Analyzer (PDPA) 

and the polarization ratio technique. Tests were performed at gauge pressures of 0.69 MPa (100 psig) and 

1.03 MPa (150 psig). The following sections detaiL the experimental apparatus and setup of both the 

polarization ratio technique' and the PDPA. 

Polarization Ratio Technique 

A schematic diagram of the apparatus used for the polarization ratio technique is shown in Fig. 3. A 

frequency-doubled Nd:YAG Laser (1 532 me) with a pulse duration of 10 nsec was used to illuninate a thin 

sLice along the central axis of the aforementioned water spray. The degree of randomly polarized light 

incident on the water spray was virtually eliminated by using a gtan laser prism. By reducing the amount of 

randomly poLarized light incident on the water spray, the aithiguity in measuring the polarization ratio is 

decreased. A half-wave plate was used to rotate the polarization vector of the incident laser beam to 45' 

with respect to the horizontal plane of polarization. Thus, equal intensities of horizontally and 

vertically polarized light illuninated the spray. The focussing and cylindrical lenses transformed the YAG 

doughnut beam into a thin two-dimensional laser sheet parallel and coincident with the nozzle's central 

axis.
Images of the scattered tight intensity were obtained at a 90' scattering angle using a 350 me macro-

objective tens, a narrow bandpass filter (centered at 532 me with a 1 me bandwidth), a 50 umi by 50 ian cube 

beamsplitter, and two polarization filters. Calibrations of the cube beamsplitter showed that 8.7%more 

horizontally polarized light was transmitted than vertically polarized Light. As a consequence of the 

biased beamsplitter, a correction factor was applied to one of the recorded scattered tight images. 

A pair of sins.iltaneous images were taken with vertically and horizontally polarized scattered light 

using two 35 ian cameras and black and white film (Kodak IMAX 400). Sinijltaneous acquisition of the 

vertically and horizontally polarized scattered light images reduced the need for a spatially uniform laser 

sheet. Since a ratio of the scattered tight intensity for each polarization is used for size determination, 

variations in the intensity cancel out providing the two images are properly aligned. 

The linearity of the TMAX 400 film was evaluated for a particular developing time. The film was linear 

over a range of optical densities from 0.3 to 2.0. This density range corresponds to an exposure dynamic 

range of almost 1000. The slope of the optical density versus the log exposure curve for the film varies 

with the developing time. A detailed knowledge of the optical density versus Log exposure curve beComeS 

inportant when the scattered light images are transferred from the film negative with a solid state camera
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to the imaging software. 

The two 35 irni cameras were efrployed as a relatively Inexpensive method for obtaining two sinultaneous 

images. Additionally, the sensitivity of the 35 ian film is sufficient for the laser tight scattering 

experiments, while providing higher resolution and a wider dynamic range than coimnonly available with soLid 

state cameras. The high resolution characteristics of the film provide the potential to enlarge portions of 

the negative for detailed anaLysis. The use of photographic film, however, introduces some disadvantages. 

This method is not a real time process, and therefore, an interactive experiment is not possible. In 

addition, transferring an image from film to an image processor coirplicates the procedure and introduces the 
potential for degradation of the image. 

The images on the negative films were digitized using a CID solid state camera with a resolution of 512 

by 512 pixels and a frame grabber. The digitized images were analyzed using an IBM AT conpatible conputer 

and the two-dimensional polarization ratio results were calculated from a pair of vertically and 
horizontally polarized scattered light images. 

Two types of spray images were taken. The first being a single laser shot image where only a single 

laser puLse was alLowed to illi.aninate the spray (one 10 nsec laser pulse). The second being a multiple 

exposure image where 80 laser pulses were used to image the spray on the pair of negatives. The inpetus 

behind the multiple exposure image was to obtain an average droplet size over many realizations that could 

be conpared with the PDPA measurements. The choice of a muLtiple exposure of 80 laser pulses was a 

colipromise between obtaining an average droplet size and maintaining reasonable film resolution. Note that 

the single shot image essentially freezes the water spray in time, yielding an instantaneous droplet size 

measurement. Thus, one would expect more variation in the droplet size for the single shot images than for 
the multiple shot images. 

Phase Dospler Particle Analyzer 

Droplet size measurements in the water spray were made using the new Phase Doppler Particle Analyzer 
manufactured by Aerometrics, Inc8'9 and represents an advancement over the previous counter processor 
instrunent. The PDPA has been extensively used over the last 	 and therefore, the theory behind 
the measurement technique is only discussed briefly. Both versions of the PDPA instrunent measure the 

velocity and size of spherical, reflecting and/or refracting particles based on the same theoretical 

considerations. The advancement of the new PDPA model lies in the signaL processing unit. The PDPA 

instrunent extends the basic principles of the conventional dual beam Laser Doppler Velocimeter to obtain 

particle size in addition to velocity. A laser beam, an Argon-Ion beam in the present case, is split into 

two beams and focussed to an intersection to form a probe volune as shown in Fig. 4. A receiver system is 

located at some off-axis angle specifically chosen to best exploit the characteristics of the interference 

pattern of the particles of interest. For the case of water droplets, a 30' angle is most appropriate for 

detection of the interference pattern resulting from refraction of the laser light by the droplets. Note 

that the collection optics of the receiving system coupled with the transmitting optics define the probe 

volune characteristics. In addition to the coLlection optics, the receiving system consists of three 

detectors at appropriate separations to independently measure the "Doppler burst" signal from a particle 

traversing the probe voLi.ine. The three detectors measure the same burst signaL, albeit with a phase shift. 

The velocity of the particle is then extracted from the tenporal frequency of the burst signal, whereas the 

particle size is calculated from the measured phase shift between any two detectors and the a priori 
calculated linearity between the detector separation and the phase angle. The difference between the 

present model of the PDPA and previous versions lies in the signal processing. The signal processing for 

the counter processor system PDPA is done in the time domain, whereas for the new PDPA it is done in the 

frequency domain. It has been argued that the new PDPA is capable of better measurements in envirorinents 

such as the dense spray region where the signal to noise ratio is extremeLy poor8. 

RESULTS 

In this section the results for both the PDPA and polarization ratio measurements of drop size are 

coirpared and discussed. Data is presented for a water spray issuing into a quiescent envirorwnent from a 
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Delavan L)B 0.5 solid cone nozzle having a fulL spray cone angle of 30°. The two test pressures used for 

these experiments were 0.69 MPa (100 psig) and 1.03 MPa (150 psig). 

PDPA Measurements 

The Phase DoppLer ParticLe Analyzer (PDPA) with frequency domain signal processing was used to map out 

the drop sizes, specifically the Sauter mean diameter (Dr), within the spray for the DeLavan nozzle. Drop 

size information in the form of histograms were obtained at ten equaLly spaced Locations downstream of the 

nozzle ranging from 10 ma (0.39 inch) to 55 ma (2.2 inch). At each z location downstream of the nozzle, 

PDPA measurements of the drop size were made at equally spaced (2 ma (0.079 inch)) radial positions. The 

definition of the edge of the spray is a difficult quantity to determine and therefore the radial position 

was increased linearly until the data rate became extremely low. 

Measurements of the diameter ntanber distribution were made at each of the aforementioned grid 

Locations. As a criteria, 8000 points were deemed to be necessary for providing reasonable accuracy for the 

diameter nudoer distribution. Note that Lefebvre12 suggests the use of at least 5500 data paints for ±5% 

accuracy in the SaUter mean diameter measurements. 

The PDPA is a point measurement technique and therefore the droplet size information is tefiporal in 

nature. The main purpose of this investigation is to determine the feasibility of the polarization ratio 

technique which measures spatially averaged droplet diameters. Therefore, all of the tenporaL measurements 

made with the PDPA were converted to yield spatially averaged droplet diameter distributions. Spatial 

Sauter mean diameters were calculated from the droplet distributions at each measurement location. 

Representative Sauter mean diameter measurements are presented and coopared with polarization ratio 

technique measurements in the next section. 

A goaL of this investigation was to investigate the effects of the assuaption regarding a Logarithmic 

normal size distribution with a a 	 0.28515 within a spray which has been previously used by other 

Investigators . To this end, the droplet size distribution at each measurement location was fit with a 

logarithmic normal distribution. The values of	 were seen to range from 0.2 to 0.8, with high values near


the center of the spray and Low vaLues near the edges. It should be noted that the value of a9 is not 

critical for the Mie scattering calculations as discussed earlier; however, it is critical in calculating 

any mean diameter for a logarithmic normal distribution. Any mean diameter of the form D is related to 

the geometric mean diameter D9 in the following manner 

D9exp((p+q)a92/2) 	 (4) 

A cursory examination of the above equation shows the sensitivity of a 9 In calculating higher moment 

diameters like the Sauter mean diameter from a logarithmic normal distribution. 

As alluded to earlier, the observed variations of a9 from high values near the center of the spray to 

Low values towards the edges showed some general trends. It was therefore felt that a unique relationship 

probably existed between a local a 9 , the pressure LIP, and both axial and radial Locations within the spray. 

The experimental values of the local a9 were found to best fit an expression of the following form 

ag/ag tr=0 = A(r/P)
	

(5) 

away from the central core region of the spray. In the above expression, a9 at any radial point is non-

dimensionalized with the centerline value for the same axial Location, and A and B are positive dimensional 

constants. The experimental data along with the least squares curve fit for the above equation is shown in 

Fig. 5. Note that for dimensional uniformity, the atmospheric pressure a° and the nozzle diameter 0nozzle 

are included In the relationship plotted in Fig. 5. The results indicate that in the core region of the 

spray, the use of a constant vaLue for a9 as shown in the figure is probably appropriate. 

The inpLications of the results presented above on the analysis of the polarization ratio technique 

measurements are significant. Assuning a logarithmic normal distribution, the diameter that Is directly 

measured with the polarization ratio technique is the geometric mean diameter D. Higher order diameters 

Like D are then calculated uniqueLy using equation 4 with the correct locaL a9 value, where can in turn 

be calculated independently with equation 5, provided the constants in the expression are known. It is
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eephasized that the form of the equation relating the Local value of °g to the Location within a spray has 

by no means been universally proven and therefore extension to other types of sprays should be 

experimentalLy verified. 

The previous discussion has concentrated on the variation of 	 within a spray with the tacit 

assuiption that the diameter is log-normalLy distributed. The assuiption of a Logarithmic normal diameter 

size distribution is now discussed. The POPA measured values of the Sauter mean diameter CD) along with 

the calculated values of D using equation 4, for two axial Locations are presented in Fig. 6. The 

agreement between the measurements and the calcuLations essentiaLly represent the correlation coefficient of 

the Least squares fit for the logarithmic normal distribution assuTption. The conclusion from this figure 

(and others not presented here) is that the diameter distribution within a spray Is more Log-normally 

distributed near the edges than in the core region. 

Polarization Ratio TechniQue Measurements 

Both nultiple (80 Laser pulses) and singLe shot measurements of the water spray were taken and 

evaLuated. A typicaL scattered light image of the water spray for the singLe exposure case is shown in Fig. 

7 for the verticaLLy polarized cooponent of scattered light. Note that the image shows some structure and 

iLlustrates the high tefiporaL resoLution of this measurement approach. A simiLar image of the scattered 

tight for the asiltiple exposure case is depicted in Fig. 8. Here, unlike the earlier image, the ensentle 

averaging of 80 images smoothes the irreguLarities in the spray and a uniform, syninetric spray structure is 

observed. 

An estimate of the nurber density of droplets in most regions of the spray, especially near the outer 

edges, indicates that too few droplets are present to justify the calculation of the polarization ratio at 

the individual pixel Level. Therefore, an 8x8 pixel matrix on the digitized images were averaged, yielding 

a spatial resolution of approximately 1 ian (0.039 inch) by 1 ma (0.039 inch). As a consequence of the pixel 

averaging, any error in aligning the two negatives of the scattered tight conponents from the spray is 

minimized. These reduced resolution images were then used to calculate the polarization ratio. 

An exauple of the polarization ratio obtained at the resolution level stated above is shown in Fig. 9. 

Qualitatively, a low polarization ratio translates to a high geometric mean diameter and vice versa as is 

r'adily discerned from Fig. 2. Therefore, using the gray level scale in Fig. 9, it is observed that the 

geometric mean diameter is small in the core region of the spray, and gradually increases outwards. 

The geometric mean diameter obtained using the polarization ratio technique and the PDPA instrunent 

are conpared in Figs. 10 and 11. Representative geometric mean diameter data at two locations, 30 ma (1.18 

inch) and 50 ma (1.97 inch) downstream of the nozzle exit, and for a differential pressure of 0.69 MPa (100 

psig) are only presented here. However, similar agreement was obtained for other spray locations and 

operating pressures. The radial extent of the polarization ratio measurements is smaller than the PDPA 

measurements because the low scattered light intensity near the extreme edges of the spray placed the 

results outside the film's linear range. Agreement between the two measurements (Fig. 10) is good near the 

core of the spray and within a factor of two for increasing radial distances. The trend of the 	 variation 

with radial distance for both measurement techniques is similar. 

The single exposure polarization ratio measurements, plotted in Fig. 11, show the same trends in the 

variation with considerably more scatter, a reflection of the instantaneous structures within the spray as 

also observed in Fig. 7. 

The Sauter mean diameter D, which is of primary inportance in coirbustion, obtained with the two 

techniques is presented in Fig. 12. Here it is noted that for the polarization ratio measurement, D is 

calculated from the measured value of 	 (Fig. 10) using equation 4 aLong with the appropriate curve fit 

vaLue of	 (see eq. 5) as discussed earlier. Coaparisons of 	 obtained from the two measurement 

techniques is within a factor of two (note that the 	 axis is offset from zero in the figure). The trend 

in	 with radial distance is however not accurately followed and is a reflection of both differences in 


the D9 measurements and the highly sensitive dependance of the D calculation procedure on 

As the results indicate, the polarization ratio technique has some limitations. Sini.jLtaneous 

acquisition of measurements with high teiiporal and spatial resolution is unlikely to be achieved in Low 

nuyber density regions of the spray due to both the Low intensity of scattered light and the statistically 

insignificant nurber of droplets present. Furthermore, in regions of the spray where D 9 is less than 3 zn, 
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the technique is inappLicable because of the tailti-value&ess of the polarization ratio. Additionally, for 

nsJltiple exposure conditions, information on Cg is required from independent measurements. As a positive 

note, however, the present polarization ratio measurements do provide teiçorally and spatially resolved 

visualizations of sprays. The measurements quantitatively reflect the general size variations of D as a 

function of position and can provide spatially extensive information. Further devetøpnents using this 

techniques will require appropriate means to treat the droplet size distribution and the availability of 

wide dynamic range detection approaches.

JIIARY 

The quantitative measurement ability of the polarization ratio technique has been examined for a sinple 

water spray. Specifically, measurements of the geometric mean and the Sauter mean diameter are conpared 

with results from a Phase Doppler Particle Analyzer. Reasonable agreement for the spatial variation trends 

of 0g' the geometric mean diameter, between the two measurement techniques was observed. Sauter mean 

diameter (Dr) conçariscns, however, highlighted the need to accurately know the standard deviation of the 

droplet size distribution for logarithmic normal representation. Future work should be directed towards 

examining other distributions such as the Rosin-Raninler 14 or the Nukiyama-Tanasawa15. Finally, the present 

results support application of this technique to more cospLicated coobustion envirorinents for at least 

qualitative investigation of sprays 16' 17 . More quantitative applications will await advances which allows 

direct estimate of the size distribution function. This is an area of ongoing research. 
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Fig. 1. PoLarization ratio of scattered Light 

caLcuLated by Mie theory for a Logarithmic normal 
distribution of water dropLets as a function of the 
dimensionLess size parameter, X, and the standard 

deviation,

Fig. 2. PoLarization ratio of scattered light 

caLculated by Mie theory for a Logarithmic normaL 
distribution of water dropLets as a function of the 

dimensionLess size parameter, X. 
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Fig. 3. ExperimentaL setup for the polarization ratio 

technique.
Fig. 4.	 Experimental setup for the Phase Doppler 

ParticLe Analyzer.
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Fig. 5. Variation of the Logarithmic normaL standard 
deviation	 normaLized by the corresponding center 
Line	 versus a non-dimensionalized conination of the 

radiaL distance, r, and the pressure drop, P, across 
the nozzle. 
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Fig. 6. Coeparison of PDPA measured D32 (filled 
syntoLs) with D32 (open symboLs) caLculated using a 
Logarithmic normaL distribution. 

Fig. 7. VerticaLLy polarized scattered light image of 	 Fig. 8. VerticaLLy polarized scattered light image of 
a water spray for a single exposure case from the soLid 	 a water spray for a muLtiple (80) exposure case from the 
state CID camera,	 solid state CID camera. 
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Fig. 9. SpatiaLLy averaged (8 x 8 pixeLs) poLarization 
ratio obtained from sin&,Ltaneous scattered tight images 
with horizontaL and verticaL poLarizations. 

Fig. 11. Coarison of Dg measured by PDPA C—) with 

that measured by the poLarization ratio technique (a) 

for a singLe exposure case.
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Fig. 10. Cottparison of D g measured by PDPA (—) with 

that measured by the poLarization ratio technique (A) 

for a nuttipte (80) exposure case. 
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Fig. 12. Conparison of D32 measured by PDPA (—) with 

that measured by the poLarization ratio technique (A) 
for a nuttipLe (80) exposure case. 
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